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In mediating protein folding, chaperonin GroEL and cochap-
eronin GroES form an enclosed chamber for substrate proteins 
in an ATP-dependent manner. The essential role of the double 
ring assembly of GroEL is demonstrated by the functional defi-
ciency of the single ring GroELSR. The GroELSR-GroES is highly 
stable with minimal ATPase activity. To restore the ATP cycle 
and the turnover of the folding chamber, we sought to weaken 
the GroELSR-GroES interaction systematically by concatenating 
seven copies of groES to generate groES7. GroES Ile-25, Val-26, 
and Leu-27, residues on the GroEL-GroES interface, were sub-
stituted with Asp on different groES modules of groES7. GroES7 

variants activate ATP activity of GroELSR, but only some restore 
the substrate folding function of GroELSR, indicating a direct 
role of GroES in facilitating substrate folding through its 
dynamics with GroEL. Active GroELSR-GroES7 systems may 
resemble mammalian mitochondrial chaperonin systems. 

The Hsp60 chaperonin family is ubiquitous among the three 
kingdoms of life. The paradigm Escherichia coli GroEL is the 
well characterized Hsp60 chaperonin that, together with 
cochaperonin GroES, uses ATP to assist a variety of proteins to 
fold in the cell (1–6). Both GroEL and GroES are essential for 
cell viability (7). Fourteen identical GroEL subunits assemble 
into a cylindrical structure of two heptameric rings stacked 
back to back, with a functional central cavity at either end (8). 
Each GroEL subunit is organized into three domains. The api-
cal domains, located on the opening of the rings, form the main 
substrate-binding site and interact with GroES. The equatorial 
domains, situated in the center of the cylindrical GroEL, pro-
vide most of the intra-ring and all the inter-ring subunit inter-
actions and contain the nucleotide-binding site. The interme-
diate domains connect the apical and the equatorial domains, 
transmitting signals including substrate binding and nucleotide 
effect across the subunits. The surface lining the GroEL central 
cavity is mainly hydrophobic, and this hydrophobic character 
has been shown to be important for capturing and interacting 
with misfolding protein substrates (9–12). The homoheptam-
eric GroES adopts a dome-like assembly with each monomer 
folding into a -barrel structure flanked by a structurally flexi-
ble loop termed the GroES mobile loop (13, 14). In the presence 

of nucleotides, GroES forms a stable asymmetric bullet-shaped 
GroEL-GroES complex (see Fig. 1A inset) (15–18). The crystal 
structure of GroEL-ADP7-GroES shows that binding of GroES 
converts the GroEL central cavity to an enclosed chamber 
(termed the cis complex) (19). Three hydrophobic GroES resi-
dues (Ile-25, Val-26, and Leu-27), of the GroES mobile loop, 
interact with residues from the GroEL apical domain (see 
Fig. 1A), and the GroES-GroEL interface is largely hydro-
phobic. Binding of GroES to one GroEL ring transforms the 
surface of the GroEL central cavity from hydrophobic, favor-
able for binding misfolded substrate proteins, to folding pro-
moting hydrophilic. 
The double ring assembly of GroEL is essential for the GroE-

assisted protein folding reaction. The substrate protein initiates 
folding within the isolated folding favorable environment upon 
displacement from the wall of the GroEL central cavity due to 
GroES association and is released outside the GroE capsule fol-
lowing GroES departure. Both dissociation and association of 
GroES are ATP-driven and are mediated by the intricate and 
highly coordinated cross-ring allostery. ATP hydrolysis in the 
GroES-bound GroEL ring (cis ring) weakens GroES-GroEL 
interaction (20); however, the hydrolysis product, GroES-Gro-
ELcis-ADP7-GroELtrans, is still very stable with a dissociation 
constant (Kd) of 0.1–26 nM (16, 21–23). To finally discharge 
GroES from the cis ring, thereby releasing the folding substrate, 
binding of ATP to the other (trans) GroEL ring is required (20, 
24, 25). The newly ATP-charged trans ring, which is prone to 
GroES association, becomes a “new” folding active cis chamber, 
whereas the collapsing cis chamber assumes inactive state. 
Thus, in assisting protein folding, the two GroEL rings commu-
nicate to alternate between folding active and inactive states, 
and GroEL functions as a two-stroke molecular machine (1, 
26–28). 
Consistent with the essential role of the two ring architecture 

of GroEL in cycling the folding active cis chamber, a single ring 
(SR)2 version GroEL (29), termed GroELSR in our study here, is 
functionally impaired. Although GroELSR and GroES may 
form the folding chamber for substrate proteins to undergo 
and complete folding, substrate proteins are not released 
from the chaperonin system (20, 30 –32). Dissociation of the 
GroELSR-GroES complex is very slow (the half-life t1⁄2 of Gro-
ELSR-GroES is 300 min) (29), due to the lack of the allo-
steric effect originating from ATP binding to the absent 
trans ring (above). As a result, the highly stable GroELSR-
GroES complex traps the folding substrate proteins, stalling 
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the chaperonin reaction cycle. Thus, GroELSR is unable to 
substitute GroEL for cell growth (33). 
Recently, active single ring chaperonin systems have been 

reported. The folding active GroELSR-GroES systems consist of 
variants of GroELSR, identified from genetic analysis (34–37), 
or variants of GroES, identified from random mutagenesis 
study on the GroEL-binding GroES mobile loop (36). Reduced 
GroEL-GroES interaction has been implicated in these folding 
active GroELSR-GroES variants; however, the basis for the 
mutational effect is not immediately clear. For example, the 
affected GroEL residues are not located on the GroEL-GroES 
interface and most likely interfere with the ATP-driven, highly 
coordinated structural transitions that are obligated in the 
GroE reaction. Intriguingly, the weakened GroEL-GroES 
interaction in these folding active single ring chaperonin sys-
tems is reminiscent of mammalian mitochondrial chaperonin 
mtHsp60-mtHsp10 system. mtHsp60 exists as a single hepta-
meric ring in solution (38), and may function as single ring (23, 
39), although a mechanism involving a transiently associated 
double ring has been proposed (40, 41). Moreover, the 
mtHsp60-mtHsp10 interaction appears to be transient in the 
presence of ADP (23). 
In this study, we directly explored the notion that weakened 

GroEL-GroES interaction may restore the substrate folding 
function of GroELSR. We took a unique strategy to create 
GroES variants with various affinities for GroEL in a systemat-
ical and controlled manner. We constructed a covalently linked 
groES variant, groES7, so that we could independently substitute 
residues in individual GroES subunits. We examined these 
GroES7 variants for their function with both the double ring 
GroEL and the single ring GroELSR. In addition to the mecha-
nistic understanding of how a GroEL ring assists protein fold-
ing, studies of active GroELSR-GroES systems may provide use-
ful information on the mechanism of mtHsp60-mtHsp10 in 
mammalian mitochondria. 

EXPERIMENTAL PROCEDURES 

Construction of groES7 and Its Mutants—To construct the 
covalently connected groES7, groES was amplified with primers 
including the desired restriction site sequences, to generate 
seven groES containing DNA fragments: groES1 (with NdeI and 
KpnI), groES2 (with KpnI and XhoI), groES3 (with XhoI and 
SalI), groES4 (with SalI and SacI), groES5 (with SacI and 
BamHI), groES6 (with BamHI and EagI), and groES7 (with EagI 
and HindIII). groES1 and groES2 were digested with KpnI, puri-
fied, and ligated to generate the groES1-groES2 fragment, which 
was further amplified by PCR for a sufficient quantity. Frag-
ments of groES3-groES4 and groES5-groES6-groES7 were gen-
erated in a similar manner, and so was the groES1-…-groES7 
fragment, which was digested with NdeI and HindIII and 
inserted into a modified pET28b vector, whose region between 
HindIII and Bpu was replaced with a short DNA oligonucleo-
tide. To generate GroES7 mutants, a mutation was first intro-
duced into the regular groES construct using QuikChange kit 
(Stratagene). The mutated groES was amplified with primers 
including the desired restriction site sequences and ligated to a 
TOPO vector (Invitrogen). The circularized TOPO vector was 
transformed into TOP10 cells for amplification and digested 

with specific restriction enzymes to generate the groES mutant 
gene with defined restriction cuts, which was inserted via the 
corresponding sites into the groES7 pET28b construct. DNA 
sequencing was performed on the entire groES7 gene to confirm 
that mutation was only on the designated module(s). When 
expressed, GroES7 has a His6 tag on the N terminus of the 
protein. 
Protein Expression and Purification—groES7 pET28b was 

transformed into BL21DE3 for overexpression. Cells were 
grown in LB medium until A600 reached 0.6, induced with 0.4 
mM isopropyl 1-thio--D-galactopyranoside, and continued for 
4 –5 h. Cells were re-suspended in 10 mM sodium phosphate, 
pH 7.5, 500 mM NaCl, and 10 mM imidazole, and lysed using a 
microfluidizer (Microfluidics). The clear cell lysate was loaded 
onto a Ni affinity column, and GroES7 was eluted with a linear 
gradient of imidazole (5–500 mM). The GroES7-containing 
fractions were combined, concentrated, dialyzed to 50 mM 

Tris-Cl, pH 7.5, and loaded onto a FastQ column (GE Health-
care), and GroES7 was eluted with a linear gradient of NaCl 
(0 –1 M). The GroES7-containing fractions were combined, 
concentrated, dialyzed to 50 mM Tris-Cl, pH 7.5, and loaded 
onto a Superdex 200 gel filtration column (GE Healthcare). 

Cell growth and protein purification of GroEL and GroELSR 

were similar, as described in Ref. 42. A purification step using 
30% methanol followed by an additional size exclusion chroma-
tography was included to ensure high quality of GroEL and 
GroELSR, and tryptophan fluorescence confirmed the absence 
of bound peptides. Protein expression and purification of wild-
type and GroES mutants were based on the previous proce-
dures (19). 
ATPase Assay—The steady-state ATP hydrolysis rate was 

measured using the malachite green assay (43). GroEL or 
GroELSR was added to TEA buffer (50 mM triethanolamine, 
pH 7.5, 50 mM KCl, and 20 mM MgCl2) to a final concentra-
tion of 0.125 M (tetradecameric GroEL) or 0.25 M (hepta-
meric GroELSR). The final concentration of GroES (hep-
tamer) and GroES7 proteins was 0.3 M. The solution was 
incubated at 25 °C for 10 min. The hydrolysis was initiated by 
addition of 100 mM pH 7.0 ATP to a final concentration of 2 
mM and followed every 2 min for 12 min using the malachite 
green assay. 
Malate Dehydrogenase (MDH) Refolding Assay—MDH was 

unfolded in TEA buffer including 3 M GdmHCl to a final con-
centration of 36.7 M (monomeric MDH). To refold MDH, 2.75 
l of unfolded MDH was diluted at 1:100 (v/v) to a final volume 
of 275 l of refolding solution (at 30 °C) containing 50 mM TEA, 
pH 7.4, 50 mM KCl, 1 mM ATP, and 1 M tetradecameric GroEL 
(or 2 M heptameric GroELSR) with 4 M or without GroES. At 
desired time intervals, 20 l of reaction solution was removed 
and mixed with 1 ml of NADH assay solution (50 mM Tris-Cl, 
pH 7.4, 10 mM DTT, 0.2 mM NADH, 1 mM ketomalonate), and 
absorption at 340 nm was taken to monitor the decrease of 
NADH (44). As a positive control, activity of 367 nM native 
MDH (monomeric concentration) was measured at the same 
time intervals and was taken as 100% activity. Refolded and 
active MDH converts NADH to NAD. 
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RESULTS 

Essential Role of GroES Ile-25 and Leu-27—To decrease 
GroEL-GroES interaction, the three GroEL-interacting resi-
dues, Ile-25, Val-26, and Leu-27, on the GroEL-GroES interface 
(Fig. 1A) were individually substituted to Asp, resulting in 
GroESI25D, GroESV26D, and GroESL27D variants. When 
incubated with GroEL in the presence of ADP, both GroESI25D 
and GroESL27D variants could not form a stable complex with 
GroEL; they were largely absent by SDS-PAGE analysis on the 
GroEL-containing fractions (supplemental Fig. S1A). Interest-
ingly, the GroESV26D variant, albeit containing a total of seven 

substitutions in heptameric form, could still form the GroEL-
GroES complex, as suggested by SDS-PAGE (supplemental Fig. 
S1A). Previous studies show that in forming a complex with 
GroEL, GroES inhibits the ATP hydrolysis rate of GroEL by 
50% (16, 21, 45, 46). Neither GroESI25D nor GroESL27D 
variants altered GroEL ATP hydrolysis significantly (supple-
mental Fig. S1B), whereas the GroESV26D variant reduced 
GroEL ATPase function in a manner similar to the wild-type 
GroES. These findings are consistent with the model that both 
GroESI25D and GroESL27D variants did not associate with 
GroEL, whereas GroESV26D formed a stable complex with 
GroEL. To further confirm the mutational effects, the GroES 
variants were subjected to a substrate protein folding study. 
The spontaneous folding of MDH is low (5%), and the com-
plete chaperonin system, including GroEL, GroES, and ATP, is 
required to achieve efficient MDH folding (47), indicating that 
formation of the folding active GroEL-GroES chamber is essen-
tial for MDH folding. Supplemental Fig. S1C shows that neither 
GroESI25D nor GroESL27D supported GroE-assisted MDH 
folding, suggesting that both variants were not able to form a 
functional complex with GroEL. As expected, folding of MDH 
using GroESV26D was as efficient and effective as using the 
wild-type GroES, indicating formation of the GroESV26D-
GroEL complex. Taken together, these findings confirm the 
critical function of GroES residues Ile-25 and Leu-27 in GroEL-
GroES interaction and indicate a minor role of GroES Val-26 in 
complex formation. 
We next examined whether the observed mutational effects 

of I25D, V26D, and L27D on GroEL-GroES interaction were 
applicable to the GroELSR-GroES system. GroES inhibits the 
ATP hydrolysis rate of GroELSR by up to 90% (29). As shown 
in supplemental Fig. S1B, GroESV26D decreased the ATPase 
activity of GroELSR to a level comparable with that of wild-type 
GroES. In contrast, both GroESI25D and GroESL27D did not 
affect the ATP hydrolysis rate of GroELSR. These results are 
parallel to those using GroEL, further substantiating the impor-
tance of Ile-25 and Leu-27, in contrast to the minimal role of 
Val-26, in GroEL-GroES interaction. These observations are 
consistent with results of sequence analysis on 31 GroES 
homologous proteins from prokaryotes to eukaryotes (48). Ile 
and Leu are highly conserved at position 25 (96% of sequences) 
and position 27 (94%), respectively, whereas the amino acid at 
position 26 is more diverse: Val (48%), Ile (29%), Leu (10%), Met 
(7%), Phe (3%), and Gln (3%). 
When assaying for MDH folding activity, we found that none 

of the three mutants was able to cooperate with GroELSR to 
assist MDH folding; however, the inactivation mechanisms are 
different. Considering the similar binding affinities of 
GroESV26D and GroES for GroEL, the observed limited MDH 
folding using GroESV26D should be most likely due to the fold-
ing MDH trapped within the nondissociable GroESV26D-Gro-
ELSR complex. On the other hand, given the abolishing effect of 
I25D or L27D mutation on GroEL-GroES interaction, the min-
imal MDH activity observed with GroESI25D or GroESL27D 
and GroELSR is most likely due to the lack of formation of the 
folding chamber, which is essential for MDH folding (47). Thus, 
straightforward manipulations on the GroEL-interacting resi-
dues of Ile-25, Val-26, and Leu-27 cannot confer the single ring 

FIGURE 1. A, GroES-GroEL interface. The three GroES residues (Ile-25, Val-26, 
and Leu27) interact directly with GroEL residues. Side chains of the interact-
ing residues are shown. Inset, the crystal structure of GroEL-GroES (Protein 
Data Bank ID code 1AON). One GroEL subunit in both cis and trans rings is 
highlighted with red for the apical domain, green for the intermediate 
domain, and blue for the equatorial domain. One subunit of GroES is colored 
in cyan. B, close proximity of N and C termini of neighboring GroES subunits in 
the homoheptameric GroES. Inset, top view of GroES (Protein Data Bank ID 
code 1AON). C, construct of groES7 with the distinctive enzymatic sites flank-
ing ends of the individual groES genes, denoted as ES1, ES2…ES7. 
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GroELSR the sustainable substrate folding activity because the 
required enclosed folding chamber either is nonrecyclable (in 
the case of GroESV26D) or does not form (in the case of 
GroESI25D and GroESL27D). Alternatively, for GroESV26D, it 
might also be likely that its presumably decreased affinity for 
GroEL, although subtle, could not completely displace the pro-
tein substrate into the central cavity for folding (see 
“Discussion”). 
Modulating GroES Affinity for GroEL—The abolished 

GroEL-GroES interaction observed in GroESI25D and 
GroESL27D may be explained by the 7-fold amplified muta-
tional effect because a single gene modification in groES trans-
forms into seven amino acid substitutions in the GroES hep-
tamer. We reasoned that if some of the seven GroES subunits 
maintained the wild-type sequence, the resulting GroES vari-
ants would display different levels of reduced affinities for 
GroEL. We hypothesized that these GroEL-binding compro-
mised GroES variants might cooperate with GroELSR to com-
plete the chaperonin reaction cycle. 
To modify an individual GroES subunit, we took advantage 

of the observation that the N and C termini of neighboring 
GroES subunits in heptameric GroES are within 5 Å (C-C 
distance) (19) (Fig. 1B) and created a synthetic gene, groES7, 
concatenating seven copies of the groES gene (Fig. 1C). The 
expressed protein, GroES7, consists of seven GroES modules, 
corresponding to the seven GroES subunits in the canonical 
GroES homoheptamer, in one contiguous polypeptide chain. 
Linker sequences of four amino acids (consisting of Gly, Ser, or 
Ala) give flexibility between subunits. Distinct restriction sites 
are designed to flank each groES gene, so that modifications can 
be introduced into the specific position(s) of the desired mod-
ule(s). We used groES7 to incorporate I25D or L27D substitu-
tions in specific GroES modules, to create GroES7 variants with 
a range of weakened affinities for GroEL. 
GroES7 Behaves Like GroES—To examine the effect of the 

peptide linkers tethering neighboring GroES modules, we com-
pared the structural and functional aspects of GroES7 with the 
canonical GroES heptamer. GroES7 (theoretical molecular 
mass of 76,721 Da) migrated as a molecular species with the 
molecular size of 82.2 kDa estimated from gel filtration chro-
matography, whereas the molecular size of the canonical GroES 
heptamer (theoretical molecular mass of 72,723 Da) was esti-
mated to be 71.3 kDa by gel filtration. Like GroES, GroES7 

formed a complex with GroEL in the presence of nucleotides, as 
assayed by SDS-PAGE analysis (Fig. 2A). GroES7 decreased 
ATPase activity of GroEL to a level comparable with that using 
GroES (Fig. 2B). Moreover, GroES7 assisted MDH refolding in a 
manner similar to GroES, with comparable reaction kinetics 
and refolding yield (Fig. 2C). The resemblances of GroES7 to 
GroES were extended to their interaction with GroELSR. As  
shown in Fig. 2B, GroES7 diminished ATPase activity of Gro-
ELSR to a level similar to that using GroES (10% of the intrin-
sic rate of GroELSR). Like GroES, GroES7 could only support 
the minimal MDH folding by GroELSR (Fig. 2C). Taken 
together, these data show that the covalently linked single chain 
GroES7 is similar to the wild-type GroES in all the measures 
examined. Studies using the covalently linked GroES have been 

FIGURE 2. GroES7 behaves like the wild-type GroES. A, GroES7 forms a 
complex with GroEL by SDS-PAGE analysis. Lane 1, GroEL-GroES7 complex; 
lane 2, GroEL-GroES complex; lane 3, molecular mass markers. Complex 
formation, separation, and analysis are the same as those in supplemental 
Fig. S1A. B, effect of GroES7 on the steady- state ATPase activities of GroEL 
and GroELSR. The intrinsic ATP hydrolysis rate of GroEL was set as 100% for 
the GroEL group, and that of GroELSR was set as 100% for the GroELSR 

group. S.D. values (error bars) are calculated from multiple (at least three) 
experiments using proteins from different purifications. C, GroES7 in 
GroEL- and GroELSR-mediated MDH folding. At least three independent 
experiments were carried out using proteins from different batches of 
purification. Shown here are representative MDH refolding reactions. 
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reported, and the additional peptide linkers are found not to 
have functional interference (49, 50). 
GroES7 Variants Impair Substrate Folding of GroEL—Given 

that seven I25D and L27D substitutions on GroES completely 
disrupted GroEL-GroES interaction, we introduced the 
substitutions at subsets of GroES modules in GroES7, with the 
intention to generate GroES7 variants with a range of weakened 
affinities for GroEL. So far, we have created mono-, di-, and 
tri-substituted GroES7 variants as follows: GroES7I25D1, 
GroES7I25D1,4, and GroES7I25D1,4,7; GroES7L27D1, 
GroES7L27D1,4, and GroES7L27D1,4,7. (The subscripts denote 
the modified GroES module(s) in GroES7.) As a comparison, we 
also prepared V26D substitutions: GroES7V26D1, 
GroES7V26D1,4, and GroES7V26D1,4,7; the GroES7V26D vari-
ants were not expected to have altered affinity for GroEL. 

Compared with the completely depleted inhibition of 
GroESI25D or GroESL27D on GroEL ATPase activity, substi-
tutions of I25D and L27D in GroES7 generated a range of effects 
on GroEL ATP hydrolysis rates. In both the GroES7I25D and 
GroES7L27D series, GroEL ATPase activity increased with the 
number of substitution (Fig. 3A). When three substitutions 
were incorporated into GroES7 as in GroES7I25D 1,4,7 and 
GroES7L27D1,4,7, the inhibition changed from 50% to 10 –20% 
of the intrinsic GroEL ATP hydrolysis rate. Because a large 
inhibition may presumably be correlated with the strong 
GroEL-GroES interaction, these findings suggest that the sub-
stituted GroES7 variants display different affinities for GroEL 
and that they do not interact with GroEL as strongly as the 
wild-type GroES. As expected, V26D substitutions in GroES7 

did not alter GroES function, as variants of GroES7V26D 
affected GroEL ATPase activity in a manner similar to GroES 
(supplemental Fig. S2A). 

Given that variants of GroES7I25D and GroES7L27D inhib-
ited GroEL ATPase activity to various extents, we next investi-
gated how the altered ATP hydrolysis rate of the modified 
chaperonin system influenced MDH folding. A single substitu-
tion of GroES7I25D1 slowed the MDH folding rate but with a 
slightly decreased folding yield over a time course of 60 min 
(Fig. 3B). A further substitution, GroES7I25D1,4, decelerated 
the rate of MDH folding drastically and reduced the final yield 
by 28% (60% compared with 77% using the wild-type system). 
Folding of MDH became modest when using GroES7I25D 1,4,7, 
the tri-substituted GroES7 variant. The observations that both 
the folding rate and the final yield of MDH declined with the 
increasing number of the affected GroES modules were also 
found in the GroES7L27D series (Fig. 3C). Note that MDH fold-
ing appears to be more sensitive to I25D substitution in GroES7 

than to L27D substitution; with the same number of affected 
modules, variants of I25D substitution resulted in greater 
reduction of both MDH folding rate and folding yield than 
those of L27D substitution. These findings suggest that residue 
Ile-25 plays a more important role than Leu-27 in MDH folding, 
although their differential effect on GroEL ATP hydrolysis rate 
was not evident (Fig. 3A). As expected, the mono-, di-, and 
tri-V26D substitutions in GroES7 did not affect MDH folding 
(supplemental Fig. S2C). 
Increase of ATPase Rate in GroELSR-GroES7 Systems—Given 

that variants of GroES7I25D and GroES7L27D decreased inhi-

bition on ATP hydrolysis of GroEL, we next investigated 
whether these variants restored the diminishing ATPase activ-
ity of GroELSR-GroES. A single I25D substitution in GroES7 

alleviated the GroES-stalled ATP hydrolysis of GroELSR (7%) 
to 18% of the intrinsic rate of GroELSR (Fig. 4A). The 
GroES7I25D1,4 variant with two substitutions further relieved 

FIGURE 3. Effects of GroES7I25D and GroES7L27D variants on GroEL. A, 
steady-state ATPase activity. B and C, MDH folding activity. For the ATPase 
experiments, the intrinsic GroEL ATP hydrolysis rate was set as 100%. Experi-
ments were repeated at least three times, and S.D. values are shown (error 
bars). For the MDH folding assay, activity of native MDH was set as 100%. 
Experiments were repeated multiple times, and data of representative runs 
are shown here. 
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the cochaperonin-induced inhibitory effect, so that GroELSR-
GroES7I25D1,4 hydrolyzed ATP at a rate 58% that of GroELSR. 
Given that GroEL and GroELSR hydrolyze ATP at the same rate, 

the ATPase activity of GroELSR-GroES7I25D1,4 was compara-
ble with that of the canonical GroEL-GroES system. Interest-
ingly, an additional I25D substitution did not further relieve the 
inhibition, and GroES7I25D 1,4,7 reduced the ATPase activity of 
GroELSR to a similar extent, 56%, as GroES7I25D1,4. In  
comparison, the regained ATP hydrolysis activity appeared to 
increase with the number of L27D substitution, with 22, 51, and 
73% GroELSR activity for systems using GroES7L27D1, 
GroES7L27D1,4, and GroES7L27D1,4,7, respectively (Fig. 4A). 
Also note that GroES7L27D1,4 regulated GroELSR ATP hydro-
lysis at a rate similar to GroES regulation of GroEL. The ele-
vated ATP hydrolysis rates of GroELSR observed using variants 
of GroES7I25D and GroES7L27D suggest efficient turnover of 
the folding chamber of the single ring GroELSR, or dissociation 
of GroELSR and GroES7 at a biologically relevant time frame. As 
expected, V26D substitutions in GroES7 did not effectively 
revive the ATP hydrolysis rate of the system (supplemental Fig. 
S2B), suggesting that GroELSR remained arrested in the highly 
stable complex state. 
Stimulating Substrate Folding Activity of GroELSR—With the 

regained ATP hydrolysis using variants of GroES7I25D and 
GroES7L27D, the GroELSR folding chamber presumably has a 
revived turnover cycle and might support MDH folding. An 
increase of folding yield to 32% was observed using the single 
I25D-substituted GroES7I25D1 over a 60-min time course, 
from 15% of GroELSR-GroES (Fig. 4B). Most strikingly, the 
MDH folding yield continued to improve to 50% during the 
60-min assay period when using the double-substituted 
GroES7I25D1,4. This improved MDH yield achieved by the sin-
gle ring system corresponded to 70% of the maximum folding 
yield (77%) using the canonical double ring GroEL-GroES 
system. It is noted that the MDH folding accelerated drastically 
after the first 10-min delay (Fig. 4B). An additional I25D substi-
tution, GroES7I25D1,4,7, however, completely abolished the 
regained MDH folding activity. Intriguingly, of the three 
GroES7L27D variants tested, only GroES7L27D1,4 improved 
MDH folding substantially with a final folding yield of 30% 
(Fig. 4C). GroES7L27D1, which allowed ATP to hydrolyze at a 
rate much higher than GroES(or GroES7I25D1), did not 
increase MDH folding significantly compared with GroES. 
MDH folding in the presence of GroES7V26D variants and Gro-
ELSR was not improved compared with that using GroES-Gro-
ELSR (supplemental Fig. S3B). Our observations that substitu-
tions at Ile-25 in GroES7 are more effective than those at Val-26 
or Leu-27 in activating MDH folding activity of GroELSR paral-
lel results from genetic studies (36). In their work, Liu et al. 
substituted each of Ile-25, Val-26, and Leu-27 to 19 other amino 
acids and assayed the abilities of these GroES variants and Gro-
ELSR to support cell growth. They found that only GroES vari-
ants with Ile-25 substitutions may collaborate with GroELSR to 
support cell growth. 

DISCUSSION 

Among the various aspects that the chaperonins may con-
tribute to substrate protein folding efficiency, the distinctive 
ability to provide a folding favorable isolated environment (the 
cis folding chamber) for protein folding is fundamental (51). 
Presumably, efficient turnover of the folding chamber is critical 

FIGURE 4. Effects of GroES7I25D and GroES7L27D variants on GroELSR. A, 
steady-state ATPase activity. B and C, MDH folding activity. For the ATPase 
experiments, the intrinsic GroELSR ATP hydrolysis rate was set as 100%. Exper-
iments were repeated at least three times, and S.D. values (error bars) are 
show. For the MDH folding assay, activity of native MDH was set as 100%. 
Experiments were repeated multiple times, and data of representative runs 
are shown here. 
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during cell growth; the extremely slow GroELSR-GroES reac-
tion cycle (t1⁄2  300 min) does not meet the demand by cellular 
proteins for folding and fails to support cell growth. Turnover 
of the folding chamber is driven by ATP action, and the rate-
limiting step of the GroEL-GroES steady-state ATPase reaction 
is the departure of GroES (25). Dissociation of GroES in the cis 
folding chamber, however, is also affected by the presence of 
substrate proteins, as it is stimulated greatly (by 20–50-fold) by 
binding of substrate proteins to the trans GroEL ring (52). 

However, efficient turnover of the folding chamber may not 
be the only factor for effective chaperonin function. In this 
study, we show that variants of GroES7 can rescue the ATPase 
function of GroELSR; however, they do not always restore the 
substrate (MDH) folding activity of GroELSR. Both 
GroES7I25D1 and GroES7L27D1 improve ATPase activity of 
GroELSR from 10% to 20% of the intrinsic rate of GroELSR; 
however, only GroES7I25D1 improves MDH folding signifi-
cantly, whereas GroES7L27D1 remains ineffective in MDH 
folding. Moreover, although three GroES7 variants, 
GroES7I25D1,4, GroES7I25D1,4,7, and GroES7L27D1,4, further 
increase ATP hydrolysis rate of GroELSR to a similar level 
(50% of the intrinsic rate), which is comparable with the 
canonical GroEL-GroES system, their abilities in assisting 
MDH folding vary drastically. With two substitutions in the 
same GroES modules, GroES7I25D1,4 is able to support Gro-
ELSR-assisted MDH folding more effectively and efficiently 
than GroES7L27D1,4 (Fig. 4, B and C). GroES7I25D1,4,7, despite 
its additional I25D substitution, regulates the ATP hydrolysis 
rate of single ring GroELSR to the same extent as 
GroES7I25D1,4. This observation is particularly intriguing 
because GroES7I25D1,4,7 is expected to have a weaker effect 
than GroES7I25D 1,4 on the ATPase rate of GroELSR as observed 
when using GroEL (Fig. 3A). More strikingly, although 
GroES7I25D1,4 improves MDH folding activity of GroELSR with 
a remarkable reaction kinetic and folding yield, 
GroES7I25D1,4,7 fails to collaborate with GroELSR to fold MDH. 
Given that all of the substitutions (I25D and L27D) are on the 
cochaperonin and are limited to the GroEL-GroES interface, 
our findings suggest a direct, specific functional role of GroEL-
GroES interaction in promoting substrate folding. 

Dynamics of GroES with GroEL have been shown to corre-
late with molecular events along the folding reaction of the 
substrate proteins within the folding cavity. Following an initial 
rapid association step, GroES displays two kinetic phases in 
interacting with GroEL (32, 53, 54), and these two processes are 
correlated with the initiation and termination steps of substrate 
folding inside the protected chamber. Specifically, it is shown 
that the substrate protein continues ongoing association with 
GroEL during the initial binding of GroES to form the cis 
GroEL-substrate-GroES ternary complex (55–57). Further 
action of GroES is required to release the chaperonin-bound 
substrate completely into the newly formed enclosed folding 
chamber, which initiates the folding event of the substrate pro-
tein (57, 58). The process of this action, observed as the first 
phase of the GroEL-GroES kinetics with a lifetime of 1, is cor-
related with releasing substrate into the cavity for folding (32). 
The liberated substrate protein continues folding within the 
protected cavity for a time period of 8–15 s (20, 24, 25, 30, 52) 

until it is ejected from the chaperonin system due to GroES 
departure. The time frame that substrate protein is allowed to 
fold within the enclosed chamber aligns with the second phase 
of the GroEL-GroES kinetics (with a lifetime of 2) (32). In other 
words, of the entire time frame GroES interacting with GroEL 
(a lifetime of 1  2), substrate proteins start folding after a 
delay of 1 and continue folding for an average time of 2. For 
the chaperonin systems with the same overall reaction kinetics 
(1  2), a simple mechanism for optimal protein folding 
would be a short 1 and with productive release of substrate and 
an extended 2 for folding in the protective environment. In this 
study, as suggested by the similar rates of the ATPase cycle (Fig. 
4A), the overall reaction kinetics of GroELSR with three GroES7 

variants, GroES7I25D1,4, GroES7L27D1,4, and GroES7I25D1,4,7, 
is similar, and is comparable with the functionally optimized 
GroEL-GroES. Their differences in MDH folding properties 
(above) may be explained by their abilities to productively dis-
place MDH into the isolated folding chamber for folding. For 
example, compared with GroES7I25D1,4, the further reduced 
affinity of GroES7I25D1,4,7 for GroELSR may not release MDH 
completely (i.e. having a long delay of 1) or may not discharge 
MDH to folding productive conformations, resulting in its 
inability to activate MDH folding of GroELSR. Similarly, the 
different GroELSR-mediated MDH folding activities between 
GroES7I25D 1,4 and GroES7L27D 1,4 and those between 
GroES7I25D1 and GroES7L27D1 can be explained by the dis-
tinctive effects of Ile-25 and Leu-27 on the efficiency of displac-
ing substrate into the folding chamber or on the GroEL-GroES 
interaction dynamics. However, it is not clear why GroES7I25D 
variants cause greater effects on both GroEL- and GroELSR-
assisted MDH folding than the corresponding GroES7L27D 
variants. 
Although the slow turnover of the GroELSR-GroES folding 

cavity as observed by the diminishing ATPase activity may 
account for the inability of GroELSR-GroES to assist protein 
folding, we demonstrate in this study that a normal ATP func-
tion is not sufficient and that an interplay between GroES and 
GroEL directly impacts the folding reaction of the substrate 
proteins. Our newly generated groES7 provides a toolbox to 
dissect molecular events of protein folding inside the folding 
chamber and to identify the dynamic aspects of the folding 
chamber that are critical to improving folding of substrate pro-
teins. Studies using variants of GroES7 in conjunction with 
GroELSR may provide insightful information to mtHsp60-
mtHsp10, the GroEL-GroES counter part in mammalian 
mitochondria. 
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