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ABSTRACT: The class II chaperonin CCT facilitates protein folding by a process that is not well-understood.
One striking feature of this chaperonin is its apparent selectivity in vivo, folding only actin, tubulin, and
several other proteins. In contrast, the class I chaperonin GroEL is thought to facilitate the folding of
many proteins withinEscherichia coli.It has been proposed that this apparent selectivity is associated
with certain regions of a substrate protein’s primary structure. Using limiting amounts ofâ-tubulin,â-tubulin
mutants, andâ-tubulin/ftsZ chimeras, we assessed the contribution of select regions ofâ-tubulin to CCT
binding. In a complementary study, we investigated inter-ring communication in CCT where we exploited
polypeptide binding sensitivity to nucleotide to quantitate nucleotide binding.â-Tubulin bound with a
high apparent affinity to CCT in the absence of nucleotide (apparentKD ∼ 3 nM; its apparent binding
free energy,∆G, ca. -11.8 kcal/mol). Despite this, the interactions appear to be weak and distributed
throughout much of the sequence, although certain sites (“hot spots”) may interact somewhat more strongly
with CCT. Globally averaged over theâ-tubulin sequence, these interactions appear to contribute ca.-9
to -11 cal/mol per residue, and to account for no more than 50-60% of the total binding free energy.
We propose that a conformation change or deformation induced in CCT by substrate binding provides
the missing free energy which stabilizes the binary complex. We suggest that by coupling CCT deformation
with polypeptide binding, CCT avoids the need for high “intrinsic” affinities for its substrates. This strategy
allows for dynamic interactions between chaperonin and bound substrate, which may facilitate folding on
the interior surface of CCT in the absence of nucleotide and/or productive release of bound polypeptide
into the central cavity upon subsequent MgATP binding. CCT displayed negative inter-ring cooperativity
like GroEL. When ring 1 of CCT bound MgATP orâ-tubulin, the affinity of ring 2 for polypeptide or
nucleotide was apparently reduced∼100-fold.

The eukaryotic cytosolic chaperonin (also called CCT,
TRiC, or c-cpn) is a heteromeric complex that facilitates the
folding of tubulin, actin, and a number of other newly
synthesized proteins in vivo (6-10). It is composed of eight
or nine related gene products arranged as two back-to-back
8-fold pseudosymmetric rings (11-13). CCT and its archae-
bacterial relatives, the archaeosome and the thermosome,
comprise the class II chaperonins. Although class II chap-
eronins display only a low level of sequence homology with
class I chaperonins such as GroEL, they share similar
structure and function in promoting protein folding in the
cell. Like GroEL, CCT binds polypeptides within its central
cavity (14, 15), and subsequently releases these polypeptides
in a MgATP-dependent reaction (7, 14). In the case ofR-

and â-tubulin, partial maturation is thought to occur in
association with CCT (3, 16). In vivo, the folding and
processing of the subunits are complicated. Five cofactors
process the released subunits to generate theRâ-heterodimer
(17). In addition, a heterohexameric chaperone protein,
prefoldin/GimC, which binds nascent polypeptides is thought
to transferR,â-tubulin to CCT and may have other functions
as well (18-20).

Important functional differences may exist between the
two classes. Unlike the class I chaperonins, the class II
chaperonins do not appear to utilize GroES-like co-chaper-
onins. In the thermosome (21, 22) and CCT (23), helix-
turn-helix projections extending from the apical domains
are thought to seal the central folding cavity much as the
GroES co-chaperonin caps GroEL. Thus, in the class II
chaperonins, it is possible that co-chaperonin function has
been subsumed within the chaperonin itself. Inter-ring
communication is essential for class I function. GroEL, for
example, has been described as a two-stroke engine where
the GroEL rings alternate in function: one ring loading up
the reactants as the other expels the products (24-27). Here
MgATP binding strengthens while hydrolysis weakens inter-
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ring communication in a coordinated manner to facilitate
folding (24, 25, 28). In this process, substrate is thought to
bind tightly to the chaperonin in the absence of MgATP and
to be released into the central cavity upon subsequent
MgATP binding or hydrolysis (29, 30). Inter-ring com-
munication may be different in the class II chaperonins. The
crystal structure of the thermosome (21) shows the subunits
organized into apical, intermediate, and equatorial domains
as observed for GroEL (31). In both classes, MgATP binds
to the equatorial domain. However, in contrast to GroEL
where this binding induces a large conformation change in
the apical domain, MgATP binding in CCT induces large
changes in both the apical and equatorial domains (32).
Genetic analysis further suggests that MgATP binding or
hydrolysis occurs cooperatively in CCT as in GroEL but in
a manner different from the concerted cooperativity proposed
for GroEL (33).

Hydrophobic interactions, which play such a dominant role
in the interaction of GroEL with substrate, may play a lesser
role in the case of CCT. For example, CCT is thought to
have high affinity for late-forming (quasi-native) folding
intermediates of tubulin and actin. In contrast, GroEL is
thought to have high affinity for both early (molten globule)-
and late-forming folding intermediates of tubulin and actin,
and does not mediate productive folding of these proteins
(34, 35). These data suggest that the mechanisms by which
class I and II chaperonins fold protein may differ substan-
tially.

To examine the folding mechanism of the class II
chaperonin CCT, we previously implemented a proteolytic
and mutational study ofâ-tubulin (3), which supported the
notion of quasi-native chaperonin-boundâ-tubulin folding
intermediates (16). Two “domains” similar in size to the
putative domains in the native protein were implicated in
facilitated folding by CCT. A major CCT-interacting region,
residues∼150-350, was identified that encompassed por-
tions of the two domains and an intervening protease-
sensitive region. This region, named the “interactive core”,
was proposed to be responsible for the high-affinity binding
of â-tubulin to CCT (3).

In the study presented here, we used limiting amounts of
â-tubulin andâ-tubulin mutants and a more quantitative
method to probe polypeptide binding to CCT. Surprisingly,
the interactions with CCT appear to be weak and to
contribute less than∼50-60% to the binding free energy.
We attribute the missing free energy to a stabilizing
conformational change induced in CCT byâ-tubulin binding.
This deformation allows dynamic interactions with bound
substrate, which may have profound consequences for
function. In a complementary study, we show that inter-ring
communication in CCT is regulated by MgATP binding and
hydrolysis in a manner apparently similar to that in GroEL.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis.“Altered Sites II” (Promega)
was used to mutagenize plasmid pALTER/â (3) and pAL-
TER/Ac, which encode the chickenâII-tubulin and human
skeletal muscleR-actin sequences, respectively. Codons for
hydrophobic (pALTERâ41) or hydrophobic and charged
amino acid (pALTERâ42) residues in the region of residues
259-272 of chickenâII-tubulin were replaced with codons

for alanyl residues, and the entireâ-tubulin sequence was
subcloned into the overexpression vector pET28a (Strat-
agene) for production of Mut. 1 and 2, respectively. To
produce Mut. 3, a mutant in which hydrophobic residues in
the region of residues 310-318 in â-tubulin were replaced
with alanyl residues, pET11Câ8 (3) was altered by PCR
using the “Quik-Change” method (Stratagene). Vectors for
N-terminal fragments were generated by the introduction of
stop codons after residue 144, 203, or 249 in pET11Câ8.

Construction ofâ-Tubulin/FtsZ Chimeras.Chimeras were
constructed from pET11Câ8, which encodes chickenâII-
tubulin, and from pET21AftsZ, which expresses theEscheri-
chia coli ftsZ protein. To facilitate selection of the fusion
points, theE. coli ftsZ protein sequence was mapped onto
the Methanococcus jannaschiiftsZ protein sequence by
means of the sequence alignment program of DNAStar. Gene
splicing by overlap extension (36) was used to generate the
following paired chimeras:â1-203/ftsZ164-383 (F1) and
ftsZ1-163/â203-445(F2),â1-218/ftsZ174-383 (F3) and
ftsZ1-173/â219-445(F4), andâ1-243/ftsZ204-383 (F5)
and ftsZ1-204/â245-445 (F6).

In Vitro Transcription and Translation.pET plasmids were
linearized with appropriate restriction enzymes and tran-
scribed with T7 RNA polymerase. mRNAs were translated
in nuclease-treated rabbit reticulocyte lysate (RRL) in the
presence of [35S]methionine.

Preparation of Denatured Protein.pET plasmids inE. coli
BL21(DE3)pLysS were induced with IPTG in the presence
of [35S]methionine, and the overexpressed products were
purified from inclusion bodies as described previously (3,
14).

Alignment of theâ-Tubulin Sequence on the Actin Se-
quence. The Needleman and Wunsch algorithm (4) was used
with a 35-residue window (Look Program) to align the
chicken â-tubulin sequence on the human skeletal (hSK)
actin sequence. Four regions with a low degree of homology
were revealed:â-tub 71-105 with hSK 55-90,â-tub 141-
175 with hSK 143-175, â-tub 251-287 (HR2) with hSK
246-283 (the “hydrophobic plug”), andâ-tub 326-360 with
hSK 322-356.

Chaperonin Binding Reactions with Newly Synthesized
Protein. Wild-type or mutant mRNAs were translated in RRL
in the presence of [35S]methionine at 30°C for 8 min and
chased in the presence of 1 mM methionine for 6 min.
Aliquots (2 µL) of the translation reaction mixtures were
added to tubes containing RRL diluted in RRL dilution buffer
[15 mM HEPES/KOH (pH 7.5), 80 mM KOAc, 0.5 mM
Mg(OAc)2, 20 nM hemin hydrochloride, 2 mM DTT, 1 mM
ATP, 0.4 mM GTP, and 10 pg/µL pepstatin, leupeptin, and
aprotinin] to final chaperonin concentrations ranging from
4 to 200 nM (100µL final volume). RRL is 200 nM in CCT
(8). Samples were supplemented with 15 mM EDTA and
incubated for 10 min at 30°C. The binding reaction mixtures
were chromatographed on a Superose 6 size-exclusion
column (Pharmacia) at 4°C in 150 mM KCl, 2 mM MgCl2,
and 20 mM sodium phosphate (pH 7.0) at a flow rate of 0.4
mL/min. Fractions (200µL) were collected.

Chaperonin Binding Reactions with Urea-Denatured
Protein.CCT was purified from bovine testis as previously
described (8). GroEL was obtained from Epicenter Tech-
nologies. The chaperonin concentration was varied by
diluting into folding buffer [20 mM MES (pH 6.8), 100 mM
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KCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 1 mM ATP,
and 0.4 mM GTP] (37). Overexpressed protein in 7.5 M urea
was diluted 100-fold (final [35S-labeled substrate]) 0.8-
1.5 nM) into purified CCT preparations at concentrations
typically ranging from 4 to 200 nM. Higher concentrations
of CCT (up to 2µM) were used in some studies. Binding
reaction mixtures were incubated at 30°C for 3 min,
supplemented with 15 mM EDTA, and incubated for an
additional 7 min. Samples were supplemented with BSA (10
mg/mL final concentration) prior to chromatography on the
size-exclusion column to reduce nonspecific losses of free
folding intermediates on the column. In some studies, RRL
was used as the source of CCT. Binding studies were carried
out as described above except that RRL dilution buffer was
used instead of folding buffer and no carrier protein was
added.

In studies with nucleotide carried out under conditions that
permit MgATP binding or hydrolysis, folding buffers were
supplemented with Mg2+ and ATP as required (EDTA was
not used in these studies). Incubation times were also
increased as indicated. To assess binding affinities, in some
studies samples were chromatographed on the size-exclusion
column with running buffers supplemented with nucleotide
and MgCl2 to final levels identical to those during incubations
in folding buffer.

Analysis of Binding Data.Binding studies were performed
under substrate-limiting conditions ([CCT]total . [â-tubu-
lin] total). Total counts per minute (cpm) recovered (“TCR”)
from the size-exclusion column, taken as the sum of
scintillation counts in fractions 30-100, were monitored in
the urea-denatured studies and decreased with CCT dilution,
typically by ∼1-2-fold between the most concentrated and
the least concentrated samples. These differences presumably
reflected an increased level of substrate loss (free intermedi-
ate) and resulted in a slight underestimation of theKD.
Differences in∆G (∆∆G), which involve a ratio of apparent
KD values, were relatively insensitive to these losses.
Chromatograms were renormalized to yield the same TCR
value. Fraction of substrate bound to CCT or GroEL was
calculated by dividing the cpm sum of fractions eluting at
the chaperonin positions by the cpm sum of fractions eluting
at the chaperonin and free folding intermediate (“I”) posi-
tions, and least-squares fitted (with MacCurveFit) to eq 1 to
obtain the apparentKD.

In cases where the binding studies were repeated two or more
times (n > 1), the listedKDs (Tables 1 and 2) represent the
averageKD value( the standard deviation (SD). SD values
reported for single determinations (n ) 1), on the other hand,
reflect the goodness of fit to eq 1. Under our substrate-
limiting conditions, [chaperonin]free ∼ [chaperonin]total. To
assess CCT stability during dilution, we prepared [35S]CCT
by exchange of newly synthesized [35S]TCP1R into CCT (38)
and determined the amount of intact CCT recovered from
the column for various diluted initial samples. The data
indicated that CCT is stable to at least 4 nM (data not
shown).

The N-terminal fragment studies were characterized by
extensive loss of the free intermediate (Figure 3). For each

set of chromatograms in a dilution study, self-consistent
estimates of the fraction bound were obtained by iterative
fits of the cpm eluting at the chaperonin position to eq 1
(assuming an initial value of 1 for the fraction bound at the
highest chaperonin concentration). For mutants∆2-145,
∆85-144,∆86-251, and∆85-306 (Figure 9), apparentKDs
and∆Gs were estimated from single concentration studies
at 200 nM CCT (data from Dobrzynski et al.). The fraction
bound was determined from SDS-PAGE fluorographs of
column fractions (data not shown).

Binding studies were also carried out with urea-denatured
wild-typeâ-tubulin under conditions where ring 1 is occupied
with MgATP ([MgATP] > 0.04 mM) (14). ApparentKDs
for â-tubulin bound to ring 2 were estimated from eq 1 and
fitted to eq 2 to obtainKD,Nuc2, the apparent dissociation con-
stant of MgATP for ring 2. Equation 2 is derived from eq 1
when [CCT]total > 100 nM and [MgATP]/KD,Nuc2 < 20 (con-
ditions satisfying [CCT]free > [â-tubulin]total), and takes into
account saturation of ring 2 with MgATP. We assume that

CCT with MgATP in rings 1 and 2 does not bind polypep-
tide. KD,ave is the average value (∼20 nM) for KD in the
MgATP concentration range of 0.2-4 mM, where CCT is
essentially free of MgATP in ring 2 (Results). The MgATP-
dependent term is a correction for saturation, where binding
of â-tubulin is only to residual chaperonins free of nucleotide
in ring 2. When 0.2e [MgATP] e 4 mM, KDs were
estimated from dilution studies. In the saturation range
([MgATP] > 4 mM), apparentKDs were estimated from
single-CCT concentration studies except where noted. Equa-
tion 2 does not take into account cooperativity. Consequently,
it fits the high-MgATP concentration data well and gives
only “average”KD values at low MgATP concentrations
where nucleotide binding is complex and cooperativity is
important (Figure 7C).

The relationship∆G ) RT ln KD was used to estimate the
apparent binding free energy. We used the “average contri-
bution perâ-tubulin residue” to∆G as a convenient measure
of the level of interaction ofâ-tubulin regions with CCT
and distinguished between locally and globally averaged
contributions. The globally averaged contribution per residue
is defined as the∆G of the binding reaction divided by the
number ofâ-tubulin residues in the polypeptide. Globally
averaged contributions were either inferred from plots of the
∆Gs (Figure 9) or calculated (Table 3, text).

RESULTS

Polypeptide Binding Studies

Role of Hydrophobic Sites inâ-Tubulin Binding to CCT.
Residues∼150-350 ofâ-tubulin were previously identified
as the primary region of interaction with CCT (“interactive
core”, Figure 1A) (3). This region contains the intermediate
(“M”) domain (residues∼205-384) of nativeâ-tubulin (39).
Since hydrophobic residues play a key role in substrate
binding to GroEL, the contribution of hydrophobic sites
within â-tubulin to CCT binding was investigated. Hydro-
phobicity plots (40) show three hydrophobic regions in the
M domain: residues 225-240 (HR1), 259-278 (HR2), and

fraction substrate bound)
[chaperonin]free

KD + [chaperonin]free

(1)

KD,app) KD,ave+
KD,ave[MgATP]

KD,Nuc2
(2)
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310-318 (HR3) (Figure 1A). In nativeâ-tubulin, residues
265-278 of HR2 formâ-strand S7 and part of the M loop
responsible for lateral protofilament interactions in the
microtubule. HR3 comprises aâ-strand, S8, which lies in
the same sheet as S7, and HR1 encompasses mainly the “core
helix”, a structurally important element that packs against
the N and M domains (39, 41) (Figure 4A below). It was
previously suggested that CCT recognizes sites important
for protein-protein interactions and/or self-assembly and that
HR2 plays a major role in these interactions (3). To estimate
the contributions of HR2 and HR3 to binding, the hydro-
phobic residues of HR2 (Mut. 1) and HR3 (Mut. 3) or
hydrophobic and charged residues of HR2 (Mut. 2) were
replaced with alanyl residues (Figure 1B). N-Terminal
fragments 1-203 and 1-250, which bracketed HR1, were
used to estimate the contribution of HR1. Binding was
assessed in the presence of EDTA with urea-denatured
protein and, in select cases, with newly synthesized polypep-
tides in RRL. Similar affinities were obtained with urea-
denatured and newly synthesized proteins (Table 1). EDTA
prevents MgATP binding or hydrolysis by the chaperonin
and, therefore, processing ofâ-tubulin in RRL. Control
studies with wild-type and purified CCT in the absence of
nucleotide gave essentially the sameKD (∼3 nM) as that
obtained with nucleotide and EDTA (Table 1). In the study
whose results are depicted in Figure 2, wild-type [35S]-â-
tubulin or mutants overexpressed inE. coli were diluted out

of urea and incubated with various dilutions of RRL
containing final CCT concentrations ranging from 2 to 200
nM prior to elution on a size-exclusion column. Radiolabeled
protein eluted mainly at two positions, an early-eluting peak
(fractions 58-69), which corresponds to a CCT-associated
form of â-tubulin (“â-tub-CCT”), and a later-eluting peak
(fractions 80-90), which contains the CCT-freeâ-tubulin
folding intermediate (“I”). A comparison of chromatograms
indicated that the HR2 mutants, Mut. 1 (Figure 2B) and Mut.
2 (not shown), have significantly reduced affinities for CCT
relative to the wild type (Figure 2A). Least-squares analysis
of the data (Figure 2C) indicated an apparentKD value of
2.8 ( 0.3 nM for the wild type and 8-10-fold higher
apparentKD values for the HR2 mutants (Table 1), which
translate to binding free energies (∆G) of -11.8 and-10.5
kcal/mol, respectively. In contrast, replacement of hydro-
phobic residues in HR3 with alanyl residues had no effect

FIGURE 1: Hydrophobic regions ofâ-tubulin. (A) Theâ-tubulin
amino acid sequence was assessed for hydrophobic segments by
the Kyte-Doolittle method using the Protean program by Laser-
gene. PS1 and PS2 denote the two protease-sensitive regions of
the native protein. Three hydrophobic regions were identified within
the interactive core: HR1 (residues 227-241), HR2 (residues 259-
272), and HR3 (residues 309-318). The amino acid sequence for
HR2 is shown aligned with a region with a low degree of sequence
homology in actin that includes the hydrophobic plug (shown in
bold). (B) Hydrophobic residues in HR2 (Mut. 1) and HR3 (Mut.
3) were mutated to alanines as indicated. Hydrophobicandcharged
residues in HR2 were mutated to alanines in Mut. 2.

FIGURE 2: Mutation of the region of residues 259-272 reduces
the affinity for CCT by∼8-10-fold. (A) Binding of urea-denatured
wild-type â-tubulin. Urea-denatured wild-type [35S]-â-tubulin was
diluted into RRL containing 200 (0), 100 ([), 40 (b), 20 (4), 8
(9), 4 (O), and 2 nM CCT (not shown) and incubated and processed
as described in Experimental Procedures. Binding reaction mixtures
were chromatographed on a Superose 6 column at 4°C. â-tub-
CCT and I denote the elution positions of the CCT-â-tubulin binary
complex and the freeâ-tubulin folding intermediate, respectively.
(B) Binding of urea-denatured Mut. 1. Binding was assessed as
described for panel B. Chromatograms for Mut. 1 are shown (plot
symbols are identical to those in panel B). Similar chromatograms
were obtained for Mut. 2 (data not shown). (C) The fractions of
the wild type (O), Mut. 1 (0), and Mut. 2 (9) bound as a function
of CCT concentration. Bound fractions were determined and fitted
by least-squares analysis to eq 1. Renormalization factors for the
chromatograms ranged from 1 to 1.7 for the wild type and from 1
to 1.4 for Mut. 1 (Experimental Procedures).
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on affinity. Deletion of residues 203-250 apparently had a
small effect on binding affinity as indicated by a 5-6-fold
estimated increase in theKD value of the N-terminal fragment
1-203 relative to that of 1-250 (Table 1 and Figure 3).
The data imply that HR1 and HR2 together increase binding
affinity by 30-50-fold. This translates to an apparent
contribution to∆G of ca.-2 kcal/mol from residues∼204-
280. HR2 is an apparent “hot spot” which contributes-1.4
of this -2 kcal/mol.1 Taking all the results together, we
conclude that HR1, HR2, and HR3 apparently contribute no
more than 15-20% to the total∆G. Residues 265-278 of
HR2 are∼30% homologous with residues 263-276 of actin
(Figure 1A), which form a loop or hydrophobic plug thought
to stabilize lateral interactions in F-actin (42). In contrast to
HR2, mutation of the homologous region in actin had no
effect on actin’s affinity for CCT (Table 1). This finding is
consistent with a recent study of actin binding to CCT (2)
and does not support the hypothesis that these hydrophobic
loops of actin and tubulin define a general recognition motif

for the chaperonin (3). Table 1 lists the apparentKD values
for substrates bound to ring 1 of CCT in the absence of
nucleotide. We also list, for purposes of comparison, the
apparentKD value for wild-typeâ-tubulin in thepresence
of 0.5 mM MgATP. This value is∼6-8-fold larger than
the apparentKD value for wild-typeâ-tubulin in the absence
of nucleotide and reflects binding ofâ-tubulin to ring 2 when
ring 1 is saturated with MgATP (and therefore incapable of
binding polypeptide) (Figure 7C inset, below).

â-Tubulin/FtsZ Chimera Proteins (CCTVersus GroEL).
We were concerned that the truncations and the alanine
substitutions may have grossly perturbed the conformation
of the folding intermediates, causing artifactual results. In
an effort to overcome these concerns, we generated chimeric
proteins ofâ-tubulin and its structural relative, theE. coli
protein ftsZ.

FtsZ is the major cytoskeletal protein in bacterial cell
division. Like tubulin, ftsZ binds and hydrolyzes GTP and
self-assembles into higher-order structures (43). The struc-
tures ofM. jannaschiiftsZ and bovineâ-tubulin are strikingly
similar, but their sequences are only 13% homologous
(Figure 4A) (39, 44). They are composed of two similar
principal domains, each comprised of aâ-sheet surrounded
by R-helices, folded against a core helix (Figure 4A). Six
chimeric proteins were generated using PCR-based gene
splicing (Experimental Procedures). The chimeras were
designed so the domain structure of their component parts
could be maintained. Thus, the linkage site was either at the
terminal â-strand of “domain” 1 of ftsZ orâ-tubulin (F1
and F2) or immediately preceding (F3 and F4) or im-
mediately following (F5 and F6) the core helix in each
protein (39, 44) (Figure 4B).

Wild-type â-tubulin, wild-type ftsZ, and the N- and
C-terminal â-tubulin chimeras were assessed in binding
studies with CCT purified from bovine testis. The apparent
KD values are reported in Table 2 with select chromatograms
shown in Figure 5. When expressed in RRL, ftsZ is not co-
immunoprecipitated by antibody 23C, which recognizes
TCP-1R and co-immunoprecipitates tubulin and actin (data
not shown). Consistent with this result, CCT gave aKD of
>10000 nM for ftsZ (Figure 5A). In addition, ftsZ did not
associate with the bacterial chaperonin, GroEL (Figure 5A).
The chimeras displayed a range of affinities for CCT as
observed with theâ-tubulin fragments, confirming that the
CCT-binding sites inâ-tubulin are present in both domains
of the protein. The apparentKD for fragment 1-250 differed
by a factor of∼5-6 from that ofâ1-243/ftsZ204-383,
which may reflect a somewhat perturbed conformation in
the folding intermediate of residues 1-250. ApparentKDs
for the N-terminal chimeras were similar to or slightly higher
than those for the C-terminal chimeras. The sum of the
binding free energies of the paired chimeras is remarkably

1 We have found the “average contribution perâ-tubulin residue”
to ∆G a convenient measure of the level of interaction ofâ-tubulin
regions with CCT (Experimental Procedures). Apparently, residues
260-280 of HR2 contribute on the average ca.-140 cal mol-1

residue-1 to ∆G. This contrasts with that of residues 203-250 where
each residue apparently contributes on the average ca.-19 cal mol-1

residue-1 to ∆G, a value not substantially different from theglobally
aVeragedestimated contribution of ca.-27 cal mol-1 residue-1 for
the wild-type protein (-12 kcal/mol per 445 residues) uncorrected for
a possible conformation change in CCT, or from the ca.-10 cal mol-1

residue-1 corrected (see the Discussion).

FIGURE 3: Contribution from residues 203-250. (A) Binding of
the urea-denatured N-terminal fragment 1-203. The35S-labeled
fragment 1-203 was diluted out of urea into solutions containing
1000 (0), 500 ([), 200 (b), 100 (4), and 40 nM purified CCT
(9) and processed as described in the legend of Figure 2. (B)
Binding of the urea-denatured N-terminal fragment 1-250. The
urea-denatured35S-labeled fragment 1-250 was diluted into folding
buffer containing 200 (0), 100 ([), 40 (b), 20 (4), and 8 nM
purified CCT (9) and processed as described for panel A. Note
the extensive loss of the free folding intermediates (fractions 80-
93) in panels A and B. (C) The fraction bound as a function of
CCT concentration: residues 1-250 (O), 1-203 (0), and 1-144
(4) (chromatograms not shown). Bound fractions were estimated
and fitted by least-squares analysis as described in Experimental
Procedures.
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constant at-18.7( 0.1 kcal/mol (Table 3, column 2). This
result supports the notion that the overall conformation and/
or domain structures of the chimeras were not significantly
different from intactâ-tubulin and ftsZ.

The chimera results follow a consistent pattern. There
appear to be no single or multiple regions within the
interactive core that can account for the high-affinity binding
of â-tubulin to CCT. The apparentKDs (Table 2, CCT data)
show a 2 order of magnitude range, i.e., a spread of ca.-2
to -2.5 kcal/mol in apparent∆G values. This spread is
relatively insignificant compared with the total binding free
energy of ca.-11.8 kcal/mol for the intact protein. This
surprising and paradoxical result, we believe, has important
implications (Discussion).

Binding studies were also performed with GroEL to
elucidate the functional differences between the chaperonins
(Figure 5 and Table 2). Intactâ-tubulin bound tightly to
GroEL, with aKD that was∼2-fold higher than that for CCT
(Table 2). C-Terminal chimeras also bound tightly to GroEL.
In contrast, N-terminal chimeras bound weakly to GroEL
(KD > 4 µM). These results suggest that GroEL binds the
M and C but not the N portions of the intact protein. GroEL
also binds Mut. 1 and 3 and the wild type with similar
affinities (Table 2) and thus appears not to interact with
residues 259-272 or with residues 310-320.

Taken together, the results suggest that GroEL may not
interact with residues N-terminal to residue 320. This is
surprising since the major hydrophobic regions inâ-tubulin
are N-terminal to this residue. These results likely indicate
different interactions ofâ-tubulin with the apical domains
of the chaperonins. However, since CCT is larger than
GroEL, an alternative explanation is that physical constraints
limit the insertion ofâ-tubulin into GroEL, and it is mostly
the C-terminal portion that is accommodated within the
channel. This possibility is supported by the observation that
the N-terminal fragments interact with GroEL (KD ∼ 100
nM) (Table 2).

Chymotryptic Digestion Studies of the Folding Intermedi-
ate.To compare the folded state of bound and free folding

intermediates, wild-type intermediate “I” was tested for
sensitivity to chymotrypsin and for its ability to reassociate
with CCT (Figure 6). When [35S]-â-tubulin was diluted out
of urea into 4 nM CCT,∼40% of the radiolabel eluted at
position “I”. As expected, when an aliquot was incubated
with 200 nM CCT, radiolabeled “I” reassociated quantita-
tively with CCT (Figure 6A). Since “I” is non-native, it
should also be more sensitive to chymotrypsin than the
“mature” native-like form ofâ-tubulin released from CCT
(3). Non-native “I” isolated from a 4 nMbinding reaction

Table 1: Apparent CCT Dissociation Constants forâ-Tubulin and
Actin Polypeptides

KD (nM)

Ia II b III c

â-tubulin
wild type 2.8( 0.3 4.5( 0.6 (n ) 2) 2.5( 0.2
with 0.5 mM

MgATPd
26 ( 4 (n ) 4)

HR2
Mut. 1 20( 1.4 35( 8 19( 3.3
Mut. 2 26( 2.7 31( 6.3

HR3
Mut. 3 3.3( 0.4 6.9( 2.5

HR1
residues 1-203 160( 20 210( 20

(n ) 2)
residues 1-250 28( 2

actin
wild type 13( 4.0 (n ) 3)
Mut. Ae 12 ( 2.0 (n ) 2)

a Urea-denatured into RRL.b Urea-denatured into purified CCT.
c Binding reactions with newly synthesized protein (see Experimental
Procedures).d See the inset of Figure 7C.e Mut. A, 260AQPAAA-
GAAS271; wild type, 260FQPSFIGMES271.

FIGURE 4: â-Tubulin/ftsZ chimera constructs. (A) Ribbon diagrams
of ftsZ and theâ-tubulin subunit. The latter is extracted from the
structure of the native tubulin heterodimer (39). Native â-tubulin
folds into an N-domain (residues 1-205), an M-domain (residues
205-384), and a C-domain (residues 385-445). The S6 strand
(residues 198-202) and the H6 helix (residues 205-213) of
â-tubulin are colored brown; the core helix (H7) is blue, and the
S8 strand is magenta. The same color scheme is used for ftsZ. The
protease-sensitive region of residues∼260-290 (1) (green) en-
compasses HR2 and a portion of the “M” loop. Note the small
“M” loop in ftsZ. The GTP moiety is yellow. (B) Secondary
structure elements and amino acid sequences of ftsZ and the
â-tubulin subunit are shown relative to their core helices (bar)
helix; arrow ) â-strand). (C) Fusion regions ofâ-tubulin/ftsZ
chimeras. Three N-terminal and three C-terminal chimeras were
constructed (proceeding top to bottom, chimera proteins F1, F3,
F5 and F2, F4, and F6, respectively). Lines, arrows, and bars that
are solid representâ-tubulin secondary structural elements. Dotted
lines, hatched arrows, and hatched bars represent ftsZ elements.
Vertical arrows denote the fusion points.

â-Tubulin and CCT Interact Dynamically Biochemistry, Vol. 39, No. 14, 20003993



in RRL (with EDTA) was subjected to limited digestion with
chymotrypsin on ice. For comparison,â-tub-CCT isolated
from a 200 nM CCT binding reaction mixture was adjusted
to a final CCT concentration of 10, 50, or 200 nM and
similarly digested. The loss of full-length protein exhibited
biphasic kinetics. Proteolytic conditions that produced modest
levels of digestion of the “partially mature”, nearly native
monomer (3, 7) caused extensive digestion of “I”. More than
98% of “I” was digested within 30 s of the addition of
chymotrypsin (Figure 6B,C). The remaining 1-2% of full-
length “I” digested slowly. Binding partially protects the
intermediate. Sixty to seventy percent of the bound form was
digested within 1 min of protease addition; an additional

5-10% of full-length protein was digested by 10 min (Figure
6B,C). Fragmentation patterns ofâ-tubulin-CCT are similar
to that reported for a similar nucleotide-free study by
Dobrzynski et al. but differed in intensities from that
observed in the presence of nucleotide (3).

Digestion rates and fragmentation patterns offull-length
â-tubulin complexed to CCT wereindependentof chaperonin
concentration over a 20-fold range (2KD < [CCT] < 50KD)
(Figure 6B). This indicated a tight association of polypeptide
with CCT and did not support the possibility that free “I”,
either in equilibrium with CCT or exchanging with bound
“I”, affected the digestions. This conclusion is supported by
a previous report by Farr et al. (8), who found that wild-
typeâ-tubulin folding intermediates bind tightly to CCT in
the absence of nucleotide and apparently have very low rates
of dissociation as these intermediates cannot be readily
captured by GroEL traps. Surprisingly, fragmentation patterns
of the bound and freeâ-tubulin were remarkably similar
(Figure 6B). Fragments Nt and Ct and the highly resistant
18 kDa fragment (/) previously seen with newly synthesized
CCT-bound wild-typeâ-tubulin were also generated from
the free folding intermediate. Thus, binding to CCTde-
creases the rate by which tubulin is digested without masking
major cleaVage sites. Fragments Nt and Ct were attributed
previously by Dobrzynski et al. to cleavage within a protease-
sensitive region, residues∼260-290 (Figure 1A). This
region, which encompasses HR2, coincides with strand S7
and the M loop in the native protein (Figure 4A). In RRL
and in the presence of nucleotide, this strand-loop region
apparently becomes increasingly resistant to protease as the
â-tubulin folding intermediate matures in association with
CCT (3).

Nucleotide Studies

GroEL displays a nested cooperativity in MgATP binding
(45) where (I) MgATP binds cooperatively within one GroEL
ring, inducing a conformational change that inhibits polypep-
tide binding to this ring, and (II) MgATP binding within
one ring (ring 1) inhibits MgATP binding to the second ring
(ring 2). Nested cooperativity is presumed to occur with CCT,

FIGURE 5: Interaction ofâ-tubulin/ftsZ chimeras with CCT and
GroEL. (A) FtsZ does not bind CCT or GroEL. [35S]FtsZ was
diluted out of urea into 1µM purified CCT (0) or 1 µM GroEL
(9). Samples were incubated and processed as described in the
legend of Figure 2 except that BSA was added as a carrier protein
prior to chromatography. (B and C) Binding chromatograms for
ftsZ1-204/â245-445 (F6) andâ1-243/ftsZ204-383 (F5). CCT
binds with a similar affinity to the N- and C-terminal chimeras
with KDs ranging from 100 to 300 nM (Table 2). (B) C-Terminal
chimeras bind with a high affinity to GroEL. C-Terminal chimeras
were diluted from urea into solutions containing 200 nM GroEL
(9) or 200 nM purified CCT (0) and processed as described for
panel A (only F6 chromatograms are shown). The apparentKD for
F6 and GroEL is∼38 nM. (C) N-Terminal chimeras bind with a
low affinity to GroEL. N-Terminal chimeras were diluted from urea
into solutions containing 2µM GroEL (9) or 500 nM purified CCT
(0) and processed as described for panel A (only F5 chromatograms
are shown). The apparentKD for F5 and GroEL is>10 µM. In
contrast, the N-terminal fragments display intermediate affinities
for GroEL. This may reflect unmasked site(s) or possibly differences
in substrate accessibility. Note the three- to four-fraction shift in
the peak position of the GroEL relative to the CCT. This reflects
the smaller size of GroEL.

Table 2: Apparent Dissociation Constants forâ-Tubulin Fragments,
Chimera Proteins, and Mutantsa

KD (nM)

CCT GroEL

wild-type â-tubulin 4.5( 0.6 (n ) 2) 8.1( 0.3 (n ) 3)
wild-type ftsZ >10000b (n ) 2) >10000 (n ) 2)
N-terminal fragments

1-144 435( 70 ND
1-203 160( 20 90( 11
1-250 28( 2 72( 8

N-terminal chimeras
â1-203/ftsZ164-383 289( 29b >4000 (n ) 2)
â1-218/ftsZ174-383 248( 28b >4000
â1-243/ftsZ204-383 148( 23b >4000 (n ) 2)

C-terminal chimeras
ftsZ1-163/â203-445 107( 28 21( 4 (n ) 2)
ftsZ1-173/â219-445 87 ( 11 8.5( 3.0 (n ) 2)
ftsZ1-204/â245-445 204( 36 38( 13

Mut. 1 35( 8 1.3( 0.7
Mut. 3 6.9( 2.5 3.0( 0.4 (n ) 2)

a Studies performed with purified chaperonin.b Similar values also
obtained using RRL.
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although to the best of our knowledge this has not been
demonstrated in the literature. EM studies of CCT show
asymmetric forms in the presence of MgATP, consistent with

a negative inter-ring cooperativity (32). However, these
studies also show a pronounced tilt of the equatorial domains
of the MgATP-bound ring toward the intermediate domains
which reduces contact between the rings, and suggests that
ATP binding or hydrolysis destabilizes CCT, possibly dis-
sociating these chaperonins into single-ring intermediates
and/or subunits during the polypeptide-folding cycle (38).
Roobol et al. (46) recently reported ATP-dependent disas-
sembly of CCT in mammalian cell extracts. Consequently,
CCT may not function as a two-stroke engine as has been
proposed for GroEL. We exploited the sensitivity ofâ-tu-
bulin-CCT binding to nucleotide to indirectly investigate
the effect of nucleotide on inter-ring communication in CCT.
Preliminary studies indicated that CCT was stable in the
presence of MgATP (at least several millimolar), suggesting
that this indirect approach should be possible.â-Tubulin is
an excellent probe for these studies. Although it cycles on-
and-off the chaperonin and undergoes apparent “matura-
tion” in the presence of MgATP, it retains a high affinity
for CCT and does not mature to a stable CCT-free form in
the absence of cofactors. The studies below suggest that
CCT functions as a two-stroke engine. If cycles of disas-
sembly and reassembly of CCT are indeed essential for
folding (5, 46), our results support the notion that these cy-
cles have more impact on howpolypeptidesare managed
than on hownucleotidesare managed by CCT (5) (Discus-
sion).

Binding studies were performed with purified CCT and
limiting concentrations of urea-denatured wild-typeâ-tubulin
in folding buffer supplemented with MgATP (Figure 7).
Addition of GTP (to a final concentration of 0.4 mM) did
not alter the affinity of theâ-tubulin folding intermediate
for CCT when tested in select cases. The MgATP concentra-
tions that were used (>0.2 mM) were sufficiently high to
saturate the nucleotide binding site of ring 1 of CCT [KD,Nuc1

∼ 40µM (14)]. Under these conditions, and if CCT behaves
like GroEL, measurements ofKD should be measurements
of the apparent affinity of ring 2 forâ-tubulin. This is a
reasonable assumption since EM studies suggest that the
apical domains of the MgATP-bound CCT ring undergo a
conformation change that inhibits polypeptide binding, as
occurs with GroEL (23, 32). We reasoned that if CCT
behaves like GroEL, then at MgATP concentrations that are
insufficient to overcome the negative cooperativity between
rings, ring 2 of CCT should be free of nucleotide and affinity
for â-tubulin should be high. At sufficiently high MgATP
concentrations, both rings should be occupied with nucleotide
and the affinity for polypeptide should be drastically reduced.

Table 3: Apparent Free Energy Changes for Binding ofâ-Tubulin/FtsZ Chimera Proteins to CCTa

paired chimerasb
(1) ∆G

(kcal/mol)
(2) ∆GN+C

(kcal/mol)c
(3) ∆GN+C - ∆GWT

(kcal/mol)

(4) globally averaged contribution
per tubulin residue, correctedd

[kcal mol-1 (â-tubulin residue)-1]

F1 (N1-203) -9.0 -18.6 -6.9 -0.010
F2 (C203-445) -9.6 -0.011
F3 (N1-218) -9.1 -18.8 -7.1 -0.009
F4 (C219-445) -9.7 -0.011
F5 (N1-245) -9.4 -18.6 -6.9 -0.010
F6 (C245-445) -9.2 -0.012

avg-0.011( 0.002
a ∆G ) RT ln KD (data from Table 2).b â-Tubulin segment in parentheses.c Sum of paired chimeras.d (Column 1- column 3)/(number of

â-tubulin residues) (Discussion). For the wild type, (-11.8 kcal/mol- column 3ave)/445 ) -0.010 kcal mol-1 residue-1.

FIGURE 6: Folding intermediate “I” andâ-tub-CCT are conforma-
tionally similar. (A) “I” rebinds CCT. [35S]-â-Tubulin was diluted
from urea into 4 (0) and 200 nM CCT (O) in RRL, and incubated
and processed as described in the legend of Figure 2. Prior to
chromatography, samples were supplemented with BSA as a carrier
protein. A 20µL aliquot of the 4 nM CCT binding reaction was
removed and added to 80µL of RRL (200 nM CCT) and incubated
for an additional 10 min prior to chromatography (9). More than
85% of “I” rebound CCT (97% predicted from the apparentKD).
(B) â-tub-CCT and “I” display similar chymotrypsin digestion
patterns. “I” isolated from a 4 nM CCTbinding reaction mixture
was digested with 6µg/mL chymotrypsin on ice for 0, 0.5, 1, 2, 5,
and 10 min. [35S]-â-tub-CCT, isolated from a 200 nM CCT binding
reaction mixture in RRL, was adjusted to CCT concentrations of
10 and 200 nM, by dilution with buffer or by supplementation with
exogenous CCT (10 min at 30°C), and similarly digested with
chymotrypsin. Digests were examined by SDS-PAGE and quan-
titated by PhosphorImager analysis.â denotes the full-length
polypeptide, Nt the N-terminal (34-37 kDa) fragments, Ct the
C-terminal (22 kDa) fragment, and/ a highly resistant 18 kDa
fragment. (C) The percent remaining of full-lengthâ-tubulin
following chymotrypsin digestion: “I” (O) and 10 (0), 50 (b), and
200 nM total CCT (9).
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The affinity for â-tubulin was high in the presence of 1
mM MgATP (apparentKD ∼ 28 ( 5 nM) (Figure 7A),
although it was reduced 9-10-fold relative to those of non-
nucleotide and 1 mM MgADP controls (data not shown). A
drastic reduction in the apparent affinity was observed at 10

and 30 mM MgATP, concentrations that would be anticipated
to result in occupation of ring 2 ATP sites (Figure 7B). At
10 mM MgATP, the apparentKD was∼100 nM, and at 30
mM MgATP, ∼500 nM. In contrast, in studies with 30 mM
ATP without Mg2+ (data not shown), 30 mM Mg2+ without
ATP (data not shown), or 10 mM MgAMP-PNP (Figure 7B),
the apparent affinity of ring 2 forâ-tubulin was not altered.
These control studies do not support the possibility that the
decreased affinities observed at high MgATP concentrations
reflect salt effects.

The inset of Figure 7C shows a plot ofKD versus low
concentrations of MgATP (where ring 2 is essentially free
of MgATP). The apparentKD increased from∼3 nM in the
absence of nucleotide to∼26 nM at 0.5 mM MgATP (Table
1). This is attributed, as above (Figure 7A), to an inter-ring
effect of the nucleotide in ring 1 on the affinity of ring 2 for
â-tubulin. This increase provided an upper bound estimate
of e250 µM for KD,Nuc1, consistent with the MgATP
dissociation constant value of 40µM obtained by Melki et
al. (14). The apparentKD remained constant from 0.5 to 1
mM MgATP, and thendecreasedwith MgATP concentra-
tions of up to 4 mM. We tentatively attribute this decrease
in KD to a weakening of inter-ring communication followed
by a recovery in the binding affinity of ring 2 forâ-tubulin
to values similar to the nucleotide-free case. A sharp,
cooperative-like transition in theKD values occurred between
4 and 6 mM MgATP where all or most of the subunits in
ring 2 apparently took up MgATP. The estimated transition
point, ∼4.5-5.0 mM, provided us with an estimate for the
apparent MgATP dissociation constant for ring 2 (KD,Nuc2).
The gradual decrease inKD observed before the transition is
consistent with a modified Koshland, Nemathy, and Filmer
(KNF) model for cooperativity, where MgATP binding is
sequential and indicative of a functional hierarchy in the
subunits (33). Saturation of ring 2 with nucleotide after this
transition is expected to give rise to a linear increase in the
apparentKD with increasing MgATP concentrations. Figure
7C shows plots of the apparentKD versus MgATP concen-
tration for two independent studies at high MgATP concen-
trations fitted to eq 2 (Experimental Procedures). Equation
2 predicts that as ring 2 saturates with MgATP, the apparent
KD for â-tubulin should increase linearly with MgATP con-
centration at an extent inversely proportional toKD,Nuc2. The
average value obtained forKD,Nuc2 (3 mM) is ∼100-fold
greater thanKD,Nuc1. Our data therefore suggest that MgATP
binding in ring 1 destabilizes MgATP binding to ring 2 by
∼3 kcal/mol. The data thus supports inter-ring communica-
tion in CCT. As significant levels of intact CCT are
apparently retained in vitro in the presence of moderate to
high MgATP concentrations (Figure 7D), the study supports
the notion that CCT can function as a two-stroke engine
similar to GroEL. Further studies with saturating amounts
of polypeptide will be required to confirm this hypothesis.

MgATP and MgAMP-PNP produce similar asymmetric
structures when bound to ring 1 of CCT (32). The finding
that MgAMP-PNP could not substitute for MgATP (Figure
7B) suggests that MgATP hydrolysis in ring 1 is required
for weakening of inter-ring communication, thereby permit-
ting MgATP binding to ring 2. In many MgATPases, AlF4

-

can replace transitorily bound phosphate produced by hy-
drolysis of ATP to generate a stable transition-state analogue
(47, 48). We thought it should be possible to exploit this

FIGURE 7: Effects of MgATP in ring 1 onâ-tubulin binding to
ring 2. (A) Binding to CCT at 1 mM MgATP. Purified CCT was
diluted to 100 (0), 20 (O), and 2 nM (4) in buffer containing 1
mM MgATP. Urea-denatured [35S]-â-tubulin was diluted into the
samples and incubated for 10 min. Samples were chromatographed
on a Superose 6 column. (B) Binding to CCT at high ATP
concentrations. Purified CCT was diluted to 200 nM in buffer
containing either 5 mM MgCl2 and 10 mM ATP (0), 10 mM MgCl2
and 30 mM ATP (4), or 10 mM MgCl2 and 10 mM AMP-PNP
(O) and incubated for 90 min. Urea-denatured [35S]-â-tubulin was
diluted into the samples and chromatographed as described for panel
A except that running buffers were supplemented with MgCl2 and
ATP as in the incubations. (C) ApparentKD vs MgATP concentra-
tion. Two independent studies were performed. In study 1, a range
of ATP concentrations from 0.5 to 30 mM was examined. Purified
CCT was diluted to 200 nM in buffers supplemented with 0.5, 1,
2, 4, 10, 25, and 30 mM ATP and incubated for 90 min. Folding
buffer was supplemented with additional MgCl2 so that ATP and
MgCl2 concentrations were equivalent. The 4, 10, 25, and 30 mM
ATP data points fitted to eq 2 (s) gave an estimatedKD,Nuc2 value
of 1.3 mM. For the 25 mM MgATP studies, binding ofâ-tubulin
was assessed over a range of CCT concentrations (8-200 nM),
whereas in the 10 and 30 mM MgATP studies, a single CCT
concentration of 200 nM was used (as in panel B). Urea-denatured
[35S]-â-tubulin was diluted into the samples and incubated for 90
min. Samples were processed as described for panel B. Apparent
KD values (0) represent an average of at least two determinations
(with the exception of the 25 mM study which was performed only
once). In study 2, binding ofâ-tubulin to 200 nM CCT preincubated
with 1, 30, and 50 mM MgATP was examined (- -[- -). This study
gave an estimatedKD,Nuc2value of 4.4 mM. The inset is an expanded
plot of the apparentKD vs MgATP concentration. The apparent
KD displays complex behavior at low to intermediate MgATP
concentrations. Note its increase from 3 nM in the absence of
nucleotide to 30 nM with 0.4 mM MgATP. This increase reflects
occupancy of ring 1 with MgATP and provides an upper bound
estimate of<200µM for KD,Nuc1, consistent with the 40µM value
obtained by fluorescence (14). (D) Silver-stained SDS-PAGE
gel of the column fractions from 50 mM ATP (left) and 30 mM
ADP studies (right). Fraction numbers are indicated above the lanes.
Arrows show the positions of CCT subunits and BSA (internal
reference added as a carrier protein in large excess). At 50 mM
MgATP, which represents the extreme end of our study,∼60% of
the CCT dissociated into rings and/or oligomeric structures.

3996 Biochemistry, Vol. 39, No. 14, 2000 Dobrzynski et al.



stability to achieve nucleotide occupancy of ring 2 at much
lower MgATP concentrations than that of Figure 7. CCT
was incubated with 100µM MgATP, 100µM Al(NO3)3, and
5 mM NaF (14) and the binding affinity forâ-tubulin
assessed. The chaperonin retained a relatively high affinity
for â-tubulin (apparentKD ∼ 20 nM, Figure 8A). However,
when the concentrations were increased to 1 mM MgATP,
1 mM Al(NO3)3, and 10 mM NaF, a much lower apparent
affinity was observed (apparentKD > 1 µM, Figure 8B).
ATP appeared to be limiting in the 100µM study because
increasing the concentrations of Al(NO3)3 and NaF was not
sufficient to generate the low-affinity form (data not shown).
The low-affinity state could not be obtained with MgADP-
AlF4

- or MgAMP-PNP-AlF4
-, indicating that ATP hy-

drolysis was required (Figure 8B). Column fractions analyzed
by SDS-PAGE and silver staining showed similar intensities
and elution positions of CCT subunits for the ATP-AlF4

-,
ADP-AlF4

-, AMP-PNP-AlF4
-, and AlF4

- samples, indi-
cating that the chaperonin was intact (Figure 8C).

DISCUSSION

Comparison of KD Values with PreVious Studies.The
apparentKD values forâ-tubulin and actin binding to CCT
(Table 1) are similar toKD values commonly observed for
tight binding substrates of GroEL. However, they are smaller
by 2 orders of magnitude than those reported previously (14).
With the exception of 100 mM KCl present in our folding
buffer, the folding buffers are essentially identical in the two
studies. When we repeated theKD measurements for wild-
type â-tubulin in the previously used buffer (14), values
similar to those reported in Tables 1 and 2 again were
obtained. We therefore attribute the discrepancy in the
apparentKD values to differences in experimental design.
In the study presented here, the apparentKD values that were
obtained were ascribed to polypeptide binding at ring 1
(Results). The CCT concentration was varied, while a fixed
limiting concentration of substrate was used (typically 1.5
nM, which is lower than the experimentally determinedKD).
In contrast, Melki et al.did a saturation study, varying
substrate over a range of concentrations that were in
considerable excess of theirKDs (from 350 nM to 25µM in
the case ofâ-tubulin) while holding the CCT concentration
fixed at 500 nM. They concluded that at saturation two
â-tubulins bound CCT with apparently identical affinities
(KDs ∼ 1 µM). One â-tubulin was assigned to each ring,
and the binding of the twoâ-tubulins to the two rings was
assumed to occur simultaneously (their Figure 8). The high
KD value they deduced likely reflects binding of the second
â-tubulin to ring 2 since our results indicate that ring 1 would
have already been saturated withâ-tubulin polypeptide at
the very start of their concentration study [their first data
point at 350 nM in fact shows 6 pmol ofâ-tubulin bound
per 10 pmol of CCT (60% saturation)]. For the previous
investigators to have studied binding to ring 1, they would
have had to reduce their CCT andâ-tubulin concentrations
by more than 2 orders of magnitude.

CCT Substrate SelectiVity. The class II chaperonin CCT
facilitates the folding of actin, tubulin, GR transducin, cyclin
E, and probably myosin II (49) in vitro and in vivo. Thus
far, in vivo studies have failed to clearly identify any other
substrate proteins; however, recent evidence suggests that
perhaps as much as 10% of newly synthesized proteins in
mammalian cells may transit through CCT (50). When
presented from denaturant, most proteins do not bind to CCT
with high affinity (G. W. Farr, unpublished observations).
Nevertheless, Melki et al. have proposed that a significant
number of denatured proteins bind with high affinity to CCT
in vitro (14). In contrast, the class I chaperonin GroEL has
been shown to facilitate the folding of many proteins in vitro
and is thought to interact with many more proteins in vivo
(51-53). Several studies have recently attempted to explore
the apparent selectivity of CCT by using mutagenesis to alter
the primary structures of actin or tubulin (2, 3). These
investigations were limited by the fact that (i) controls were
not introduced to test the possibility that a change in the
primary structure significantly altered the conformation of
the substrate protein presented to CCT and (ii) the assays
failed to quantitate sufficiently the binding affinities.

In the current study, we introduced ftsZ/â-tubulin chimeras
as potential controls and implemented a quantitative approach
to determine the contribution of select regions ofâ-tubulin

FIGURE 8: AlF4
- stabilizes a low-affinity form of CCT in the

presence of MgATP but not MgADP or MgAMP-PNP. (A) AlF4
-

study (100µM). Purified CCT was diluted to 200 nM in folding
buffer that contained 100µM ATP, 100µM Al(NO3)3, and 5 mM
NaF and was incubated for 90 min. [35S]-â-Tubulin was diluted
100-fold out of urea into CCT and incubated for 10 min. Samples
were chromatographed on a Superose 6 column to assess binding
affinities. The Mg2+ concentration was 2 mM. (B) AlF4- study (1
mM). Purified CCT was diluted to 200 nM in folding buffer
supplemented with 1 mM Al(NO3)3 and 10 mM NaF (0) or, in
addition, with 1 mM ATP ([), ADP (4), or AMP-PNP (O) and
incubated for 90 min. Samples were processed as described for
panel A. (C)â-tub-CCT fractions 60-70 from the 1 mM studies
were subjected to SDS-PAGE and silver staining.
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to binding. Our results indicate that the concept of a high-
affinity interactive core which is restricted to a defined region
in the substrate protein and accounts for CCT’s substrate
selectivity is illusory (see below). However, certain sites (hot
spots) may interact modestly with CCT. We identified one
such site at residues 259-272 by alanine scanning mutagen-
esis. Nevertheless, our use of other mutants as probes to
identify additional hot spots met with little success. This
failure may reflect the possibility thatâ-tubulin fragments
and scanning alanine mutants perturbed the conformation of
the folding intermediate and in so doing have smoothed out
the contribution of other hot spots. However, it is unlikely
that such perturbations masked large∆G contributions. For
instance, when the N-terminal fragments and their corre-
sponding N-terminal chimeras are compared, there is little
difference in the binding free energies (e1 kcal/mol, Table
2). We are thus confronted with an inability to rationalize
â-tubulin’s high apparent affinity for CCT in terms of
interactions with selectâ-tubulin regions.

Our finding of weak binding sites inâ-tubulin that lead
to high-affinity association with CCT suggests, as one
possibility, active involvement of CCT. This anomaly was
also noted in the recent study of actin binding to CCT, where
positive cooperative interactions between CCT and the weak
binding sites in actin were hypothesized as a mechanism for
strengthening binding (2, 3). Positive cooperative interactions
may contribute toâ-tubulin binding, although we have no
evidence for this at present. In contrast, negative inter-ring
cooperativity may be important forâ-tubulin binding as
suggested by the large discrepancy in the binding affinities
of â-tubulin for the two rings of CCT (our study versus Melki
et al., Results). If so, the 2 order of magnitude discrepancy
in KD values suggests a∼3 kcal/mol increase in the binding
free energy for ring 2 relative to that for ring 1. This increase
is similar to that estimated earlier for MgATP binding to
ring 2 relative to binding to ring 1 (Figure 7C).

Role of the Chaperonin in Substrate Binding.While
comparing the affinities of the N- and C-terminal chimeras,
we were struck by a consistent excess of free energy in each
matched pair (Table 3). We had anticipated that the sum of
the free energies for the binding of a matched pair would be
roughly equal to the free energy observed for intact wild-
type â-tubulin. Instead, this sum shows aconsistentexcess
of -7 kcal/mol of free energy when compared with wild-
typeâ-tubulin (Table 3,∆GN+C - ∆GWT varied from-6.9
to -7.1). This discrepancy may reflect folding differences
between the wild type and the chimeras. Alternatively, if
the ftsZ portions of the chimeras make an insignificant
(<10%) contribution and the intrinsic contributions from the
â-tubulin portions of the chimeras are more or less equivalent
to the same regions in wild-typeâ-tubulin, this additional
free energy suggests contributions from sources other than
the bound polypeptide. One possibility is that the chaperonin
itself, perhaps by a conformational change, stabilizes the
binary complex by providing additional negative binding free
energy. If true, then this stabilizing energy should appear
twice in the sum of the∆Gs of the matched pair, a
consequence of two separate binding measurements, com-
pared with just one measurement for wild-typeâ-tubulin,
and should be evident as an additional∆G (estimated here
to be -7 kcal/mol) when the binding free energies are
compared. This presumptive contribution of ca.-7 kcal/

mol from CCT is uncorrected for differences in intramo-
lecular folding of tubulin and chimeras and is an upper bound
estimate. It is possible that in the chimeras, the domains may
pack against each other differently than in wild-typeâ-tu-
bulin. This could expose additionalâ-tubulin sites for
interaction with CCT and contribute to the excess∆G.
Whether these and other intramolecular folding differences
would be large enough to account for the-7 kcal/mol excess
free energy, an amount that is∼60% of the total binding
free energy of wild-typeâ-tubulin, is unclear to us in view
of the considerable structural similarity of native ftsZ and
â-tubulin (39, 44) (Figure 5A). Furthermore, the fact that
all three chimera pairs give the identical excess free energy
within a few percent (Table 3) seems not to support this
possibility. In contrast, the hypothesis that a conformation
change in CCT occurs concomitant with substrate binding
readily rationalizes this constancy.

This additional free energy was also encountered in a more
complete analysis of our binding data. Figure 9 shows
apparent∆G values for the wild type, N-terminal fragments,
and N-terminal chimeras (primary data taken from Tables 1
and 2) together with three internal deletion fragments∆85-
144, ∆86-251, and∆85-306, and an N-terminal deletion
mutant∆2-145 from Dobrzynski et al., plotted against the
number of â-tubulin residues present in the respective
polypeptides (“residue length”).∆G values fit a least-squares
line [slope) -9 cal mol-1 (â-tubulin residue)-1]. The data
represent a range of more than 2 orders of magnitude inKD

values. We were unable to detect binding of the fragment
1-85 (the smallest fragment we examined) by our technique
(<1% bound at 200 nM CCT;KD > 10 µM) (3). We
conservatively estimated that theKD for deletion mutant
∆85-144 was∼50 nM. Compared with that of the wild type,
this represents an increase in free energy from-11.8 to
-10.2 kcal/mol (Figure 9,2 at residue length 385 vsW at
residue length 445). The difference of 1.6 kcal/mol is greater
than what would be expected if residues 85-144 made an

FIGURE 9: Apparent∆G vs the number ofâ-tubulin residues
(residue length). Apparent∆G values are shown for the N-terminal
fragments and N-terminal chimeras (0), the wild type (W), Mut. 1
(M ), internal deletions∆85-144, ∆86-251, and∆85-306 (2),
and N-terminal deletion mutant∆2-145 (b). The solid line, where
apparent∆G(kcal/mol)) -7.5-0.009× residue length, is a least-
squares fit to the data. Values for the internal deletions and∆2-
145 are based on single-CCT concentration studies. Three different
scenarios for∆G at short residue lengths (<100) are also sketched
in this figure (dashed lines I-III). See the text for details.
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“average” contribution of ca.-9 cal mol-1 (â-tubulin
residue)-1 to binding, a result which suggests that this region
contains a hot spot2 (the significance of this “average”
contribution is discussed below). The apparent linear de-
pendence of∆G on residue length (Figure 9) does not support
the existence of a major region ofâ-tubulin, such as an
interactive core (3), which gives rise to CCT specific binding.
Furthermore, the finding that the wild-type value falls on or
close to this least-squares line does not support the positive
cooperativity model of Rommelaere et al. (2).3 More
importantly, the linear plot implies thatâ-tubulin interactions
with CCT are to a good approximation additive over a wide
range of fragment and domain sizes and supports the notion
that the excess free energy derived in Table 3 arises from
factors other than differences in folding. Further studies will
be required to confirm these findings. It should be noted that
we do not interpret the linear plot (solid line, Figure 9) as
evidence that the bound forms are unfolded on the interior
surface of CCT and that interactions with the chaperonin
are equal along the entire length of the protein with individual
residues generally contributing ca.-9 cal/mol to∆G. Rather,
we believe these forms are quasi-native (wild type) (ref3
and Figure 6B) or quasi-native and/or molten globule
(mutants) and have multiple weak binding sites (together with
several moderate hot spots) which are distributed along the
â-tubulin sequence and which give rise to the apparent linear
dependence of∆G on residue length. The number and
location of these sites are largely unknown.

We suggest the least-squares slope [-9 cal mol-1 (â-
tubulin residue)-1] (Figure 9) provides aglobal average of
the interaction of CCT with theâ-tubulin residues,Valid for
polypeptides that contain>100-140â-tubulin residues(see
below). As defined, this global average includesall â-tubulin
residues in the folding intermediate, both buried and exposed
(Experimental Procedures). Surprisingly, this measure of
interaction is apparently constant and to a good approxima-
tion independent of polypeptide size for fragments with more
than∼140 residues. This can be understood if the polypep-
tides are largely unfolded on the interior surface of CCT.
We do not believe this to be the case and favor a dynamic
model of interaction to explain the result. We suggest that
the bound polypeptides interact dynamically with CCT at
multiple weak binding sites with transient exposure of
“buried residues” to CCT being a frequent occurrence. This
concept is developed further below. Other explanations are
possible. For example, an ensemble of bound forms that
interact statically with CCT might also give rise to an
apparent linear dependence of∆G on â-tubulin length.

A globally averaged contribution of ca.-10 to -11 cal/
mol perâ-tubulin residue similar to that derived from Figure

9 was also obtained for the wild type and chimeras by an
entirely differentapproach (above) when binding free ener-
gies were corrected for a putative conformation change in
CCT (Table 3, column 4 and footnote d). In contrast, the
uncorrectedglobally averaged contribution ranged from ca.
-27 cal mol-1 (â-tubulin residue)-1 for the wild type (-11.8
kcal/mol per 445 residues) to ca.-45 cal mol-1 (â-tubulin
residue)-1 for the chimeras (values in column 1 of Table 3
divided by the number ofâ-tubulin residues). While we
cannot definitively say at present which version is correct,
we find it satisfying that the globally averaged contributions
are apparently similar when corrected for the putative
conformation change in CCT. This suggests that intramo-
lecular folding may not be very different in the wild type
and chimeras. In our analysis (Table 3), we assumed as a
working hypothesis thatâ-tubulin fragments and/or domains
contribute additively to the energy of binding. This hypoth-
esis is supported by the Figure 9 results and implies that
each domain or fragment interacts independently with CCT,
without major steric interference, in a manner similar to that
of the corresponding region in the wild type. This cannot be
strictly correct. The assumption of additivity, however, may
pose less of a problem than one might initially think. We
observed, for example, that the apparentKDs of the N-
terminal chimera differed by no more than a factor of 2-5
from those of the N-terminal fragments. This translates to a
relatively modest difference of∼0.5-1 kcal/mol in their
binding free energiesdespitethe fact that the fragment set
lacks a C-terminal domain, whereas the chimera set nomi-
nally has C-terminal domains that are structurally similar to
those of â-tubulin and ftsZ (Figure 4A). Whether these
C-terminal domains pack against the N-terminal domains in
a similar manner as in the wild-type folding intermediates
is presently unknown.

In Figure 9, we sketched three hypothetical scenarios for
â-tubulin residue lengths of<100: (I) â-tubulin residues
continue to contribute ca.-9 cal mol-1 residue-1 and the
least-squares line intercepts theY-axis at ca.-7.5 kcal/mol
(zero residue length); (II)∆G decreases with decreasing
â-tubulin residue length and extrapolates to 0 kcal/mol at
zero residue length (i.e., molecular interactions between
â-tubulin and CCT are entirely responsible for the free energy
of binding); and (III)∆G behavior is intermediate between
that in scenarios I and II (i.e., we hypothesize a discontinuity
in ∆G).

Scenario I yields an intercept value that is in excellent
agreement with the additional free energy observed with the
matched chimeras and is consistent with the notion of a
stabilizing conformation change in CCT. However, Scenario
I seems simplistic. Bearing in mind the surface to volume
changes expected with polypeptide size, the potential for a
residue to interact with CCT shouldincreaseas polypeptide
size decreases as more residues would be at the surface and
fewer would be buried in the interior. The slope of the∆G
plot would therefore be expected to increase and become
steeper as residue length decreased toward 0, with the
intercept on theY-axis possibly occurring at or near∆G )
0. Scenario II shows this behavior.

Scenario II assumes that short polypeptides are well
behaved and ignores the possibility that these polypeptides
interact dynamically with CCT which was implicit in
scenario I. Scenario III (Figure 9) makes the additional

2 Nativeâ-tubulin contains two protease-sensitive regions, PS1 and
PS2 (residues 120-160 and 260-290, respectively) (1) (Figure 1A).
Hot spot 259-272 falls in PS2; this second hot spot between residues
85 and 144 overlaps PS1. Rommelaere et al. showed that actin contains
three major recognition sites for CCT, i.e., residues 125-179, 244-
285 (contains the hydrophobic plug), and 340-375 (2). One of the
sites is weakly homologous to HR2 (2; see also ref3) (Figure 1A) and
another to protease-sensitive region PS1 (4) (Experimental Procedures).

3 Our data do not exclude the possibility that hot spots contribute
cooperatively to∆G. However, in contrast to Rommelaere et al., we
believe that if such interactions are present they are secondary to other
factors, e.g., a stabilizing conformation change in CCT, which we
propose accounts for the major portion of the binding free energy (see
the text).
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assumption (discussed below) that a certain critical size or
volume of polypeptide induces a conformation change in
CCT which stabilizes binding (see below). In Figure 9,∆G
is arbitrarily shown as decreasing at a modest rate from 0
kcal/mol at 0 residues to ca.-2 to -4 kcal/mol at 70-120
residues, whereupon a rapid decrease to ca.-8 to -9 kcal/
mol indicative of the conformation change in CCT occurs,
followed by the much slower rate of decrease described
earlier for the least-squares line shown in Figure 9 (∼9 cal
mol-1 residue-1). In this scenario, linear extrapolation of the
least-squares line toward theY-axis (done inappropriately
in scenario I) extends∆G into a virtual region that ignores
the discontinuity; the intercept value obtained,-7.5 kcal/
mol, provides an upper bound estimate of the contribution
of CCT to ∆G valid only for residue lengths of>70-100,
i.e., for polypeptides greater than a critical size. This estimate
is similar to that derived in Table 3. Scenario III is arbitrarily
depicted in Figure 9. We have no data that indicate where
the discontinuity occurs, nor do we know its magnitude or
whether it actually occurs. The quantitative aspects, as well
as the validity of scenarios II and III, need to be addressed
in a separate study (the studies would be technically difficult
but should be feasible).

We think the alternative explanation which ascribes the
excess∆G in Table 3 to differences in folding (above) is
inadequate. It ignores what we believe to be compelling
arguments for a stabilizing contribution from CCT. Two
independent approaches, one based on an analysis of the
paired chimeras and a second on a more complete data set,
gave similar upper bound estimates for the contribution of
this conformation change to∆G and similar estimates of the
global average contribution of theâ-tubulin residues to the
binding free energies. We suggest that the excess∆G in
Table 3 very likely reflects two contributions: one from a
conformation change in CCT which stabilizes the binding
and a smaller contribution from folding differences between
the wild type and chimeras. If our conjecture is correct, the
apparent stabilization energy could be∼4-7 kcal/mol,
allowing for experimental uncertainties. This corresponds to
a modest∼0.5-0.9 kcal/mol contribution per CCT subunit
if the conformation change occurs cooperatively and is
limited to ring 1 (all eight subunits assumed to behave
equivalently). There are other explanations for the excess
∆G. Although our data suggest otherwise, we cannot exclude
the possibility that ftsZ residues contributed significantly to
the excess∆G. Furthermore, if CCT dissociated at high
dilutions ([CCT]< 4 nM), we may have underestimated its
affinity for wild-type â-tubulin. If we assume an apparent
KD of ∼50 pM for the wild type (∆GWT ) -14 kcal/mol),
we obtain an upper bound estimate of ca.-4 to -5 kcal/
mol for CCT’s contribution. To contravene our hypothesis,
the KD for the wild type would need to be in the high
femtomolar range,∼3-4 orders of magnitude lower than
the value we report (Table 1). This seems unreasonable. The
affinity of ring 1 for â-tubulin would be almost 5-6 orders
of magnitude greater than that of ring 2 (see above). Apparent
hot spot HR2 would now contribute>5 kcal/mol to binding
(Mut. 1 vs the wild type). This translates to an apparentKD

of <100 uM for this region alone. Fluorescence quenching
studies with MCA residues 251-288, a methylcoumarin
derivative of a synthetic peptide that encompassed the HR2
region (QCB Biochemicals; studies to∼40 µM peptide),

failed to detect any interaction with CCT (R. Melki and H.
Sternlicht, unpublished studies).

The structural changes in CCT that we propose are induced
by â-tubulin binding are presently unclear. One possibility
is that insertion of polypeptide into ring 1 expands CCT as
occurs with GroEL and GroES. Like GroEL, CCT has a
hinged region that ought to allow this expansion. Ac-
companying this “mechanical” expansion may be small local
changes in CCT that bring positive charges closer to negative
charges and/or hydrophobic residues closer to other hydro-
phobic residues, etc., which collectively contribute-4 to
-7 kcal/mol to∆G. Alternatively or in addition, CCT may
partially encapsulatethe bound polypeptide, which would
help stabilize binding. This possibility is supported by EM
studies, which suggest that CCT can encapsulate substrate
released into its channel following MgATP binding or
hydrolysis (23). On the basis of the latter studies, the
following scenario could apply: (i)â-tubulin binds to the
apical domains and inserts into CCT; (ii) insertion deforms
CCT, causing a rotation of its apical domains and a partial
sequestration of the polypeptide binding residues, which
reduces the affinity forâ-tubulin; and (iii) simultaneously,
helical protrusions present at the apical domain tips of CCT
are exposed (23) and partially encapsulateâ-tubulin which
reduces its off-rate. In the presence of MgATP, larger
rotations of the apical domains are induced. The helical
protrusions now seal the central cavity, encapsulating the
â-tubulin released into the cavity. This scenario supports the
hypothesis that chaperonin and co-chaperonin functions are
subsumed within CCT (21, 22).

Deformation Binding and Substrate SelectiVity. We suggest
that∆G is a composite of two terms,∆GStaband∆GInt, where
∆GStab denotes the contribution from CCT and∆GInt ()RT
ln KD,Int) denotes the residual (intrinsic) binding free energy
of the polypeptide. For a∆GStabof -6 kcal/mol,∆GInt would
be -6 kcal/mol for the wild type which translates to an
apparentKD,Int of ∼40 µM. Much largerKD,Int values are
obtained for the fragments. Paradoxically,∆GInt on its own
appears to be generallyinsufficient to support polypeptide
binding. We propose that in eukaryotes anR form of CCT
separated froma more stableT form by a high activation
barrier predominates in the absence of substrate. TheR form
has relatively high intrinsic affinity for substrates. [This
differs from the MWC model (54) where a low-affinity form
would predominate in the absence of substrate.] Binding of
substrate (S) lowers the activation barrier and induces theT
form, which has a reduced intrinsic affinity for substrate (as
“measured” byKD,Int). The bound complexT‚S has a lower
apparent free energy thanR‚S and is the form detected in
this study. Upon dissociation ofS, we hypothesize thatT
reverts back toR. Unlike the MWC model which requires
thatT andR maintain the 8-fold “symmetry” of the complex,
T andR in our model need not maintain this symmetry. The
binding reaction can be represented as Scheme 1, shown
below. While it is useful to discussKD,Int as if it has a physical
reality and relates to an equilibrium betweenS andT, free
T is only very slowly obtained fromR and boundT is
obtained mainly as a consequence of the binding ofS to R.
Scheme 1 is based on the nucleotide-free case. It may also
apply to the MgADP case. This scheme is different from an
“induced fit”, where substrate affinity for inducedT mark-
edly increases as the binding site is structurally altered to
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accommodate the substrate. In Scheme 1, the intrinsic affinity
of the substrate for inducedT is at most the same as that for
R. More likely, it is reduced relative to that forR.

We speculate that there are two major classes of non-native
polypeptides that bind CCT. One class binds toR but does
not induce a transition toT. Polypeptides in this class are
presumed to transit through the chaperonin, perhaps in some
cases binding with high affinity toR, but their folding is
not dependent on CCT. The second class binds toR and
induces a transition toT. This class includes substrates such
as tubulin and actin, which require interaction with CCT for
their productive folding. The basis for the transition is not
known but may require an interaction of CCT with some
recognition feature(s) in the conformation or sequence of
the polypeptides2 and/or perhaps “triggering” interactions
with one or more specific subunits in CCT (33). An
alternative possibility which we find attractive is that the
transition is not limited to a select number of substrates but
that many non-native polypeptides (Mr < 100 kDa) with a
sufficiently large volume can induce this transition. However,
only a select number are retained by CCT (i.e., have a
sufficiently low KD,Int). Although we do not believe that
synergistic and/or cooperative interaction between hot spots
as proposed previously is responsible for the high affinity
of binding of tubulin and actin to CCT (2), such interactions
could be important forKD,Int and for CCT selectivity. The
finding of a second potential hot spot inâ-tubulin (2 at
residue length 385, Figure 9) that, like the earlier hot spot
HR2, is homologous to a putative hot spot in actin lends
credence to the notion that conserved regions in tubulin and
actin play a critical role in CCT function.2

In Scheme 1,T‚S is shown as potentially dissociating into
T andS. In time, T would be expected to accumulate and
eventually disrupt function.R is also shown as “metastable”
with the potential to convert toT in the absence of sub-
strate. However, we have seen no evidence for this. [CCT
incubated with or without ATP at 30°C for more than 24 h
is stable and binds substrates with affinities similar to those
reported in our binding studies (unpublished observations).]
In vivo, CCT undergoes disassembly and reassembly cycles
dependent on ATP as well as accessory proteins whose
function is not understood (46). These cycles are thought to
be involved in CCT biosynthesis (38) and may be an inte-
gral part of the protein folding mechanism of CCT (5, 46).

An intriguing possibility is that cycling is needed for
disassembly of accumulatedT and reassembly of the
products into freshR.4

Dynamic Unfolding or Refolding on CCT.If polypeptide
binding is linked to a conformation change in CCT, high-
affinity binding to the chaperonin can be achieved with a
low “intrinsic” affinity for polypeptide. Ifâ-tubulin hot spots
could be painted with different colors and if we could look
down the central channel, we would expect to see a kaleido-
scope of colors, flickering and changing in an apparently
random manner over time, as these sites bind to and are
released from various contact points on the chaperonin.
Taking snapshots should reveal an ensemble of colored
positions that reflect different molecular configurations of
the polypeptide. ATP hydrolysis induces release of bound
polypeptide into the central channel to complete folding. In
this dynamic model, catalytic efficiency (as measured by the
number of productive folding intermediates per folding cycle)
depends on the fraction of configurations in the ensemble
that are competent to fold productively once released into
the channel. It is possible in the case ofâ-tubulin that this
process proceeds in stages that resemble maturation such that
early productive intermediates are transformed into late
productive intermediates. Alternative dynamic models based
on rotational diffusion of substrate within the channel or that
permit some cooperative interactions with CCT are possible.
Also, hot spots need not play as major a role. We have been
puzzled for some time by proteolytic results, which show
complex degradation of CCT-boundâ-tubulin. This unusual
result may reflect ready accessibility of bound substrate to
protease perhaps because of fenestrations in CCT [fenestra-
tions are observed in the thermosome (21) and GroEL (31)].
However, it could also be indicative of dynamic folding.
According to the dynamic model, a protease would see an
ensemble of forms with different channel and/or fenestrated
aspects and could generate a complex fragmentation pattern.
Complex fragmentation patterns have also been seen with
GroEL-bound substrate (55, 56) and may originate from
similar dynamic interactions.

We suggest that dynamic interactions between CCT and
substrate enhance catalytic efficiency and the productive
folding of substrate once released into the central cavity. It
is conceivable that dynamic interactions also permit folding
on the interior surface of CCT prior to release into the central
cavity. Such folding could facilitate changes in the tertiary
interactions of early intermediates and contribute to substrate
maturation. Coyle et al. (57) recently reported that GroEL
accelerates the refolding of hen lysozyme in the absence of
MgATP. This facilitation occurs on the interior surface of
GroEL. Shtilerman et al. also recently reported that ATP
binding to GroEL unfolds a kinetically trapped intermediate
of RuBisCo. This unfolding is hypothesized to occur through

4 The conformational cycle and protein binding properties of the
archaeosome, a class II chaperonin with heat-shock function from
Sulfolobus shibatae(5), are explained by Scheme 1 if the two major
forms of the archaeosome, i.e., the closed and open forms, correspond
to T forms in the absence or presence of ATP, respectively. We suggest
that a minor form in theR state, not detected by the investigators,
initially binds unfolded protein (derived from a protein pool complexed
with free archaeosome subunits as described by the investigators). This
form presumably converts to theT form during the induction step(R‚
S f T‚S) and is regenerated in subsequent disassembly and assembly
cycles of the archaeosome.

Scheme 1
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ATP-induced movements of the apical domains of GroEL
(58). CCT may also use a repertoire of mechanisms to
facilitate substrate folding.

Binding in the Presence of Nucleotide. Indirect binding
studies with â-tubulin suggest a nested cooperativity in
MgATP binding to CCT (Figures 6 and 7), as is observed
for GroEL. Hydrolysis in ring 1 of GroEL or GroES permits
ring 2 to be occupied with nucleotide (24, 28). A similar
requirement was observed here with CCT. Binding to ring
2 occurred at high MgATP concentrations (>4 mM) under
our substrate limiting conditions. We do not know the effect
of polypeptide on this binding. Our study described above
carried out in the absence of nucleotide suggests a much
more active role for polypeptide in chaperonin function than
previously realized. One possibility is that polypeptide release
into channel 1 by nucleotide binding or hydrolysis induces
a conformation change in ring 1 (different from the one
induced by bound polypeptide in the absence of nucleotide)
whichweakensinter-ring communication, permitting MgATP
binding to ring 2 at lower concentrations. This contrasts with
our earlier proposal thatâ-tubulin bound to ring 1 (no
nucleotide)strengthensinter-ring communication, i.e., causes
a reduction in the affinity of ring 2 forâ-tubulin (our study
vs Melki et al.). Nucleotide binding studies carried out under
saturating conditions ofâ-tubulin are required to test this
hypothesis. We observed a profound effect of AlF4

- on
â-tubulin binding in the presence of MgATP (Figure 8B).
In its absence, comparable effects would only be seen with
MgATP concentrations of>30-50 mM. It is intriguing to
speculate that in the presence of polypeptide the ADP-PO4

3-

transition state complex may be relatively long-lived and,
either on its own or together with polypeptide, causes the
conformation change that efficiently weakens inter-ring
communication in CCT.

Conclusions.We have proposed a new andproVocatiVe
model for CCT function.â-Tubulin-CCT interactions
involve multiple relatively weak binding sites in ill-defined
quasi-native folding intermediates which makes their study
difficult. While our data that support the model are internally
consistent, a major unresolved question relates to the apparent
additivity of the â-tubulin residue interactions with CCT
manifested by the apparent linear dependence of∆G on
residue length. We suspect these features reflect in part the
dynamic nature of the interactions of theâ-tubulin polypep-
tides with CCT. A definitive test of our model will likely
require transient kinetic analysis in identifying the CCT
intermediate. It should be possible to introduce fluorophores
into the polypeptide binding regions of CCT directly or by
in vitro synthesis followed by subunit exchange (38). Recent
kinetic analysis of the nucleotide-induced allosteric transi-
tions of GroEL revealed a rich repertoire of structural
rearrangements preceding hydrolysis which presently are not
well-understood (59). It is likely that a rich repertoire of
structural rearrangements will also be seen upon binding of
substrate to GroEL and CCT.

NOTE ADDED IN PROOF

Llorca et al. recently reported a three-dimensional recon-
struction of anR-actin-CCT complex obtained by cryo-
electron microscopy in the absence of nucleotide (60). While
potential differences exist between the two studies, the EM

study is consistent with our major conclusions. For example,
the authors report the binding of asingleactin molecule to
CCT under their experimental conditions (e10-fold excess
of substrate to CCT). They also report thatR-actin and
â-actin.sub4, a chimeric protein containing subdomain 4 of
â-actin fused to the C-terminus of the Ha-Ras protein, induce
a concerted conformation changein CCT upon binding
(Ha-Ras serves a similar control function in their study as
ftsZ does in our study). Finally, they observed thatR-actin
bound either to the CCTδ and CCTε subunits or to the CCTδ
and CCTâ subunits, consistent with our proposal of an
ensemble of folding configurationsfor CCT substrates in the
central cavity.
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