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A striking example of an allosteric protein is the chaperonin
GroEL which facilitates protein folding in vivo and in vitro in
an ATP-regulated mannérGroEL consists of 14 identical
subunits that form two stacked heptameric rings with a centra
cavity? Each subunit consists of three domains: (i) an apical
domain that forms the opening of the central cavity (ii) an
equatorial domain that contains an ATP binding site and forms
all the inter-ring and many of the intra-ring contacts and (iii) an
intermediate domain that connects the apical and equatorial
domaing® GroEL has a weak, KdependeritATPase activity
which is cooperative with respect to ATBnd K' ions?® Binding
of ATP to GroEL causes large and concerted tertiary conforma-
tional changes which lead to vertical opening of the rings and
twisting of the apical domains in the plane of the rfrgy.nested
model for cooperativity in ATP hydrolysis by GroEL was recently
put forward? In this model, each ring is in equilibrium between
a tense T) state, with high affinity for nonfolded proteins and
low affinity for ATP, and a relaxedR) state with low affinity
for nonfolded proteins and high affinity for ATF2Recent cryo-

EM studies on the Arg197- Ala GroEL mutant have provided
structural evidence in support of the nested madeiel.

Virtually nothing is known about the kinetic pathway of
allosteric transitions in GroEL. Here, it has been studied by
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is T-like or R-like. Such an approach was previously shown to
be useful in the study of protein-folding reactions and enzyme
catalysist!

Recently, we introduced the mutation Phe44rp into GroEL
(which has no tryptophan residues) to follow the binding of ATP
and the resulting conformational changes by monitoring time-
resolved changes in fluoresceriéeln the present study, the
mutation Phe44— Trp was introducet} as a probe into a series
of GroEL single mutants Asp196 Ala, Arg197— Ala, Arg501
— Ala, and Thr522— Ala, each with altered allosteric properties
as determined by previous steady-state kinetic measureffénts.
These mutants were chosen so that (i) their allosteric constants
span a wide range of values and that (ii) different regions of the
GroEL molecule would be probed.

One interaction within subunits and two intra-ring interactions
between subunits were investigated. The mutation Arg5la
breaks a salt-bridge with Glu409 in the equatorial domain of the
same subunit. The mutation Thr522 Ala removes a hydrogen
bond between Thr522 in the equatorial domain of one subunit
and Asp41 in the equatorial domain of an adjacent subunit in the
same ring. The mutation Argl197 Ala breaks a salt-bridge
between Argl97 in the apical domain and Glu386 in the
intermediate domain of an adjacent subunit. The mutation Asp196
— Ala probes the same region but without disrupting the Arg197-
Glu386 salt-bridge or other pairwise interactions.

Initial rates of ATP hydrolysis by the various GroEL mutants
were measured as a function of ATP concentration as desttibed
(representative data are shown in Figure 1A for the Phe44
Trp, Aspl96— Ala mutant). The data were fitted to the Hill
equation and to an equation based on the nested Ayidkling
estimates for the values of the Hill coefficients, the allosteric
equilibrium constantd,; (= [TR}/[TT]) and L, (= [RR]/[TRY]),
and the ATP binding constant which was found to be about 5

combining protein engineering methods with data analysis baseduM for all the mutants. The mutation Phe44Trp was found to

on the Brasted plot. This plot relates, for a seriesi shodified
proteins, the rate constants)(of a process with the respective
equilibrium constantsk;) of that process, as follows:

logk; = log(A) + BlogkK; Q)

where log(A) is a constant anlis a measure of how close the
transition state of the process is to either the reactghts Q) or

the products £ = 1). For example, by measuring rate and
equilibrium constants of allosteric transitions, one can determine,
using Brmsted plots, whether the transition state of the reaction
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have little effect on the allosteric properties of wild-type GréEL
and the previously characterized single mutdit©bserved rate
constants of ATP-induced conformational changes of GroEL were
measured as a function of ATP concentration (representative data
for the Phe44— Trp, Asp196— Ala mutant are shown in Figure
1B) as describetf. Values of the Hill coefficients and the forward
(T — R) rate constants of conformational changes of GroEL were
obtained by fitting the data to an equation derivédssuming
that ATP binding occurs much faster than the binding-induced
conformational changés.

The kinetic and equilibrium data for the allosteric transitions
of the GroEL mutants were combined using théited relation.
A plot of the logarithms of the rate constants of the allosteric
transition, in the absence of ATP, against the logarithms of the
respective allosteric equilibrium constants yields a very good
straight line { = 0.99) with a slopeg, of 0.17 for all of the
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Figure 1. Steady-state and transient kinetic data for the ATP binding-
induced allosteric transitions of the Phe44Trp, Asp196— Ala GroEL
mutant. Initial rates of ATP hydrolysis (A) were measured as descfitfed.
The data were fitted to an equation based on the nested rhdde.
final GroEL concentration in the ATPase reactions was 25 nM. Observed
rate constantsps Of the ATP-induced conformational changes (B) were
measured, and the data were fitted as describdthe final GroEL
concentration in the stopped-flow experiments was GRb

mutants except Phe44 Trp, Argl97— Ala GroEL for which
the data does not lie on the line (Figure 2). This result indicates
that the transition-state of the reaction ha§-fke structure in
the regions of the molecule probed, including the Arg5G1u409
salt-bridge which may be involved in vertical opening of the rings.
Previous Bfosted analysis of the quaternary structural change
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Figure 2. Plot of the logarithm of rate constants of the allosteric
transitions of different GroEL mutants against the logarithm of the re-
spective allosteric equilibrium constants. Values of the allosteric equi-
librium constantsl.;, were determined as befof&alues of the forward
rate constant,, were obtained as describ&dSingle-letter notation for
amino acids is used.
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Figure 3. Plot of the Hill coefficients for the observed rate constants of
conformational changes of different GroEL mutants against their respec-
tive Hill coefficients for ATP hydrolysis. Values of Hill coefficients for
ATP hydrolysis were obtained by fitting data of initial rates of ATP
hydrolysis as a function of ATP concentration to the Hill equation. Values
of Hill coefficients for the observed rate constants of conformational
changes were obtained by fitting data of observed rate constants of
conformational changes as a function of ATP concentration as b€fore.

of human hemoglobin at various ligation states and pH values gjpgje-etter notation for amino acids is used.

showed that the transition state of that reaction hafkdike
structuret’

The data for the Phe44- Trp, Arg197— Ala GroEL mutant
(8 = 0.62) indicates, hoewever, that the Argt33Iu386 inter-

evidence that the allosteric transitions of individual rings are
indeed concerted. Taken together, our results suggest that in the
transition state of the allosteric reaction of GroEL there is some

subunit salt-bridge is perturbed in the transition state. Owing to concerted twisting of the apical domains which reduces affinity
GroEL's ring structure, twisting of the apical domains, which leads for protein substrates and precedes vertical opening of the rings.
to large changes in the intersubunit interfaces, is expected to ocCurThese results are in agreement with recent theoretical simulations
in a concerted mannét.Our finding that values of the Hill of GroEL using normal-mode analys#.

coefficients for ATP hydrolysis determined for the various mutants
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