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ABSTRACT. We investigated the dissociation of single-ring heptameric GroEL (SR1) by high hydrostatic
pressure in the range of-R2.5 kbar. The kinetics of the dissociation of SR1 in the absence and presence
of Mg?*, KCI, and nucleotides were monitored using light scattering. The major aim of this investigation
was to understand the role of the double-ring structure of GroEL by comparing its dissociation with the
dissociation of the single ring. At all the pressures that were studied, SR1 dissociates much faster than the
GroEL 14mer. As observed with the GroEL 14mer, SR1 also showed biphasic kinetics and the dissociated
monomers do not reassociate readily back to the oligomer. Unlike the GroEL 14mer, the observed rates
for SR1 dissociation are independent of the concentrations éf lgd KCI in the studied range. The
effects of nucleotides on the observed rates, in the absence or presencé"adidgKCl, are not very
significant. The heterogeneity induced in the GroEL molecule with the double-ring structure by ligands
such as Mg", KCI, and nucleotides is not observed in the case of SR1. This indicates that the inter-ring
negative cooperativity in the double-ring GroEL has a major role in this regard. The results presented in
this investigation demonstrate that the presence of a second ring in the GroEL 14mer is important for its
stability in an environment where the functional ligands of the chaperonin are available.

From high-pressure studies, it has been known that at(26—28). GroEL is a tetradecamer (14mer) of 57 kDa sub-
pressures above-3 kbat many proteins could be denatured units arranged in two, seven-membered rings stacked back
(1—3). At pressures below 3 kbar, oligomeric proteins or to back to yield a cylindrical structur@—32). The X-ray
protein assemblies generally undergo reversible dissociationcrystal structures of GroEL29, 30), GroEL fully complexed
into subunits 8, 4). High-hydrostatic pressure techniques with 14 ATPyS molecules 31), and the GroEEGroES-
have been used in studying dissociation of oligomeric (ADP), complex B2) are available. There are no tryptophan
proteins and protein aggregates and unfolding of monomericresidues, and each subunit contains three cysteines: Cys138,
proteins @, 4—15) in the absence of externally added Cys458, and Cys519. The crystal structure demonstrates that
chaotropes. The important theories behind this technique andeach monomer (547 amino acids) is folded into three distinct
excellent experimental details can be found in s_everal_ editedgomains, e.g., apical, equatorial, and intermediate domains.
books and monographg,(16—-21). In a recent review, Silva  The apical domain faces the solvent, forms the opening to
et al. @2) have discussed many important aspects of high he central channel, and contains the GroES and peptide
pressure, providing new insights into the folding and pinging site. The highly helical equatorial domain contains
dynamics of proteins. A brief summary of the physical forces o AP pinding site and forms the inter- and intraring con-
responsible for the dissociation of oligomers by high 5.5 of the double ring of the GroEL 14mer. The hingelike
hydrosta_tlc pressure can be found in our earlier work on intermediate domain links the apical and equatorial domains
GroEL dissociation23). and transfers the ATP-induced conformational changes be-

In the past few years, we have bee?‘ using the baCt(.ar'altween the equatorial and the apical dom&if, 32). Briefly,
chaperonin GroEL as a model for studying the effect of high . . ) . .
. : - the GroEL-assisted protein folding reaction cycle consists
hydrostatic pressure on the dissociation of macromolecular : : L
of a number of sequential reactions such as the binding of

assemblies23—25). GroEL and its co-chaperonin GroES th | tide at th ical d . fthe cis rina. bindi
are multimeric proteins that assist in the folding of other fe po ypepll ee} efaA[\:)_:_cF? (()ijalnEg f ecis rlng,t Ibr: ng
proteins by preventing misfolding and aggregation. Both of 0 sevebr; mo gcfu €so h .aﬂ | bro d orlmmg "’.‘ds avie cis
these chaperonins are essential for protein foldmgivo assembly and freeing t_e tig ty. ound po ypeptl € Into an
enclosed space where it folds with hydrolysis of ATP, fol-
t This research was supported by National Institutes of Health Grant lowed by the release of ADP, GroES, and the folded poly-
NIHGM25177 and Robert A. Welch Foundation Grant AQ723 (to peptide 82—37). The presence of Mg and K is also

P.M.H.). _aeci ;
* To whom correspondence should be addressed. Telephone: (210)necessary for the GroEL-assisted folding cy8@<42). ATP

567-3737. Fax: (210) 567-6595. E-mail: horowitz@biochem.uthscsa.edu.Plays an important role both as an energy source and as an
1 Units of pressure: 1 bar 0.1 Mpa (megapascaty 0.987 atm= allosteric effector, and its binding displays both intraring

14.5 psi (pounds per square inch); 1 kbai000 bar. Abbreviations:  nhnsitive cooperativity and inter-ring negative cooperativity

ATP, adenosine'Sriphosphate; ADP, adenosinediphosphate; AMP, . ..
adenosine 'smonophosphate; AMP-PNP, adenosirie(f&y-imido)- (43—45). The role of M@" as a structural ligand is important

triphosphate; ATPS, adenosine'50-(3-thiotriphosphate). for the GroEL-GroES system3g8—42).
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the monomers reassociated back to the oligomer only very

slowly with aty, of 150 h at 25°C. The dissociation and
association reactions were facilitated by MgATP only if it
was present during pressurization. Recently, we have shown
that high hydrostatic pressure can probe the effects of
functionally related ligands (Mg and adenine nucleotides)
on GroEL, GroES, and the GroEIGroES-(ADP); complex

(23). Similarly, we have provided evidence for the presence
of conformational heterogeneity in the native GroEL 14mer
(25). The evidence for this heterogeneity was obtained from
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the observation that the 14mers dissociated to a mixture of 0.5
monomers and undissociated 14mers depending upon an Sl \
applied pressure of2.5 kbar 23). This was evident from S L SV PN
both the amplitudes of the reactions at the end of the kinetics 0 1x10’ 2x10° 3x10° 4x10° 5x10° 6x10°
and subsequent native gel analyses of the products. From Time (sec)

the effect of the concentrations of Kty KCl, and nucleotides  Fgyre 1: Dissociation plots for SR1Y) and GroEL-14 mer€)

on the dissociation rates, we concluded that the binding of in a pressure gradient from 0.1 to 2.5 kbar and from 2.5 to 0.1

these functionally related ligands with the GroEL 14mer kbar. Both the light scattering intensities (left ordinate) vs time and

imparts different stabilities to the chaperoni@3¢25). pressure (right ordinate) vs time data were collected at 15 s intervals,

; ; ; P using two independent computers. The pressure was increased by
During the isolation and purification of Gro_E_L, sev_eral 0.1 kbar units until it reached 2.5 kbar and then decreased in the
reagents such as Mgand KCl are added and it is possible  same intervals (- --). At each 0.1 kbar interval, the corresponding

that such binding might produce heterogeneous populationspressure was maintained for 1 min. Light scattering was monitored
of GroEL bound by these reagens). at 400 nm. The dissociation pattern of the GroEL 14mey is

In view of the observations described above, there have from ref23and is shown for comparison between the two proteins.
been studies aimed at understanding the role layed by thehe expermentl detals can b found s iateils and Methods,
individual heptameric rings of the double-ring (14mer) GroEL 14mer, 50 mM Tris, pH 7.8, and 2%.
GroEL. The mutation of four residues (R452E, E461A,
S463A, and V464A) that prevent the major contacts betweenDTT at 4 °C (54). The final preparation gave single bands
the two rings of GroEL produces the single-ring mutant by both native and denaturing gel electrophoresis.
termed SR1 47, 48). Using gel filtration and electron The buffer solutions used in the kinetics experiments were
microscopy, Weissman et all{) have shown the structure filtered through 0.2um surfactant free cellulose acetate
was a single ring. Recently, Holzinger et al. have used small-membrane syringe filters (Nalgene). Tris buffer was used
angle neutron scattering to support the single-ring structurebecause of its small Ky dependence upon hydrostatic
of SR1 @9). Many interesting results are observed with SR1. pressure §5).
(i) In the presence of ATP, it could bind but not readily High-Pressure Experiment$he high-pressure generator
release GroESA(). (ii) The single rings do not associate to  was from Advanced Pressure Products (APP, Ithaca, NY).

double rings in the presence of GroES and ABB)( (iii) The high-pressure cell and photon counting spectrofluorom-
In the presence of GroES, ATP or ADP, and 80 mM KCI, eter were from ISS Inc. (Champaign, IL). The stainless steel
it supports the folding of rhodanes&lj. (iv) Inter-ring alloy cell with quartz windows can be pressurized up to 3

negative cooperativity in the double ring GroEL is important kbar. Protein samples for the experiments were contained
(52, 53). Therefore, we conducted the investigation presented in quartz bottles (1 mL volume) with pressure caps (provided
here to compare the dissociation induced by high hydrostaticby 1SS). Spectroscopic-grade ethanol was used as the
pressures of single-ring versus double-ring GroEL chapero- pressurizing fluid. The pressure generator was electronically
nin. As the results show, the single ring does not have the controlled and could be programed to obtain pressure
ability to induce stablity in the heptameric ring in the gradients. The temperature of the high-pressure cell was
presence of the functional ligands or the characteristic native maintained by a circulating water bath. Two independent
state heterogeneity shown by the double-ring GroEL at- computers controlled the APP pressure generator and ISS
tributed to ligand binding. spectrofluorometer. A program written for the APP software
controlled the target pressure. Experiments where a pressure
MATERIALS AND METHODS gradient was applied (e.g., Figure 1) were carried out using
SR1-GroEL was purified from lysates B&cherichia coli a program written for the APP software. The pressure was
cells bearing the multicopy plasmid pHOG1-SR1 (a gift from increased in 0.1 kbar increments and held for 1 min between
C. Frieden, Washington University School of Medicine, St. successive steps. The generated data were imported into
Louis, MO). The construction of pHOG1-SR1 from the site- Origin software (version 6, Microcal Software, Northampton,
directed mutagenesis of pHOG1 with mutations R452E, MA) and analyzed. Kinetics experiments were carried out
E461A, S463A, and V464A has been reported previously by first equilibrating the protein sample in the pressure cell
(54). The fluorescent contaminants from the isolated GroEL for 1 h at thedesired temperature. After equilibration, the
were removed by eluting the protein from a Reactive Red fluorometer recording was turned on, followed by the
120 agarose (type 3000-CL) column equilibrated with 50 pressure machine. Light scattering at 400 nm was used to
mM Tris-HCI buffer (pH 7.5), 5 mM M§g", and 0.5 mM monitor the dissociation process of SR1. The excitation and
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emission slits were 2 (16 nm band-pass) and 1 mm (8 nm
band-pass), respectively. In typical experiments, to reach
pressures of 1 kbar required 1 min, 2 kbar required 3 min,
and 2.5 kbar required 4.5 min at a pump speed of 2.0. The
limitations and reasons to avoid fast pressurization and
depressurization have been discussed in our earlier 28k (

In general, rapid pressure changes cause damage by shat-
tering the quartz windows or sample bottles. Control experi-
ments using latex beads have shown that the intensity
changes were not contributed by dimension changes of the
cell due to high pressur@3).

Analysis of Kinetics Datalhe data were truncated to take
into account the time taken by the pressure cell to reach the
target pressure. The rates were evaluated by fitting the data
to either mono- or biexponential equationg:= A; x exp-
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_ _ - - Ficure 2: Effect of pressure on the kinetics of dissociation of SR1
(—kat) T AONY = Ay X exp(—kit) + Ap x exp(—kal) + A, and the GroEL 14mer. SR1 and GroEL were dissociated at 2 kbar
respectively. The independent variaievas the observed a5 described in Materials and Methods, and the kinetics were
scattering intensity in counts per second (cps) after subtrac-monitored using scattering at 400 nm (excitation and emission) until
tion of the scattering due to buffer. The pseudo-first-order the reactions reached plateaus. For the sake of clarity, only parts

rate constantk, and k, and the parameters relating the of the complete kinetics (followed for 10 half-lives) are shown.

. _ . . . h The solid line through the dataDj is a fit to the data using a
amplitudesA,—As were obtained from iterative nonlinear biexponential equation (see Materials and Methods). The observed

least-squares regression of the data using the Origin softwargates from biexponential fits (see Materials and Methods) of the
program (MicroCal). data were &; opsOf (1.244 0.02) x 1072 s71 and aks ops0f (8.30

+ 0.10) x 10*s 1 for SR1 and a single monophasic reaction with
aky obsOf (4.60+ 0.05) x 104 s1in the case of the GroEL 14mer
(see Results and Discussion). The reaction conditions were as
follows: 1.43uM SR1, 0.36uM GroEL 14mer, 50 mM Tris, pH

7.8, and 25 C. Other details such as conditions for monitoring the
kinetics and the pressure setup are in Materials and Methods.

RESULTS AND DISCUSSION

The kinetics of the dissociation of SR1 (single-ring GroEL)
at pressures in the range of 8.3 kbar were studied for 10
half-lives at 25°C in 50 mM Tris-HCI buffer (pH 7.8). A
comparison of the dissociation processes of the GroEL 14merit js evident from panel B that the increase is either too slow

(double ring) and this single-ring mutant under the pressure or insignificant within the time period that was studied.
gradient is shown in Figure 1. As can be seen, the SR1 Sjmjlar experiments were carried out in the presence or
mutant dissociates much faster than the GroEL 14mer at eactppsence of nucleotides, Mg and KCI. There were not any

of the applied pressures. The final scattering intensities aregpservable scattering intensity changes after depressurization
consistent with the dissociation going completely to mono- for 18-20 h in any of the cases. This demonstrates that the
mers. This has been verified by native gel electrophoresis dissociation of SR1 leading to monomers occurs in a
of the products at the end of the pressure dissociation nonreversible path. Similar observations have been noted in
experiments. In the curves shown in Figure 1, each data pointoyr earlier work on GroEL 14mer dissociation by hydrostatic
represents the observed light scattering intensity at a specificpressure, where the monomers did not reassociate readily
pressure that was maintained for an interval of 1 min. During upon depressurizatior2g). Monitoring the bis-ANS fluo-
these intervals, there are pressure-dependent kinetics. Hencgescence, Gorovits et al. had shown that the reassociation of
it is not possible to fit such data to obtain any useful monomers from GroEL 14mer dissociation was extremely
parameters. Therefore, for the sake of comparison, thesjow with aty, of 150 h at 25°C (24). In the investigation
apparenipy; values (the pressure at which the dissociation presented here, we were unable to detect any reassociated
process shows one-half of the total intensity change) can be7mer even after storing the dissociated monomers for 1
compared. Thespy, values are 0.7 kbar for SR1 and 1.45 month from any of the reaction conditions shown in Table
kbar for the GroEL 14mer. The typical kinetics followed by 1. This confirms our earlier hypothesis that the dissociated
light scattering at 400 nm and their biexponential fits at 2.0 monomers undergo conformational drift, making them
kbar are shown in Figure 2. The kinetic trace in the case of unsuitable for reassociatioﬂ:{, 25), and this also happened
SR1 was fitted to the biexponential rate equation (seewhen the oligomer was a single-ring mutant instead of a

Materials and Methods) and yieldkaons Of (1.24+ 0.02)
x 1072 s 1 and aky ops0f (8.304 0.10) x 104 s ! for SR1
and a single monophasic reaction withkgs of (4.60 +

double ring. It is important to note that the conformational
drift of the monomers is different from the conformational
heterogeneity observed in the case of the GroEL 14mer. The

0.05) x 10* s in the case of the GroEL 14mer. former refers to the pressure deformation of the monomers
The results from pressurization and depressurization of that makes them unable to reassemble to oligomers upon
SR1 are shown in Figure 3. SR1 in the presence of 1 mM depressurization, whereas the latter is the relative stability
ATP, 5 mM Mg*, 10 mM KCI, and 50 mM Tris (pH 7.8)  with respect to its dissociation at a definite pressure when
at 25°C was dissociated at 2.0 kbar (see the legend of Figurethe oligomer is bound to a functionally related ligara8,(
3). In panel A, the kinetics are shown along with the point 25). At present, we have been unable to find a technique
(shown by an arrow) where the system was depressurizedsuch as gel filtration or circular dichroism to distinguish
to 1 bar. The light scattering intensity was monitored to between the conformations of the monomers generated by
observe any increase in the magnitude due to reassociationchaotropes and high pressure. The only properties known
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S s FiGure 4. Effect of pressure on the observed dissociation rates of
~ 5x1071 SR1. The observed dissociation rates of SR1 at different presuures
in the range of 0.53.00 kbar were obtained from the biphasic fits
4x10° to the light scattering kinetics. The faster ratesy are represented
by filled circles, and the slower rate&;(,9 are represented by
3x10°- filled traingles. In a few cases at the very low pressures<(0.6
kbar), the kinetics fitted well to three phases and the third slow
. phase is shown as filled squares (see Results and Discussion). This
2x10°1 faster phase k., has ~80% of the total amplitude of the
—— —— —— —— dissociation reaction. The slower phade ., at any specific
2.0x10° - 4.0x10°  6.0x10°  8.0x10 pressure that was studied wasl2—15 times slower than the

corresponding fast phase and was independent of pressure. The
reaction conditions were as follows: 1.48 SR1, 50 mM Tris,

FIGURE 3: Effects of repressurization and depressurization on the PH 7.8, and 25°C. Other conditions for monitoring the kinetics
light scattering intensity of SR1. Dissociation kinetics were followed @nd pressure setup are in Materials and Methods.

as described in Materials and Methods. The reaction conditions

were as follows: 1.43M SR1, 1.0 mM ATP, 5 mM Még', 10 (23). In general, for the GroEL 14mer, the observed rates of

mM KCI, 50 mM Tris, pH 7.8, and 23C. The reaction profiles  the fast k; ops major phase) process increased slowly until

shown in the two panels (A and B) are using the same sample of ; ; ;
SR1 in the pressure cuvette, and with identical setups of the 2 kbar, and then increased rapidly after 28 until 3 kbar

instrument parameters except the applied pressures as discussed/ithout any observable plateau. In contrast to this, all the
All the times presented on the abscissa of the panels are continuoukinetic traces for SR1 in the study presented here at these
with the initial zero at the beginning of panel A. The reaction was pressures provide identical amplitudes, and the analysis of
Ei]r?gtiitgste(i ;oénl dg(c):lénirr:agéSr'iggé(?gr'lng]airChAff?clal?Vavefgwbi%ﬁﬁ?:smit%le products on a native gel shows complete dissociation into
recording was conti%ued at 2 min intervals fo20 h (B), where monomers except. at th.e very low pressure of 0.5 kbar. The
there is only a very minor increase in the scattering intensity native gel for the dissociated products from the GroEL 14mer
compared to the major decrease observed in panel A. had shown the presence of different amounts of oligomers
and monomers until 2 kba28), which along with other
so far are that monomers generated by urea dissociation ofevidences was attributed to the presence of heterogeneity in
the GroEL 14mer could be reassembled back to oligomersthe native GroEL 14mer26). Therefore, these results for
upon removal or dilution of urea in the presence of4Vg SR1 are completely different from those observed earlier for
ATP or ADP, and (NH),SO, (56), whereas monomers GroEL 14mer dissociation at different pressurgs, 25),
formed by high pressure from the GroEL 14m28)(or SR1 and SR1 does not contain detectable heterogeneity in the
in the investigation presented here do not reassemble undenative state.
similar conditions. The observed rates(ons and kx on9 Obtained from the
The kinetics of dissociation of SR1 at different applied biexponential fits to the kinetics for the dissociation of SR1
pressures were studied in the range of-B% kbar under  at 2 kbar, where the Mg concentration was varied, are
identical reaction conditions (see the legend of Figure 4) in shown in Figure 5. It may be noted that the variation of the
the absence of nucleotides, Kgor KCI. The results are  Mg?" concentration in this investigation was studied at 2
presented in Figure 4. All the kinetics fitted to a biexponential kbar instead of at 2.5 kbar for the 14mer reported previously
equation (see Materials and Methods) except at pressures 023, 25) since the dissociation of SR1 reaches a maximum
<1 kbar where they fitted to a three-exponential rate at 2 kbar. A pressure of 2.5 kbar was used for the GroEL
equation. However, the second and third observed rates werdldmer since at that pressure the dissociation led to 100%
nearly identical in magnitude. In Figure 4, the faster rate monomers. It is clear from the results in Figure 5 that both
(k1,009 increased with pressure until 2 kbar, after which it the slow and fast rates are unaffected by the added Mg
reached a platea®j. The slower rates [botk, ons(a) and concentration in the range that was studieg¢t 10 mM). In
ks obs (H)] are independent of the applied pressure. In the the case of the 14mer, the dependencies of both rates were
case of the GroEL 14mer, the dissociation exhibited biex- dramatic, where the rates decreased exponentially with an
ponential kinetics below 1.75 kbar and monoexponential increase in Mg" concentration and reached a minimum
kinetics above 1.75 kbar; the amplitudes of both the fast andaround 3 mM MgC (25). Therefore, the effect of Mg is
slow phases decreased with the decrease in applied pressuréearly responsible for the inter-ring interactions of the

Time, sec



Dissociation of SR1-GroEL by High Hydrostatic Pressure Biochemistry, Vol. 41, No. 42, 20022847

2.0x10° 2.0x107
_.U
B ? & 1sx10?
5] R 5 4
g 1.5x10 st X ° °
- o «
s ° Py ° °
[ Y L o i o ° @
& qox10? F S 1.0x1071 °
= - [ ]
£ kS
S s.ox10° F 2 5.0x10°
& a
Q -
LAA . A A R A A A A, A A
0.0 Tr .1 ] [ T 0.0 T — —T
0 2 4 6 8 10 0 20 40 60 80 100
Mgl x 10>, M [KCl] x 10°, M

Ficure 5: Effect of added M§" on the dissociation rate of SR1 at FIGURe 6: Effect of added KCI on the dissociation rate of SR1 at
2.0 kbar. The observed fadt s (®)] and slow Kz ops (A)] rates 2.0 kbar. The observed fadt;[,s (®)] and slow k; ons (4)] rates
obtained from biexponential fits as a function of added?Mg  obtained from biexponential fits vs KCI concentration. The lines
concentration. The lines drawn through the data are only for the drawn through the data are only for the purpose of visualizing the
purpose of visualizing the data. The reaction conditions were as data. The reaction conditions were as follows: 1,43 GroEL,
follows: 1.43uM SR1, 50 mM Tris, pH 7.8, and 2%C. 50 mM Tris, pH 7.8, and 258C.

GroEL 14mer containing the double ring and does not have broken in a kinetically controlled process, leading to slower
any effect on the intraring positive cooperativity present in observed rates as the concentration of this reagent was
the individual heptameric rings. increased45). From the independence of the observed SR1
The independence of the observed rates for the dissociatiordissociation rates on KCI concentration, it appears that such
of SR1 at 2 kbar, as a function of KCI concentration in the salt bridges are important only for the double ring and
range of 0-100 mM, is shown in Figure 6. This is entirely therefore important in the inter-ring interactions of GroEL.
different from the earlier report on the dissociation of the  The effects of adenine nucleotides such as ATP, ADP,
GroEL 14mer. At 2.5 kbar, the dissociation rates (Hatkps AMP, AMP-PNP, and ATRS both in the absence and
andk; op9 Of the 14mer show smooth exponential decreases presence of Mg and KCI on the dissociation of SR1 at 2
with the increase in the KCI concentration, reaching minima kbar were studied. These results are collected in Table 1.
at high concentrations of added KQ@H). The results were  The process leading to the faster rdtg,f9 always consisted
rationalized on the basis of the hypothesis that KCl imparts of the major amplitude in all cases. However, the effects
some tightness by the formation of salt bridges that are are not dramatic as seen from the comparison of the rates

Table 1: Kinetics of Dissociation of SR1-GroEL as a Function of Added Reagents at2 kbar

fast phase slower phase
reagent ki (s7) % amplitude Ay) ko (s7Y) % amplitude A;)
buffer only (1.24+0.02) x 102 68 (8.30+ 0.10)x 1074 32
5 mM Mg2* (1.16=+ 0.03) x 1072 63 (1.74+ 0.04) x 1072 37
10 mM KClI (1.10+ 0.03) x 102 66 (1.20+ 0.03)x 1073 34
10 mM potassium glutamate (1.850.05)x 102 60 (9.80+0.20)x 104 40
5 mM Mg?" and 10 mM KCI (1.140.02)x 102 69 (1.194+ 0.02) x 1073 31
1 mM ATP (1.50+ 0.05) x 102 75 (8.60+ 0.30) x 1074 25
1 mM ATP and 5 mM Mg" (9.91+ 0.10)x 1072 77 (1.00+ 0.01)x 1072 23
1 mM ATP, 5 mM M@+, (9.55=+ 0.16) x 1072 70 (8.40+ 0.10) x 1074 30
and 10 mM KClI
1 mM ADP (1.61+ 0.04) x 1072 68 (1.07+ 0.02) x 1073 32
1 mM ADP and 5 mM Mg" (1.024+ 0.04) x 102 76 (9.204+ 0.30)x 10°* 24
1 mM ADP, 5 mM M¢?, (1.07+0.02) x 1072 78 (8.404 0.20) x 1074 22
and 10 mM KClI
1 mM ATPyS (1.80+ 0.08) x 1072 67 (1.02+ 0.03)x 1073 33
1 mM ATPyS and 5 mM Mg" (6.61+ 0.22)x 1072 86 (4.304+ 0.40)x 1074 14
1 mM ATPyS, 5 mM Mg, (1.19+ 0.02) x 1072 78 (1.00+ 0.01) x 1072 22
and 10 mM KClI
1 mM AMP (7.72+ 0.24)x 1073 70 (6.504 0.20) x 1074 30
1 mM AMP and 5 mM Mg@*" (7.784+ 0.11)x 102 72 (7.70£ 0.10)x 104 28
1 mM AMP, 5 mM Mg?*, (7.48+0.13)x 1073 71 (7.804 0.10) x 1074 29
and 10 mM KClI
1 mM AMP-PNP (1.36+ 0.02) x 102 73 (1.10+£ 0.01)x 1078 27
1 mM AMP-PNP and 5 mM Mg" (1.164 0.02) x 102 77 (1.044 0.02) x 1072 23
1 mM AMP-PNP, 5 mM Mg*, (1.28+ 0.02) x 1072 83 (9.004 0.20) x 1074 17
and 10 mM KClI

2 The % values are the relative amplitudes of the corresponding phase of the observed biphasic kinetics. The amplitudes for phases corresponding
to the observed ratds opsandk opsrefer toA; and Ay, respectively, in the biexponential equation (see Materials and Methods). The total amplitude
of the reaction is taken to be 100%. Conditions: 50 mM Tris, k¥BSR1, pH 7.8, and 25C.
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from a reaction in buffer alone. The slowdgtps (6.61 x in the range of 0.753.00 kbar. At the lowest pressure that
103 s7Y) in the presence of 1 mM ATFS and 5 mM Mg* was studied (0.5 kbar), there were some undissociated 7mers
is only ~2.7 times slower than the fastest observed dissocia- exhibiting incomplete dissociation. In contrast, the extent of
tion rate (1.80x 1072 s7%) in 1 mM ATPyS, whereas this  dissociation in the case of the GroEL 14mer depends on the
dissociation rate in buffer alone is 1.3410°2 s™*. Similar applied pressure in addition to the kineti2s); For example,
observations can be drawn for thgysrates in the presence  upon native gel analysis of the products after the completion
and absence of the nucleotides and ligands. Therefore, it isof the kinetics processes, the fraction of undissociated
reasonable to conclude that the dissociation process of themonomers decreased as the applied pressure increz&ed (
SR1 heptamer was not dramatically different in the presence25). From the study of the effect of Mg, KCI, and
of these ligands from that in buffer alone. This is a nucleotides on the dissociation process, it was concluded that
remarkable observation compared to the high-pressure disthese ligands introduced conformational heterogeneity in the
sociation of the GroEL 14mer, where we reported signifi- GroEL double ring.
cant changes in rates due to the addition of these ligands From mutational studies on the single-ring and double-
(23, 25). ring GroELs, Rye et al59) have shown that the carboxylate
We studied the effect of potassium glutamate on the group of aspartate at position 398 directly coordinates with
pressure dissociation rates of both SR1 and the GroEL 14memvig2* and exhibits only~2% ATP hydrolysis activity. In
since CI being a chaotrope may counter the stability effect the study presented here, SR1 contains aspartate 398 and
of K*. The observed rates for SR1 dissociation at 2.0 kbar must bind Mg*. Therefore, the independence of the dis-
are included in Table 1. The magnitudes of the observed sociation rates by high pressure from #goncentration
biphasic rateskg andkp) in 10 mM potassium glutamate  points out to the fact that in the absence of a second ring
are only slightly higher than those in 10 mM KCI. This the binding of this ligand does not induce any stabilization
clearly shows that these ions do not exert significant changesin the 7mer. This is entirely different than the case of the
in the pressure dissociation of SR1. In the case of the GroEL GroEL 14mer, where M binding induces a relatively
14mer at 2.5 kbar, the magnitudes of the major phége (  stable GroEL 23, 25).
of the observed biphasic rates were (1:26.06) x 1073 The dissociation rates were completely independent of
and (9.60+ 0.50) x 10™* s in the presence of 10 mM g2+ or KCI concentration. Similarly, the observed rates
KCl and potassium glutamate, respectively. These two values\yere nearly identical when a combination of ¥MgKCl,
are not significantly different from each other, although both ang nucleotides was used (Table 1). This clearly demonstrates
of them are significantly lower than the observed rate of (2.86 that such ligands impart different degrees of stability to

+0.02) x 103 s7* (25) in Tris buffer alone. Therefore, the  GroEL only when both rings of the chaperonin are present.
effect of CI" on the system can be ruled out.

CONCLUSIONS
To understand the importance of the effect of ligands on ;g'g'n" A-A., Jr., and Weber, G. (19&ipchemistry 202587~

the intraring positive cooperativity and inter-ring negative 5 weber, G. (1992protein InteractionsChapman and Hall, New
cooperativity in the double-ring GroEL, we studied the York.

dissociation of the single-ring mutant (SR1) by high hydro- 3. Gross, M., and Jaenicke, R. (19%yr. J. Biochem. 221617—
static pressure. The results presented in this investiga- 930 . .

tion were compared with those of the dissociation of the 4 Rietveld, A.W., and Ferreira, S. T. (198pchemistry 357743~

. . . 7751.
GroEL 14mer by high hydrostatic pressure reported previ- 5 \yeper, G. (1993). Phys. Chem. 977108-7115.
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