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ABSTRACT: A kinetic analysis of the ATP-dependent dissociation of wild-type GroEL and mutants from
immobilized GroES was carried out using surface plasmon resonance. Excellent fits of the data were
obtained using a double-exponential equation with a linear drift. Both the fast and slow observed dissociation
rate constants are found to have a sigmoidal dependence on the concentration of ATP. The values of the
Hill coefficients corresponding to the fast and slow observed rate constants of dissociation of wild-type
GroEL and the Arg197Ala mutant are in good agreement with the respective values of the Hill coefficients
previously determined for these proteins from plots of initial rates of ATP hydrolysis as a function of
ATP concentration, in the presence of GroES. Our results are consistent with a kinetic mechanism for
dissociation of the GroEEGroES complex according to which GroES release takes place after an ATP-
induced conformational change in the trans ring that is preceded by ATP hydrolysis and a subsequent
conformational change in the cis ring. It is shown that the rate of complex dissociation increases with
increasing positive cooperativity in ATP binding by the GroEL ring distal to GroES in the GroEL
GroES complex.

The Escherichia coli GroE system facilitates protein ate, and equatorial domain2 13). GroES binding to a
folding both in vivo and in vitro (for recent reviews, see, ring (the cis ring) displaces polypeptide substrates bound to
for example, refd—3). It comprises GroEL, an oligomer of  that ring into the central cavity and isolates them from bulk
14 identical subunits of 57.3 kDa that form 2, stacked back- solution (L—3). The GroES-induced allosteric transition leads
to-back, heptameric rings with 7-fold symmetd),(and its o doubling of the volume of the central cavity of the cis
helper-protein GroES which is a 7-membered ring of ring and to a switch in the nature of its surface from being
identical subunits of 10 kDa5]. Each subunit of GroEL  predominantly hydrophobic to hydrophilit3), thus favoring
consists of three domains: (i) an equatorial domalnthatformsfo|ding_ Binding of GroES also modulates the ATPase
all of the inter-ring contacts and many of the intra-fing ity of the distal (trans) ring of GroELL4, 15) and causes
contacts _between subunits; (||)_an aplca_l__doma_lm that fqrms ATP bound to the cis ring to become committed to hydrolysis
the opening of the central cavity; anq (i) an intermediate (16). In addition, it has been shown that GroES facilitates
domaln_ that connects the two dqmqms. GroEL undergoestheT to R transition of the distal ringl(5), thereby promoting
allosteric transitions induced by binding of ATP and GroES . . .

release of polypeptides bound to that ridg)( Formation

(for a review, see re6) which are important for its cycling . e .
: . - d dissociation of the GroELGroES complex is regulated
between protein-acceptor and release states and for its folding " o . !
P P y ATP binding and hydrolysis. GroES binds only to ATP-

function (7; for a review, see re8). Each ring of GroEL is ) . _
in equilibrium betweerT andR states which interconvert ~20und (or ADP-bound) rings of GroELL§). Dissociation

in an ATP-dependent and concerted manr@r g), in of GroES requires ATP hydrolysis in the cis ring followed
accordance with the MonedVyman-Changeux model Py ATP binding to the trans ring1@). More recently,
(10). In the absence of ligands, GroEL is predominantly in fluorescence energy transfer experiments have indicated that
the TT state. In the presence of ATP, the equilibrium is @ conformational change with a rate constant of 0.04akes
shifted toward theR (L; = [TR}/[TT]) and RR states (» place in the ADP-bound cis ring before ATP binds to the
= [RRJ/[TR]) (12). trans ring R0). A kinetic analysis of allosteric effects of ATP
Binding of GroES to the apical domains of GroEL in the binding to the trans ring on the rate of GroES dissociation
R state induces a further large conformational change which has, however, not been reported. Here, we present such an
involves rigid-body domain movements that pivot around analysis using surface plasmon resonance and show that the
the two hinges at the junctions between the apical, intermedi-rate and, in particular, the cooperativity of the allosteric
transition of the trans ring control the rate of dissociation of
"This work was supported by the Israel Science Foundation GrOES from the cis ring. A model according to which GroES
administered by The Israel Academy of Sciences and Humanities anddissociation takes place after an ATP-induced conformational

the MINERVA Foundation, Germany. change in the trans ring that is preceded by ATP hydrolysis
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9344188, Tel: ++972 8 9343399, E-mail: Amnon.Horovitz@ and a subsequent conformational change in the cis ring is
weizmann.ac.il. found to be consistent with our kinetic data.
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EXPERIMENTAL PROCEDURES K, k, K, k,
. . . TDES <> TDES === T D'ES o=* R _D'ES —» R D"+ES
Molecular Biology and Biochemical ProcedureSon- p « n « ot
1 2 3

struction of the GroEL single mutants Argt9Ala (21), ’
Phe44-Trp (22), and Arg501-Ala (23) as well as the Ficure 1: Scheme for different states of the GroEGroES

complex considered in the kinetic analysis of its dissociation. The
double mutants Argt3Gly, Alal26-Vval (24) and low- and high-affinity states for ATP and the ADP-bound confor-

Phe44~Trp, Thr522-Ala (25 has been described. The mation of GroEL rings are designated ByR, andD, respectively.
Phe44-Trp, Glu67—Ala and Phe44Trp, Argl8—Ala GroES is designated by ES. ATP binding occurs after the ADP-
double mutants were generated as bef@® (sing single- bound cis ring in the GroEEGroES-(ADP); ‘bullet’ complex
stranded DNA containing the gene for the Phed4p (designated byTDES) has undergone a conformational change
GroEL mutant and the oligonucleotides: Glu6Rla, 5- designated by a prime. The trans ring of B'ES complex then

binds n molecules of ATP in an all-or-none fashion. Binding of
GCGCACCCATATTTGCGAACTTGTCTTCC-3Aspl18— ATP shifts the equilibrium of the trans ring from Erlike state

Ala, 5-GCGCACCCATATTTGCGAACTTGTCTTCC-3 with low affinity for ATP to anR-like state with high affinity for
Expression and purification of GroEL and GroES were ATP and causes a conformational change in the cis ring designated

i ; by a double prime. GroES then dissociates from BR®'"'ES
acrlleved as b_eford@. ATI_Dase assays were carried out at complex. TheTD'ES andR,D"ES species are assumed to be in
25 °C as previously describe@6).

steady-state.

Surface Plasmon Resonance Measureméi®-depend- _ _
ent formation and dissociation of the GroEGroES com- tional switches between tHE andR states and th® and
plex was monitored by surface plasmon resonance with aD' states and, thus, that the concentrations offfd&S and
BlAcore 2000 apparatus (BlAcore AB, Sweden). GroES was R«D"ES species are in quasi-steady-state. Their concentra-
immobilized on a CM5 chip (BIAcore AB, Sweden) by tions are, therefore, given by the following expressions:
amine coupling chemistry using standard protocols with HBS . , n
(10 mM HEPES with 0.15 M NaCl, 3.4 mM EDTA, and  [TD'ES]= (k[TDES]+ k [T D'ES])/(k_; + k[S])
0.005% surfactant P20 at pH 7.4) as running buffer. After (1a)
a_ct_iva}tion with a fr_eshly prepared mixture thyplroxysuc- _ [R.D"ES]= kyT,D'ESVK 5 + k) (1b)
cinimide (50 mM in water) and 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (195 mM in water) for 4 min (flow  The concentrations of the other species in the scheme in

rate 1QuL/min), GroES (Sug/mL in 150 mM sodium acetate  Figuyre 1 are given by the following set of linear differential
buffer, pH 3.8) was injected for-510 min (flow rate 10 gquations:

uL/min). Remaining activated carboxylic groups were de-
activated by injection b1 M ethanolamine hydrochloride,  d[TDES]/d = —k,k,[S]"[TDES]/(k_; + k,[S]") +
pH 8.6, for 5 min (flow rate 1Q:L/min). A total of 1000 ,
RU of GroES were immobilized by this method. After Kk o[ T,D'ES)/k_, + K,IS]") (2)
coupling, the buffer was changed to 50 mM Tris-HCI (pH N N
7.5) containing 1 mM DTT, 10 mM MgGJ 10 mM KClI d[T ,D'ES)/d = kjl[S]TTDES)/(k_; + K,[S]") —
(buffer A) and ATP at different fixed concentrations. This n '
buffer was used in all the binding and dissociation experi- tedklkos FIST) + ke (k5 + kI TD'ES] (3)
ments. The association of ATP-bound GroEL with GroES d[ES)d = kk,[T D'ESVK 5+ k) (4)
was monitored by adding different final concentrations of
ATP to 10 nM GroEL in buffer A and immediately injecting  wheret stands for time, [S] for the concentration of ATP,
this solution for 5 min at a flow rate of 28L/min. The  and [ES] for the concentration of free GroES. Solving egs
dissociation of GroEL from GroES was investigated by 2—4 yields the following expressions for the sum and product
injecting different concentrations of ATP in buffer A for 45 of the apparent rate constanks,s)and kops(zy as follows:
30 min at a flow rate of 2@L/min. Controls are described
under Results. Kobs) T Kobsz)= (Keko[S1"+ k_1k_p)/(k_; + k,[S]") +

Data Analysis In the case of transient kinetic analysis, it kk,/(k_3+ ky) (5)
is not feasible to take into account all the possible ligation TS
states of a GroEL ring with respect to ATP. We, therefore, _ n n
consider a scheme (Figure 1) where it is assumed (as in theKobs(afobs@) = Kikokek [ST (k-1 + KIST)(k 3+ k)} (6)
original formulation of the Hill equation) that molecules  aAgsuming that the first step is fast relative to the second

of ATP bind to the trans ring of GroEL in an all-or-none g vields the following expressions f and .
fashion. ATP binding occurs only after the ADP-bound cis Py g &xp Bibs() Kot

ring in the GroEL-GroES-(ADP); ‘bullet’ complex (des- = n n

ignated byTDES) has undergone a conformational change Konsy = (kST ok ko1 lST) - (72)

(20) designated by a prime. Binding of ATP shifts the Kobs(2)= Ky Koksky[S1{ (K Ko[S]™ + k_ k) (K_5 + k,)}
equilibrium of the trans ring from d-like state with low (7b)
affinity for ATP to anR-like state with high affinity for ATP

and causes a conformational change in the cis ring designatednspection of eqs 7a and 7b shows that the values of the
by a double prime. Dissociation of GroES takes place from two apparent rate constants depend on the concentration of
the R,D"ES state which has an ADP-bound cis ring and an ATP in a sigmoidal manner fon > 1. Data of resonance
ATP-bound trans ring. We assume that ATP binding and response units (RU) as a function of time (sensorgrams) for
GroES release occur much more rapidly than the conforma-the dissociation phase were fitted to a double-exponential
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Ficure 2: Resonance response units (RU) as a function of time
for the ATP-dependent interaction of wild-type GroEL and the
Asp398—Ala mutant with immobilized GroES. The experiments
were carried out in buffer A containing 10 nM GroEL with or
without 100uM ATP as described under Experimental Procedures.
No binding is observed if ATP is injected alone (A) or if GroEL is
injected without ATP (B). Wild-type GroEL binds to the im-
mobilized GroES and is released in the presence of ATP (C). The
Asp398—Ala GroEL mutant which is defective in ATP hydrolysis
can bind to the immobilized GroES but is not released (D).

equation plus linear drift using the BIAcore software
package. The linear baseline drift most likely reflects slow
dissociation or inactivation of the immoblized GroES.

Reported values of apparent rate constants represent the

average of the values determined by analysis ef63

sensorgrams for each concentration of ATP. The concentra-

tion dependence of the apparent rate constants was analyze
by directly fitting the data in Figures 4 and 5 for the fast
and slow phases to eqgs 7a and 7b, respectively. For th
purpose of data fitting, eqs 7a and 7b were rewritten in the
respective compact forma[S]" + c)/([S]" + b) anda'[S]/
([S]" + b).

Initial velocities of ATP hydrolysis as a function of ATP
concentration were fitted to the previously derived equation
(1D:

0.5V a1 ([SIKR)(L + [SIKR)" ™ +
_ Vinaxl1L2(SVKR)(A + [STKg)™
1+ Ly(1 + [SYK)N + LyL(1 + [SYK™

(8)

0

where L; and L, are the respective apparent allosteric
constants for the transitionsT ~TR and TR—RR, V; is

the initial rate of ATP hydrolysisVmaxa) and Vimax) are the
respective maximal initial rates of ATP hydrolysis of the
TR and RR states, anr is the dissociation constant of
ATP for rings in theR state. All data fitting was carried out
using Kaleidagraph [version 2.1 Synergy Software (PCS
Inc.)]. Estimates of parameterst$tandard errors) are
reported.

RESULTS

Binding of GroEL to GroES is adenosine nucleotide-
dependent (for a review, see 1@f Thus, as expected, no
binding to immobilized GroES was observed when wild-
type GroEL was injected without ATP (Figure 2). No signal
was observed also when only buffer containing ATP was
injected. In a further control experiment (Figure 2), it was
observed that the Asp398Ala GroEL mutant (which is
defective in ATP hydrolysis) can bind to GroES in a manner
similar to wild-type GroEL but cannot dissociat&9. In

e
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Ficure 3: Fits of the dissociation phase of the ATP-dependent
interaction of wild-type GroEL with immobilized GroES. The ATP-
dependent interaction of 10 nM wild-type GroEL with immobilized
GroES was measured in buffer A containing 500 ATP as
described under Experimental Procedures (A). The fit to a double-
exponential equation with linear drift of the data for the dissociation
phase is completely hidden by the experimental curve. Plots of
residuals with small and random deviations about zero were
obtained for this fit (B). A single-exponential equation with linear
drift failed to fit the data for the dissociation phase as indicated by
the nonrandom deviations of the residuals from zero (C).

previous studies on the interaction of GroEL with GroES
using the BlAcore instrument, the sensorgram data were
fitted to a simple 1:1 binding mode2{) and to such a model
with mass transport limitation or to a heterogeneous surface
model (two types of complexes are formed) with mass
transport limitation 28). Fitting our data for wild-type GroEL

to a 1:1 binding model with one on-rate and two off-rates
yielded estimates of 0.& 1* M~ s tand 11x 103s™?

for the values of the on-rate and fast off-rate, respectively,
that are very similar to the values of 410f Mt st and

19 x 102 s! reported by Hayer-Hartl et al27). The
resulting fits to all of these models were found, however, to
be unsatisfactory, in agreement with the findings of Nieba
et al. 28). Failure of a parallel reaction model (one analyte
and two independent ligands) indicates that the data do not
reflect heterogeneous immobilization. Here, we analyze only
the dissociation phase, and the data are fitted to a double-
exponential equation with linear drift (Figure 3). The quality
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0.025 The value ofk; is found to be 0.02 8, which is in very
good agreement with the value of 0.04!spreviously
determined for this step in solution studieD,(29). The
values of the rate constarks; andk, cannot be determined
separately in the analysis here owing to the large errors
involved.

The value of the observed rate constant corresponding to
the slow phase of dissociation of wild-type GroEL from
immobilized GroES is also found to have a sigmoidal
dependence on ATP concentration, but it approaches zero
0 ! . ! ! . at low ATP concentrations (Figure 4B). Hence, these data
0 200 400 600 800 1000 1200 were fitted to eq 7b. Assignment of this phase to the last

[ATP] (M) two steps in the reaction scheme in Figure 1 is also based
on the correlation we find between the value of the logarithm
B of this observed rate constant andUpand the extent of
° ° inter-ring allostery (see Discussion). The value of the Hill

o coefficient corresponding to this phase is found to be 4.8
0.004 - (£1.0). It may be seen by inspection of eq 7b that values of
the individual rate constants cannot be determined from the
0.003 - fit to this equation.

ATP-Dependent Dissociation of the Argt9&la GroEL
Mutant from Immobilized GroES he values of the observed
0001 L rate constants corresponding to the fast and slow phases of
dissociation of the Argl9#Ala GroEL mutant from im-

0 : ' . . L mobilized GroES are also found to have a sigmoidal
0 200 400 600 800 1000 1200 dependence on ATP concentration (Figure 5). The phases
[ATP] (uM) were assigned as in the case of wild-type GroEL. The data
FiGURE 4: Observed rate constants of dissociation of wild-type for the fast phase were, therefore, fitted to eq 7a. The value
GroEL from immobilized GroES at different concentrations of ATP. Of the Hill coefficient corresponding to this phase is found
Data of resonance response units (RU) as a function of time wereto be 1.6 ¢-0.4). The value ok, is found to be 0.0257S,

fitted to a double-exponential equation with linear drift using the \yhich is somewhat higher than the value for wild-type
BlAcore software package. The observed rate constants of the fas . 1 . )
(A) and slow (B) phases are plotted as a function of the 'GroEL. The value ok_, is 0.002 s?, which is the same as

concentration of ATP, and the data were fitted to egs 7a and 7b, that for wild-type GroEL. The data for the slow phase were
respectively. The errors ikypsyandkopszyare up to 3% exceptin  fitted to eq 7b. The value of the Hill coefficient correspond-
the case okups(zjat 10, 20, and 3@M ATP where they are 20, 60,  ing to this phase is found to be 2.9%@.35).
and 7%, respectively, but the absolute errors are very small and, Allosteric Properties of the Phe44Trp, Arg18—Ala and
thus, have almost no effect on the estimates of parameter values ! ..
The experiments were carried out at 25 as described under FNe44=Trp, Glu67—~Ala GroEL Double Mutantsinitial
Experimental Procedures. velocities of ATP hydrolysis were measured at different ATP
concentrations (data not shown). The data were fitted to eq
of the fits is excellent as reflected by residuals with random 8 (11). In the case of the Phe44Trp, Arg18—Ala mutant,
deviations about zero (shown in Figure 3B for a typical fit) the values of the intrinsic allosteric constarntsandL,, and
and the low chi-square values.2). The data could not be  Kgare 0.01340.006), 1.8 £1.6) x 1078, and 12 1) uM,
fitted to a single-exponential equation with linear drift as respectively. In the case of the Phe4firp, Glu67—Ala
reflected by residuals with nonrandom deviations about zero mutant, the values of the intrinsic allosteric constanisind
(Figure 3C). Previously, data for dissociation of the GreEL L, andKg are found to be 1.3#0.6) x 1073, 1.2 @0.9) x
GroES complex in solution also fitted well to a double- 1071° and 6.3 £0.6) uM, respectively.
exponential equatior2(). Effects of Mutations That Alter the Allosteric Properties
ATP-Dependent Dissociation of Wild-Type GroEL from of GroEL on the Obseed Rate Constants of Dissociation
Immobilized GroESThe value of the observed rate constant of GroEL from Immobilized GroES/alues of the observed
corresponding to the fast phase of dissociation of wild-type rate constants corresponding to the dissociation of different
GroEL from immobilized GroES is found to have a sigmoi- GroEL mutants from immobilized GroES were determined
dal dependence on ATP concentration, but it is not zero in in the presence of 100M ATP. This concentration of ATP
the absence of ATP (Figure 4A). Hence, these data wereis sufficient to promote & to R transition in the trans ring
fitted to eq 7a. Assignment of this phase to the first two of GroEL in complex with GroES (reR1l and data not
steps in the reaction scheme in Figure 1 is also based on theshown). A linear relationship & 0.85) with a negative slope
lack of correlation between the value of this observed rate is observed between the logarithms of the observed rate
constant and the extent of inter-ring cooperativity with constants corresponding to the slow phase of dissociation
respect to ATP (see Discussion). The value of the Hill of the different GroEL mutants and the logarithms of their
coefficient corresponding to this phase is found to be 3.7 respective allosteric constant, (Figure 6A). A linear
(£0.8). It may be seen by inspection of eq 7a that the value relationship £ = 0.81) is also observed between the
of k_, is equal to that of the observed rate constant of the logarithms of the observed rate constants corresponding to
fast phase at [ATP¥ 0. It is found to be about 0.002'% the slow phase of dissociation of the different GroEL mutants
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Ficure 5: Observed rate constants of dissociation of the ) b
Arg197—Ala GroEL mutant from immobilized GroES at different FIGURE 6. Allosteric effects of ATP on the observed rate constant

concentrations of ATP. Data of resonance response units (RU) ascorresponding to the slow phase of dissociation of GroEL from
a function of time were fitted to a double-exponential equation with immobilized GroES. Values of the observed rate constants corre-

linear drift using the BlAcore software package. The observed rate sponding to the slow phase of dissociation of different GroEL
constants of the fast (A) and slow (B) phases are plotted as amutants from immobilized GroES were determined in the presence

function of the concentration of ATP, and the data were fitted to of 100 uM ATP at 25 °C as described under Experimental
eqs 7a and 7b, respectively. The errorkdky) andKopsz) are up Procedures. Their logarithms are plotted against the logarithms of
to 5% except in the case &f,szat 10uM ATP where it is about the aIIost.erlc constant, (A), and the extent of inter-ring negative
30%, but the absolute error is very small and, thus, has almost nocooperativity, In[.1/L,) (B), of the respective GroEL mutants. The

effect on the estimates of parameter values. The experiments werevalues ofL; and L, for wild-type GroEL (1) and the mutants
carried out at 25C. Argl97—Ala (21), Phe44-Trp (22), Arg501—Ala (23), Arg13—GCly,

Alal26—Val (24), and Phe44Trp, Thr522—~Ala (25) have been
reported previously. The errors kgpsizyare up to 7%. The single-

and the extent of inter-ring negative cooperativity Ll ,), letter notation for AMING acids s Usad.

of the respective GroEL mutants (Figure 6B). In both cases,
the data for the Arg13-Gly, Alal26-Val are outliers that of the Argl97—~Ala mutant, in accord with previous obser-

are not included in the linear fits. No relationship was vations that this mutant has reduced intra-ring cooperativity
observed petween values of the obse'zrved. rgte constant 21). The values of the Hill coefficients corresponding to
corresponding to the fast phase of dissociation of these o’ esnective fast and the slow observed rate constants of
mutants and values of their allosteric constants (not shown). jissociation of wild-type GroEL [3.740.8) and 4.841.0)]

and the Arg197Ala mutant [1.6 £0.4) and 2.9540.35)]
DISCUSSION are in good agreement with the respective values of 3.83
(£0.37) and 2.3510.12) of the Hill coefficients determined
for these proteins from plots of initial rates of ATP hydrolysis
. as a function of ATP concentration, in the presence of GroES
Arng?—~AIa mutant from GroEsS are fo_und to d|spla_1y a (212). This agreement provides further support for the model
sigmoidal dependence on the concentration of ATP (Figures;, riqre 1 and for the assertion) that plots of initial
4 and 5). These findings lend support to the assumptions in a5 of ATPase activity as a function of ATP concentration,
our model (Figure 1) that the concentrations of &ES  jp, the presence of GroES, provide information about coop-
and R,D"ES species are in steady-state and that the first gratjvity in the trans ring (and not the cis ring). Our model
two steps in the model are fast relative to the last two steps.js also supported by the fact that the values of the Hill
Otherwise, only one or neither of the observed rate constantscoefficients corresponding to the fast and the slow observed
would show a sigmoidal dependence on the concentrationrate constants of dissociation are similar to each other in the
of ATP. The values of the Hill coefficients corresponding case of both wild-type GroEL and the Argt9Ala mutant.
to the fast and the slow observed rate constants of dissocia-Such a similarity which is predicted by the model would
tion of wild-type GroEL are found to be higher than those not necessarily be observed in the case of a parallel kinetic

The values of both the fast and the slow observed rate
constants of dissociation of wild-type GroEL and the
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model for complex dissociation in which the two species in
steady-state are on different pathways.

Strikingly, a linear relationship with a negative slope is
observed between the logarithms of the observed rate
constants corresponding to the slow phase of dissociation
of the different GroEL mutants and the logarithms of their
respective allosteric constaht, for the transitionfR—RR
(Figure 6A). In other words, the rate of complex dissociation
increases with increasing positive cooperativity in ATP
binding by the GroEL ring distal to GroES in the GroEL
GroES complex. This finding mirrors an earlier observation
of ours that GroES binding promotes the allosteric transition
of the trans GroEL ringX5). It may be seen from inspection

of eq 7b for the observed slow rate constant that, in the case

of increasing positive cooperativitig may decrease but the
Hill coefficient, n, will increase, which may, therefore, give
rise to an overall increase in the valuelg@fsy A double-
logarithmic transformation of eq 7b shows that a correlation
between Inkopsz) and n is to be expected, but there is no
reason to assume that the values of the different intrinsic
rate constants in this equation will be the same for the
different mutants. Hence, the correlation betweerkl3.)
and the extent of positive cooperativity in the second ring
as reflected by, is not expected to be perfect.

No correlations are observed between the values of the

observed rate constants corresponding to the fast and slow

phases of dissociation of the different GroEL mutants and
those of the allosteric constantfor the transitionT T—TR.
This is to be expected since ATP binding to the GreEL
GroES complex induces & to R-like allosteric transition

in the second ring and not in the first ring which is GroES-
bound. The correlation betweé&g,szandL, and the absence
of a correlation betweekgsi2z) and L, are also reflected in
the somewhat weaker correlation betwdeps) and the
extent of inter-ring cooperativity (Figure 6B). No correlation

is also observed between the values of the observed rate
constants corresponding to the fast phase of dissociation of

the different GroEL mutants and those of the allosteric
constant.,. The lack of correlation betwedqysyandL; is
expected, in part, because of the constant term in the
numerator of eq 7a. It is also expected given g (and

not Kops1) corresponds to the reaction steps which involve
the allosteric transition (Figure 1). The linear fits in Figure
6 do not include the outlier data for the Argt&ly,
Alal26—Val mutant. Outliers in linear free energy relation-
ships often indicate that the perturbation (mutation) has
caused a change in mechanism. Cells containing the
Arg13—Gly, Alal26—Val double mutant which has defec-
tive inter-ring cooperativity Z4) remain viable 80, 31)
although some of GroEL's function is compromised in the
double mutant3l), suggesting that the mechanism of GroES
release from this mutant is different.

In conclusion, our results are consistent with a kinetic
mechanism for dissociation of the GroEIGroES complex
according to which GroES release takes place after an ATP-
induced conformational change in the trans ring that is
preceded by ATP hydrolysis and a subsequent conforma-
tional change in the cis ringl®, 20). The importance of
allostery in GroEL for its function still remains not fully

Biochemistry, Vol. 41, No. 18, 2005943

ring. This observation explains why binding of polypeptide
substrates to the trans ring, which increases positive intra-
ring cooperativity in ATP binding by stabilizing it in &-like
state, accelerates GroES release from the cis rit). (
Previously, it was shown that the rate of GroEL-assisted
folding of mouse dihydrofolate reductase, in the absence of
GroES, decreases with increasing positive intra-ring coop-
erativity in the substrate-bound ring)( The opposite effect

in the case of GroES release may reflect, in part, the more
ordered and multivalent nature of its association with GroEL
as compared with most polypeptide substrates.
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