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ABSTRACT. Binding of heptameric GroES to the tetradecameric chaperonin GroEL in the absence or presence
of nucleotides was investigated by analytical ultracentrifugation. In the absence of nucleotides, the
association constant for the binding of GroES to GroKlL, was found to be approximately equal to 3

x 10° ML The binding of a second GroES heptamer with only one-fourth the affinity of the first one
can be neglected at subequimolecular concentrations relative to GroEL. Under these conditions, mainly
an asymmetric “bullet”-shaped complex is formed [see also Schmidt et al. (Ea9dhce 265656—

659]. In the presence of ADP or ATP analogues such as pA8Per AMP-PNP, the affinity to bind
GroES increases by at least 2 orders of magnitude depending on the nucleotide concentration. With
increasing GroES:GroEL ratios in the presence of 1 mM ATP analogue, up to two GroES oligomers were
bound to one GroEL oligomer, forming the symmetrical “American football’-shaped complex with
apparently high affinity for the first GroES ring and considerably lower for the second one. These are
the first results that provide an accurate and quantitative description of the equilibrium between asymmetrical
and symmetrical complexes at relatively high concentrations of GroEL and GroES that are proposed to
existin vivo. We suggest that the increased affinity of GroEL for GroES plays a role in releasing substrate
proteins from the central cavity of GroEL after folding under “non-permissive” conditions.

The bacterial GroE chaperonin system consisting of GroEL weak ATPase. The binding of ATP induces a rotation of
and GroES facilitates folding and assembling of non-native parts of the GroEL molecules, especially the apical domain
proteinsin zizo as well asin witro (Goloubinoff et al., (Saibil et al., 1993; Braig et al., 1994), which facilitates the
1989a,b; Badcoe et al., 1991; Buchner et al., 1991; Fisher,binding of GroES to GroEL and probably a partial release
1992, 1994; Carillo et al., 1992; Wynn et al., 1992; Zhi et of the substrate proteins. The steps of ATP binding and its
al., 1992; Zheng et al., 1993; Miller et al., 1993; Gray & hydrolysis on GroEL in the presence of GroES were
Fersht, 1993). As demonstrated by electron microscopy, described in detail by Todd (Todd et al., 1994). The ATPase
GroEL forms a complex of 14 identical 57.3 kDa proteins activity seems to differ in both heptameric rings of GroEL
arranged in 2 stacked heptameric rings (Hendrix, 1979; Hohnand depends on the presence of GroES. The co-chaperonin
et al., 1979; Saibil et al., 1991; Martin et al., 1994). The acts as ATPase inhibitor in one toroid and is an inducer of
bacterial GroES appears as a heptameric ring of 10.4 kDacooperativity for the GroEL ring in the opposite position.
proteins (Chandrasekhar et al., 1986). According to its Despite this knowledge and the fact that GroES and
crystal structure, the co-chaperonin forms a dome of ap- MgATP are necessary for release of the substrate proteins
proximately 7.5 nm diameter and 3.0 nm in height with a from GroEL, details of this mechanism are unknown.
0.8 nm orifice in the roof (Hunt et al., 1996). GroEL binds Furthermore, it is unclear whether only one or two GroES
the folding intermediates with low specificity in the central oligomers are bound to GroEL. Recently, different authors
cavity (Vitanen et al., 1992; Jaenicke, 1993). Recently, the (Azem et al., 1994, 1995; Schmidt et al., 1994a; Harris et
three-dimensional structure of GroEL and the binding sites al., 1994; Engel et al., 1995; Llorca et al., 1994, 1996) have
for GroES and non-native proteins have been described ondemonstrated by cross-linking and electron microscopic
the basis of X-ray crystallographic data (Braig et al., 1994; experiments the formation of both the asymmetrical 1:1
Fenton et al., 1994). Some of the amino acid residues in (GroEL;,—GroES), or “bullet”, complex and the 1:2
the central cavity of GroEL, that are contact residues for [GroEL;4—(GroES),], or “American football”, complex.
GroES, also interact with substrate proteins. Therefore, it However, different interpretations were given with respect
is assumed that a competition between both kinds of proteinsto conditions under which bullets or footballs exist and for
at the end of the central cavity might occur. GroEL is a their function in the folding process. Whereas Engel (Engel

et al., 1995) favors bullets as productive assemblies, Azem
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statistical analysis (Engel et al., 1995). Furthermore, dif- Analysis for ATP and ADP in Preparations of Purified
ferent results can be attributed to the glutaraldehyde cross-GroEL and GroES ATP and ADP were analyzed following
linking of particles used to stabilize the interaction between a published procedure (Schultz et al., 1993). Briefly, ATP
GroEL and GroES, which may not always reflect the was determined by measuring the ATP-dependent oxidation
situation in solution. of luciferin catalyzed by luciferase in an bioluminometric

Taking into account that GroES and the unfolded proteins assay. No ATP was detected in any chaperonin. When
bind to the same sites of the central cavity of GroEL, we GroEL was supplemented with external ATP, ATP values
have to assume a competition reaction between them. Towere found to decrease in a time-dependent manner, dem-
understand the sequestering mechanism, it is useful to knowonstrating the ATPase activity of GroEL.
the manner by which GroES is bound to GroEL in the ATP-  ADP, possibly present in the purified chaperonins, was
free and ATP-bound states. Therefore, we have analyzedconverted to ATP by pyruvate kinase and then determined
the hetero|ogou5 association between GroEL and GroESas described above. No ADP was detected in purified GroEL
oligomers under different conditions by studying the sedi- Or GroES by this method. The sensitivity of the assay was
mentation equilibrium in the analytical ultracentrifuge. This higher than 1 mol nucleotide per 10 mol of chaperonin for
technique allows the analysis of the complex formation of Poth nucleotides, as verified by spike experiments.
reacting systems under equilibrium conditions without =~ Molecular Mass DeterminationMolecular massesM)
separation of their reactants and complexes. By means of &0f the chaperonins were determined by means of an XL-A
fitting procedure using the program “Polymole” (Behlke et analytical ultracentrifuge (Beckman). The values were
al., 1995)’ the partia| concentrations, equ”ibrium constants, obtained either from sedimentation and diffusion experiments
and stoichiometries can be calculated from the radial at 20°C using a synthetic boundary cell or by the sedimenta-
concentration distribution at sedimentation equilibrium con- tion equilibrium technique at 18C. Diffusion coefficients
sidering the initial concentration of reactants and the mo- (D) were calculated from the time-dependent boundary
lecular masses of the species involved. To minimize the spreading of the concentration gradient at 4000 or 6000 rpm
possible dissociation reaction of GroES oligomers under very measured at different wavelengths. From the moving
diluted solutions (Zondlo et al., 1995), we have analyzed boundary in highspeed experiments, sedimentation coef-
the interaction with GroEL at concentrations which more ficients () were determined using a modified Svedberg
closely resemblén zivo conditions [see ref 24 in Hayer- ~program (Philo, 1994) or the program LAMM (Behlke &

Hartl et al., (1995) and Lorimer (1996)]. Ristau, 1997) which permits the simultaneous estimation of
sedimentation and diffusion coefficients. Partial specific
MATERIALS AND METHODS volumes ¢) were calculated based on amino acid composi-

) ) o tion and density increments of the amino acids (Cohn &
The nucleotldels ADP, ATP, adenosirieG(3-thiotriphos-  Eqgsall, 1943). In addition to the molecular mass obtained
phate)(ATPy-S)! and AMP-PNP were purchased from py the Svedberg equation, the determined parameters also

Sigma (Sigma Switzerlands, Buchs). allow the calculation of the volumé/f by eq 1
Isolation and Purification of GroES and GroELThe
chaperonins were isolated and purified following published V = Mv/N, Q)

methods (Buchner et al., 1991) with small modifications

described elsewhere (H.-J Scifield et al., manuscript in  or the frictional ratio by eq 2
preparation). Briefly, following plasmid overexpression of

GroEL or GroES, irE. coli, cells were lysed by combined ff. = 1078 1— pv\13 @)
sonication and lysozyme treatment. GroEL was purified by 0 D2sy

subsequent ammonium sulfate fractionation, anion exchange

chromatography (SP-Sepharose, Pharmacia), and gel filtra{ere p means the solvent density. Assuming spheres for

tion (Sephacryl S300, Pharmacia). GroES was purified by single proteins or their subunits, the radius of unhydrated
anion exchange chromatography, dye ligand chromatographyproteins can be calculated by eq 3:

(Matrex Green A, Amicon), and gel filtration. The identities

of the purified recombinant chaperonins were verified by 3\1/3

mass spectroscopy, amino acid analysis, and N-terminal r= (ﬁr/) ©)

sequencing and were more than 98% homogeneous (esti-

mated by SDSPAGE) and active in supporting protein In solution, the species are larger by about 0.3 nm (water

folding (Dale et al., 1994). GroEL had ATPase activity (see shell). The friction of protein-bound water with the bulk

below). water decreases the hydrodynamic mobility, resulting in
Polyacrylamide Gel ElectrophoresiDenaturing SDS lower sedimentation and diffusion coefficients. This has to

PAGE according to the method of Laemmli (1970) was be considered when constructing models composed of
performed under reducing conditions using precast gradientspheres for the calculation of theoretical sedimentation and
gels (4-20% Tris—glycine gel; Novex, San Diego) running diffusion coefficients using the program “Hydro” (Garcia de
at 150 V for 1.5 h. Gels were stained with Serva Blue R la Torre et al., 1994).

(Serva, Heidelberg). Protein standards were from Novex Sedimentation equilibrium experiments were carried out
(Mark 12). in six-channel cells. Each compartment of these cells was

filled with 80 uL of GroEL, GroES, or different mixtures of
! Abbreviations: ATPy-S, adenosine'80-(3-triphosphate); AMP- both proteins. The samples were centrifdgzh at8000

PNP, adenosine &3,y-iminotriphosphate); PAGE, polyacrylamide gel  'PM (overspeed technique) followed by an eqUi"bri_Um speed
electrophoresis. of 6000 rpm for 36-40 h at 10°C. In some experiments,
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the time to attain the sedimentation equilibrium was extended c(r, — r,,) =

up to 50 or 60 h without any significant changes. Radial n

concentration distributions were recorded at three different Cl f’beBMRF dr + ZXJG( i) frbe(BMR+jML)F dr] (8)
wavelengths, in most cases 280, 285, and 290 nm. fm = fm

The molecular masseB of single proteins were obtained _
by fitting the radial concentration distribution according to Cellp — ) =

eq 4 no -
q dej;:aeMLF dr + CRZ ix'G(j) ﬁ:e(BMR IMOF 4 9)
Cn = coe™" (4) ”
with ry andry, the radius positions at the cell bottom and the
with meniscus, respectively.
The substitution otg andKy by functions of eqs 8 and 9
F=[1 - pw)o’(r? - roz)]/ZRT (5) enables us to reduce the estimated parameters to only c

Three of the absorbance profiles (eq 6 or eq 7 represents
such a profile only for one wavelength) were simultaneously
fitted (global) by nonlinear regression using the program
“Polymole” which was successfully applied earlier in the
. analysis of other complexes (Behlke et al., 1994, 1995;
Complex Formation between GroEL and GroESom- Grunau et al., 1995). The optimal fit to the radial distribution
plex formation between different macromolecules can be ¢ryes allows us to estimate the association constant(s) of
easily derived from the molecular mass determinations when o complex(es). An independent possibility to analyze the

associates are formed with high affinitita > 10° M™%, stoichiometry of an interacting system is based on the usage
Because most of the complexes are of lower affinity, we ¢ eq 10 (Behlke et al., 1995);

have to estimate the association constants of such an

interacting system by fitting the sum of exponential functions, A = €xG eBMRF 1 o MF

given in eq 6, to the experimentally obtained radial scanning RTR Lt 4 -

curves Q) according to Behlke et al. (1995): Cr(CLK) '(eg + je )V MUF (10)

Herew; is the partial specific volume of componénty the
angular velocity,R the gas constant, andl the absolute
temperature.

A = e BMRF | o MiF This model function can be employed for experiments with
R*¥R L~ ; : H

excess ligand concentration. It considers only one type of
complex and includes the mass conservation in analogy to
egs 8 and 9. By fitting eq 10 to the radial concentration
distribution, the occupation numbgr,can be treated as a
normal parameter with arbitrary values. Its estimation can
be performed as usual. By means of the partial concentra-
tions () obtained from the fitting procedures and the
molecular massed\) for the reactants and complexes we

n
cRZ(eR + je, )oK g®VR M (6)
J:

Hereeg, €, Cr, andc_ are the extinction coefficients and
free concentrations of the receptor moleculeRGroEL)

or the free ligand concentration (€ GroES) at the radial
positionro, respectively. B means the difference in buoyancy . .
between R and Lj the number of possible binding steps, can cglculate the weight-average molecular nigaising
and K; the binding constant corresponding to the binding eq 11:

step. To get more reliable data for the estimated parameters, M
we have to reduce the number of variables describing the Zci i

binding reaction. This can be achieved (i) by separate M, =— (11)
determination of molecular masselg andMy; (ii) by using c
a statistical binding model for equal binding sites according IZ i
to Wyman and Gill (1990); and (iii) by considering the mass

conservation. In each experiment, three absorbance profilesor the reacting GroEL/S system which considers all the
obtained at three different wavelengths were analyzed. Thiscomponents involved.

allowed us to determine the total concentration of the

components in an arbitrary sector by numerical integration. RESULTS

Using all three profiles together improved the accuracy of

the data. Accoro_lmg to_the staﬂshc;al blnd!ng.model, Wecan asses of both oligomeric proteins were determined either
replaceK; by (L)(;)K<, whereK, is thenban|ng constant  ,, sedimentation diffusion experiments or by sedimentation
for the first step. If we substitute (2)(;) with G(j) and  equilibrium runs (Table 1). Both methods result in molecular
1/Ky by Kq or ¢ Ky = x, eq 6 can be modified as follows:  mass data in agreement with a tetradecameric structure for
GroEL and a heptameric structure for GroES. These proteins

Characterization of GroEL and GroESThe molecular

A = exCr€™ + ¢ Kxe'" + form stable oligomers under the conditions chosen for the
n ultracentrifugation experiments.
CRZ(ER +je )G(j )xje(BMR”'V'L)F (7) The frictional ratiosf/f, of the two molecules (Table 1)
= indicate the gross conformation of a macromolecule in

solution. The considerably higher value of 1.44 for GroES
For the total concentrations, and c;, the integration of compared with 1.30 for GroEL is in agreement with the flat
the model function results in eqs 8 and 9: ring structure of about 8 nm diameter and 3 nm height and
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Table 1: Hydrodynamic Data for GroEL and GrgES

Soow (S) Daow x 107créls v (mL/g) Ms,p (kDa) Meq (kDa) fifo
GroEL 22.13+0.16 2.59+ 0.09 0.74% 802.6+ 16 795.8+ 12 1.30
GroES 3.92+ 0.04 5.30+ 0.14 0.753 724+ 2.1 71.9+2.3 144

aMsp and Mg are molecular mass values either from sedimentation and diffusion coefficients or from sedimentation equilibria.
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Ficure 1: Radial absorbance scans at 280 @), 285 nm @), Molar ratio GroES : GroEL

and 290 nm ) from cells containing 0.7kM GroEL and 1.59 g ure 2: Partial concentrations of GroEIGroES @), GroEL—
#M GroES in the presence of 1 mM ATRS (A) and in the  GioES (@), free GroEL (), and free GroESL) at increasing
absence of nucleotides (B) in 50 mM Tris-HCl, pH 7.7, 100 MM G 6ES:GroEL molar ratios at 1 and in the presence of 1 mM

KCI, and 10 mM MgC} at 10°C. The solid curves represent the  aTp.,.S. The GroEL concentration was kept constant at @M1
best simultaneous fits of the 1:2 association (1) and a 1:1 association, 5o’ mmM Tris-HCI pH 7.7, 100 mM KCI, and 10 mM Mgl

complex (2) of GroEL/GroES as well as the free reactants GroEL Thg gotted line represents the highest possible partial concentration
(3) and GroES (4). of the symmetrical complex.

was verified by modeling using the program “Hydro” (Garcia - so|utions containing a 2-fold molar excess of GroES relative
de la Torre et al., 1994), which requires the spherical {5 GroEL, a far higher amount of GroEL was occupied by
coordinates and radii of the spheres representing the monowyo GroES. Further addition of GroES led to almost
mers in the assemblies. In cont_rast, the GroEL cylinder with complete formation of a complex containing one GroEL and
a diameter of 14 nm and a height of 13 nm was found 10 o GroES. When eq 10 was fitted to the experimental
deviate less from a sphere. curves of the highest measured ratio of GroES:GroEL, the
The addition of ATPy-S alone did not change the occupation number j was calculated to between 1.7 and 1.8.
molecular mass of GroEL significantly (data not shown). The  Engel (Engel et al., 1995) proposed that only asymmetrical
changes observed in molecular mass when nucleotide andi:1 complexes of GroEL and GroES are formed at pH 7.2
GroES are added to GroEL can therefore be attributed tojn the presence of 5 mM Mgglwhereas symmetrical 1:2
formation of GroEL--GroES complexes. complexes would only be formed at a higher pH of 8.0 and
Interaction between GroEL and GroESTo study the at the higher MgGl concentration of 50 mM. We carried
complex formation, different mixtures of GroEL and GroES out sedimentation equilibrium runs under both conditions,
were centrifuged under conditions described under Materialsbut observed (i) no significant difference in the interaction
and Methods. Analysis of the data using the computer of GroEL and GroES (Figure 3A,B), (ii) more than one co-
program “Polymole” yielded the binding constants and chaperonin was complexed with GroEL in the presence of
corresponding partial concentrations of complexes as well1 mM ATP--S or AMP-PNP, and (iii) the complex
as free reactants (Figure 1). Most of the GroEL (loading formation was only affected by the GroES:GroEL ratio.
concentration~0.71 uM) in the nucleotide-free solution When analyzing a solution containing a 2.2-fold molar
(Figure 1B) remains in the uncomplexed state6(%). excess of GroES over GroEL (loading concentration 1.59
About 30% of GroEL forms a 1:1 complex, and a negligibly 4M GroES and 0.71uM GroEL) in the presence of
small amount of the chaperone bound two GroES. In the increasing concentrations of ATRS, we observed a
presence of 1 mM ATR~S (Figure 1A), high proportions  decrease of the free proteins starting at a nucleotide
of 1:2 and 1:1 complexes are formed, and only small amounts concentration of 1&M. Due to the negative cooperativity
of reactants remained unbound. with respect to nucleotide between the rings of GroEL, only
When adding increasing amounts of GroES to a @il one ring of GroEL is populated with GroES at these low
solution of GroEL in the absence of nucleotides (data not ATP-y-S concentrations. As the AT»S concentration
shown), a slight tendency to form heterologous complexes increases, and the second of GroEL becomes populated with
was observed. Most of the added GroES remained free, andhucleotide, formation of the symmetric GroEIGroES
only low amounts of complexes were formed with GroEL. complex becomes apparent. Complex formation increased
However, in the presence of 1 mM ATRS (Figure 2), further and was found completed at a nucleotide concentra-
already at low concentrations of GroES most of it was bound tion of about 1 mM (Figure 4).
to GroEL. At an equimolar ratio of both proteins, about = The program “Polymole” enables us to calculate the
50% of GroEL formed a 1:1 complex, but about a 25% of association constants and partial concentrations of complexes
GroEL bound up 2 mol of GroES. The residual 25% of the and free reactants for the reacting system (Figure 5). In the
amount of GroEL remained in the unbound state. In absence of the ATP analogue ATFS, the first GroES was
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Ficure 3: Analysis of the interaction between GroEL and GroES
in two previously published conditions. Different amounts of GroES
were mixed with 0.7uM GroEL as indicated by the GroES:GroEL
molar ratios in 50 mM Tris-HCI, pH 8.0, 50 mM KCI, and 50 mM
MgCl; (2) or in 20 mM MOPS-KOH, pH 7.2, 50 mM KCI, and

5 mM MgCl; (@) in the presence of 1 mM AMP-PNP (A) or 1
mM ATP-y-S (B).
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Ficure 4: Influence of increasing concentrations of APFS in a
mixture of 0.71uM GroEL and 1.59uM GroES on the partial
concentration of GroEEGroES #), GroEL—-GroES (@), free
GroEL (O), and free GroES). Conditions were as described in

Figure 2. The dotted line represents the highest possible partial

concentration of the symmetrical complex.
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Ficure 5: Influence of the molar ATB~S:GroEL ratio on the
association consta#y. Insert: ATPy-S-dependent increase I§f.

bound to GroEL with moderate affinity. The association
constantK; was found to be approximately equal tox3
10° M1 As expected from the nucleotide-induced affinity
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Ficure 6: Influence of GroES:GroEL ratio on complex formation
demonstrated by the calculated weight-average molecular masses.
The data were obtained in the absence of nucleotidedr in the
presence of 1 mM ADPL{) or 1 mM ATP+-S (@), respectively.

The dashed and dotted lines from bottom to top correspond to
theoretical weight-average molecular masses when zero, one, or
two GroES bind to GroEL. Loading concentrations were Q:¥1L
GroEL and 1.59%M GroES. Conditions were as described in Figure

2.

M, 103

of GroEL to bind GroES and the data presented and from
data in Figure 4, the association constdfiténcreased by 2
orders of magnitude with increasing concentration of ATP-
y-S. The nucleotide concentration which induced a 50%
increase in the affinity of GroEL for GroES was found to
be about 18Q:M; the effects of the nonhydrolyzable ATP
analogue AMP-PNP were found to be similar to those of
ATP-y-S (data not shown).

We fitted the absorption profiles derived from the experi-
ments shown in Figure 2 by eq 7 and assumed that both
binding sites in the central cavity of GroEL were equal. From
the statistical point of view, the affinity for the second
binding step is expected to be reduced to one-fourth of that
of the first one (Wyman & Gill, 1990). On the other hand,
when we used a model function like eq 6 [see also Johnson
et al. (1981)] with arbitrary (nonequal) binding sites to fit
the experimental curves and inserted the initial values as
obtained by eq 7, the obtained result did not differ signifi-
cantly. This indicates that each binding site has indeed equal
or at least similar affinity.

The experimentally derived partial concentratiogs of
GroEL and GroES in the free and complexed state were used
to calculate the weight-average molecular masbgs, at
different concentrations of AMP-PNP and a fixed GroES:
GroEL molar ratio of about 2.2 using eq 11 (data not shown).
In the absence of nucleotides, th, is about 720 kDa,
considerably smaller than the mass of GroEL, reflecting the
large amount of unbound GroES. In contrast, in the presence
of 1 mM ATP-y-S or AMP-PNP, almost two GroES bind
to one GroEL (data not shown).

When increasing amounts of GroES were added to GroEL
in the presence of 1 mM ATPR-S, the apparent weight-
average molecular masses increased significantly up to about
900 kDa and decreased again when the GroES:GroEL molar
ratio in the sample exceeded 2 (Figure 6). When GroES
was added in the absence of nucleotides, he values
continuously decreased because most GroES remained in an
unbound state. However, when increasing amounts of GroES
were added to GroEL in the presence of 1 mM ADP,
approximately one co-chaperonin is bound by association
constants of (37) x 10/ M~ At a 3—4-fold molar excess
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of GroES, the stoichiometry of the complex did not deviate the lower protein concentrations used in those experiments
significantly from 1:1 (Figure 6), indicating that the binding (Engel et al., 1995; Fisher & Yuan, 1994; Schmidt et al.,
of a second GroES to the GroEL cylinder is strongly inhibited 1994b; Weissman et al., 1994), probably leading to more or

in the presence of ADP. less extensive dissociation of the oligomeric reactants.
To our knowledge, our results provide the first reliable
DISCUSSION gualitative and quantitative description of asymmetrical and

) symmetrical GroEE-GroES complexes under different
We have analyzed the GroE chaperonin system by conditions in solution. For such measurements, the analytical
analytical ultracentrifugation, to understand their quaternary yjtracentrifugation method has several advantages compared
structures and their interaction in solution. Sedimentation with other techniques. It allows the quantitative determi-

velocity and sedimentation equilibrium experiments per- nation of the partial concentrations of free reactants and
formed with GroEL and GroES at micromolar concentrations complexes in solution without calibration by standards and
close to thosén vivo confirmed that the isolated components  without limitations, inherent in electron microscopic analysis.
existed exclusively as tetradecameric and heptameric mol-|n electron microscopy, only special side views of chaperonin
ecules, respectively. At considerably lower protein concen- particles can be considered for statistical analysis (Engel et
trations such as those which have been used previously (Holl-al., 1995). Furthermore, cross-linking with glutaraldehyde,
Neugebaueret al., 1991; Langer et al., 1992), the oligomers,which was used for stabilization of complexes for electron
especially GroES, are less stable (Zondlo et al., 1995). Undermicroscopic studies (Engel et al., 1995), is not necessary
our conditions, the oligomeric state of GroEL did not change for the sedimentation equilibrium technique that involves
in the presence of the ATP analogue AJFS. Based on  only relatively low centrifugation forces. Chemical modi-
these results, we considered tetradecamers and heptamefication induced by cross-linking may create artifacts (Peters
as the smallest molecular entities of GroEL and GroES, & Richards, 1977) and was avoided in our experiments.
respectively, when modeling the sedimentation profiles that Moreover, in contrast to separation methods such as gel
we obtained from mixtures of both chaperonins. filtration chromatography, in sedimentation equilibrium

In the absence of nucleotides (Figure 5), there was a weakeXperiments reactants and complexes exist side-by-side,
association between GroEL and GroES with an associationforming a real equilibrium without disturbances. The
constantK,, approximately equal to % 10°F M1 for the ~ Program “Polymole” permits the direct estimation of the
asymmetrical (1:1) complex. GroEL has two binding sites association constant(s) without disturbing the complex
that can be occupied independently, and we therefore haveformation or equilibria. At present, the most precise data
to assume statistical binding of a second GroES molecule.for the binding of more than one ligand to a receptor protein
However, the affinity of the second GroES is reduced to ¢an be derived assuming equal binding sites (see Materials
about one-fourth of that of the first one (Wyman & Gill, @nd Methods). Additional information about the stoichiom-
1990), and a symmetrical (1:2) complex was apparently ery of the reaction can be obtained, based on considerations

absent under these conditions. We note that in contrast toOf the conservation of mass.

our interpretation, Engel and co-workers considered the weak N general, our findings with respect to the appearance of
GroEL—GroES interactions they observed in equilibrium Symmetrical structures as a function of the molar GroES:
dialysis experiments in the absence of nucleotides to be GrOEL ratio are in very good agreement with data recently
nonspecific [see Figure 2 in Engel et al. (1995)]. The Published by Azem [Figure 2 in Azem et al., (1995)].
possibility that GroES monomers are bound to GroEL as Although these authors used chemical cross-linking in their
substrate is very unlikely because of the considerable stability Studies, cross-linking apparently occurred fast enough [higher
of GroES heptamers at the higher concentrations used in thd€mperature and glutaraldehyde concentration than used by

experiments [see also Zondlo et al. (1995)]. others (Engel et al., 1995)] to obtain a snapshot of the
equilibria without disturbances caused by chemical modifica-

tion of the components.

We observed no differences in complex formation at pH
7.2 compared with pH 8.0 or at low magnesium concentra-
tions (5 mM MgC}h) compared with high magnesium

In the presence of the nonhydrolyzable ATP analogues
AMP-PNP and ATPy-S (Figures 2 and 5), we observed an
increase oK; by more than 2 orders of magnitudé;(= 8
x 107 M™1), probably induced by conformational changes

in the apical domains of GroEL (Braig et al., 1994; Fenton concentrations (50 mM Mg@) (Figure 3). This also

etal, 199_4)' At low up to equimolar GroI_ES:Grc_)EL ratios,  ¢onfirms recent data obtained by fluorescence measurements
asymmetrlcal cqmplexes were formed while at higher molar (Torok et al. 1996). Different results (Engel et al., 1995)
ratios symmetrical complexes were observed. Based 0Ny, have been related to the lower chaperone concentrations

electron microscopic images, such complexes have previ-,qeq in electron microscopic studies (04 GroEL) and
ously been described as “bullets” and “American footballs”, especially equilibrium dialysis (60 nM GroEL), or by the
respectively (Azem et al., 1994; Schmidt et al., 1994a; Harris |imitations of the methodology discussed above.

et al., 1994; Engel et al., 1995; Llorca et al., 1996). We Recently, the kinetic constarks, andkeg, obtained from

found binding of GroES to Gro_EL saturated a.t amolar ratio g face plasmon resonance spectroscopy (SPR), were used
of about 3:1 and at a nucleotide concentration of about 1, -ajculate the association constants of GreBroES

mM. By varying the nucleotide concentration, the first complexes (Hayer-Hartl et al., 1995; Murai et al., 1995).
increase ofK; occurred at a molar nucleotide:GroEL ratio |nterestingly, the affinity constants deduced from the SPR
of about 14, indicating a cooperative structural change after gxperiments are on the average 2 orders of magnitude higher
the binding of one nucleotide per subunit of GroEL. than those described here. As pointed out by Schuck (1996)
Some of our results that differed from published results and others (Edwards et al., 1995; Nieba et al., 1996), the
concerning GroEL/GroES interactions may be explained by SPR method, although technically elegant, has the disad-
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