Biochemistryl1997,36, 58175826 5817

Cytoplasmic Chaperonin Containing TCP-1: Structural and Functional
Characterizatioh
Ronald Melki,* Geard Batelier, Stehanie Soulieand Robley C. Williams, Jr.

Laboratoire d’Enzymologie et Biochimie Structurales, Centre National de la Recherche Scientifique,
91198 Gif-sur-Yette, France

Receied Narember 15, 1996; Résed Manuscript Receéd March 12, 1997

ABSTRACT: Actin and tubulin polypeptide chains acquire their native conformation in the presence of the
cytoplasmic chaperonin containing TCP-1 (CCT, also called TRiC) and, in the caseaofl 5-tubulin,
additional protein cofactors. It has been previously demonstrated that nucleotide exchange and ATP
hydrolysis act to switch CCT between conformations that interact either strongly or weakly with unfolded
substrates [Melki, R., & Cowan, N.J. (199%pol. Cell. Biol. 14, 2895-2904]. The present study further
documents the conformational changes and function of CCT. It is first shown, by the use of a range of
labeled denatured substrate proteins and a radiolabeled total soluble HelLa cell extract, that CCT in the
absence of nucleotides can bind any of a large number of pratetitso with high affinity. Second, by

the use of denatured labelgeactin and3-tubulin as model substrates for binding to CCT, we demonstrate
that the CCT particle can contain two substrate protein chains simultaneously. Third, by electron
microscopy, sedimentation velocity, and intrinsic fluorescence measurements, we document the confor-
mational difference between CCT in its ATP- and ADP-bound forms, as well as the change that results
from binding of substrate protein. A model summarizes substrate association with CCT and the role of
the nucleotide in regulating the affinity of CCT for target proteins.

There is compelling evidence that many cellular proteins al., 1992; Yaffeet al, 1992; Frydmaret al,, 1992; Melkiet
need to interact with a class of polypeptides known as al., 1993). Unlike GroEL, which is a homooligomer, this
molecular chaperones in order to acquire their native stateschaperonin is composed of eight to nine different, but related,
[reviewed by Gething and Sambrook (1992) and Hartl polypeptides (Lewi®t al., 1992; Rommelaeret al., 1993;
(1996)]. The chaperones recognize and bind proteins in theirKubota et al, 1994), one of which is TCP-1 (Willisoet
non-native state and assist them to fold into their native al., 1986). It is therefore referred to as the chaperonin-
conformation [reviewed by Gething and Sambrook (1992), containing TCP-1 (CCT) (Kubotat al, 1995), as TCP-1
Hartl et al. (1992), Morimotcet al. (1994), and Hartl (1996)].  ring complex (TRIC) (Frydmaet al., 1992), or as cytoplas-
They seem to act by stabilizing the conformations of folding mic chaperonin (Gaet al., 1992) because of its localization
intermediates, thereby preventing aggregation and directing(Lewis et al., 1992).
the newly formed polypeptides toward correct folding,  GroEL seems to be involved in the facilitated folding of
assembly, and translocation (Ellis & van der Vies, 1991; 3 yery wide variety ofEscherichia coliproteins (Horwich
Hartl, 1996). _ et al, 1993; Viitanenet al, 1992). In contrast, studies of

The chaperonins (Hemmingsetal, 1988), a subgroup  cCT’s substrate preferences in crude cellular extracts have
of the molecular chaperones, are ubiquitous multimeric |ed to the tentative conclusion that it is involved chiefly, or
cylindrical complexes [reviewed by Kubogtal (1995)and  perhaps exclusively, in the folding of actin and tubulin (Gao
Hartl (1996)]. They are exemplified by the well-known gt 4| 1992, 1993; Yaffet al., 1992; Sternlichet al., 1993).
bacterial chaperonin GroEL (Georgopoulesal, 1973).  Nevertheless, some reports have noted the binding of
CCT! a homolog of GroEL, is found in the cytosol of measurable amounts of several other proteins to TCT
eukaryotic cells (Gaet al., 1992; Yaffeet al., 1992; Lewis (Frydmanet al., 1992; Melki & Cowan, 1994; Hynest al.,
etal, 1992; Frydmaret al, 1992). Among the polypeptides  1996) and its involvement in folding a viral capsid protein
whose folding it facilitates are actins and tubulins (Gao (Lingappaet al.,, 1994). When firefly luciferase is presented

T This work was supported by grants from the Centre National de la to CCT as a purified protein, it is also bound and folded
Recherche Scientifique, the Association pour la Recherche sur le (Frydmanet al, 1992). These resu,ltlsllead one to question
Cancer, and the Ligue Nationale Fraige Contre le Cancer (to R.M.)  Whether the apparent narrow specificity of CCT may be an
and by Grant GM25638 of the U.S. National Institutes of Health and artifact resulting from the presence of high concentrations

funds from the Vanderbilt University Research Council (to R.C.W.). ; T ;
* Corresponding author. Phone: 33-1-69-82-35-03. Fax: 33.1-69- of actin and tubulin in cell extracts. To understand this

82-31-29. E-mail: melki@lebs.cnrs-gif.fr. problem, we have chosen several denatured labeled proteins
¥ Permanent address: Vanderbilt University, Department of Molec- and assayed their binding to CCT when they are added in a

glaerlsBis?lzoz%b EZOX ész-o'1Séitéog4§'sl;l8?hvge' T,IN 37,”2,35-@'3?0”91 purified state. For comparison, we have examined the
vanothit ey, o e wRaorsasR A Ermal WHAre@EIVX-  spectrum of proteins bound by CCT from crude extracts of
® Abstract published if\dvance ACS Abstractdday 1, 1997. Hela cells.
1 Abbreviations: ADF1, actin depolymerizing factor 1; CCT, chap-
eronin-containing TCP-1; DTT, dithiothreitol; EGTA, ethylene glycol

bis(3-aminoethyl etherN,N,N',N'-tetraacetic acid; folding buffer, 80 2 Acetylcholinesterase polypeptide chains bind also to @Ciiitro,
mM MES, pH 6.8, 1 mM EGTA, 1 mM MgGl 1 mM ATP, 1 mM while profilin does not (N. Morel and R. Melki, unpublished observa-
GTP, and 1 mM DTT; MES, 2N-morpholino)ethanesulfonic acid. tions).

S0006-2960(96)02830-9 CCC: $14.00 © 1997 American Chemical Society



5818 Biochemistry, Vol. 36, No. 19, 1997 Melki et al.

Results suggest that CCT may have broad recognition bis(3-aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA)
capabilities. and sodium dodecyl sulfate (SDS) were from Sigma.
The mechanism of chaperonin-assisted folding is still Adenosine 5triphosphate (ATP), adenosinediphosphate
something of a mystery. Folding is believed to take place (ADP), guanosine "striphosphate (GTP), and 1,4-dithio-
within the central cavity of CCT while the substrate (hereafter reitol (DTT) were from Boehringer. AI(N§s+9H,0
called thetarget protein is sequestered by the molecular (“Gold Label” grade) came from Aldrich. %35]-L-Methionine

chaperone. Both GroEL and CCT appear n the electron came from Amersham. All other chemicals were analytical
microscope as symmetrical double toroids, and each couldgrade

have two apparently equivalent potential binding sites for
target proteins (Saib#t al, 1993; Braiget al., 1993, 1994; Purification of the Chaperonin-Containing TCP-Rab-
Marco et al, 1994; Cheret al, 1994; Azemet al, 1994, jis \yere made anemic by injection of acetylphenylhydrazide,
Schmidtet al, 1994; Todcet al, 1994; Fentoretal, 1994, 5y gt reticulocyte lysate was prepared as described
rféfgotliggdﬁ G?géﬁm;l:':ic?é,s 1121?/?.bégnthgbs?:r?/eerc]iceinozhe (Darnbroughet al., 1973). CCT was purified from rabbit

: reticulocyte lysate by the chromatographic method described

electron microscope to bind two target proteins, one in each . L
of the central cavities (Braigt al., 1993). Functionally, by Gaoet al (1992). Fractions containing CCT that emerge

though, the binding of target protein to the GroEL/GroES Tom the ATP-agarose were pooled and concentrated by
complex appears to be negatively cooperative in the sensgdltrafiltration (Centricon 30, Amicon Inc., Beverly, MA), and
that the binding of a target protein at one end of the particle approximately 25@.L was applied to a Superose 6 column
excludes binding of a second at the other end [reviewed by (HR 10/30, Pharmacia) equilibrated in 80 mM MES, pH 6.8,
Hartl (1996)]. In the case of CCT, nothing is known about 1 mM EGTA, 1 mM MgCh, and 1 mM DTT. Contaminat-
such cooperativity, not even whether one chaperonin particleing Hsp70 and Hsc70 were depleted from this preparation
can bind one substrate molecule or two (one at either end).by pooling the CCT-containing fractions that emerge from
To have a chance to measure the maximum capacity of CCTthe Superose 6 column and applying thenatl mLcolumn

for target proteins, it is essential to use CCT in its high- of 3 monoclonal antibody directed against Hsp70 and Hsc70
affinity state: in the absence of ATP. This tactic has been (\>7r3.4, StressGen Biotechnologies Corp., Victoria, British
adopted in the past to investigate the capacity of myosin for Columbia, Canada), immobilized on protein-Sepharose

binding actin (Eisenberg & Moos, 1968; Eisenbetgal., ; : :
1968; Valentin-Ranet al,, 1991). We investigated this issue Fast FIQW column (Pharmacia). Of the material emerging
from this column, 95% corresponded to the polypeptide

by purifying -actin— andS-tubulin—CCT binary complexes . ' X ) .
in the absence of ATP and then deducing the ratio of the CNains that constitute CCT, as judged from running this

number of radiolabeled denaturglactins or S-tubulins material on a 10% SDSpolyacrylamide gel.
bound per CCT.

Like the bacterial chaperonin GroEL, CCT adopts different
conformations in the presence of ADP or ATP. The nature

of the bound nucleotide also modulates CCT'’s affinity for p-actin _target protejns were genergted by expression of
target proteins (Melki & Cowan, 1994). In the long run it appropriate clones ik. coli and purified as described by

will be useful to understand the relationship between the Gaoet al. (1992, 1993). DenaturetiS-labeled actin-RPV,
structural changes and the binding-and-release functions ofT CP-lat, y-tubulin, CAP-binding protein, p2%¥, and cyclin

the chaperonins. In the case of CCT, the ADP- and ATP- B were obtained as recombinant proteins as described in
mediated conformations are easily visible in the electron Melki et al (1993) and in Melki and Cowan (1994)n vitro
microscope because CCT becomes adsorbed to the surfactolding assays and analysis of the reaction products on
of an electron microscope grid largely in an end-on fashion nondenaturing polyacrylamide gels were performed in fold-
(i.e., rotational axis perpendicular to the surface) either when ing buffer, which consists of 80 mM MES, pH 6.8, 1 mM
nucleotide is absent or when ADP is present, while many EGTA, 1 mM MgCh, 1 mM DTT, 1 mM ATP, and 1 mM
particles apparently lying on their sides appear in the Presences TP, as described previously (Gebal,, 1993). Following

of ATP (Gaoet al, 1992; Marcoet al, 1994). The ATP-  gpaining in Coomassie blue and destaining, the gels were

bearing conformation of CCT appears more conical at its ; ;
ends than does the ADP-form, when both are seen in “Side_fluorographed by_the use of Ampllfy (Amersham) and dried.
The vyield of various products identified on the gel was

view” (Marco et al., 1994). Beyond these electron micro- ttied by th ¢ 2 ohosphori
scopic results, though, little is known about the two forms: quantified by the use of a pnosphorimager.
about the kinetics of interconversion between them, about  preparation of Total Soluble HeLa Cell ProteingieLa
the relative nucleotide affinities that drive the interconversion, cells were labeled at 75% confluence by incubation for 4 h

ronralrmijneaﬁld i\;lvrt]r?é?re\;oltgriewg?s?a:mes gﬁigr?ﬁﬁ;y glrecc:)trr]% in Dulbecco’s modified Eagle’s medium lacking methionine
ginafly pe. By g and containing®S-labeled methionine (0.2 mCi/mL). Cells

microscopy, sedimentation velocity, sedimentation equilib- h ted and h ized i | D h
rium, and intrinsic fluorescence measurements, this studyWere arvested and homogenized in a glass Dounce homog-

shows the conformational changes to be relatively large and€nizer in 0.1 M MES, pH 6.8, 1 mM Mggl1 mM EGTA,

Preparation of Labeled Target Proteins and in Vitro
Folding Reactions 3°S-labeled unfoldeds-tubulin and

slow. 1 mM DTT, and 0.05% Triton X-100. The suspension was
clarified by centrifugation at 1000@0for 15 min at 4°C.
EXPERIMENTAL PROCEDURES The proteins in the supernatant were denatured by addition

Materials MES buffer was purchased from Calbiochem. of 7.5 M urea. The specific radioactivity of the final product
ATP—agarose (ATP coupled through C8), ethylene glycol was 7 x 10 cpm/mg.
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Preparation of CCFTarget Protein Binary Complex A B
Complexes between CCT angtactin or g-tubulin were
prepared by incubating in nucleotide-free folding buffer, for 12 34 MW
30 min at 25°C, a mixture of Superose-6-purified CCT o 1] A4
(2.5-6 uM) and a 10-fold molar excess of the target protein  ccr.target protein <94
in the absence of ATP. Thg-actin— or S-tubulin—CCT complex cycin B @
complexes were separated from unbound target proteins by adp tubul;lr—ICP—m %l <67
gel filtration over a Superose 6 column. The fractions v tubulit | <43
containing the binary complex were applied & 1 mL g;;jgm&di;g";;ggg;? =30,
column of anti-Hsp70/Hsc70 antibodies immobilized on p21 135 <14.4
protein-A— Sepharose (Pharmacia) in order to trap small
amounts of Hsp70 or Hsc70 that contaminate this material.

Sedimentation Velocity and Molecular Mass Determina- C D
tion. Sedimentation velocity experiments were carried out .+ ccr et 4 cor cct
with a Beckman Optima XLA ultracentrifuge equipped with | Pa 0 pa— —
an AN 60Ti four-hole rotor and cells with two-channel 12 £ s=e £ 555 £ __sSg.5__55%
mm path length centerpieces. Measurements were made at33 55 £ 3253455880 S25583883458%2
40 000 rpm and 20C. Data were analyzed to provide the S23°8°52ee esse  fd<ccosase=cr2
apparent distributions of sedimentation coefficients by means GaEudad G d
of the program DCDT (Stafford, 1992). Equilibrium sedi- i l ‘ '

mentation was performed in the same instrument, but at 4

°C. Sample volumes of 100L were centrifuged at 3400

rpm, after overspeed at 5900 rpm for 45 min. Radial scans

of absorbance at 278 nm were taker & intervals in order

to monitor the attainment of equilibrium. Equilibrium was Ficure 1: Spectrum of target protein recognition by the TCP-1-
reached after 12 h of centrifugation. The data were analyzedcontaining chaperonin. (A) Lane 1, a mixture of labeled, denatured
to yield weight-average molecular masses at the midpoint [argét proteins g-actin, a-, f-, and y-tubulin, actin-RPV, cap-

L binding protein, cyclin B, p2%s and TCP-t), each at the same
of the liquid column by use of the programs XLAEQ and  gpecific radioactivity and concentration (20 pmol), was diluted 100-

EQASSOC supplied by Beckman. The partial specific fold into CCT (5 pmol) in folding buffer containing no nucleotides.

volume was calculated to be 0.738%gT1?, and the solvent  The reaction mixture was incubated 30 min at 3D, and the

density was 1.01 g/chn Jamide g6l and autoradiographed: lane 2. labelect Solubie HeLa cel.
H H amiae gel ana autoradiographed; lane Z, labe ,

Electron Microscopy Samples were prepared in 80 mM proteinsg were denaturedgan%l presented to CCT as in lane 1. (B)
MES, pH 6.8, 1 MM EGTA, 1 mM MgCl and 1 mM DTT Lanes 3 and 4, autoradiogram of target protelCT complexes
containing either 25@¢M ADP or 250uM ATP or both 250 isolated from lanes 1 and 2, respectively, of the nondenaturing gels
UM ATP and 5 mM NaF and 100M AI(NO3)s. The latter shown in panel A, denatured and subjected to electrophoresis on
two components produce the AfFon an efective nhiior - 12005 poaclamioe gele reuneade eate e potiors
of tu_rnover at the ATP-hydrolysis S|_tes (Bigayal, 1_985; (C and D) Labelged,pdenaturq@-actin, p-tubulin, Arat?idopsis
Carlieret al, 1988; Combeau & Carlier, 1988). At different  thajianaactin depolymerizing factor 1, human brain cofilin, cofactor
times after addition of ADP, of ATP alone, or of ATP A, and rabbita- and3-globin were diluted from denaturant in the
AlF4~, carbon-coated grids (200 mesh) were floated for 1 presence or absence of CCT (5 pmol) in folding buffer containing
min on a drop of sample, washed with the same buffer, and "° nucleotide. The reactions were incubated under the same

. - o - conditions as in panel A, and the products were analyzed on a 4%
Stalne_d W'th_a drop _O_f 1% uranyl acetate. 'I_'he grids were nondenaturing polyacrylamide gel. (C) Coomassie blue staining
examined with a Philips EM 410 electron microscope. of the gel; (D) autoradiograph of the same gel.

Fluorescence Measurement3he intrinsic fluorescence
of CCT (0.4 mL samples of 0.aM CCT in 4 x 4 mm molarities, respectively. SDSolyacrylamide gel electro-
square-section cuvettes) in the presence of ADP or ATP (100phoresis in 10% gels was performed by standard methods
uM) was recorded at 20C in a Spex Fluorolog 2 spectro- (Laemmli, 1970). Western blots were probed with the
fluorometer. The excitation monochromator was set at 295 antibodies described above and developed with the enzyme-
nm and the emission was recorded between 300 and 500coupled luminescence technique (ECL, Amersham), accord-
nm. ing to the recommendation of the manufacturer.

Generation of Polyclonal Antibodies against TCR-1
TCP-1o, purified by SDS-gel electrophoresis from inclusion RESULTS
bodies '|n E. .CO|I, wasllnjected into _rabt_nts together_ with Specificity of CCT
Freund's adjuvant. Five booster injections were given at
intervals of 2 weeks. Specificity of the antiserum was tested To investigate the question of the specificity of CCT, a
by the use of purified CCT. The antibody binds to only mixture of denatured target proteins, each at the same specific
one band, corresponding to TClB;lamong the five bands  radioactivity (3-actin,a-, 8-, andy-tubulin, actin RPV, cap-
that constitute the typical pattern of purified CCT on SDS binding protein, cyclin B, p2%5, and TCP-&) was incubated
gels. with CCT. The binary complex was then isolated from a

Additional Methods Protein concentrations were deter- native gel by cutting out the appropriate band (Figure 1, lane
mined by either the Lowry or the Bradford method. Mo- 1), incubating the gel fragment in SDS sample buffer and
lecular masses of 800 000, 50 000, and 42 000 were em-subjecting it to electrophoresis on a 12% SEFAGE gel.
ployed for the estimation of CCTj-tubulin, andj-actin Figure 1B, lane 3, shows that each of the proteins in the
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artificial mixture binds efficiently to CCP. A total labeled
soluble Hela cell extract was also diluted from denaturant
into a nucleotide-free folding reaction mixture containing
CCT and treated as above. In this experiment (native gel,
lane 2, and SDS gel, lane 4), one sees that actin (apparent
MW = 44 000) and tubulin (apparent M\& 55 000) are

the most visible polypeptides that bind to CCT, but one can
also clearly see that a large number of other proteins with
molecular masses in the range 306Q20000 have bound

to CCT. Because actins and tubulins are synthesized in

1 2 3 4 5 6
TCP-1¢ == & s o -

B-actin -

—

B-tubulin = ——

Target Protein Bound
(pmols)
>

greater amounts than other polypeptides (Spiegekstanh, 0 6 5' 1'0 1'5 26 25
1977), their specific radioactivity in cellular extracts would
be expected to be higher than that of other polypeptides. [Target protein] (LM)

F_rom the;e experlments, We_conclude that CCT d_oe_s nOtFIGURE 2: Binding of g-tubulin andg-actin by CCT saturation.
bind tubulins and actins exclusively. To the contrary, itbinds sss.japeled target proteins were diluted into folding buffer contain-
a number of proteins. ing no nucleotide and a constant amount of CCT (10 pmol) and

Figure 1, panels C and D, shows results of a CCT-binding incubated for 30 min at 36C prior to analysis of the reaction

. : ; : roducts on a 4% nondenaturing polyacrylamide gel. The amounts
assay with another set of target proteins, investigated one algf bound g-actin @) and S-tubulin (a) were determined by the

a time under identical conditionsS-Labeled recombinant  se of the phosphorimager. The lines show the results of fitting to
a- andp-globin (Gaoet al., 1993), cofactor A (Melket al., the equatiorr = ([P)/Kg)/(1 + [P]/Kq), wherer is the fractional
1996),Arabidopsis thalianaDF1, and human brain cofilin ~ amount bound to CCTK4 is the dissociation constant, and [P] is
(Carlier et al,, 1997) were presented individually to CCT, the target protein concentration. The amounts of actin and tubulin

- . {n the incubation mixtures were 0, 7, 20, 62.5, 125, 250, and 500
and the reaction products were analyzed on a nondenaturin mol. The reaction volume was 20.. A Western blot showing

polyacrylamide gel. A. Thaliana ADF1 and human brain  the intensity of TCP-& in each reaction mixture is also shown to
cofilin were found to bind efficiently to CCT while- and indicate its presence in constant amount.

fB-globin as well as cofactor A were not found to bind to

CCT. We conclude from these experiments that CCT is not CCT @nd target proteins were also electrophoresed in the
wholly promiscuous despite its capacity for binding a wide S@Me SDS gel to serve as standards from which to judge the
range of target proteins. amounts of the unknowns. The ratios of the amounts of

bound target proteins to the amount of CCT were then

Saturation determined by comparison with the standards. Figure 3
. o ) ) shows the results of this SDS gel electrophoresis and
To establish whether binding @Factin andg-tubulin to immunoblotting. Incubations of increasing amounts of target

CCT can be saturated, increasing amounts of the labeledy otein with a constant amount of CCT appear on the left.
denatured proteins were added to a constant amount of CCTrpe five bands characteristic of CCT, but not the target
by rapid 100-fold dilution of the denatured polypeptide in protein, are visible in the Ponceau-Red stained view in Figure
the absence of nucleotidieg., under conditions where CCT  3A  The amounts of CCT present in the complexes were
binds target proteins with high affinity. The amounts of gyantitated by immunoblotting (Figure 3B), making use of
bound polypeptide were quantitated following separation of gne of its polypeptides, TCPel as an indicator. The
the reaction products on a nondenaturing polyacrylamide gelamounts of bound3jS]-8-tubulin and f°S]-8-actin were
as described above. The results (Figure 2) showed that bothyyantitated (Figure 3C) by use of the phosphorimager.
proteins bind to CCT in a saturable manner. The fitted |ntegration of the intensities of the bands in this typical
curves in the figure were obtained by assuming a single classexperiment (panel C, right to left), gave the following
of site and fitting for both the association constant and the stpjchiometries for tubulin (0.92, 1.2, 1.55, and 2.0) and for
asymptotic extent of binding. The best-fitting values of the actin (1.42, 1.86, 2.0, and 2.0). Interpolation between
dissociation constaniy, for actin and tubulin were 0.92  standards to obtain the quantities of target proteins (actin
and 0.83uM, respectively. and tubulin) bound at saturation is shown in Figure 3D. In
accord with the results of Figure 2, saturation of CCT at
0.49uM (9.5—10.6 pmol) was reached at concentrations of
The best-fitting asymptotic ratios of target protein in the actin or tubulin above 1:31.6«M (30—50 pmol). Table 1
data of Figure 2 were 2.1 fg#-tubulin and 1.8 for3-actin, summarizes the data from 16 determinations like that in
suggesting that two target proteins may bind to each CCT Figure 3. The data indicate that the two potential binding
particle. To investigate further the stoichiometry of binding Sites can be occupied at the same time, at leastro and
of target proteins to CCT, labele#actin orp-tubulin was  in the absence of ATP and ADP.
added to CCT, and CCHtarget protein binary complexes
were isolated by native gel electrophoresis and analyzed on
SDS gels followed by immunoblotting. Known amounts of Electron Microscopy Like its prokaryotic homologs
GroEL and the thermosome, CCT can adopt two conforma-
3 As previously shown by Melki and Cowan (1998}actin,a-, 5-, tional states: one formed when ADP is bound, and another
and y-tubulin, actin RPV, cap-binding protein, cyclin B, pZland when ATP is bound. These two forms present different

TCP-lo, which share no sequence homology, bind to CCT when ; ; ; fai N i ;
presented one at a time. When CCT is absent, all these target proteins}/IeWS in negative stain, visible in Figure 4. The population

whether mixed together or separate, aggregate and are entrapped &f particles is Unif_orm i_n the presence of _ADP (Figure 4A)
the top of the nondenaturing gels. and resembles rings in the electron microscope. In the

Stoichiometry

Conformational Changes
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A CCT-target protein complexes Standards
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Ficure 3: Binding of 5-tubulin andg-actin by CCT stoichiometry. Stoichiometry of binding was estimated by comparison of amounts of
bound polypeptides observed on gels and immunoblots to standards and immunoblots prepared with known quantities of the same polypeptides.
(A) Immunoblot stained with Ponceau red prior to probe. (B) The same immunoblot probed with antielT@Ri#iody and detected by

the ECL technique. The amounts of CCT present in the standard lanes were 3, 12, and 30 pmol. The lanes loaded with target protein
CCT complexesfi-tubulin andg-actin) contained a constant amount of CCT (9.8 pmol) with varying amounts of labeled dertxactial

(27.3, 69, 138, and 550 pmol) @grtubulin (32, 80, 160, and 642 pmol). The reaction volume wagl20 (C) Phosphorimager detection

of target proteins. The amounts @factin present in the standard lanes were 9.5, 49, and 131 pmol and th®sebefiin 14, 55, and 139

pmol. (D) Graphical representation of the intensities of C@agtin, and3-tubulin in the standards as a function of the amount of proteins

loaded on the SDSPAGE. The long arrow marks the position of CCT, and the short arrow marks the coincident positions of actin or
tubulin. @, CCT standards®, actin standardsa, tubulin standards).

addition of AlR,~ to CCT in an ATP-containing solution

Table 1: Stoichiometry of Target Protein Binding to CCT . -
results in the gradual transformation of these ADP-

CCT (pmol) actin (pmol) tubulin (pmol) ratio conformation particles to the ATP-bound conformation. As
ﬂi gi-g 8 ggé Figure 4E shows, by 90 min, more than 95% of the particles
9.7 20.7 0 213 are found in this conformation. The time required for 50%
9.5 20.35 0 2.14 conversion is about 10 min. The gradual accumulation that
6.9 125 0 1.81 we observe must be caused by replacement of ATP and ADP

g'é ié-g 8 i-gg by ADP—AIF,~, which mimics ATP but cannot be hydro-
76 15.4 0 202 lyzed. We conclude from these observations that one can
10.3 0 22.6 2.19 generate homogeneous populations of CCT patrticles in both
13.8 0 26.9 1.95 the ADP and ATPi(e., ADP—P) conformations.

13.4 0 27.2 2.03 . .

131 0 253 1.93 Fluorescence Measurementdrigure 5A provides, by
12.9 0 24.8 1.92 measurement of intrinsic fluorescence, an independent
11.8 0 24.8 2.10 indicator of the conformational difference between the ATP-
g'g 8 %'2 %‘% and ADP-bound forms of CCT. The intensity of the

T TT— Fthe ratio of bound target proin ( fluorescence is 25% greater when ATP is substituted for
a2 Results of determinations o € ratio of bouna target protetn H H S
actin Qrﬁ—tqbulin) to CCT, by the native-gel plus SB®AGE method Qntz::;,si\(l)vg?:\);;[(i%le:1te(':I:[?libslechsahr:gelri‘stzgn\gg;aerlﬁr\)\%m (-Z‘OiIthrea
described in the Experimental Procedures. : . .
greater exposure of tryptophan residues to the aqueous milieu
) . . orto a higher degree of liberty of these residues in the ATP-
presence of ATP, a second profile of the CCT particle is 14,nd form. In Figure 5B, the variation of the fluorescence
obtained (Figure 4F), shaped like a barrel. The ATP jqiensity at the emission maximum (336 nm) is shown as a
preparation, however, is not uniform. A substantial fraction ,nction of the concentration of added nucleotide. These
(80%) of the CCT particles (Figure 4B) retain the appearance tjtrations could be well fitted on the simplifying assumption
of the ADP-bound conformation, even in the presence of a that each nucleotide binds with a single association constant,
large excess of ATP. The cause of this heterogeneity mayyie|ding values of 2.6x 10* M~* for ATP and 4.0x 10*
be either that some of the particles have failed to exchangep -1 for ADP. The fact that the two titration curves have
their nucleotide or that ongoing nucleotide hydrolysis (Melki the same starting point indicates that the original CCT
& Cowan, 1994; Melkiet al., 1996) causes a fraction of the particle, as it emerges from the Superose 6 column, is
particles, at any instant, to have ADP bound to them. To probably nucleotide-free. The fact that the fluorescence in
distinguish between these two possibilities, we employed the presence of saturating amounts of ADP differs from that
AlF,~, a structural analog ofi®Bigay et al., 1985; Carlier  in saturating ATP shows that the difference between the
etal, 1988; Combeau & Carlier, 1989), which, when bound fluorescence intensities is not due solely to differential
together with ADP to nucleotide-binding proteins, mimics affinity. When ATP and Alg~ [5 mM NaF and 10QuM
the ADP-P; transition state and blocks further nucleotide AI(NO3)s] were added to a solution containing CCT in its
exchange (Combeau & Carlier, 1988; Carlegral., 1989; ADP-bound form (0.025«M), the fluorescence intensity
Mittal et al, 1996). Figure 4, panels-€E, shows that increased slowly, with a half-time of about 2.4 min at an
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A

nE b b T

Ficure 4: Conformations of CCT in the presence of ATP, ADP, and AI2F,~. Electron micrograph of negatively stained CCT: (A)
in the presence of 100M ADP; (F) in the presence of 100M ATP. (B—E) Kinetics of accumulation of the ADP-AJF form of CCT
during incubation of CCT in the presence of 1@ ATP and 100uM AI(NO3); and 5 mM NaF. Times between nucleotide addition and
grid preparation were 2, 30, 45, and 90 min if-B, respectively. The proportions of the ADP-bound form of CCT in panet& Rire
88% (= 90), 13% 6 = 90), 6% (= 135), and 1%1{ = 100), respectively. Ba= 15 nm in panels A and F and 150 nm in paneislB

2

boundaries at a series of equally spaced times. A fast-
sedimenting component (arrow) is seen emerging from the
mixture, leaving behind a small amount of more slowly
sedimenting material. Figure 6B shows the distributions of
sedimentation coefficients obtained from experiments with
each of the three forms of CCTe., ADP—CCT, ADP—
o AIF,~—CCT, and CCTFp-tubulin complex. The distribu-
300 350 400 450 500 tions are broad, with contributions from molecular species
Wavelength (nm) ranging from $to 50s. The material with sedimentation
coefficients below the minima at-17s to ~19s must
correspond to dissociated CCT subunits and small amounts
(less than 5% of the total amount of proteins) of contaminat-
ing proteins, including Hsp70 (Benaroueljal,, 1995). To
determine whether the slowly sedimenting material corre-
sponds to dissociated CCT particles, CCT (OM) in the
presence of either ADP or ATP (5QM) was sedimented
at 40000@, 20 °C for 1 h and the amount of CCT in the
supernatant was measured as T@R¥ Western blot (data
. 5 H o ra of CCT in th not shown). Of the total amount of TCF:165% was found
IGURE o FIUOTeSCence emission spectra o In the presencein the supernatant in the presence of ATP; this proportion
of ATP and ADP. (A) Tryptophan residues were excited at 295 : .
nm, and the emissign)sprggtrapwere recorded from 300 to 500 nm V&S 35% |n_the presencr_e of ADP The dlﬁerencg, 30%.' must
in a 0.2 cm path (slits= 0.7 mm for excitation and 1.5 mm for be due to increased dissociation of CCT particles in the
emission). The CCT concentration was Q.M and the nucleotide presence of ATP. In all cases, however, the prominent
concentration was 100M in each case, sufficient to saturate the maximum corresponding to the fast-sedimenting boundary

chaperonin’s binding sites (Rommelaereal, 1993; Kubotaet ; ; ; ;
al., 1994). Presence of ATP (solid line), presence of ADP (dashed is evident, and this peak (ranging from 22 to g9must

line). (B) Evolution of CCT tryptophan fluorescence at 336 nm correspond to intact CCT particles. From_ the dimensions
as a function of ADP or ATP concentration. The best fit of the reported by Marcet al. (1994), and assuming a molecular
data to a single dissociation constant is shown by the lines (ATP, mass of 800 000 and a partial specific volume of 0.74 cm
@ and solid line; ADP.a and dashed line). g1, one may estimate a sedimentation coefficient of 2%
agreement with this assignment. The fact that the observed
ATP concentration of 5uM and 1.2 min at an ATP  and calculated sedimentation coefficients nearly coincide also
concentration of 10@M. confirms that CCT particles behave as independent entities,
Sedimentation Velocity In order to obtain additional rather than as oligomers, in solution. In the absence of target
insight into the conformational change of CCT, we carried protein, CCT shows a nucleotide-dependent change in
out sedimentation velocity experiments and analyzed themsedimentation coefficient. The ADRCCT shows a peak
to yield the apparent distribution of sedimentation coef- centered at 25%and the ADP-AIF,—CCT sediments more
ficients, g*(s). Figure 6A shows typical sedimentation rapidly, with its peak at 2688 The higher sedimentation

(cps) X 10°

Fluorescence intensity

at 336 nm, (cps) X 10°

Fluorescence intensity

0 100 200 300 400 500
[ATP or ADP], uM
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° 10 20 30 40 50 Ficure 7: Sedimentation equilibrium of CCT and of the CET
B-tubulin complex. (A) natural logarithm of absorbancer?.
s (Svedbergs) CCT alone @); isolated complex of-tubulin and CCT &). The
32 overall weight-average molecular weight of each sample was
ST C estimated from the slope of the fitted line. The two samples were
3o 1 run simultaneously, to reduce possible systematic errors in this
28 F " " o . 4 comparison. The solid line shows the best fit of a straight line to
------------ g WD the data for CCT alone. The dashed and dotted lines show
| ® [3 g Oe | ¢ - ; X )
. 26r o —;'—'—,.Ef-"— —= . = respectively, the slopes corresponding to CCT with g+tabulin
244 _°f _ . A N . bound and with twg-tubulins bound. The best fit, corresponding
aab 40 M ] to the molecular masses reported in Results, is obtained with two
| polypeptides bound. (B) Time dependence of the overall weight
20 ] average molecular masses of ADECT (@), and binary complex
18 . N . . . . . a).
6 0.1 0.2 0.3 0.4 0.5 0.6 0.7 @)

Congentration (mg/mL) AlF,~ are indistinguishable from those obtained in the
Ficure 6: Sedimentation behavior of CCT. (A) Typical sedimen- presence of ATP and AlF. At higher concentrations, CCT
tation velocity data for CCT. Images of the boundary taken 5 min \yoyld be expected to hydrolyze ATP quickly, causing the
apart. The steep boundary corresponds to the peak in panel B. (B) . _ '
Distributions of sedimentation velocity of CCT in the presence of aCCl,Jmmat'Qn of AD.P.bound CCT. The lower Va'”‘?s, of the
50u4M ATP and 100uM AI(NO3); and 5 mM NaF M), of CCT in s_ed.|mentat|on coefficient of CCT under these andltlons (as
50uM ADP (@), and of3-tubulin—CCT binary complex4). The distinct from ADP-AIF,~—CCT) must reflect this effect.
curves have been displaced vertically for clarity. Arrowheads We conclude from these observations that ATéhd ADP-
indicate the positions of the maxima gf(s). (C) Sedimentation AIF,~—CCT have closely similar hydrodynamic properties,

coefficients of CCT. The values corresponding to the peaks from *. . .
several experiments are plotted as a function of CCT concentration. distinct from those of ADP-CCT and the CC¥/5-tubulin

CCT in the presence of %M ATP and 100uM AI(NO3); and 5 complex.
mM NaF @), CCT in the presence of 50M ATP (O), CCT in ; ; PP .
the presence of 5aM ADP (®), and f-tubulin—CCT binary Sedimentation Equmt_)rlum I|_1 order to examine the
complex @). Rotor speed= 40 000 rpm; temperature 2. molecular state of CCT in solutior.gJ., whether monomer
or oligomer) and to measure the difference in molecular mass

coefficient of the ADP-AIF,~—CCT can easily correspond ~ Produced by binding gf-tubulin, CCT alone and the CCT
to the “barrel-shaped” particles observed in the electron A-tubulin complex isolated by gel filtration were subjected
microscope in the presence of ATP or its ADRIF,~ to equilibrium sedimentation at 4C in folding buffer
structural analog. The binary complex, however, shows a containing 5uM ADP. Figure 7A shows the variation of
lower sedimentation coefficient, 23,5which is a striking ~ the logarithm of concentration with (radff8) observed for
result in view of the fact that it is expected to have a higher each sample. The weighaverage molecular mass is
molecular mass than vacant CCT (see below). proportional to the slope of this curve. The CEF-tubulin

The concentration dependence of ¢fiés) peaks is shown ~ complex has slightly greater apparent molecular mass than
in Figure 6C. The differences in sedimentation behavior are CCT alone. The approach to equilibrium is displayed in
confirmed, and a linear extrapolation to zero concentration Figure 7B, which shows the difference in molecular mass
yields sedimentation coefficients of 28,%25.%, and 23.5 to be consistent over time. The molecular mass of the €CT
for the ADP-AIF,~—CCT, ADP-bound CCT, and binary  S-tubulin complex was found to be 739 000 and that of CCT
complex, respectively. The extent of variation of s with to be 647 000. Although the data presented in Figures 2
concentration over this range is small, leading to the and 3 are more sensitive to stoichiometry, the difference in
conclusion that the particles are not undergoing major molecular mass, 92 008 30 000 Da, is entirely consistent
changes in association state. The data obtained at low CCTwith the presence of two target protein chains per CCT
concentrations in the presence of-5I0uM ATP without particle.
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DISCUSSION folding for the two chaperonins, in which both cavities may
be filled simultaneously. Binding of target proteins to CCT
particles might even be cooperative in that binding of the
first target protein chain to the chaperonin particle could

increase the affinity of the particle for a second target protein.

Target Protein Recognition by CCT

Specificity of CCT The outcome of the experiments
conducted with the artificial mixture of proteins, as well as
with individual proteins presented as Iapeled denatured Conformational Changes of CCT
targets, clearly shows that CCT can recognize a large number
of proteinsin vitro and that it binds them with high affinity Electron microscopy has shown that CCT can adopt at
in the absence of nucleotide. These experiments also showeast two conformations in solution. The one that is observed
that CCT is selective: it does not recognize all denatured in the presence of ADP appears cylindrical (&aal., 1992;
proteins under these conditions. This broad recognition Lewis et al., 1992; Frydmaret al., 1992) and less compact
capacity is still present but harder to identify when CCT is than the form observed in the presence of ATP (Magto
used as an “affinity matrix” to select its own targets from a al., 1994). As noted by Gaet al. (1992), these two different
total soluble cellular extract. Here, although numerous other appearances of CCT must result from a preference for
bands of lesser prominence are present, tubulin and actindifferent orientations on the electron microscope grid. One
form overwhelmingly visible bands in the electrophoretic gel can understand these observations by assuming that CCT
of bound polypeptides, “swamping” the view of the other particles in their ADP and ATP forms are roughly cylindrical.
polypeptides. This occurs because actins and tubulins areWhen applied to an electron microscope grid, the ADP form
the most actively synthesized proteins in the cell. Therefore, stands on end, while the ATP form appears to rest with its
they are the most visible because both their specific axis approximately parallel to the plane of the substriage (
radioactivityandtheir concentration are high, causing their lying on its side). This difference must result from a
detection to be overwhelmingly favored. The apparent conformational change that is reflected in the interaction of
specialization of CCT for actin and tubulin folding therefore CCT’s surfaces with the carbon film of the grid.
resulted from a gross overestimate of their binding in pulse-  Marco et al. (1994) and Waldmanet al. (1995) have
chase experiments. In the present study, target proteins ofyriefly noted that the chaperonin in the presence of ATP is
equal specific radioactivity were presented to CCT, so that not uniform: only a fraction of the particles actually adopt
the broad recognition capacity could be clearly seen andthe side-view conformation. In view of the results obtained
affinities readily compared. here, this mixed population appears to be due to ongoing

Size of Target Protein CCT appears to accept target ATP hydrolysis. Indeed, when CCT is blocked in its ADP
polypeptides of molecular mass up to 120 000 (Figure 1, lane P, form by the addition Alg~, “on-end” views of CCT

4). Such an upper limit is consistent with the estimated
molecular mass of a globular protein of diameter 6.6 nm.
This size may reflect the volume of CCT's peptide-binding

particles slowly accumulate, until about 95% of the particles
adopt this conformation. The characteristic time for the
conversion seen in the electron microscope (on the order of

cavities that can be deduced from the images of Matco
al. (1994).

10 min) is compatible with the half-times of £2.4 min
measured by fluorescence, if one takes into account the
Stoichiometry of Binding We estimated the capacity of higher CCT concentrations used in the fluorescence experi-
CCT for target proteins in the absence of ATP by two ments. It is also of the same order of magnitude as that
complementary methods. These conditions were chosen teestimated for ATP hydrolysis by empty CCT (Mel al.,
determine an upper limit of the number of target proteins 1996)" ATP hydrolysis and subsequent nucleotide exchange
that can be bound by CCT under conditions where folding are therefore likely to be responsible for the changes in both
does not occur. In the first, the saturating load of labeled fluorescence and particle shape.
model target protein (actin or tubulin) was measured by Sedimentation velocity permits one to observe these
comparison to a scale of known amounts of the same targetconformational changes in solution and in an independent
proteins (Figures 2 and 3). The results are consistent withway. Our data show, first, that the sedimentation coefficients

a stoichiometry of two target polypeptides per CCT patrticle.

of the ATP and ADP forms differ by about 10%. The ABP

The second method, comparison of molecular massesAlF,~ form sediments more rapidly than the ADP form.

determined by equilibrium sedimentation, in spite of a
relatively large uncertainty, also yielded a ratio of bound

Providing that the protein subunit composition of the particle
does not change, the ADRAIF,~ form must be more

target protein to CCT near 2. We therefore conclude that compact, or of a shape that presents less frictional resistance

the CCT particlen vitro can bind a 2-fold molar amount of

than the ADP form, or both. Given the greater tendency of

target protein and that the dissociation constant for tubulin CCT particles to dissociate in the presence of ATP, as

and actin binding to CCT in the absence of nucleotide
appears to be 0-80.9 uM.

demonstrated by the amount of free TCP-1 polypeptide
chains seen in the supernatant when CCT is pelleted

Although no other measurement of stoichiometry of target 40000@, and confirmed by the greater amount of slowly
protein binding has yet been reported for CCT, the bacterial S€dimenting material observed in the analytical ultracentri-
homolog GroEL has been shown to be capable of simulta- fuge, one would expect the AHCCT form to sediment

neously binding two target proteins in its internal cavities
in the absence of nucleotide (Braggal., 1993), as well as

4The apparent first-order rate constant for hydrolysis of ATP by

binding two of the GroES heptameric rings that are required CCT is 0.83 min® at 30°C in the presence of 1 mM ATP, and that

for the folding of many proteins (Azewt al., 1994; Schmidt
et al, 1994; Llorcaet al.,, 1994). This comparison leads us

for nucleotide exchange is 0.80 min(Melki et al,, 1996). Under the
conditions employed in this work (Z& and 25Q:M ATP), these rate
constants would be expected to be about-@.2 mirr?, corresponding

to envisage a similar general mechanism of binding and to half-times in the range-47 min.
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Ficure 8: Theoretical model for the productive events in chaperonin-assisted folding of target proteins. CCT in its cylindrical ADP-form
binds misfolded target proteins strongly (left). Following folding or unfolding of the target protein and nucleotide exchange (bottom), the
folded and unfolded target protein is released and CCT adopts a compact “barrel-shaped” form that has a low affinity toward target proteins
(right). Following nucleotide hydrolysis, i released in the medium and chaperonin conformation switches to the ADP-bound state that
binds strongly misfolded target proteins (top). Final folding of certain target proteins may require several cycles of interaction and release
with the chaperonin, with concomitant nucleotide exchange and hydrolysis. Under these circumstances, the folding pathway would correspond
to several turns of the cycle of interaction and release of target proteins, with only the last one being productive.

lessrapidly if no conformational changes were present. Since they might fit into a functional folding mechanism. The
the opposite is observed, a conformational change thatconformational difference produced by the binding of target
reduces the hydrodynamic resistance of the ATZT form protein to ADP-CCT (left) and those produced by nucleotide
seems very likely. These observations agree qualitatively interchange (top) are represented, as well as the fact that
with the electron microscopic findings. CCT can bind two substrate polypeptides at once (bottom).
Even more striking are the differences of about 10 and The fact that two target proteins can bind at once to CCT
20%, respectively, between the sedimentation coefficient of raises the possibility that folding and release may occur at
the tubulin-CCT complex and those of the ABPand both binding sites. The folding process itself is schematized
ATP—CCT. Inthe absence of conformational changes, one as a succession of small arrows (folding of target proteins),
would expect the binding of a polypeptide chain to the CCT which are intended to represent either successive cycles of
particle to cause an increase in sedimentation coefficient binding and release of the target protein within the protected
because of the increased mass. The slight increase inenvironment of CCT central cavities (Mayhewal., 1996;
molecular masses observed in sedimentation equilibrium Weissmaret al., 1996; Gray & Fersht, 1993) or conforma-
could not by itself cause decreasen the sedimentation  tional changes in CCT’s target protein binding domain. These
coefficient. The observedecreasemust be due therefore  changes lead to the unfolding of the bound misfolded target
to a conformational change which can be interpreted as anprotein that is released from CCT following nucleotide
expansion of the particle. In the electron microscope, the exchange in a non-native state commited to fold (Tetid
binary complex particles resemble the ABECT particles al., 1994; Weissmaeet al., 1994, 1995).
(Marcoet al., 1994; R. Melki, unpublished observations) in This model underlines the central role of nucleotide
that they appear uniformly circular. Future image recon- exchange and hydrolysis as the driving force of the confor-
struction analysis of CCFtubulin binary complex particles  mational changes that occur on CCT. ADP and ATP appear
should reveal the structural details of this conformational as allosteric effectors between high- and low-affinity con-
change. formations of CCT particles, while, Release acts as a switch
The fluorescence results reinforce the conclusion that theremediating the conformational change of the chaperonin and
is a nucleotide-dependent conformational change in CCT.an increase of its affinity toward target proteins, thus
Furthermore, they provide information about the exposure completing the cycle. Further identification of the amino
of tryptophan residues to the aqueous medium. The increaseacid residues on CCT and target proteins that interact directly
of about 25% in the fluorescence of tryptophan at 336 nm with each other, combined with elucidation of the structure
observed in the presence of ATP is consonant with an and internal motions of CCT, must be achieved in order to
increase in exposure of tryptophan residues to water (La-gain a full grasp of the mechanism of facilitated folding.
kowicz, 1983) and/or the dissociation of a proportion of CCT
particles that we observe in the presence of ATP. ACKNOWLEDGMENT
Although our data do not extend to the folding reaction ~ We thank Drs. Marie-France Carlier, Dominique Pantaloni,
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