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GroEL is an allosteric protein that facilitates protein folding in an
ATP-dependent manner. Herein, the relationship between coop-
erative ATP binding by GroEL and the kinetics of GroE-assisted
folding of two substrates with different GroES dependence, mouse
dihydrofolate reductase (mDHFR) and mitochondrial malate dehy-
drogenase, is examined by using cooperativity mutants of GroEL.
Strong intra-ring positive cooperativity in ATP binding by GroEL
decreases the rate of GroEL-assisted mDHFR folding owing to a
slow rate of the ATP-induced transition from the protein-acceptor
state to the protein-release state. Inter-ring negative cooperativity
in ATP binding by GroEL is found to affect the kinetic partitioning
of mDHFR, but not of mitochondrial malate dehydrogenase, be-
tween folding in solution and folding in the cavity underneath
GroES. Our results show that protein folding by this ‘‘two-stroke
motor’’ is coupled to cooperative ATP binding.

The chaperonin GroEL and its cofactor GroES belong to a class
of macromolecular assemblies collectively termed ‘‘protein

machines’’ (1). In such machines, ordered conformational changes
driven by nucleoside triphosphate binding and hydrolysis lead to
highly organized spatial and temporal functions. GroEL facilitates
protein folding in vivo and in vitro in an ATP-dependent manner
(for reviews, see refs. 2–4). It is an oligomer of 14 identical subunits
that form two heptameric rings, stacked back-to-back, with a cavity
at each end (5). GroEL undergoes ATP-induced conformational
changes (6) that are reflected in binding of ATP with positive
cooperativity within rings (7–9) and negative cooperativity between
rings (10). A nested model for cooperativity in ATP binding by
GroEL has been proposed (11, 12) in which, in accordance with the
Monod–Wyman–Changeux representation (13), each ring of
GroEL is in equilibrium between a tense protein-acceptor (T) state,
with low affinity for ATP and high affinity for nonfolded polypep-
tide substrates, and a relaxed protein-release (R) state, with high
affinity for ATP and low affinity for nonfolded polypeptide sub-
strates. In the absence of ligands, GroEL is predominantly in the TT
state. In the presence of ATP, the equilibrium is shifted toward the
TR state (L1 5 [TR]y[TT]). Owing to inter-ring negative cooper-
ativity, a further shift in the equilibrium from the TR state to the
RR state (L2 5 [RR]y[TR]) takes place only at higher ATP
concentrations. The GroEL double-ring particle is thus in equilib-
rium between three allosteric states TT, TR, and RR, which have
recently been visualized by using electron cryomicroscopy (14).

According to the current view of the GroEL reaction cycle,
binding of ATP and GroES to a polypeptide substrate-bound
GroEL ring creates a GroEL–GroES cis (‘‘bullet’’) complex and
triggers release of the polypeptide into the space sequestered
underneath GroES where it can fold (15, 16). Negative cooperat-
ivity between rings, with respect to ATP, helps to ensure that
binding of an unfolded protein to the trans ring of an ADP bullet
precedes binding of the encapsulating GroES molecule, thereby
allowing a new reaction cycle to begin (17). Effects of the inter-ring
negative cooperativity and the intra-ring positive cooperativity on
the kinetics of polypeptide folding have, however, not been re-
ported. Herein, we analyze the reactivation kinetics of two polypep-
tide substrates, mouse dihydrofolate reductase (mDHFR; ref. 18)
and mitochondrial malate dehydrogenase (MDH; ref. 19), in the
presence of either wild-type GroEL or various GroEL mutants with

altered and well characterized allosteric properties. The GroEL
mutants were chosen such that their allosteric constants span a wide
range of values. The polypeptide substrates and refolding condi-
tions were chosen such that reactivation by GroEL of one substrate
(mDHFR) would require only ATP, whereas reactivation by
GroEL of the other substrate (mitochondrial MDH) would require
both ATP and GroES (18, 19).

Experimental Procedures
Materials. Dihydrofolic acid, oxaloacetate, b-NADPH, and
b-NADH were obtained from Sigma. Mitochondrial MDH from
pig heart was also obtained from Sigma and used without further
purification.

Molecular Biology and Biochemical Methods. Construction of the
GroEL single mutants Arg-1973Ala (10), Thr-5223Ala (20),
and Phe-443 Trp (21) as well as the double mutant Arg-133
Gly, Ala-1263Val (22) has been described. Construction of the
GroEL (Phe-443 Trp, Arg-1973Ala), GroEL (Phe-443 Trp,
Thr-522 3 Ala), and GroEL (Phe-44 3 Trp, Arg-501 3 Ala)
double mutants has also been described (23). Expression and
purification of GroEL and GroES were achieved as before (24).

mDHFR was overexpressed in Escherichia coli TG2 cells and
purified as described (25) but with some modifications. Cell
pellets were lysed and centrifuged, and polyethyleneimine was
then added to a final concentration of 0.125%. After centrifu-
gation, the supernatant was subjected to an 85% (wtyvol)
ammonium sulfate cutoff step. The pellet was resuspended in
buffer A containing 40 mM KH2PO4, 2 mM EDTA, 1 mM DTT,
1 mM PMSF, and 100 mM KCl (pH 6.5) and applied to a 1 3
5-cm methotrexate-agarose column preequilibrated with the
same buffer. Elution of mDHFR was carried out with buffer A
containing 0.5 mM dihydrofolate. mDHFR-enriched fractions
were pooled, concentrated, and desalted by using a PD-10
Sephadex column equilibrated with buffer B containing 50 mM
TriszHCl, 1 mM DTT, and 1 mM EDTA (pH 7.2). The sample
was next applied to a Mono-Q HR 5y5 column preequilibrated
with the same buffer. Unbound material was loaded on a
Sephadex G-75 column equilibrated with buffer B. Pure
mDHFR fractions were combined, concentrated, and stored at
280°C at a final concentration of 0.65 mM. Homogeneity of the
mDHFR preparations was judged by SDSyPAGE and amino
acid analysis to be . 99%. The concentration of mDHFR was
determined by using «280 5 25,180 cm21zM21.

Kinetic Methods. Transient kinetic experiments were carried out
by using an Applied Photophysics (Surrey, U.K.) SX.17MV
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stopped-flow apparatus. Refolding of mDHFR was initiated by
rapid mixing of 1 volume of 6.25 mM protein, denatured in buffer
C containing 50 mM TriszHCl, 10 mM MgCl2, 10 mM KCl, 25
mM ATP, 1 mM DTT, and 4 M urea (pH 7.5) for 90 min at 25°C,
with 24 volumes of the same buffer (without ATP and urea)
containing wild-type or mutant GroEL, dihydrofolic acid,
b-NADPH, and GroES (when appropriate). Mitochondrial
MDH (6.25 mM) was denatured in buffer C containing 75 mM
HCl for 90 min at 25°C and refolded by rapid mixing with 24
volumes of buffer C (without ATP and urea) containing wild-
type or mutant GroEL, oxaloacetate, b-NADH, and GroES
(when appropriate). The final concentrations of GroEL (oli-
gomer), mDHFR, and MDH were 250 nM, and the final
concentration of GroES (oligomer) was 250 or 500 nM. The final
concentrations of dihydrofolic acid and b-NADPH were both
100 mM in the mDHFR assay, and those of b-NADH and
oxaloacetate were both 300 mM in the MDH assay. The regain
of activity of both enzymes was monitored at 25°C by following
the change in absorbance at 340 nm by using a 1-cm path length
and entrance as well as exit slit widths set to 7 nm. Kinetic traces
were collected by using a linear time base with 1,000 sampling
points and a time constant filter of 2 ms. Three to five indepen-
dent traces were acquired for each experiment under exactly the
same conditions and then averaged.

Data Analysis. Values of the allosteric equilibrium constants L1
(which equals [TR]y[TT]) and L2 (which equals [RR]y[TR])
were determined as before (11). Rates of mDHFR folding (kf)
were obtained by fitting data of the change in absorbance (A)
at 340 nm as a function of time, in the presence or absence of
the various GroEL mutants and GroES, to the following
equation (26):

P~t! 5 P~0! 2
kcat

kf
ET 1 kcatETt 1

kcat

kf
ETe2kf t, [1]

where P(t) is the concentration of the product at time t, kcat is the
catalytic rate constant, and ET is the total enzyme concentration.
This equation was derived by assuming an irreversible two-state
folding transition for mDHFR and that dihydrofolate and
b-NADPH interact only with fully folded mDHFR. In the case
of mitochondrial MDH, the scheme was extended to include also
a bimolecular dimerization step of the folded monomer (27). An
analytical solution for such a scheme reduces to Eq. 1 if one
assumes that the concentration of the folded monomer is at a
steady state. Rates of mitochondrial MDH folding were obtained
by fitting refolding traces of mitochondrial MDH, in the absence
or presence of the various GroEL mutants, to Eq. 1. In the
presence of both GroEL and GroES, refolding traces of mito-
chondrial MDH were fitted to the following equation derived by
assuming that monomer folding and the subsequent dimerization
step are kinetically uncoupled:
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where a 5 kcatkdET
2 , ET is the total enzyme (dimer) concentra-

tion, and kd is the dimerization rate constant.

Results and Discussion
Effect of Intra-Ring Positive Cooperativity on the Rate of Refolding.
Values of the Hill coefficients for ATP binding, with respect to
ATP, and of the rate constants for the TT 3 TR allosteric
transition were recently measured for a series of GroEL mutants
(23). In our study, the ability of these GroEL mutants to facilitate
the folding of mDHFR was tested. Urea-denatured mDHFR was
rapidly mixed with each of these GroEL mutants and ATP.
Refolding was monitored by following the regain of enzyme

activity. Values of refolding rates measured in this manner were
found to be similar to the value determined by measuring binding
of NADP1 to mDHFR released from GroEL by using fluores-
cence quenching (28). These rates correspond to a single-
exponential process of folding of a nonnative late-folding inter-
mediate of mDHFR (29).

An excellent linear correlation with a negative slope is ob-
served between the rate constants of GroEL-mediated mDHFR
refolding and values of the Hill coefficient, which are measures
of the extent of intra-ring positive cooperativity in ATP binding
(Fig. 1A). ATP binding and hydrolysis drive GroEL rings
between T and R states (9, 12, 30). Strong intra-ring positive
cooperativity in ATP binding indicates that the T state is
thermodynamically favored relative to the R state. Such ther-
modynamic favoring may be due to a slow rate of the T 3 R
transition, which, in turn, would lead to slow rates of protein

Fig. 1. Effect of intra-ring positive cooperativity in GroEL on the rate of
GroEL-mediated folding of mDHFR. Values of the rates of refolding (kf) of
mDHFR in the presence of different GroEL mutants were determined as
described in Experimental Procedures. They are plotted against the values of
the Hill coefficients (nH) (A) and rates (k1) of the TT 3 TR conformational
transitions (B) of the respective GroEL mutants, which were determined
previously (23). The values of the correlation coefficient (r) are 0.98 (A) and
0.96 (B). The errors are 1% in kf and about 5% in k1.
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release and folding. A linear correlation between the rate
constants of GroEL-mediated mDHFR refolding and the rate
constants of ATP-induced conformational changes in GroEL is
indeed observed (Fig. 1B), in accordance with this proposed
mechanism. This linear correlation implies that the conforma-
tional transition in GroEL is a rate-determining step in the
refolding reaction of mDHFR. The rate constants of the ATP-
induced conformational changes in GroEL were measured in the
absence of unfolded substrates. Unfolded substrates bind and
stabilize the T state of GroEL rings as reflected, for example, in
the increase in the value of the Hill coefficient in the presence
of nonfolded a-lactalbumin from about 2.5 to more than 3 (12).
The presence of polypeptide substrate may, therefore, slow the
rate of conformational change sufficiently to explain why it is
found to control the rate of folding.

The folding of a lattice chain of single-bead residues in a
confined environment was recently simulated (31). Folding times
were calculated as a function of the hydrophobic–hydrophilic
cycle time of the cavity walls for three different fractions of the
overall time in which the cavity walls are hydrophobic. This
fraction is directly related to the allosteric equilibrium constant
for the T 3 R allosteric transition and, thus, to the extent of
intra-ring positive cooperativity. In the case of cycling times that
are comparable to the folding times of the lattice protein, an
inverse correlation was found between the folding rate and the
fraction of time in which the cavity walls are hydrophobic. This
result from simulations is in good agreement with the experi-
mental results shown in Fig. 1.

Effects of Inter-Ring Negative Cooperativity on the Rate of Refolding.
An excellent linear relationship with a negative slope is observed
between the logarithm of the rate of folding of mDHFR, in the
absence of GroES, and the extent of inter-ring negative coop-
erativity [log(L1yL2)], with respect to ATP (Fig. 2). Owing to
inter-ring negative cooperativity, ATP binding to a polypeptide

substrate-bound ring will be inhibited by the binding of ATP to
the other ring. ATP-dependent substrate release and folding are,
therefore, expected to be slower in the case of strong inter-ring
negative cooperativity, as indeed found in this study (Fig. 2).
Addition of GroES is found to have two effects on the folding
of mDHFR. These effects are not observed if GroES is added in
the absence of ATP (data not shown). First, folding of mDHFR
is accelerated, probably because binding of GroES to one ring
reduces the affinity of the opposite ring for polypeptide sub-
strates (17, 24), thereby facilitating substrate release. Second, a
linear relationship between the logarithm of the folding rate of
mDHFR and the extent of inter-ring negative cooperativity is
observed but with a positive slope (Fig. 2). Owing to inter-ring
negative cooperativity, binding of ATP and GroES to a polypep-
tide substrate-bound ring will be inhibited by binding of ATP to
the other ring. Folding of mDHFR may, thus, be faster in the
case of strong inter-ring negative cooperativity because of the
lower probability for trapping the polypeptide substrate in a cis
ternary complex underneath GroES.

The above explanation for the effect of inter-ring negative
cooperativity on the rate of folding of mDHFR relies on the fact
that folding of this substrate, under the conditions examined in
this study, does not require GroES. Two predictions follow from
this explanation. One prediction is that the effect of inter-ring
negative cooperativity on formation of cis ternary complexes,
and thus on the rate of folding, may be overcome by increasing
the concentration of GroES. It may be seen in Fig. 2 that a
two-fold increase in the concentration of GroES does indeed
reduce the effect of inter-ring negative cooperativity on the rate
of folding. A further increase in the concentration of GroES may,
however, accelerate folding by preventing cis complex formation.
A second prediction is that the rate of folding of a GroES-
dependent substrate will decrease (or change very little) with
increasing inter-ring negative cooperativity. This prediction is
based on the assumption that the overall rate of encapsulation
decreases with increasing inter-ring negative cooperativity. It
may be seen in Fig. 3 that the rate of folding of mitochondrial
MDH, a GroES-dependent substrate (19), depends only very

Fig. 2. Rates of GroEL-mediated folding of mDHFR as a function of the
extent of negative cooperativity. Values of the rates of refolding (kf) of
mDHFR, in the presence of different GroEL mutants and in the absence (E) or
presence of 250 nM (F) or 500 nM (■) GroES oligomer, were determined as
described in Experimental Procedures. Values of the allosteric equilibrium
constants L1 (which equals [TR]y[TT]) and L2 (which equals [RR]y[TR]) were
determined by fitting data of initial rates of ATPase activity as a function of
ATP concentration as described (11). Values of logkf are plotted against the
values of log(L1yL2), which are measures of the extent of negative cooperat-
ivity (11). The value of the correlation coefficient (r) is 0.99 for each of the three
linear fits. The errors are up to 1% in kf and about 10% in log(L1yL2).

Fig. 3. Rates of GroEL-mediated folding of mitochondrial MDH as a function
of the extent of negative cooperativity. Values of the rates of refolding (kf) of
MDH, in the presence of different GroEL mutants and in the absence (E) or
presence of 250 nM (F) or 500 nM (■) GroES oligomer, were determined as
described in Experimental Procedures. Values of logkf are plotted against the
values of log(L1yL2), which were calculated by fitting data of initial rates of
ATPase activity as a function of ATP concentration as described (11). The errors
are up to 10% in kf and about 10% in log(L1yL2).
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weakly on the extent of inter-ring negative cooperativity, both in
the presence and in the absence of GroES. This finding suggests
that, in the case of the GroEL mutants studied, the rate of
encapsulation is fast relative to the folding rate of mitochondrial
MDH.

The linear fits for the data of the logarithm of the rate of
mDHFR folding as a function of the extent of negative coop-
erativity, in the presence and in the absence of GroES, intersect
at a value of log(L1yL2) ' 0 (Fig. 2). In other words, the presence
of GroES (at 1:1 or 2:1 molar ratio with respect to GroEL) does
not affect the rate of folding of mDHFR when negative coop-
erativity is absent. This conclusion is further confirmed by the
finding that the rates of mDHFR folding mediated by the GroEL
mutant Arg-13 3 Gly, Ala-126 3 Val, in which inter-ring
negative cooperativity with respect to ATP is absent (22), are
similar in the presence and in the absence of GroES and coincide
with the point of intersection. In the case of a GroES-dependent
substrate such as mitochondrial MDH, the rate of folding is
affected by GroES even if negative cooperativity is absent.

Conclusions. The rate constant of GroEL-mediated mDHFR
refolding is found in this study to be lower when the value of the
Hill coefficient, which measures the extent of intra-ring positive
cooperativity in ATP binding, is higher. The reason for this result
is probably a slow rate of the T 3 R transition in the case of
strong intra-ring positive cooperativity, which, in turn, leads to
a slow rate of protein release and folding. This finding may
explain why the value of the Hill coefficient for ATP binding by
wild-type GroEL, with respect to ATP, is only about 2.5 (7, 11),

which is relatively low for a heptamer. Similar values have been
found for hemoglobin (32) and yeast glyceraldehyde-3-
phosphate dehydrogenase (33), although they are tetramers. It is
likely that the value of the Hill coefficient for ATP binding by
wild-type GroEL reflects evolutionary optimization of both the
rate of folding, which has pushed its value down, and the
equilibrium distribution between polypeptide substrate acceptor
(T) and release (R) states, which has pushed its value up. The
relative extent of intra-ring positive cooperativity in ATP bind-
ing, with respect to ATP, in each of the two rings of GroEL
determines the extent of negative cooperativity between rings.
Inter-ring negative cooperativity in ATP binding by GroEL is
found to affect the kinetic partitioning of mDHFR between
folding in solution and folding in the cavity underneath GroES.
In the absence of inter-ring negative cooperativity, GroES does
not affect the folding rate of mDHFR. In contrast, the GroES-
dependent folding rate of mitochondrial MDH is found to be
almost independent of the extent of inter-ring negative cooper-
ativity. Optimization of the allosteric properties of GroEL must,
therefore, also reflect the cell’s need to handle a wide range of
substrates with different folding rates, propensities to aggregate,
and affinities for GroEL’s T state. One intriguing question that
remains open is whether the allosteric properties of GroEL are
also related to the cooperativity in protein folding.
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