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ABSTRACT. We investigated the dissociation of tetradecameric GroEL by high hydrostatic pressure in the
range of 1-2.5 kbar. Kinetics of the dissociation of GroEL in the absence and presence?ofavid/or

KCI were monitored using light scattering. All of the kinetics were biphasic in nature. At any given
pressure, only monomers and 14mers were produced, and below 2.5 kbar, the 14mers only partially
dissociated to monomers, which did not significantly reassemble on depressurization. Under identical
reaction conditions, the observed dissociation rates decreased by only 2-fold when the concentration of
GroEL was increased by 20-fold. At 2.5 kbar the observed rates decreased exponentially with the increase
in [KCI] and reached a minimum at75 mM. Similarly, the rates decreased with the increase ir’{ijig

and reached a minimum at3 mM Mg?". In the presence of saturating amounts ofZM{L0 mM) and

KCI (100 mM), the rates were much faster than with 10 mM?Malone. The results could be rationalized

in terms of the presence of GroEL heterogeneity, which could not be assessed easily by common techniques
such as sedimentation velocity, HPLC, gel electrophoresis, and dissociation by chaoffbfes
heterogeneity is evidence of subpopulations of GroEL that dissociate at different pressures. At low pressures,
the oligomer without added Mg only partially dissociates to monomers, leading to an apparent plateau

in the kinetics, whereas in the presence offMtie species are converted to a tighter?Mgound species,
leading to a much slower dissociation process. The presence of KCI in the sample also leads to similar
heterogeneity.

High hydrostatic pressure techniques are becoming im- (5, 6, 11, 20, 23—27), trimers @8), tetramers 5, 29—32),
portant tools in studying dissociation of oligomeric proteins, and higher order aggregates 8, 21, 33—37) have provided
protein aggregates, and unfolding of monomeric proteins ( interesting information on the equilibria between the oligo-
11) in the absence of externally added chaotropes. The usemer and the resulting monomers. Such studies have led to
of high-pressure studies provides new insights into protein the understanding of the transition from stochastic to
folding, protein misfolding, aggregation, proteiprotein deterministic equilibria in the dissociation processes of
interactions, and virus assembl\2. The important theories  oligomeric proteins 1, 5, 25). The dynamic equilibrium
behind this technique and excellent experimental details canpetween oligomers and dissociated monomers where all
be found in several edited books and monograghd.§- species rapidly interconvert on the time scale of measure-
18). In arecent publication, we have briefly summarized the ment, known as stochastic equilibrium, has been shown to
physical forces responsible for the dissociation of oligomers e fully applicable only to very simple dimeric proteirgs(
by high hydrostatic pressur@9). Although pressures above  39). However, significant departures from this simple
3—4 kbaf can denature many proteind, (20, 21), at  thermodynamic equilibrium have been reported due to
pressures below 3 kbar, oligomeric proteins or protein heterogeneity in the samples and slow conformational drifts
assemblies generally undergo reversible dissociation intojn the dissociated monomers, 6, 35, 40, 41). It has been
subunits §, 21). It has been observed that the resulting reported that the pressure-induced dissociation of erythro-
monomers may undergo conformational drifts away from cryorin from the oligochete wornGlossoscolex paulistus
their conformations in the oligomer and, therefore, may not (i = 3.1 x 108, 12 octameric subunits with a total of 96
reassociate rapidly upon depressurizatib® €2). . monomer subunits)4@), the capsid of the Brome Mosaic

Dissociation of a number of oligomeric proteins by high yirys 33), and hemocyanind@) shows only small depen-
hydrostatic pressure has been studied. Studies on dimergience on concentration. This led to the conclusion that these
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The bacterial chaperonin GroEL is an excellent model for substrate proteins. Although Thirumalai and Lorim8&#)(
studying the effect of high hydrostatic pressure on the attribute this heterogeneity to the substrate protein, it is very
dissociation of macromolecular assemblies. GroEL and its possible that part of such heterogeneity exists in GroEL itself.
cochaperonin GroES are multimeric proteins that assistIn the present investigation, we present evidence that the
folding of other proteins by preventing misfolding and dissociation equilibrium is deterministic along with the
aggregation. Mutational studies have demonstrated that bothevidence for heterogeneity in the GroEL 14mer.
chaperonins are essential for protein foldingvivo (45—

47). GroEL is a tetradecamer (14mer) of 57 kDa subunits MATERIALS AND METHODS

arranged in two, seven-membered rings stacked back to back GroEL was purified from lysates @&scherichia colicells

to yield a cylindrical structure. There are no tryptophan bearing the multicopy plasmid pND5 using a modified
residues, and each subunit contains three cysteines: Cys138ersion of a previously described procedus®)( Details of
Cys458, and Cys519. The X-ray crystal structures of GroEL the modifications can be found in an earlier publicatié8) (

(48, 49), GroEL fully complexed with 14 ATPS molecules The fluorescent contaminants from the isolated GroEL were
(50), and the GroEE-GroES-(ADP); complex 61) are removed by eluting the protein from a Reactive Red 120
available. The crystal structure demonstrates that eachagarose (type 3000-CL) column equilibrated with a 50 mM
monomer is folded into three distinct domains. First, the Tris-HCI buffer, pH 7.5, 5 mM M4§", and 0.5 mM DTT at
apical domain faces the solvent and forms the opening to4 °C (69). The final preparation gave single bands by both
the central channel and contains the peptide-binding site;native and denaturing gel electrophoresis. The buffer solu-
second, a highly helical equatorial domain is the ATP-binding tions used in the kinetics experiments were filtered through
site and forms the inter- and intra-ring contacts; and third, a 0.2 um surfactant-free cellulose acetate membrane syringe
hinge-like intermediate domain links the apical and equatorial filters (Nalgene). Tris buffer is suitable for pressure experi-
domains. The GroEL-assisted protein folding reaction cycle ments because of the smaKpdependence upon hydrostatic
consists of a number of sequential reactions such as thepressure 70).

binding of the polypeptide at the apical domains of the cis  High-Pressure Experiment3he high-pressure cell and
ring, binding of seven molecules of ATP and GroES, forming photon counting spectrofluorometer were from ISS Inc.,
a stable cis assembly, and freeing the tightly bound polypep-Champaign, IL. The ISS K2 multifrequency phase fluorom-
tide into a protected, enclosed space where it folds with eter is equipped with water-cooled PMT housing. In the
hydrolysis of ATP. Further steps lead to release of ADP, photon counting mode, the responses are linear up t4.0
GroES, and the folded polypeptidgl-54). In addition to 10 counts per second (cps). In the present investigation, in
GroES and ATP, the presence of KMgand K" is also most of the experiments the photon counts were kept below
necessary for the GroEL-assisted foldid&{59). The role 1.0 x 1P cps although in some experiments it wa%.6 x

of ATP is important both as an energy source and as an1(f cps. The stainless steel alloy cell with quartz windows
allosteric effector. ATP binding displays both intra-ring can be pressurized up to 3 kbar. Protein samples for the
positive cooperativity and inter-ring negative cooperativity experiments were contained in quartz bottles (1 mL volume)
(60, 61). The binding of ATP has been suggested to with pressure caps (provided by ISS). Spectroscopic grade
destabilize the quaternary structure of GroBR)( Although ethanol was used as the pressurizing fluid. The high-pressure
other divalent cations such as €are known to stabilize  generator was from Advanced Pressure Products (APP),

macromolecular assemblie83 64), the role of Mg as a Ithaca, NY. The pressure generator is electronically con-
structural ligand is important for the GroEIGroES system  trolled and programmable to obtain pressure gradients. The
(55—59). temperature of the high-pressure cell was maintained by a

In an earlier investigation, we reported that high hydro- circulating water bath. Two independent computers con-
static pressure can dissociate GroEL tetradecarBysAfter trolled the APP pressure generator and ISS spectrofluorom-

depressurization, the monomers reassociated back to thester. The target pressure was controlled by computer using
oligomer only very slowly with d;,, of 150 h at 25°C. The a program written for the APP software. The generated data
dissociation and association reactions were facilitated by were imported to Origin software (Version 6; Microcal
MgATP only if it was present during pressurization. From Software, Northampton, MA) and analyzed. Kinetics experi-
their reassociation properties, it has been demonstrated thatents were done by first equilibrating the protein sample in
the monomers formed by pressure dissociation of the 14merthe pressure cell fol h at thedesired temperature. After
are different from those formed by the action of 2.5 M urea equilibration, the fluorometer recording was turned on,
(65). Recently, we have reported some effects of high followed by the pressure machine. GroEL dissociation was
hydrostatic pressure on GroEL, GroES, and the GreEL followed by monitoring light scattering at 400 nm. The
GroES-(ADP); complex in the absence and presence of excitation and emission slits were 2 mm (16 nm band-pass)
Mg?* and adenine nucleotide9). Although there hasbeen and 1 mm (8 nm band-pass), respectively. In typical
no direct evidence for the presence of conformational experiments, to reach pressures of 1 kbar required 1 min, 2
heterogeneity in the purified GroEL samples, the results from kbar required 3 min, and 2.5 kbar required 4.5 min at a pump
the present investigation suggest its presence. During thespeed of 2.0. The limitations and reasons to avoid fast
isolation and purification of GroEL several reagents such as pressurization and depressurization have been discussed in
Mg?* and KCl are added, and it is possible that such binding our earlier work 19). In general, rapid pressure changes
might produce heterogeneous populations of GroEL bound cause damage by shattering the quartz windows or sample
by these reagents. Recently, using atomic force microscopybottles. Control experiments using latex beads have shown
(AFM) studies Vinckier et al.§6) have detected the presence that the intensity changes were not contributed by dimension
of heterogeneity in the interactions between GroEL and changes of the cell due to high pressut8)(
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monomers (plateau or infinity values). The plateau values
obtained from biexponential fits (see Materials and Methods)
of the data were 1.34&« 1P, 8.22 x 10%, 4.30 x 1P, and
3.55x 1P cps at 1.5, 1.75, 2.0, and 2.5 kbar, respectively.
1.2x10° 1.75 kbar Formation of increasing amounts of monomers with increase
in the applied pressure has been confirmed from the analysis
of products by native gel electrophoresis after reactions
reached apparent plateaus in the kinetics at various pressures
(19). In this study, considering the infinity value of 3.55

10P cps (see Figure 1), where monomer formation is complete
(100%), the apparent extent of reactions at 1.5, 1.75, and
2.00 kbar correspond t814%, 59%, and 93%, respectively,

of the reaction at 2.5 kbar. It is interesting to note that the
dissociation kinetics at 2.5 kbar in 50 mM Tris buffer shown
in Figure 1 was fit to biexponential kinetics with ops =
2.86+ 0.02) x 103 st andkyops= (7.00+ 0.30) x 1074

s1, whereas in the earlier study it was clearly a monoex-
Ficure 1: Effect of pressure on the kinetics of dissociation of the ponential withkyps = (4.00 + 0.04) x 1073 s71. Here, the

GroEL 14mer. GroEL was dissociated at definite pressures as .
described in Materials and Methods, and kinetics were monitored amplitude of the fast phase was about 90% of the total

using scattering at 400 nm (excitation and emission) until the @mplitude obtained from the biexponential fit. Since the
reactions reached plateaus. For the sake of clarity only parts of reaction temperature in this study was 5 instead of 20
kinetics at 1.5, 1.75, and 2.0 kbar are shown in the figure. The °C that was used in the earlier investigatid8)( a rate faster
intensiy (cos) versus time In secande. The <ol Ine through the 11N 4:00x 10°85 % was expected. To avoid the high stress
data (open circles) is a fit to the data using a biexponential equation,On thg ql!a”Z W|ndoyvs,.the reaction temperature f_or this
(see Materials and Methods). The plateau values obtained frominvestigation was maintained at 26 to make the reactions
biexponential fits (see Materials and Methods) of the data were slightly faster for studying the extremely slow reactions under
1.34 x 10f, 8.22 x 10°, 4.30 x 1(P%, and 3.55x 10° cps at 1.5, high hydrostatic pressure.

1.75, 2.0, and 2.5 kbar, respectively (see Results). Taking the . . P _
reaction at 2.5 kbar, where the monomer formation was complete Figure 2 represents a series of pressurizatigpres

as 100%, the apparent extent of reactions at 1.5, 1.75, and 2.0 kbaPurization-repressurization sequences on a sample of GroEL
correspond to~14%, 59%, and 93%, respectively (see Results). in the absence of any added ligand in 50 mM Tris, $H
The reaction conditions were [GroBljer= 0.36uM, Tris = 50 7.8,T = 25°C. Panel A shows the typical biphasic kinetics
mg"kﬁ’q';t;?é% dangaTss:LJrzess;Ctﬁ Og::r. Col\'/}d't“o.“ls for g‘&“'iﬁ“gg at 1.75 kbar. After the reaction approached its plateau value,
P P in Matenals and Methods. i+ vas depressurized to 1 bar and then repressurized back to
Analysis of Kinetic DataThe data were truncated to take 1.75 kbar (F|gur_e 2, panel B). The purpose Of.thls experiment
was to determine whether the depressurized monomers

?ac:rcoettjntrgéstﬂreeth]ﬁet?gtee g svgzee\[/);?j;% rg:- ; elfli ti?nre%(;hdtgg reassemble and could be dissociated at the same (1.75 kbar)
getp : : . . _y 9 pressure. It was observed that such pressurization does not
to either mono- or biexponential equationg:= A; exp(—

k) + Ao OF Y = Ay expkit) + A expkat) + As lead to any significant decrease in the light scattering

. . . intensity (Figure 2, panel B). Although the data shown are
respectively. The independent variaMevas the observed licati f ft, 7 mi h d
scattering intensity in counts per second (cps) after subtract-2 "2PP |cat|on_o pressure after onyl 7 min, we ave done
; : ' another experiment where the sample was equilibrated at 1
ing the scattering due to buffer. The pseudo-first-order rate

constantg; andk, and the parameters relating the amplitudes bar for 24 h, which again does not significantly reassemble
1 2 > P i ating the P nor does it lead to further detectable dissociation upon raising
A1, Ay, andA; were obtained from iterative nonlinear least-

. : o the pressure to 1.75 kbar. Thus under these conditions of
squares regression of the data using the Origin software

4 . L , time and pressure, this represents an apparently stable
program (MicroCal). To confirm that the kinetics profiles distribution. Fitting the data (Figure 2, panel B) to a

gﬁ;r:ee]:ogi"r?]rgﬁ(;tsa?u?]g?[opr?%tggng'sleufpé(\;\é%roegeztesvzomemonoexponential equation (see Materials and Methods)
did not ol?serve an cth es in the observed ratgs.from theD roduced an observed rate (12107 s77) that is very
. y 9 . ) .. similar in magnitude to the slow phase of the biexponential
same experiment done at the two different intensities. . : . _ 4
Additionally, the analysis of any part of a specific kinetic fit of the main reaction at 1.75 kbakyops = 1.5 x 10°
Y, y yp P s 1), which is shown in Figure 2, panel A. This leads to the

trace resulted in identical parameters for that experiment. conclusion that at 1.75 kbar the kinetics reached completion
RESULTS and only a small fraction of a species that dissociated at this
pressure reassociated upon depressurization. This small
Kinetics of the dissociation of the GroEL14mer at pres- fraction of reassociated species led to the slow kinetics
sures 1.5, 1.75, 2.0, and 2.5 kbar were studied for about 10(Figure 2, panel B) upon repressurization to 1.75 kbar. We
half-lives at 25°C in 50 mM Tris-HCI buffer, pH= 7.8. did similar experiments in which the sample was pressurized
Typical kinetics followed by light scattering and their to 2.0 kbar and then depressurized to 1 bar and finally
biexponential fits at 2.5 kbar are shown in Figure 1. In this repressurized to 2 kbar. Similarly, we cycled samples
figure, parts of kinetics traces at 1.5, 1.75, and 2.0 kbar are between 1.5 kbar and 1 bar. In each case, we observed similar
included to show that the dissociation process becomes fastetrends in the kinetics. To demonstrate that the fraction
at increasing pressures and proceeds to more dissociatedemaining at each pressure could dissociate at higher

1.6x10°

8.0x10°

Light Scattering Intensity

4.0x10°

0 1x10°  2x10°  3x10°  4x10°  s5x10°  6x10°

Time, sec
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Table 1. Effect of KCl and M§" on the Observed Dissociation

1.4x10° Rates of GroEL at 2.5 kbar
\ reagent Ki,obs S k2,005 S71
1.2x10
buffer only (2.864 0.02) x 1073 (91P (7.004 0.30)x 1074 (9)P

10 MM M@+ (1.204 0.02)x 1074 (24) (1.00+ 0.08)x 1075 (76

100mM KCl  (6.40+ 0.20)x 1074 (20p (9.00+ 0.10) x 10-5 (80)°

10 mM M@+ + (1.504 0.07)x 104 (19 (2.00+ 0.06)x 1075 (81
100 mM KCl

1.0x10*

8.0x10'
aConditions: [GroELjsmer= 0.36uM, Tris = 50 mM, pH= 7.8,
6.0x10" . e . . andT = 25°C. " The values in parentheses in percent are the relative
- ) ' ] < o amplitudes of the corresponding phase of the observed biphasic kinetics.
00 50d0" 100" 450" 200107 25¢10 The amplitudes for phases corresponding to the observed kasgs
— v andk; opsrefer toA; andAy, respectively, in the biexponential equation
B (see Materials and Methods). The total amplitude of the reaction is
taxto’ 1.75 kbar taken as 100%.
x10*}

/
M completely dissociated to monomers by increasing the
8.0x10° | pressure to 2.5 kbar. The data for the reaction after 2.5 kbar
I pressure was reached were fit to a monoexponential equation
(see Materials and Methods) and producekl value of
aox10*} 1 bar (1.94 0.1) x 1073 s71. Although this value is not identical
, L \ in magnitude to the observed fast rdtg,ns= [(2.86 + 0.02)
7.5x10°  8.0x10' 8.5x10' o.oxt0' e.s5x10'  1.0x10° x 1073 s71] from a separate experiment done at this pressure
of 2.5 kbar (see trace corresponding to 2.5 kbar in Figure
1.0x10° 1), the kinetics confirm that the remaining species which
EORD e s did not dissociate at 1.75 kbar are responsible for the process
seen at 2.5 kbar in panel C. The lower value of the observed
rate in the repressurization experiment in Figure 2, panel C,
compared with the direct pressurization experiment (Figure
1 and Table 1). The infinity value of this reaction also
reached the same value seen in Figure 1. In our earlier work
we had concluded that the dissociation at any given pressure
is governed by both kinetics and equilibria of a heterogeneous
T population of GroEL 19). The present results provide direct
1.06x10° 1.08x10° 1.10x10" 1.12x10" 1.14x10° 1.16x10 evidence for this.
. In our earlier investigation, we speculated that the mono-
Tlme’ sec mers formed in the pressure dissociation undergo confor-
Ficure 2: Effect of repressurization to 1.75 kbar and then to 2.5 mational drift and therefore do not readily reassocia®.(
kbar pressure on the remaining GroEL 14mer after initial dissocia- gjnce there are three cysteines in each monomer of the
tion of a 14mer species at 1.75 kbar. Dissociation kinetics was GroEL ight t that the | ibility of th
followed as described in Materials and Methods. The reaction .ro X Qne might suspect that the Irreversi '_'y,o €
conditions were [GroElgmer = 0.36 uM, Tris = 50 mM, pH = dissociation process even after 24 h of depressurization could
7.8, andT = 25 °C. All of the reactions shown in the three panels be attributed to disulfide formation. This could be due to
(A, B, and C) are using the same sample of GroEL in the pressure hoth inter- and intramolecular disulfide formation from thiol

cuvette and under identical setup of the instrument parameters iqaiion and other chemical modification. To test this, we
except for the applied pressures as discussed. All of the times id a di L . 25 Kb ith the GroEL
presented on the abscissa of the panels are continuous with theélid @ dissociation experiment at 2.5 kbar with the Gro

initial zero at the beginning of panel A. The reaction was monitored 14mer in a buffer containing 1 mM EDTA and 5.0 mM DTT
for 6 h 45 min atl.75 kbar, which followed biexponential kinetics  (dithiothreitol) to avoid thiol oxidation. The dissociated
(panel A). It was continued until 21 h 15 min until it appeared to  monomers did not show any increase in intensity even after
reach a plateau and depressurizd to 1 bar (data not shown). The, s 1y after depressurization to 1 bar. Therefore, in the present

recording of the data after this time is shown in panel B. After L - L : I
~25 min the sample was repressurized to 1. 75 kbar and monitoredinvestigation, thiol oxidation as the cause of irreversibility

for anothe 6 h 15 min(panel B). Panel C: The reaction sample can be ruled out.
was depressurized again to 1 bar after a plateau was reached (29 h The effect of GroEL 14mer concentration on the dissocia-

50 min) and pressurized to 2.5 kbar (at 30 h 15 min, denoted by antjgn kinetics at 2.5 kbar in buffer without Mg or KCl was

asterisk in panel C). The time at which the pressure reached 2.5 . . . . . .
kbar is dengted by ; horizontal arrow. The kirF\)etics at this pressure studied under identical experimental conditions (see Materials

are identical in rates (biexponential) to those observed using a@nd Methods) by varying the concentration of the protein

nonpressurized sample of GroEL (see Figure 1, kinetics at 2.5 kbar).from 0.09 to 1.84M (20-fold). The results are shown in
Figure 3. The data were fit to a straight line (solid line in

pressure, the sample at the completion of the kinetics shownthe figure), which yielded a slope of-f.2 + 2.1) x 104

in Figure 2, panel B, for example, was depressurized to 1 s uM~! and an intercept of (2.6- 0.2) x 1073 s%

bar after the reaction reached a plateau followed by pres-Therefore, the observed rates decreased only about 2-fold

surization to 2.5 kbar. The kinetic plot is shown in Figure 2, when the concentration of the protein was varied 20-fold

panel C. It is very clear that the large fraction of GroEL and can be considered to be independent of the [GraRd:]

14mers that remained undissociated at 1.75 kbar could bein the range investigated. This slight reduction in the

Light Scattering Intensity, cps

8.0x10°

6.0x10°-
1 bar

4.0x10°4
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R -, 20x10°
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1.0x10
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0.0 " 1 1 A L . I
0 20 40 60 80 100
0.000 1 ! 1 L 3
0.0 0.4 0.8 1.2 1.6 2.0 [KCx10°M
[GroEL] x 10° M 8.0x10*
Ficure 3: Effect of GroEL concentration on the observed dis- ! B
sociation rate at 2.5 kbar. Only the plotlafopsVs [GrOEL} ameriS
shown. This faster phase has about 70% of the total amplitude of 6.0x10%

the dissociation reaction. The slower phake,{) at any specific
concentration of GroEL was about 425 times slower than the
corresponding fast phase and showed independence on [G{QEL]
(see Results). The reaction conditions were #i50 mM, pH=
7.8, andT = 25 °C. Other conditions for monitoring the kinetics
and pressure setup are in Materials and Methods.

-"rn
} 4.0x10*

2.0x10™
observed rate could be related to the some unknown X

association of the 14mers as the concentration becomes
sufficiently high. However, there is no other proof for such ool— L L
association from the results from this investigation, and such ) 20 40 60 80 100
proof is beyond the scope of this investigation. This
independence of dissociation on the concentration of proteins
or aggregates have been designated as a state of “determirFicure 4: Effect of added KCl on the dissociation rate of GroEL
istic equilibrium” (1, 25, 71, 72) and has been observed for at 2.5 kbar. The observed fa$ s solid circles) and slowkg,obs

: ; : solid squares) rates obtained from biexponential fits versus [KCI]
E?gnn?gyﬁglsrlaﬁ}irﬁgyég)rocruonn 42), and the capsid of o 'shownin panels A and B, respectively. The lines drawn through

g ) o the data are only for the purpose of visualizing the data. The reaction
Since KCIl and M@" are also used in the purification of  conditions were [GroElghmer= 0.36 «M, Tris = 50 mM, pH=

GroEL, we studied their effects to determine whether their 7.8, andT = 25 °C.
presence is related to the observed heterogeneity. As stated
in the introduction, in addition to GroES and ATP, the ions S (~5% of total amplitude) and 8.8 107> s™* (~95% of
K+ and M@" are also necessary for the GroEL-assisted total amplitude), respectivelylg). In the present study at
protein folding 65—59). Plots of the fastk; ., and slow 25°C, we expected higher magnitudes of the observed rates,
(k2,009 Observed rates from the biphasic kinetics versus the but the values are found to lgops= 1.2 x 10°* (~24% of
concentration of KCI (8-100 mM) are shown in Figure 4, total amplitude) and ops= 1.0 x 107° s (~76% of total
panels A and B, respectively. In both cases, the rates decreasamplitude). Since these two preparations behave identically
exponentially as the concentration of KCl is increased and on native gel electrophoresis, the most reasonable explanation
reach a plateau at75 mM KCI. This is a clear indication is that the small amounts of Mgbound to GroEL do not
that KCIl imparts some tightness to the GroEL 14mer by the produce detectable mobility changes. From mutational studies
formation of salt bridges that are broken in a kinetically on the single ring (SR1) and double ring GroEL, Rye et al.
controlled process leading to slower observed dissociation(73) have shown that the carboxylate group of aspartate at
rates. The identical exponential decrease observed in bothposition 398 directly coordinates with Mgand exhibits only
K1.0bs @and ko ops Values with increasing KCI most probably ~2% ATP hydrolysis activity. Therefore, we conclude that
points out the presence of at least two kinds of species presenthe presence of heterogeneous GroEL species formed by
in the GroEL preparation. binding different amounts of this metal ion is very probable
The effects of added Mg on the fast ki 0,9 and slow in most of the preparations. The presence of such species
(k2,009 Phases of the biphasic rates are shown in Figure 5, could lead to the deterministic behavior exhibited by GroEL
panels A and B, respectively. Both of the observed rates in the high-pressure dissociation experiments.
decrease exponentially as the concentration of'Mig- To understand the combined effect of added?Mgnd
creased. In this regard it is interesting to compare the KCI on the dissociation rates at a pressure of 2.5 kbar,
dissociation of GroEL at 2.5 kbar in the presence of 10 mM experiments were done at 10 mM Ktgand 100 mM KCI
Mg?* (saturating amount as seen from Figure 5) from two where the kinetics reach their minimum values. The results
different preparations. In the earlier study at 20 the are summarized in Table 1. Theps (fast) rates are in the
biphasic kinetics yield; opsandk; ops values of 5.0x 103 order buffer only> 100 mM KCI > 10 mM Mg**+100

[KCx10°M
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equilibria and have been observed in the dissociation of many
dimeric, trimeric, and oligomeric proteins (see the introduc-
tion). Deterministic behavior arises when the classical
thermodynamic equilibrium, expected to result from a large
number of stochastic events, is not establishbd2( 44).
Weber () pointed out that the deterministic character of
molecular processes observed on a macroscopic scale could
be attributed to the results from the statistics of a number of
independent stochastic events. Some of the important char-
acteristics of systems showing deterministic behavior are
slow reassociation rates, independence of dissociation rates
5.0x10 o on concentration, and apparent heterogeneity in species, with
S 1 L L each component behaving in a stochastic manner in a process
0 2 4 6 8 10 such as dissociation (see the introduction). The presence of
Mg"] x10°M heterogeneity in the GroEL species cannot be easily assessed
by common techniques such as sedimentation velocity,
HPLC, gel electrophoresis, or dissociation by chaotropes.
B Heterogeneity could also result from the binding of ligands
6.0x10* such as KCl or Mg" that are added during the purification.
Since the molecular weights of these ligands are insignificant
compared to the mass of the GroEL (840 kDa), the use of
mass spectroscopy is also not suitable to distinguish the
heterogeneous species. Therefore, the investigation of the
phenomenon by comparing the high-pressure dissociation
kinetics under various conditions is a very plausible method.
A single preparation of GroEL was used throughout the
0ok - investigation to avoid inconsistencies.
In an earlier investigation we have reported that upon
0 2 n n 5 10 depressurization there was no apparent reassociation of the
Mg*] x 10°'M monomers to produce 14merg9. Alth_ough from the
) o fluorescence increase after depressurization of GroEL samples
Ficure 5: Effect of added MgGlon theldls_souatlon rate of GroEL the reassociation rate kinetics was shown to have, f
at 2.5 kbar. The observed fagt (ns solid circles) and slowig ops -
solid squares) rates obtained from biexponential fits versugfMg 120 h at 25°C (22), in the present study we were unable to
are shown in panels A and B, respectively. The lines drawn through detect any significant increase in light scattering intensity
the data are only for the purpose of visualizing the data. The reactionafter the depressurization. Incomplete dissociation with no
conditions were [GroElhmer= 0.36uM, Tris = 50 mM, pH= apparent reassociation on depressurization means that the
7.8, andT = 25°C. reassociation rate is much less than the dissociation rate, so
if the equilibrium was stochastic, all of the GroEL should
dissociate. In this investigation, the lack of reversibility in
the dissociation process is different from the cases where
deterministic equilibria were observe? 27, 32). In those
cases, subunit dissociation was fully reversible upon depres-
surization. In the pressure-induced dissociation of a tetrameric
protein, yeast glyceraldehyde-3-phosphate dehydrogenase,

zg;hfﬁ;r?eem?:'hrgu;;2(;29;';%?}6r‘nzrcl'ﬁa%b:;r\gt;ﬁnsi%ﬁfs?;Cioni and Strambini have addressed the pitfalls connected
gel ! latl : ! fith the use of deterministic equilibrium in pressure dis-

pressure of 2.5 kbar, most probably due to the change inthe_ . __. : :
ratios of the ligand-bound and ligand-free GroEL species. sociation studies32). The observation that the observed

dissociation rates are independent of the GroEL concentration
DISCUSSION is evident from Figure 3. Under identical reaction conditions,
the slope of the line in a plot df; ops (the major phase of

In this report we investigated the effect of high hydrostatic the reaction) vs [GroEL] is very small and, in fact, showed
pressure on the dissociation of the GroEL 14mer. In the a negative value. This is not unexpected in our study, since
course of this study we have detected heterogeneity presenainy reassociation of GroEL monomers is extremely slow.
in the preparation of this oligomeric protein. In an earlier However, the situation is completely different from the
study we had observed that the dissociation of GroEL-&8 1  studies where a persistent (long-lived) conformational het-
kbar pressure was controlled by both thermodynamics anderogeneity is generated in the protein ensemble and shows
kinetics (L9). The kinetics at fixed pressures led to the a lack of protein concentration dependence of subunit
dissociation of the oligomer into monomers only to a certain association &, 25, 44). Therefore, the dissociation of the
extent and thus indicated apparent plateaus at variousGroEL 14mer by high hydrostatic pressure discussed in this
pressures. This result was confirmed by the analysis of theinvestigation most probably follows a “deterministic behav-
products by native gel electrophoresi§)( Such observations  ior” but not deterministic equlibria. Therefore, conformational
are usually referred to as indications of deterministic species leading to pressure-dependent kinetics are due to the

3.0x10° .

>

2.5x10°

- 20x10°

klm,s

1.5x10°

1.0x10°

8.0x10"

4.0x10*

Ko ”

2.0x10°*

mM KCI > 10 mM Mg?*; the kp ops (SlOW) rates are in the
order buffer only> 100 mM KCI > 10 mM Mg**+ 100

mM KCI > 10 mM Mg*". It is interesting to note that, in
the fast phase in the buffer alone, the dissociation has the
maximum amplitude (91% total), whereas the slow phase
of the reactions in the presence of MgKCl, and Mg* +
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presence of hetergeneous conformations already present in15.
the native GroEL-14 mer, rather than arising from extremely
slow equilibria established during the dissociation process.
The next important aim was to determine the effect of
KCI and/or Mgt binding on GroEL heterogeneity. At 2.5

kbar, both of the observed ratds §,sandk; onsObtained from

biexponential fits) decreased exponentially with the increase

in [KCI] and reached a minimum at75 mM (Figure 4).
Similarly, the observed fask{o,9 and slow k9 rates
decreased with the increase in [KMYy and reached a

minimum at~3 mM Mg?t (Figure 5). These observations
indicate that the binding of either KCI or Mgimparts some
tightness to the GoEL structure, making the dissociation

processes slower. Under saturating concentrations of KClI

and Mg*, the magnitude of the observed fast ratg,f9 is
about 4 times slower than in 100 mM KCI and is similar to
that with 10 Mg " alone (see Table 1). The slower rakgd9

is about 4.5 times slower than that in 200 mM KCI but is 2
times faster than in 10 mM Mg (Table 1). These differences

cannot be explained easily, but we speculate that it is a matter
of introducing heterogeneity when the two ligands are added g
together. It is interesting to note that the slow phases of the

reactions in the presence of Rig KCI, and Mg* + KCI

have the maximum amplitudes whereas in the fast phase in

buffer alone dissociation has the maximum amplitude (91%

total). This observation appears as a change in the dissocia- 5q

any denaturant, are important for detecting and understanding

heterogeneity in GroEL preparations associated with the
different amount of ligands bound to the oligomer.
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