3988 Biochemistry2000, 39, 3988-4003

Evidence Thap-Tubulin Induces a Conformation Change in the Cytosolic
Chaperonin Which Stabilizes Binding: Implications for the Mechanism of Aéfion

Jane K. Dobrzynski,Mona L. Sternlich€ Isaac Pen§,George W. Farf,and Himan Sternlicht®

Department of Pharmacology, Case Western Resémiversity, Clereland, Ohio 44106, Department of Neuroscience
and Cell Biology, Robert Wood Johnson Medical School ety of Medicine and Dentistry of New Jersey,
Piscataway, New Jersey 08854, and Department of Genetics and Howard Hughes Medical Institute,
Yale Unversity School of Medicine, New lkan, Connecticut 06510

Receied September 9, 1999; Reed Manuscript Receéd February 7, 2000

ABSTRACT. The class Il 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 | chaperonin GroEL is thought to facilitate the folding of
many proteins withirEscherichia coli.lt has been proposed that this apparent selectivity is associated
with certain regions of a substrate protein’s primary structure. Using limiting amougttibiulin, 5-tubulin
mutants, ang-tubulin/ftsZ chimeras, we assessed the contribution of select regigisubiulin 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 bingiAfubulin bound with a

high apparent affinity to CCT in the absence of nucleotide (appa¢ent 3 nM; its apparent binding

free energyAG, 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 thfetubulin sequence, these interactions appear to contributeSa.

to —11 cal/mol per residue, and to account for no more than@6 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 g¢i-tubulin, the affinity of ring 2 for polypeptide or
nucleotide was apparently reduced 00-fold.

The eukaryotic cytosolic chaperonin (also called CCT, and -tubulin, partial maturation is thought to occur in
TRIC, or c-cpn) is a heteromeric complex that facilitates the association with CCT J 16). In vivo, the folding and
folding of tubulin, actin, and a number of other newly processing of the subunits are complicated. Five cofactors
synthesized proteins in vivé{10). It is composed of eight  process the released subunits to generatefaeeterodimer
or nine related gene products arranged as two back-to-back17). In addition, a heterohexameric chaperone protein,
8-fold pseudosymmetric ringd{—13). CCT and its archae-  prefoldin/GimC, which binds nascent polypeptides is thought
bacterial relatives, the archaeosome and the thermosomeig transfero,S-tubulin to CCT and may have other functions
comprise the class Il chaperonins. Although class Il chap- as well (18—20).
eronins display only a low level of sequence homology with
class | chaperonins such as GroEL, they share similar
structure and function in promoting protein folding in the

Important functional differences may exist between the
two classes. Unlike the class | chaperonins, the class Il

; . ' L chaperonins do not appear to utilize GroES-like co-chaper-
cell. Like GroEL, CCT binds polypeptides within its central ; o
cavity (14, 15), and subsequently releases these polypeptidesonms' In the thermosome{, 22) and CCT g9), helix

; . : . turn—helix projections extending from the apical domains
In & MgATP-dependent reactiof,(14). In the case ofx are thought to seal the central folding cavity much as the

* This work was supported in part by ACS Grant RPG-94-002-04- GroES co-chaperonin caps GroEL. Thus, in the class I
CB (to H.S.). chaperonins, it is possible that co-chaperonin function has

*Portions of this study were presented at the European Research i . -
Conference on the Biology of Molecular Chaperones, May 1997, and been subsumed within the chaperonin itself. Inter-ring

at the ASCB meeting, December 1997. communication is essentigl for class I function. GrqEL, for
* Corresponding author. Telephone: (216) 368-3387. Fax: (216) example, has been described as a two-stroke engine where
3658-5233\/\%22* S’é?si%gouz"i‘\’;;;?;- the GroEL rings alternate in function: one ring loading up
"'University of Medicine and Dentist.ry of New Jersey. the reaCta.ms as the other eXpe_lS the prOd@SZD- Her_e
Uyale University School of Medicine. MgATP binding strengthens while hydrolysis weakens inter-
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ring communication in a coordinated manner to facilitate for alanyl residues, and the entifietubulin sequence was
folding (24, 25, 28). In this process, substrate is thought to subcloned into the overexpression vector pET28a (Strat-
bind tightly to the chaperonin in the absence of MgATP and agene) for production of Mut. 1 and 2, respectively. To
to be released into the central cavity upon subsequentproduce Mut. 3, a mutant in which hydrophobic residues in
MgATP binding or hydrolysis 9, 30). Inter-ring com- the region of residues 31818 in -tubulin were replaced
munication may be different in the class Il chaperonins. The with alanyl residues, pET1188 (3) was altered by PCR
crystal structure of the thermosonl) shows the subunits  using the “Quik-Change” method (Stratagene). Vectors for
organized into apical, intermediate, and equatorial domains N-terminal fragments were generated by the introduction of
as observed for GroEL3(). In both classes, MgATP binds stop codons after residue 144, 203, or 249 in pETA&.C

to the equatorial domain. However, in contrast to GroEL  Construction of3-Tubulin/FtsZ ChimerasChimeras were
where this binding induces a large conformation change in constructed from pET1168, which encodes chickefil-

the apical domain, MgATP binding in CCT induces large tubulin, and from pET21AftsZ, which expresses Esxheri-
changes in both the apical and equatorial domaB88. ( chia coli ftsZ protein. To facilitate selection of the fusion
Genetic analysis further suggests that MgATP binding or points, theE. coli ftsZ protein sequence was mapped onto
hydrolysis occurs cooperatively in CCT as in GroEL but in the Methanococcus jannaschfisZ protein sequence by

a manner different from the concerted cooperativity proposed means of the sequence alignment program of DNAStar. Gene
for GroEL (33). splicing by overlap extensior8§) was used to generate the

Hydrophobic interactions, which play such a dominant role following paired chimerasf1—203ftsZ164-383 (F1) and
in the interaction of GroEL with substrate, may play a lesser ftsZ1-163/3203-445(F2),31—218/ftsZ174-383 (F3) and
role in the case of CCT. For example, CCT is thought to ftsZ1-1733219-445(F4), and31—-243ftsZ204-383 (F5)
have high affinity for late-forming (quasi-native) folding and ftsZ1-204/3245-445 (F6).
intermediates of tubulin and actin. In contrast, GroEL is  In Vitro Transcription and TranslatiorpET plasmids were
thought to have high affinity for both early (molten globule)- linearized with appropriate restriction enzymes and tran-
and late-forming folding intermediates of tubulin and actin, scribed with T7 RNA polymerase. mRNAs were translated
and does not mediate productive folding of these proteins in nuclease-treated rabbit reticulocyte lysate (RRL) in the
(34, 35). These data suggest that the mechanisms by whichpresence of*fS]methionine.

class | and Il chaperonins fold protein may differ substan- ~ Preparation of Denatured ProteipET plasmids irE. coli
tially. BL21(DE3)pLysS were induced with IPTG in the presence

To examine the folding mechanism of the class II Of [**S]methionine, and the overexpressed products were

chaperonin CCT, we previously implemented a proteolytic Purified from inclusion bodies as described previously (
and mutational study g8-tubulin (3), which supported the ) . )
notion of quasi-native chaperonin-boufietubulin folding Alignment of thef-Tubulin Sequence on the Actin Se-
intermediates ¥6). Two “domains” similar in size to the —duenceThe Needleman and Wunsch algorith#as used
putative domains in the native protein were implicated in With @ 35-residue window (Look Program) to align the
facilitated folding by CCT. A major CCT-interacting region, chickenj-tubulin sequence on the human skeletal (hSK)

residues~150-350, was identified that encompassed por- actin sequence. Four regions with a low degree of homology
tions of the two domains and an intervening protease- Were revealedj-tub 71-105 with hSK 55-90, f-tub 141-

sensitive region. This region, named the “interactive core”, 175 With hSK 143-175, f-tub 251-287 (HR2) with hSK

was proposed to be responsible for the high-affinity binding 246-283 (the *hydrophobic plug”), and-tub 326-360 with

of S-tubulin to CCT ). hsgh322_356- Binding Reacti ith Newlv Svnthesized
In the study presented here, we used limiting amounts of aperonin binding Reactions wi ewly synthesize

f-tubulin angﬁl?tubulin mutants and a more guantitative Protein Wild-type or mutant mRNAs were translated in RRL

- I o in the presence of}S]methionine at 36C for 8 min and
method to probe polypeptide binding to CCT. Surprisingly, n . S .
the interactions with CCT appear to be weak and to ZTase? |n2thf p:‘etshenct:e Ofl 1,[ mM m(i.thmnlr_let for 6 min.
contribute less than-50—60% to the binding free energy. d'gugts g é‘ ) 0 i e rarlgsRalljg.rr tregc; '%nRTg(.Iutr.es l\;\/efFe
We attribute the missing free energy to a stabilizing addeda o tubes containing fluted in lution butter

conformational change induced in CCT fyubulin binding. 55 gy HEBEE“EOH. (th d7.5)r’1|80'dml\g K(I\)/IAST'Igsl m'\l\fl
This deformation allows dynamic interactions with bound g(OAC), 20 nM hemin hydrochloride, 2 m ;LM

substrate, which may have profound consequences forATP’ 0.4 mM GTP, and 10 pgL pepstatin, leupeptin, and

function. In a complementary study, we show that inter-ring aprotinin] to final chaperonin concentrations ranging from

o : I 4 to 200 nM (10QuL final volume). RRL is 200 nM in CCT
communication in CCT is regulated by MgATP binding and .

g i ; (8). Samples were supplemented with 15 mM EDTA and
hydrolysis in a manner apparently similar to that in GroEL. incubated for 10 min at 38C. The binding reaction mixtures

EXPERIMENTAL PROCEDURES were chromatographed on a Superose 6 size-exclusion
column (Pharmacia) at4C in 150 mM KCI, 2 mM MgC},
Site-Directed Mutagenesi$Altered Sites 11" (Promega) and 20 mM sodium phosphate (pH 7.0) at a flow rate of 0.4
was used to mutagenize plasmid pALTBRB) and pAL- mL/min. Fractions (20Q:L) were collected.
TER/Ac, which encode the chicketil-tubulin and human Chaperonin Binding Reactions with Urea-Denatured
skeletal musclet-actin sequences, respectively. Codons for Protein. CCT was purified from bovine testis as previously
hydrophobic (pALTER41) or hydrophobic and charged described §). GroEL was obtained from Epicenter Tech-
amino acid (pALTER42) residues in the region of residues nologies. The chaperonin concentration was varied by
259-272 of chickenpll-tubulin were replaced with codons  diluting into folding buffer [20 mM MES (pH 6.8), 100 mM
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KCI, 2 mM MgCl;, 1 mM EGTA, 1 mM DTT, 1 mM ATP, set of chromatograms in a dilution study, self-consistent
and 0.4 mM GTP]87). Overexpressed proteinin 7.5 M urea estimates of the fraction bound were obtained by iterative
was diluted 100-fold (final S-labeled substrate¥ 0.8— fits of the cpm eluting at the chaperonin position to eq 1
1.5 nM) into purified CCT preparations at concentrations (assuming an initial value of 1 for the fraction bound at the
typically ranging from 4 to 200 nM. Higher concentrations highest chaperonin concentration). For mutaA®—145,
of CCT (up to 2uM) were used in some studies. Binding A85—144,A86—251, andA85—306 (Figure 9), appareitys
reaction mixtures were incubated at 3@ for 3 min, and AGs were estimated from single concentration studies
supplemented with 15 mM EDTA, and incubated for an at 200 nM CCT (data from Dobrzynski et al.). The fraction
additional 7 min. Samples were supplemented with BSA (10 bound was determined from SB®AGE fluorographs of
mg/mL final concentration) prior to chromatography on the column fractions (data not shown).
size-exclusion column to reduce nonspecific losses of free  Binding studies were also carried out with urea-denatured
folding intermediates on the column. In some studies, RRL wild-type 3-tubulin under conditions where ring 1 is occupied
was used as the source of CCT. Binding studies were carriedwith MgATP ([MgATP] > 0.04 mM) @4). ApparentKps
out as described above except that RRL dilution buffer was for S-tubulin bound to ring 2 were estimated from eq 1 and
used instead of folding buffer and no carrier protein was fitted to eq 2 to obtaifKp nuca the apparent dissociation con-
added. stant of MgATP for ring 2. Equation 2 is derived from eq 1
In studies with nucleotide carried out under conditions that when [CCT]ya > 100 nM and [MgATP]Kp nuez < 20 (con-
permit MgATP binding or hydrolysis, folding buffers were ditions satisfying [CCTdee > [-tubulin]iota), @nd takes into
supplemented with Mg and ATP as required (EDTA was account saturation of ring 2 with MgATP. We assume that
not used in these studies). Incubation times were also
increased as indicated. To assess binding affinities, in some K _
studies samples were chromatographed on the size-exclusion D.app
column with running buffers supplemented with nucleotide
and MgCh to final levels identical to those during incubations CCT with MgATP in rings 1 and 2 does not bind polypep-
in folding buffer. tide. Kpave is the average value~20 nM) for Kp in the
Analysis of Binding DateBinding studies were performed MgATP concentration range of 0-:2 mM, where CCT is
under substrate-limiting conditions ([CG&J > [S-tubu- essentially free of MgATP in ring 2 (Results). The MgATP-
lin]wota)). Total counts per minute (cpm) recovered (“TCR”) dependent term is a correction for saturation, where binding
from the size-exclusion column, taken as the sum of of g-tubulin is only to residual chaperonins free of nucleotide
scintillation counts in fractions 30100, were monitored in  in ring 2. When 0.2=< [MgATP] = 4 mM, Kps were
the urea-denatured studies and decreased with CCT dilutiongstimated from dilution studies. In the saturation range
typically by ~1—2-fold between the most concentrated and ([MgATP] > 4 mM), apparentKps were estimated from
the least concentrated samples. These differences presumablsingle-CCT concentration studies except where noted. Equa-
reflected an increased level of substrate loss (free intermedi-tion 2 does not take into account cooperativity. Consequently,
ate) and resulted in a slight underestimation of it fits the high-MgATP concentration data well and gives
Differences inAG (AAG), which involve a ratio of apparent  only “average”Kp values at low MgATP concentrations
Kp values, were relatively insensitive to these losses. where nucleotide binding is complex and cooperativity is
Chromatograms were renormalized to yield the same TCRimportant (Figure 7C).
value. Fraction of substrate bound to CCT or GroEL was The relationshipAG = RTIn Kp was used to estimate the
calculated by dividing the cpm sum of fractions eluting at apparent binding free energy. We used the “average contri-
the chaperonin positions by the cpm sum of fractions eluting bution pers-tubulin residue” toAG as a convenient measure
at the chaperonin and free folding intermediate (“I") posi- of the level of interaction off-tubulin regions with CCT
tions, and least-squares fitted (with MacCurveFit) to eq 1 to and distinguished between locally and globally averaged

K ()

D.ave Kb nuc2

obtain the apparerkp. contributions. The globally averaged contribution per residue
ch in] is defined as theé\G of the binding reaction divided by the
chaperoni } i - i i
fraction substrate bound p ee (1) number of3-tubulin residues in the polypeptide. Globally

averaged contributions were either inferred from plots of the

AGs (Figure 9) or calculated (Table 3, text).

In cases where the binding studies were repeated two or more

times 1 > 1), the listedKps (Tables 1 and 2) represent the RESULTS

averageKp value+ the standard deviation (SD). SD values

reported for single determinations+£ 1), on the other hand,

reflect the goodness of fit to eq 1. Under our substrate- Role of Hydrophobic Sites if-Tubulin Binding to CCT.

limiting conditions, [chaperonig}e ~ [chaperonind. To Residues~150—-350 of 5-tubulin were previously identified

assess CCT stability during dilution, we preparé&$JCCT as the primary region of interaction with CCT (“interactive

by exchange of newly synthesize8§]TCPXn into CCT (38) core”, Figure 1A) B). This region contains the intermediate

and determined the amount of intact CCT recovered from (“M”) domain (residues~205—384) of natives-tubulin (39).

the column for various diluted initial samples. The data Since hydrophobic residues play a key role in substrate

indicated that CCT is stable to at least 4 nM (data not binding to GroEL, the contribution of hydrophobic sites

shown). within S-tubulin to CCT binding was investigated. Hydro-
The N-terminal fragment studies were characterized by phobicity plots 40) show three hydrophobic regions in the

extensive loss of the free intermediate (Figure 3). For eachM domain: residues 225240 (HR1), 259-278 (HR2), and

Kp + [chaperonin],,

Polypeptide Binding Studies
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Ficure 1: Hydrophobic regions of-tubulin. (A) The -tubulin
amino acid sequence was assessed for hydrophobic segments by
the Kyte-Doolittle method using the Protean program by Laser-

Fraction Bound
o]
|

gene. PS1 and PS2 denote the two protease-sensitive regions of o . o T .
the native protein. Three hydrophobic regions were identified within
the interactive core: HR1 (residues 22741), HR2 (residues 259 Free CCT (nM)

272), and HR3 (residues 36818). The amino acid sequence for  Figure 2: Mutation of the region of residues 25972 reduces
HR2 is shown aligned with a region with a low degree of sequence the affinity for CCT by~8—10-fold. (A) Binding of urea-denatured
homology in actin that includes the hydrophobic plug (shown in - wild-type s-tubulin. Urea-denatured wild-typ&5g]-3-tubulin was
bold). (B) Hydrophobic residues in HR2 (Mut. 1) and HR3 (Mut.  diluted into RRL containing 200), 100 (), 40 @), 20 (»), 8
3) were mutated to alanines as indicated. Hydrophabitcharged (W), 4 (©), and 2 nM CCT (not shown) and incubated and processed
residues in HR2 were mutated to alanines in Mut. 2. as described in Experimental Procedures. Binding reaction mixtures
were chromatographed on a Superose 6 column &€.43-tub-
310-318 (HR3) (Figure 1A). In nativg-tubulin, residues ~ CCT and | denote the elution positions of the C&3Ftubulin binary
265-278 of HR2 formp-strand S7 and part of the M loop ~ complex and the freg-tubulin folding intermediate, respectively.

: . : . . B) Binding of urea-denatured Mut. 1. Binding was assessed as
responsible for lateral protofilament interactions in the ((Jle)scribed?or panel B. Chromatograms for Mug 1 are shown (plot

microtubule. HR3 comprises /&strand, S8, which lies in  sympols are identical to those in panel B). Similar chromatograms
the same sheet as S7, and HR1 encompasses mainly the “cor@ere obtained for Mut. 2 (data not shown). (C) The fractions of
helix”, a structurally important element that packs against the wild type ©), Mut. 1 @), and Mut. 2 @) bound as a function
the N and M domains30, 41) (Figure 4A below). It was gf CfCthoncentratlonI. Bputnd fra(itloF?s were ?et?_rmlrf]edtandffltt(;:ﬁ
previously suggested that CCT recognizes sites important:ySast squares analysis (o ¢q 1, Renormalizaion faclors for e
for protein—protein interactions and/or self-assembly and that to 1.4 for Mut. 1 (Experimental Procedures).

HR2 plays a major role in these interactioB§ (To estimate

the contributions of HR2 and HR3 to binding, the hydro- of urea and incubated with various dilutions of RRL
phobic residues of HR2 (Mut. 1) and HR3 (Mut. 3) or containing final CCT concentrations ranging from 2 to 200
hydrophobic and charged residues of HR2 (Mut. 2) were nM prior to elution on a size-exclusion column. Radiolabeled
replaced with alanyl residues (Figure 1B). N-Terminal protein eluted mainly at two positions, an early-eluting peak
fragments +203 and 1250, which bracketed HR1, were (fractions 58-69), which corresponds to a CCT-associated
used to estimate the contribution of HR1. Binding was form of g-tubulin (“g-tub-CCT"), and a later-eluting peak
assessed in the presence of EDTA with urea-denatured(fractions 86-90), which contains the CCT-frge-tubulin
protein and, in select cases, with newly synthesized polypep-folding intermediate (“I"). A comparison of chromatograms
tides in RRL. Similar affinities were obtained with urea- indicated that the HR2 mutants, Mut. 1 (Figure 2B) and Mut.
denatured and newly synthesized proteins (Table 1). EDTA 2 (not shown), have significantly reduced affinities for CCT
prevents MgATP binding or hydrolysis by the chaperonin relative to the wild type (Figure 2A). Least-squares analysis
and, therefore, processing @ktubulin in RRL. Control of the data (Figure 2C) indicated an apparkptvalue of
studies with wild-type and purified CCT in the absence of 2.8 £ 0.3 nM for the wild type and 810-fold higher
nucleotide gave essentially the saide (~3 nM) as that apparentp values for the HR2 mutants (Table 1), which
obtained with nucleotide and EDTA (Table 1). In the study translate to binding free energie&@) of —11.8 and—10.5
whose results are depicted in Figure 2, wild-tygeST-5- kcal/mol, respectively. In contrast, replacement of hydro-
tubulin or mutants overexpressedincoli were diluted out phobic residues in HR3 with alanyl residues had no effect
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A j for the chaperoningd). Table 1 lists the appareit, values
18000 Fragme 1-203 for substrates bound to ring 1 of CCT in the absence of
120004 ﬁ_. nucleotide. We also list, for purposes of comparison, the

X apparentp value for wild-typegS-tubulin in the presence

of 0.5 mM MgATP. This value is~6—8-fold larger than

the apparenkp value for wild-types-tubulin in the absence

of nucleotide and reflects binding Bftubulin to ring 2 when

50 60 70 80 90 100 ring 1 is saturated with MgATP (and therefore incapable of

binding polypeptide) (Figure 7C inset, below).

B-Tubulin/FtsZ Chimera Proteins (CCi#ersus 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 ofg-tubulin and its structural relative, tHe. coli
protein ftsZ.

FtsZ is the major cytoskeletal protein in bacterial cell
division. Like tubulin, ftsZ binds and hydrolyzes GTP and
Fraction Number self-assembles into higher-order structuré3)(The struc-
tures ofM. jannaschiiftsZ and bovings-tubulin are strikingly
0.0 similar, but their sequences are only 13% homologous
oo (Figure 4A) @9, 44). They are composed of two similar
o6-] principal domains, each comprised ofaheet surrounded
o a by a-helices, folded against a core helix (Figure 4A). Six
03] chimeric proteins were generated using PCR-based gene
o] splicing (Experimental Procedures). The chimeras were
o1 ‘ ‘ : designed so the domain structure of their component parts

© s00 eee 1800 =000 could be maintained. Thus, the linkage site was either at the

Free CCT (nM) terminal 5-strand of “domain” 1 of ftsZ oi-tubulin (F1

E 3- Contribution f idues 26250, (A) Bindi ¢ and F2) or immediately preceding (F3 and F4) or im-
Feune 3 Conuien fom resdues 25250, ) Sndng o mediately Tolowing (75 and F6) he core hel In cach
fragment 1203 was diluted out of urea into solutions containing Protein @9, 44) (Figure 4B).

1000 (), 500 (@), 200 @), 100 (»), and 40 nM purified CCT Wild-type S-tubulin, wild-type ftsZ, and the N- and
(W) and processed as described in the legend of Figure 2. (B) C-terminal S-tubulin chimeras were assessed in binding
Binding of the urea-denatured N-terminal fragment2b0. The — gydjes with CCT purified from bovine testis. The apparent

urea-denature#S-labeled fragment-1250 was diluted into folding K | ted in Table 2 with select ch i
buffer containing 2001), 100 @), 40 @), 20 (»), and 8 nM p values are reported in Table 2 with select chromatograms

purified CCT @) and processed as described for panel A. Note Shown in Figure 5. When expressed in RRL, ftsZ is not co-
the extensive loss of the free folding intermediates (fractions 80 immunoprecipitated by antibody 23C, which recognizes
93) in panels A and B. (C) The fraction bound as a function of TCP-10 and co-immunoprecipitates tubulin and actin (data

CCT concentration: residues-250 ), 1-203 (), and +-144 not shown). Consistent with this result, CCT gav&msof

(2) (chromatograms not shown). Bound fractions were estimated . o g
and fitted by least-squares analysis as described in Experimental” 10000 nM for ftsZ (Figure 5A). In addition, ftsZ did not

Procedures. associate with the bacterial chaperonin, GroEL (Figure 5A).
The chimeras displayed a range of affinities for CCT as
on affinity. Deletion of residues 263250 apparently had a  observed with thegg-tubulin fragments, confirming that the
small effect on binding affinity as indicated by a6-fold CCT-binding sites irp-tubulin are present in both domains
estimated increase in ti& value of the N-terminal fragment  of the protein. The appareKt for fragment 1250 differed
1-203 relative to that of £250 (Table 1 and Figure 3). by a factor of~5—6 from that of f1—243ftsZ204-383,
The data imply that HR1 and HR2 together increase binding which may reflect a somewhat perturbed conformation in
affinity by 30—-50-fold. This translates to an apparent the folding intermediate of residues-250. ApparenKps
contribution toAG of ca.—2 kcal/mol from residues-204— for the N-terminal chimeras were similar to or slightly higher
280. HR2 is an apparent “hot spot” which contributet.4 than those for the C-terminal chimeras. The sum of the
of this —2 kcal/mol? Taking all the results together, we binding free energies of the paired chimeras is remarkably
conclude that HR1, HR2, and HR3 apparently contribute no
more than 1520% to the totaAG. Residues 265278 of 1 We have found the “average contribution getubulin residue”
HR2 are~30% homologous with residues 26376 of actin 0 AG a cpﬂvgr(uzi%nt( &SZ?ilrjrqgnct’; IthF?r c!?;\é?jlu?efz Si?te/_{ggg?enr@]ﬁyb?ggidues
i i i regions wit . ,

lo Sabiize latora intoragtions i F-acti. n sonfastto, 260,259 01 HR2 conrbute on the average caldD cal i’

¢ A : residue? to AG. This contrasts with that of residues 26350 where
HR2, mutation of the homologous region in actin had no each residue apparently contributes on the average t@.cal mot*
effect on actin’s affinity for CCT (Table 1). This finding is residue? to AG, a value not substantially different from tigéobally

; ; in hindi averagedestimated contribution of ca-27 cal mot* residue? for
consistent with a recent study of actin binding to CQJ ( the wild-type protein {12 kcal/mol per 445 residues) uncorrected for

and does not support the hypothesis that these hydrophobig, possible conformation change in CCT, or from the-20 cal mot*
loops of actin and tubulin define a general recognition motif residue? corrected (see the Discussion).

6000+

35S-CPM

358-CPM

Fraction Bound
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Table 1: Apparent CCT Dissociation Constants fferubulin and A
Actin Polypeptides ﬁ-tllblllill
Kp (I’]M) (‘%;
| e e
SB-tubulin
wild type 2.8+ 0.3 45+06Nn=2) 25+0.2
with 0.5 mM 26+4(n=4)
MgATPd
HR2
Mut. 1 20+ 1.4 35+ 8 19+ 3.3
Mut. 2 26+ 2.7 31+ 6.3
HR3
Mut. 3 3.3+04 6.9+ 2.5 B-tubulin CORE HELIX
HR1 B S6 H6 H7 H3
residues +203 160+ 20 210+ 20
(n = 2) WNTDETYCI DNEALYDCFRTLELTTFTYGDLNHL VSA TMSG VT TCLRFPGQLNADLRKLA VS
residues +250 28+ 2 = RA m LN e A
actin 7
wild type 13+40(n=23) fis CORE HELIX
Mut. A® 12+200=2) =z —
aUrea-denatured into RRI2.Urea-denatured into purified CCT. "*DSLITIPNDKLLKVLGRGISLLDAFGAANDVLEGA VQGIAELITRPGLMNVDFADVRTV
¢ Binding reactions with newly synthesized protein (see Experimental 0 A 1L, u!. ,.!. 210

Procedures)! See the inset of Figure 7EMut. A, 2°AQPAAA-
GAAS?"%: wild type, 2FQPSFIGMES™

203164
constant at-18.7+ 0.1 kcal/mol (Table 3, column 2). This BL0YsZI64-383 s6 VHs
result supports the notion that the overall conformation and/ N
or domain structures of the chimeras were not significantly BI-2IS/isZ174-387 i ¥
different from intacts-tubulin and ftsZ. 2430004

The chimera results follow a consistent pattern. There B1-243/fi52204-383 -L—“r HS

appear to be no single or multiple regions within the -
interactive core that can account for the high-affinity binding 6 ¥ H6
of S-tubulin to CCT. The appareittps (Table 2, CCT data) JRZI-163B2-MS =
show a 2 order of magnitude range, i.e., a spread of-@a. AsZ1-173/B219-445 &"’ H7
to —2.5 kcal/mol in apparenAG values. This spread is
relatively insignificant compared with the total binding free [i5sZ1-204/p245-445

energy' of ca—11.8 kcgl/mol for the 'nt?‘Ct protem. This FIGURE 4: B-Tubulin/ftsZ chimera constructs. (A) Ribbon diagrams
surprising and paradoxical result, we believe, has important of ftsz and thes-tubulin subunit. The latter is extracted from the
implications (Discussion). structure of the native tubulin heterodim@&9). Native S-tubulin

Binding studies were also performed with GroEL to folds into an N-domain (residues-205), an M-domain (residues

; ; ; - 205—-384), and a C-domain (residues 38%45) The S6 strand
elucidate the functional differences between the chaperonin residues 198202) and the H6 helix (residues 20813) of

(Figure 5 and Table 2). Intagi-tubulin bound tightly to st pylin are colored brown; the core helix (H7) is blue, and the
GroEL, with aKp that was~2-fold higher than that for CCT S8 strand is magenta. The same color scheme is used for ftsZ. The
(Table 2). C-Terminal chimeras also bound tightly to GroEL. protease-sensitive region of residue260—-290 (1) (green) en-
In contrast, N-terminal chimeras bound weakly to GroEL g&fmﬁggsei ngz aT”k?eaGpTO};t'?n”o%ft;h.es "'\g'l'lc')OOP(B';'Oé%égﬁ dg:‘a”

: [ . iety is yellow. y
(Ko > 4 uM). These resu“,S suggest Fhat GrOEL,bmdS the structure elements and amino acid sequences of ftsZ and the
Mand C but not the N portions of the intact protein. GroEL  g_tybulin subunit are shown relative to their core helices @ar
also binds Mut. 1 and 3 and the wild type with similar helix; arrow = g-strand). (C) Fusion regions ¢i-tubulin/ftsZ
affinities (Table 2) and thus appears not to interact with chimeras. Three N-terminal and three C-terminal chimeras were
residues 259272 or with residues 316320. constructed (proceeding top to bottom, chimera proteins F1, F3,

Taken together. th It t that GroEL tF5 and F2, F4, and F6, respectively). Lines, arrows, and bars that
_raken together, the results suggest that GroEL may not ;e 5ojig represerfi-tubulin secondary structural elements. Dotted
interact with residues N-terminal to residue 320. This is |ines, hatched arrows, and hatched bars represent ftsZ elements.
surprising since the major hydrophobic regiongitubulin Vertical arrows denote the fusion points.
are N-terminal to this residue. These results likely indicate
different interactions off-tubulin with the apical domains intermediates, wild-type intermediate “I” was tested for
of the chaperonins. However, since CCT is larger than sensitivity to chymotrypsin and for its ability to reassociate
GroEL, an alternative explanation is that physical constraints with CCT (Figure 6). When3S]-3-tubulin was diluted out
limit the insertion of$-tubulin into GroEL, and it is mostly ~ of urea into 4 nM CCT~40% of the radiolabel eluted at
the C-terminal portion that is accommodated within the position “I”. As expected, when an aliquot was incubated
channel. This possibility is supported by the observation that with 200 nM CCT, radiolabeled “I” reassociated quantita-
the N-terminal fragments interact with GroEK{ ~ 100 tively with CCT (Figure 6A). Since “I” is non-native, it
nM) (Table 2). should also be more sensitive to chymotrypsin than the
Chymotryptic Digestion Studies of the Folding Intermedi- “mature” native-like form ofs-tubulin released from CCT
ate. To compare the folded state of bound and free folding (3). Non-native “I” isolated fron a 4 nMbinding reaction
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Ficure 5: Interaction off-tubulin/ftsZ chimeras with CCT and
GroEL. (A) FtsZ does not bind CCT or GroELS®g]FtsZ was
diluted out of urea into kM purified CCT @) or 1 uM GroEL

Dobrzynski et al.

Table 2: Apparent Dissociation Constants fbifubulin Fragments,
Chimera Proteins, and Mutafts

Kp (nM)

CCT GroEL
wild-type S-tubulin 45+06nNnh=2) 81+£03nNn=3)
wild-type ftsZ >1000¢(n=2) >10000 o=2)
N-terminal fragments

1-144 435+ 70 ND
1-203 160+ 20 90+ 11
1-250 28+ 2 72+ 8
N-terminal chimeras
p1—-203ftsz164-383 289+ 29 >4000 fi=2)
p1-218/ftsZ174-383 248+ 28 >4000
p1—243ftsZ204-383 148+ 23 >4000 fi=2)
C-terminal chimeras
ftsZ1-163/3203-445 107+ 28 21+ 4 (n=2)
ftsZ1-173/5219-445 87+ 11 85+3.0n=2)
ftsZ1-204/3245-445 204+ 36 38+ 13
Mut. 1 35+8 1.3+0.7
Mut. 3 6.9+ 25 3.0+ 04 (=2)

a Studies performed with purified chaperonfrSimilar values also
obtained using RRL.

5—10% of full-length protein was digested by 10 min (Figure
6B,C). Fragmentation patterns @ftubulin—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 nucleoti@ (

Digestion rates and fragmentation patternguflength
B-tubulin complexed to CCT weiliadependentf chaperonin
concentration over a 20-fold range < [CCT] < 50Kp)
(Figure 6B). This indicated a tight association of polypeptide
with CCT and did not support the possibility that free “I”,

(m). Samples were incubated and processed as described in theeither in equilibrium with CCT or exchanging with bound

legend of Figure 2 except that BSA was added as a carrier protein“|”, affected the digestions. This conclusion is supported by
prior to chromatography. (B and C) Binding chromatograms for

ftsZ1—-204/3245-445 (F6) andf1—243ftsZz204-383 (F5). CCT
binds with a similar affinity to the N- and C-terminal chimeras
with Kps 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
(m) or 200 nM purified CCT [0) and processed as described for
panel A (only F6 chromatograms are shown). The appd¢gifibr

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 2M GroEL (®) or 500 nM purified CCT

a previous report by Farr et al8)( who found that wild-

type -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 fre@-tubulin were remarkably similar
(Figure 6B). Fragments \and G and the highly resistant

18 kDa fragments) previously seen with newly synthesized
CCT-bound wild-types-tubulin were also generated from

(O) and processed as described for panel A (only F5 chromatogramsthe free folding intermediate. Thus, binding to C@E-

are shown). The appareH, for F5 and GroEL is>10 uM. In

contrast, the N-terminal fragments display intermediate affinities
for GroEL. This may reflect unmasked site(s) or possibly differences

creases the rate by which tubulin is digested without masking
major cleavage sites Fragments Nand G were attributed

in substrate accessibility. Note the three- to four-fraction shift in previously by Dobrzynski et al. to cleavage within a protease-
the peak position of the GroEL relative to the CCT. This reflects sensitive region, residues260-290 (Figure 1A). This

the smaller size of GroEL.

in RRL (with EDTA) was subjected to limited digestion with
chymotrypsin on ice. For comparisofi;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

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 stralwbp region
apparently becomes increasingly resistant to protease as the
S-tubulin folding intermediate matures in association with
CCT ).

biphasic kinetics. Proteolytic conditions that produced modest n,cleotide Studies

levels of digestion of the “partially mature”, nearly native
monomer 8, 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-2% of full-

length “I” digested slowly. Binding partially protects the

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

intermediate. Sixty to seventy percent of the bound form was one ring (ring 1) inhibits MgATP binding to the second ring
digested within 1 min of protease addition; an additional (ring 2). Nested cooperativity is presumed to occur with CCT,
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Table 3: Apparent Free Energy Changes for Binding-afubulin/FtsZ Chimera Proteins to CET

(4) globally averaged contribution

(1) AG (2) AGnsc (3) AGn+c — AGwr per tubulin residue, correctéd
paired chimerds (kcal/mol) (kcal/moly (kcal/mol) [kcal mol™* (3-tubulin residue)?]
F1 (N1-203) -9.0 _ _ —0.010
F2 (C203-445) —9.6 18.6 6.9 —0.011
F3 (N1-218) -9.1 _ _ —0.009
F4 (C219-445) —9.7 18.8 e ~0.011
F5 (N1-245) -9.4 _ _ —0.010
F6 (C245-445) -9.2 18.6 6.9 —0.012

avg—0.011+ 0.002

aAG = RTIn Kp (data from Table 2)? 8-Tubulin segment in parentheséSum of paired chimerag.(Column 1— column 3)/(number of
B-tubulin residues) (Discussion). For the wild type;1(1.8 kcal/mol— column 3,¢/445 = —0.010 kcal mot* residue?.

A a negative inter-ring cooperativity3?). 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 cycBS)(

=
. =guasy
[Fuve, ;5 ntns e . i
T

50 6 70 8 90

Fraction Number Roobol et al. 46) recently reported ATP-dependent disas-
sembly of CCT in mammalian cell extracts. Consequently,
01210 0051 2 5 10 min CCT may not function as a two-stroke engine as has been
s ERE ) proposed for GroEL. We exploited the sensitivity ®tu-
E:- ST = =N bulin—CCT binding to nucleotide to indirectly investigate
ek E=EEE the effect of nucleotide on inter-ring communication in CCT.
: TR 200I1M_IJ ' ; ' Preliminary studies indicated that CCT was stable in the
: Total [CCT] : presence of MgATP (at least several millimolar), suggesting
B-tub-CCT that this indirect approach should be possild.ubulin is

an excellent probe for these studies. Although it cycles on-
C and-off the chaperonin and undergoes apparent “matura-

£ 100 tion” in the presence of MgATP, it retains a high affinity

E - ﬁ for CCT and does not mature to a stable CCT-free form in
E:E " the absence of cofactors. The studies below suggest that
B g 2 CCT functions as a two-stroke engine. If cycles of disas-
gE o B sembly and reassembly of CCT are indeed essential for
~ 0 2 4 6 8 10 folding (5, 46), our results support the notion that these cy-

cles have more impact on hopolypeptidesare managed
Ficure 6: Folding intermediate “I” ang-tub-CCT are conforma- than on hownucleotidesare managed by CCBY (Discus-
tionally similar. (A) “I” rebinds CCT. $°S]-3-Tubulin was diluted sion).

from urea into 4[J) and 200 nM CCTQ) in RRL, and incubated Binding studies were performed with purified CCT and

and processed as described in the legend of Figure 2. Prior t0);iing concentrations of urea-denatured wild-typeubulin
chromatography, samples were supplemented with BSA as a carrier.

protein. A 20uL aliquot of the 4 nM CCT binding reaction was N folding buffer supplemented with MgATP (Figure 7).
removed and added to &0 of RRL (200 nM CCT) and incubated  Addition of GTP (to a final concentration of 0.4 mM) did
for an additional 10 min prior to chromatograpt®)( More than not alter the affinity of the3-tubulin folding intermediate
85% of *I” rebound CCT (97% predicted from the apparé@). for CCT when tested in select cases. The MgATP concentra-

(B) B-tub-CCT and “I” display similar chymotrypsin digestion . - .
patterns. “I" isolated frm a 4 nM CCThbinding reaction mixture tions that were used>0.2 mM) were sufficiently high to

was digested with @g/mL chymotrypsin on ice for 0, 0.5, 1, 2,5,  Saturate the nucleotide binding site of ring 1 of C®Bp fiuc1
and 10 min. $5S]-4-tub-CCT, isolated from a 200 nM CCT binding ~ 40uM (14)]. Under these conditions, and if CCT behaves
rl%aCtignz(f)%iXtUMrebindeRt[-, Wa.?hagil;fSted tg CCT foncefst;{v\tioni r?f like GroEL, measurements ¢f, should be measurements
an nM, ilution with buffer or by supplementation wi e ; ; o
exogenous CCT )210 min at 3), and six‘lilaﬁg digested with of the apparent affm.lty Of. fing 2 fo;‘}-tu_bulln. This is a
chymotrypsin. Digests were examined by SEAGE and quan- ~ 'easonable assumption since EM studies suggest that the
titated by Phosphorimager analysi§. denotes the full-length  apical domains of the MgATP-bound CCT ring undergo a
polypeptide, Nthe N-terminal (34-37 kDa) fragments, Cthe conformation change that inhibits polypeptide binding, as
f?étenggwtal ((é)z 1'6?:) f;?ggﬁ”ﬁégg‘?‘n?nhigoiyyf rﬁslésr:agitlg ‘lﬁﬁa occurs with GroEL 23, 32). We reasoned that if CCT
. ni ull- ubull . .
foll%wing chymotrypslion digestion: “I”@)gand 100), 590 @), and pehaye; like GroEL, then at MgATP concentra\_tlpns that are
200 nM total CCT ). insufficient to overcome the negative cooperativity between
rings, ring 2 of CCT should be free of nucleotide and affinity
although to the best of our knowledge this has not been for S-tubulin should be high. At sufficiently high MgATP
demonstrated in the literature. EM studies of CCT show concentrations, both rings should be occupied with nucleotide
asymmetric forms in the presence of MgATP, consistent with and the affinity for polypeptide should be drastically reduced.

Time (min)
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Ficure 7: Effects of MgATP in ring 1 ons-tubulin binding to
ring 2. (A) Binding to CCT at 1 mM MgATP. Purified CCT was
diluted to 100 0), 20 (©), and 2 nM @) in buffer containing 1
mM MgATP. Urea-denaturedJS]-5-tubulin was diluted into the

Dobrzynski et al.

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 apparerp was~100 nM, and at 30
mM MgATP, ~500 nM. In contrast, in studies with 30 mM
ATP without Mg?" (data not shown), 30 mM Mg without
ATP (data not shown), or 10 mM MgAMP-PNP (Figure 7B),
the apparent affinity of ring 2 fof-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 &6 versus low
concentrations of MgATP (where ring 2 is essentially free
of MgATP). The apparert; increased from-3 nM in the
absence of nucleotide to26 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
p-tubulin. This increase provided an upper bound estimate
of =250 uM for Kppnuei, cOnsistent with the MgATP
dissociation constant value of 40/ obtained by Melki et
al. (14). The apparenKp remained constant from 0.5 to 1
mM MgATP, and therdecreasedvith MgATP concentra-
tions of up to 4 mM. We tentatively attribute this decrease
in Kp to a weakening of inter-ring communication followed

samples and incubated for 10 min. Samples were chromatographedyy a recovery in the binding affinity of ring 2 fg#-tubulin

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 MgGland 10 mM ATP [0), 10 mM MgCh
and 30 mM ATP 4), or 10 mM MgC} and 10 mM AMP-PNP
(O) and incubated for 90 min. Urea-denaturé®]-5-tubulin was

to values similar to the nucleotide-free case. A sharp,
cooperative-like transition in thép 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

diluted into the samples and chromatographed as described for panepoint, ~4.5—-5.0 mM, provided us with an estimate for the

A except that running buffers were supplemented with Mg@id

ATP as in the incubations. (C) Appardfs 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 MgGb that ATP and
MgClI, concentrations were equivalent. The 4, 10, 25, and 30 mM
ATP data points fitted to eq 2<) gave an estimateldp nuc2 value

of 1.3 mM. For the 25 mM MgATP studies, binding gftubulin

was assessed over a range of CCT concentration2(8 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
[5S]-B-tubulin was diluted into the samples and incubated for 90
min. Samples were processed as described for panel B. Apparen
Kp 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 g#-tubulin to 200 nM CCT preincubated
with 1, 30, and 50 mM MgATP was examined #--). This study
gave an estimatddp nuc2 value of 4.4 mM. The inset is an expanded
plot of the apparenKp vs MgATP concentration. The apparent
Kp 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<200uM for Kp nuc1, CcOnsistent with the 4QM value
obtained by fluorescencel4). (D) Silver-stained SDSPAGE

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 stue§0% of

the CCT dissociated into rings and/or oligomeric structures.

The affinity for S-tubulin was high in the presence of 1
mM MgATP (apparentkp ~ 28 + 5 nM) (Figure 7A),
although it was reduced-9L0-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

apparent MgATP dissociation constant for ringk (uc2)-
The gradual decrease iy 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 83). Saturation of ring 2 with nucleotide after this
transition is expected to give rise to a linear increase in the
apparenKp with increasing MgATP concentrations. Figure
7C shows plots of the appareldp versus MgATP concen-
tration for two independent studies at high MgATP concen-
trations fitted to eq 2 (Experimental Procedures). Equation

£ predicts that as ring 2 saturates with MgATP, the apparent

Kp for g-tubulin should increase linearly with MgATP con-
centration at an extent inversely proportionaKignuce. The
average value obtained fdfpnuc2 (3 mMM) is ~100-fold
greater tharkp 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 CC32j. 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, AlF
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
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DISCUSSION

Comparison of I§ Values with Preious StudiesThe
apparenKp values forg-tubulin and actin binding to CCT
(Table 1) are similar t&p values commonly observed for
tight binding substrates of GroEL. However, they are smaller
by 2 orders of magnitude than those reported previousgly (
With the exception of 100 mM KCI present in our folding
buffer, the folding buffers are essentially identical in the two
studies. When we repeated tkg measurements for wild-

6000 type fB-tubulin in the previously used bufferl4), values
B similar to those reported in Tables 1 and 2 again were
obtained. We therefore attribute the discrepancy in the
apparentKp values to differences in experimental design.
In the study presented here, the appakgntalues 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 determiri&s).
In contrast, Melki et al.did a saturation studyvarying
substrate over a range of concentrations that were in
considerable excess of théips (from 350 nM to 25M in
the case off-tubulin) while holding the CCT concentration
fixed at 500 nM. They concluded that at saturation two
SOPEE® POTEES © PSESE SPSES® SB-tubulins bound CCT with apparently identical affinities

35S8-CPM

35S-CPM

50 60 70 80 90

Fraction Number

. (Kps ~ 1 uM). One S-tubulin was assigned to each ring,
and the binding of the twg-tubulins to the two rings was
assumed to occur simultaneously (their Figure 8). The high

| & ccr Kp value they deduced likely reflects binding of the second

Am m, AlF- p-tubulin to ring 2 since our results indicate that ring 1 would

FiGure 8: AlF,~ stabilizes a Iow-afflnlty form of CCT in the have already been saturated witkubulin polypeptide at

presence of MgATP but not MgGADP or MgAMP-PNP. (A) AlF thg very start of _their concentration study [the_ir first data
study (100uM). Purified CCT was diluted to 200 nM in folding ~ point at 350 nM in fact shows 6 pmol @ tubulin bound
buffer that contained 100M ATP, 100uM AI(NO3)s, and 5 mM per 10 pmol of CCT (60% saturation)]. For the previous

NaF and was incubated for 90 mir?*§]-5-Tubulin was diluted ~ jhyestigators to have studied binding to ring 1, they would

100-fold out of urea into CCT and incubated for 10 min. Samples . . :
were chromatographed on a Superose 6 column to assess bindin@ave had to reduce their CCT a.ﬁEtUbu“n concentrations
y more than 2 orders of magnitude

affinities. The Mg* concentration was 2 mM. (B) AlF study (1
mM). Purified CCT was diluted to 200 nM in folding buffer CCT Substrate Selecify. The class Il chaperonin CCT
supplemented with 1 mM AI(N§); and 10 mM NaF @) or, in facilitates the folding of actin, tubulin, &ransducin, cyclin

addition, with 1 mM ATP @), ADP (2), or AMP—PNP () and . S S
incubated for 90 min. Samples were processed as described for=r @1d probably myosin 1149) in vitro and in vivo. Thus

panel A. (C)B-tub-CCT fractions 6670 from the 1 mM studies  far, in vivo stud?es have failed to clearly_ identify any other
were subjected to SDSPAGE and silver staining. substrate proteins; however, recent evidence suggests that

perhaps as much as 10% of newly synthesized proteins in
stability to achieve nucleotide occupancy of ring 2 at much mammalian cells may transit through CCB0[. When
lower MgATP concentrations than that of Figure 7. CCT presented from denaturant, most proteins do not bind to CCT
was incubated with 100M MgATP, 100uM AI(NO 3)s, and with high affinity (G. W. Farr, unpublished observations).
5 mM NaF (4) and the binding affinity fors-tubulin Nevertheless, Melki et al. have proposed that a significant
assessed. The chaperonin retained a relatively high affinity number of denatured proteins bind with high affinity to CCT
for B-tubulin (apparenKp ~ 20 nM, Figure 8A). However, in vitro (14). In contrast, the class | chaperonin GroEL has
when the concentrations were increased to 1 mM MgATP, been shown to facilitate the folding of many proteins in vitro
1 mM AI(NOs)s, and 10 mM NaF, a much lower apparent and is thought to interact with many more proteins in vivo
affinity was observed (apparei, > 1 uM, Figure 8B). (51-53). Several studies have recently attempted to explore
ATP appeared to be limiting in the 1M study because the apparent selectivity of CCT by using mutagenesis to alter
increasing the concentrations of Al(N@and NaF was not  the primary structures of actin or tubulir2,(3). These
sufficient to generate the low-affinity form (data not shown). investigations were limited by the fact that (i) controls were
The low-affinity state could not be obtained with MgABP not introduced to test the possibility that a change in the
AlF,~ or MgAMP-PNP-AIF,~, indicating that ATP hy- primary structure significantly altered the conformation of
drolysis was required (Figure 8B). Column fractions analyzed the substrate protein presented to CCT and (ii) the assays
by SDS-PAGE and silver staining showed similar intensities failed to quantitate sufficiently the binding affinities.
and elution positions of CCT subunits for the ATRIF,, In the current study, we introduced ftgzitubulin chimeras
ADP—AIF,~, AMP-PNP-AIF,~, and AlR,~ samples, indi- as potential controls and implemented a quantitative approach
cating that the chaperonin was intact (Figure 8C). to determine the contribution of select regionsgetubulin
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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 24 m
selectivity is illusory (see below). However, certain sites (hot N
spots) may interact modestly with CCT. We identified one
such site at residues 25272 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 thgd-tubulin fragments

and scanning alanine mutants perturbed the conformation of -10-
the folding intermediate and in so doing have smoothed out
the contribution of other hot spots. However, it is unlikely
that such perturbations masked latyé contributions. For 141
instance, when the N-terminal fragments and their corre- 0 S0 100 150 200 250 300 350 400 450
sponding N-terminal chimeras are compared, there is little

difference in the binding free energies{ kcal/mol, Table Number of Beta-Tubulin Residues

2). We are thus confronted with an inability to rationalize '(:'GU_SE 9|1 Afh%afntAG&/é thle numbeL Ofﬁ-tlybt:ﬂn I(IetSidU?S I
g e i L - residue length). ApparerkG values are shown for the N-terminal
p-tubulin’s high apparent affinity for CCT in terms of fragments and N-terminal chimeras)( the wild type W), Mut. 1

interactions with seleqfi-tubulin regions. (M), internal deletions\85—144, A86—251, andA85—306 (a),
Our finding of weak binding sites if3-tubulin that lead and N-terminal deletion mutant2—145 @). The solid line, where

to high-affinity association with CCT suggests, as one appareniG(kcal/mol)= —7.5-0.009x residue length, is a least-
possiily,actve imiolvement of CCT. This anomaly was S5 110 e dae Yaues b e ioma Seleioresea,
alsq rloted in the Tec‘?”t stud_y of actin binding to CCT, where scenarios foAG at short residue lengths:(L00) are also sketched
positive cooperative interactions between CCT and the weakin this figure (dashed linesHIll). See the text for details.
binding sites in actin were hypothesized as a mechanism for
strengthening bindind?( 3). Positive cooperative interactions mol from CCT is uncorrected for differences in intramo-
may contribute tg3-tubulin binding, although we have no lecular folding of tubulin and chimeras and is an upper bound
evidence for this at present. In contrast, negative inter-ring estimate. It is possible that in the chimeras, the domains may
cooperativity may be important fgb-tubulin binding as pack against each other differently than in wild-typeu-
suggested by the large discrepancy in the binding affinities bulin. This could expose additionad-tubulin sites for
of -tubulin for the two rings of CCT (our study versus Melki interaction with CCT and contribute to the exceAS&.
et al., Results). If so, the 2 order of magnitude discrepancy Whether these and other intramolecular folding differences
in Kp values suggests-a3 kcal/mol increase in the binding  would be large enough to account for th& kcal/mol excess
free energy for ring 2 relative to that for ring 1. This increase free energy, an amount that 1860% of the total binding
is similar to that estimated earlier for MgATP binding to free energy of wild-typg-tubulin, is unclear to us in view
ring 2 relative to binding to ring 1 (Figure 7C). of the considerable structural similarity of native ftsZ and
Role of the Chaperonin in Substrate Binding/hile B-tubulin (39, 44) (Figure 5A). Furthermore, the fact that
comparing the affinities of the N- and C-terminal chimeras, all three chimera pairs give the identical excess free energy
we were struck by a consistent excess of free energy in eachwithin a few percent (Table 3) seems not to support this
matched pair (Table 3). We had anticipated that the sum of possibility. In contrast, the hypothesis that a conformation
the free energies for the binding of a matched pair would be change in CCT occurs concomitant with substrate binding
roughly equal to the free energy observed for intact wild- readily rationalizes this constancy.
type g-tubulin. Instead, this sum showscansistenexcess This additional free energy was also encountered in a more
of —7 kcal/mol of free energy when compared with wild- complete analysis of our binding data. Figure 9 shows
type S-tubulin (Table 3 AGn+c — AGwr varied from—6.9 apparenAG values for the wild type, N-terminal fragments,
to —7.1). This discrepancy may reflect folding differences and N-terminal chimeras (primary data taken from Tables 1
between the wild type and the chimeras. Alternatively, if and 2) together with three internal deletion fragmex8&—
the ftsZ portions of the chimeras make an insignificant 144, A86—251, andA85—306, and an N-terminal deletion
(<10%) contribution and the intrinsic contributions from the mutantA2—145 from Dobrzynski et al., plotted against the
[-tubulin portions of the chimeras are more or less equivalent number of s-tubulin residues present in the respective
to the same regions in wild-typé-tubulin, this additional polypeptides (“residue length’AG values fit a least-squares
free energy suggests contributions from sources other thanline [slope= —9 cal mol? (5-tubulin residue)]. The data
the bound polypeptide. One possibility is that the chaperonin represent a range of more than 2 orders of magnitudigin
itself, perhaps by a conformational change, stabilizes the values. We were unable to detect binding of the fragment
binary complex by providing additional negative binding free 1—85 (the smallest fragment we examined) by our technique
energy. If true, then this stabilizing energy should appear (<1% bound at 200 nM CCTKp > 10 uM) (3). We
twice in the sum of theAGs of the matched pair, a conservatively estimated that th& for deletion mutant
consequence of two separate binding measurements, comA85—144 was~50 nM. Compared with that of the wild type,
pared with just one measurement for wild-tyfigubulin, this represents an increase in free energy frofil.8 to
and should be evident as an addition®b (estimated here ~ —10.2 kcal/mol (Figure 9a at residue length 385 W/ at
to be —7 kcal/mol) when the binding free energies are residue length 445). The difference of 1.6 kcal/mol is greater
compared. This presumptive contribution of car kcal/ than what would be expected if residues-8%4 made an

Sells

AG (kcal/mol)
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“average” contribution of ca—9 cal mol! (5-tubulin 9 was also obtained for the wild type and chimeras by an
residue)? to binding, a result which suggests that this region entirely differentapproach (above) when binding free ener-
contains a hot spdt(the significance of this “average” gies were corrected for a putative conformation change in
contribution is discussed below). The apparent linear de- CCT (Table 3, column 4 and footnote.dh contrast, the
pendence oAG on residue length (Figure 9) does not support uncorrectedylobally averaged contribution ranged from ca.
the existence of a major region @ftubulin, such as an  —27 cal mot* (5-tubulin residue)* for the wild type 11.8
interactive cored), which gives rise to CCT specific binding.  kcal/mol per 445 residues) to ca45 cal mot? (5-tubulin
Furthermore, the finding that the wild-type value falls on or residue)? for the chimeras (values in column 1 of Table 3
close to this least-squares line does not support the positivedivided by the number ofi-tubulin residues). While we
cooperativity model of Rommelaere et al2).f More cannot definitively say at present which version is correct,
importantly, the linear plot implies th@ttubulin interactions  we find it satisfying that the globally averaged contributions
with CCT are to a good approximation additive over a wide are apparently similar when corrected for the putative
range of fragment and domain sizes and supports the notionconformation change in CCT. This suggests that intramo-
that the excess free energy derived in Table 3 arises fromlecular folding may not be very different in the wild type
factors other than differences in folding. Further studies will and chimeras. In our analysis (Table 3), we assumed as a
be required to confirm these findings. It should be noted that working hypothesis thad-tubulin fragments and/or domains
we do not interpret the linear plot (solid line, Figure 9) as contribute additively to the energy of binding. This hypoth-
evidence that the bound forms are unfolded on the interior esis is supported by the Figure 9 results and implies that
surface of CCT and that interactions with the chaperonin each domain or fragment interacts independently with CCT,
are equal along the entire length of the protein with individual without major steric interference, in a manner similar to that
residues generally contributing ca9 cal/mol toAG. Rather, of the corresponding region in the wild type. This cannot be
we believe these forms are quasi-native (wild type) @ef  strictly correct. The assumption of additivity, however, may
and Figure 6B) or quasi-native and/or molten globule pose less of a problem than one might initially think. We
(mutants) and have multiple weak binding sites (together with observed, for example, that the appar&as of the N-
several moderate hot spots) which are distributed along theterminal chimera differed by no more than a factor ef®2
S-tubulin sequence and which give rise to the apparent linearfrom those of the N-terminal fragments. This translates to a
dependence oAG on residue length. The number and relatively modest difference 0of0.5—-1 kcal/mol in their
location of these sites are largely unknown. binding free energiedespitethe fact that the fragment set
We suggest the least-squares slop® [cal mol?! (- lacks a C-terminal domain, whereas the chimera set nomi-
tubulin residue)!] (Figure 9) provides ajlobal average of nally has C-terminal domains that are structurally similar to
the interaction of CCT with thg-tubulin residuesyalid for those of -tubulin and ftsZ (Figure 4A). Whether these
polypeptides that contair 100—1403-tubulin residuegsee C-terminal domains pack against the N-terminal domains in
below). As defined, this global average inclu@diss-tubulin a similar manner as in the wild-type folding intermediates
residues in the folding intermediate, both buried and exposedis presently unknown.
(Experimental Procedures). Surprisingly, this measure of In Figure 9, we sketched three hypothetical scenarios for
interaction is apparently constant and to a good approxima- S-tubulin residue lengths 0£100: () S-tubulin residues
tion independent of polypeptide size for fragments with more continue to contribute ca-9 cal mol™ residue® and the
than~140 residues. This can be understood if the polypep- least-squares line intercepts tHexis at ca—7.5 kcal/mol
tides are largely unfolded on the interior surface of CCT. (zero residue length); (IIAG decreases with decreasing
We do not believe this to be the case and favor a dynamic s-tubulin residue length and extrapolates to 0 kcal/mol at
model of interaction to explain the result. We suggest that zero residue length (i.e., molecular interactions between
the bound polypeptides interact dynamically with CCT at S-tubulin and CCT are entirely responsible for the free energy
multiple weak binding sites with transient exposure of of binding); and (lll)AG behavior is intermediate between
“buried residues” to CCT being a frequent occurrence. This that in scenarios | and Il (i.e., we hypothesize a discontinuity
concept is developed further below. Other explanations arein AG).
possible. For example, an ensemble of bound forms that Scenario | yields an intercept value that is in excellent
interact statically with CCT might also give rise to an agreement with the additional free energy observed with the
apparent linear dependence®6 on f-tubulin length. matched chimeras and is consistent with the notion of a
A globally averaged contribution of ca=10 to —11 cal/ stabilizing conformation change in CCT. However, Scenario
mol perp-tubulin residue similar to that derived from Figure | seems simplistic. Bearing in mind the surface to volume
changes expected with polypeptide size, the potential for a
2 Native -tubulin contains two protease-sensitive regions, PS1 and residue to interact with CCT shouidcreaseas polypeptide

PS2 (residues 120160 and 266-290, respectively)1) (Figure 1A). ; ;
Hot spot 259-272 falls in PS2; this second hot spot between residues size decreases as more residues would be at the surface and

85 and 144 overlaps PS1. Rommelaere et al. showed that actin contain§€Wer would be buried in the interior. The slope of thé
three major recognition sites for CCT, i.e., residues-1259, 244~ plot would therefore be expected to increase and become

285 (contains the hydrophobic plug), and 34€Y5 @). One of the  steeper as residue length decreased toward 0, with the

sites is weakly homologous to HR2;(see also re8) (Figure 1A) and . . . . _
another to protease-sensitive region PXExperimental Procedures). intercept on ther-axis possibly occurring at or neaG =

30ur data do not exclude the possibility that hot spots contribute 0. Scenario Il shows this behavior.
cooperatively toAG. However, in contrast to Rommelaere et al., we Scenario Il assumes that short polypeptides are well

believe that if such interactions are present they are secondary to other ; hils ;
factors, e.g., a stabilizing conformation change in CCT, which we behaved and ignores the possibility that these polypeptides

propose accounts for the major portion of the binding free energy (seeinteraCF dynamicall_y with _CCT which was implici_t_in
the text). scenario |. Scenario Ill (Figure 9) makes the additional
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assumption (discussed below) that a certain critical size orfailed to detect any interaction with CCT (R. Melki and H.

volume of polypeptide induces a conformation change in
CCT which stabilizes binding (see below). In FigureA;

Sternlicht, unpublished studies).
The structural changes in CCT that we propose are induced

is arbitrarily shown as decreasing at a modest rate from 0by S-tubulin binding are presently unclear. One possibility

kcal/mol at O residues to ca:2 to —4 kcal/mol at 76-120
residues, whereupon a rapid decrease to-@&to —9 kcal/
mol indicative of the conformation change in CCT occurs,

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-

followed by the much slower rate of decrease described companying this “mechanical” expansion may be small local

earlier for the least-squares line shown in Figure-9 (al
mol~! residue?). In this scenario, linear extrapolation of the
least-squares line toward théaxis (done inappropriately
in scenario 1) extendAG into a virtual region that ignores
the discontinuity; the intercept value obtainee7.5 kcal/
mol, provides an upper bound estimate of the contribution
of CCT to AG valid only for residue lengths of70—100,

changes in CCT that bring positive charges closer to negative
charges and/or hydrophobic residues closer to other hydro-
phobic residues, etc., which collectively contributd to

—7 kcal/mol toAG. Alternatively or in addition, CCT may
partially encapsulatehe bound polypeptide, which would
help stabilize binding. This possibility is supported by EM
studies, which suggest that CCT can encapsulate substrate

i.e., for polypeptides greater than a critical size. This estimate released into its channel following MgATP binding or

is similar to that derived in Table 3. Scenario lll is arbitrarily

hydrolysis @3). On the basis of the latter studies, the

depicted in Figure 9. We have no data that indicate where following scenario could apply: (i-tubulin binds to the

the discontinuity occurs, nor do we know its magnitude or

apical domains and inserts into CCT,; (ii) insertion deforms

whether it actually occurs. The quantitative aspects, as well CCT, causing a rotation of its apical domains and a partial
as the validity of scenarios Il and 1ll, need to be addressed sequestration of the polypeptide binding residues, which

in a separate study (the studies would be technically difficult
but should be feasible).

We think the alternative explanation which ascribes the
excessAG in Table 3 to differences in folding (above) is

reduces the affinity fof3-tubulin; and (iii) simultaneously,
helical protrusions present at the apical domain tips of CCT
are exposed23) and partially encapsulafg-tubulin which
reduces its off-rate. In the presence of MgATP, larger

inadequate. It ignores what we believe to be compelling rotations of the apical domains are induced. The helical
arguments for a stabilizing contribution from CCT. Two protrusions now seal the central cavity, encapsulating the
independent approaches, one based on an analysis of thg-tubulin released into the cavity. This scenario supports the
paired chimeras and a second on a more complete data setyypothesis that chaperonin and co-chaperonin functions are

gave similar upper bound estimates for the contribution of
this conformation change G and similar estimates of the
global average contribution of thtubulin residues to the
binding free energies. We suggest that the exaeGsin
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 be4—7 kcal/mol,

subsumed within CCT2(1, 22).

Deformation Binding and Substrate Seleit§i. We suggest
thatAG is a composite of two term@GsiapandAGn;, where
AGsiapdenotes the contribution from CCT atds: (=RT
In Kp,in)) denotes the residual (intrinsic) binding free energy
of the polypeptide. For AGs:a,0f —6 kcal/mol,AG; would
be —6 kcal/mol for the wild type which translates to an
apparentKp int of ~40 uM. Much largerKp nt values are
obtained for the fragments. ParadoxicalyGn; on its own

allowing for experimental uncertainties. This corresponds to appears to be generallgsufficientto support polypeptide

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

binding. We propose that in eukaryotesRriorm of CCT
separated frona more stablel form by a high activation
barrier predominates in the absence of substrate RTioem

equivalently). There are other explanations for the excesshas relatively high intrinsic affinity for substrates. [This
AG. Although our data suggest otherwise, we cannot excludediffers from the MWC model%4) where a low-affinity form

the possibility that ftsZ residues contributed significantly to
the excessAG. Furthermore, if CCT dissociated at high
dilutions ([CCT] < 4 nM), we may have underestimated its
affinity for wild-type S-tubulin. If we assume an apparent
Kp of ~50 pM for the wild type AGwr = —14 kcal/mol),
we obtain an upper bound estimate of eal to —5 kcal/
mol for CCT’s contribution. To contravene our hypothesis,
the Kp for the wild type would need to be in the high
femtomolar range;~3—4 orders of magnitude lower than

would predominate in the absence of substrate.] Binding of
substrate $) lowers the activation barrier and induces e
form, which has a reduced intrinsic affinity for substrate (as
“measured” byKp in). The bound compleX -S has a lower
apparent free energy thd&rS and is the form detected in
this study. Upon dissociation &, we hypothesize that
reverts back tdR. 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

the value we report (Table 1). This seems unreasonable. Thebinding reaction can be represented as Scheme 1, shown

affinity of ring 1 for s-tubulin would be almost56 orders

below. While it is useful to discusép i as if it has a physical

of magnitude greater than that of ring 2 (see above). Apparentreality and relates to an equilibrium betweBandT, free

hot spot HR2 would now contribute5 kcal/mol to binding
(Mut. 1 vs the wild type). This translates to an appat€nt
of <100 uM for this region alone. Fluorescence quenching
studies with MCA residues 251288, a methylcoumarin

T is only very slowly obtained fromR and boundT is
obtained mainly as a consequence of the bindin§ tf R.
Scheme 1 is based on the nucleotide-free case. It may also
apply to the MgADP case. This scheme is different from an

derivative of a synthetic peptide that encompassed the HR2"induced fit", where substrate affinity for induceld mark-

region (QCB Biochemicals; studies te40 uM peptide),

edly increases as the binding site is structurally altered to
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Scheme 1 An intriguing possibility is that cycling is needed for
disassembly of accumulated and reassembly of the
@ Induced @ products into fresiR.*

Dynamic Unfolding or Refolding on CCT.polypeptide
ReS —9 TeS binding is linked to a conformation change in CCT, high-
e— affinity binding to the chaperonin can be achieved with a
low “intrinsic” affinity for polypeptide. If 5-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-
Fast Slow 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

R+S I T+S positions that reflect different molecular configurations of
< the polypeptide. ATP hydrolysis induces release of bound
polypeptide into the central channel to complete folding. In

@ Slow @ this dynamic model, catalytic efficiency (as measured by the

number of productive folding intermediates per folding cycle)

accommodate the substrate. In Scheme 1, the intrinsic affinitydepends on the fraction of configurations in the ensemble
of the substrate for inducellis at most the same as that for that are competent to fold productively once released into
R. More likely, it is reduced relative to that fdR. the channel. It is possible in the casefsfubulin that this

We speculate that there are two major classes of non-nativeprocess proceeds in stages that resemble maturation such that
polypeptides that bind CCT. One class bindRktbut does early productive intermediates are transformed into late
not induce a transition td. Polypeptides in this class are productive intermediates. Alternative dynamic models based
presumed to transit through the chaperonin, perhaps in someon rotational diffusion of substrate within the channel or that
cases binding with high affinity t&R, but their folding is permit some cooperative interactions with CCT are possible.
not dependent on CCT. The second class bindR t@and Also, hot spots need not play as major a role. We have been
induces a transition t®. This class includes substrates such puzzled for some time by proteolytic results, which show
as tubulin and actin, which require interaction with CCT for complex degradation of CCT-bougetubulin. This unusual
their productive folding. The basis for the transition is not result may reflect ready accessibility of bound substrate to
known but may require an interaction of CCT with some protease perhaps because of fenestrations in CCT [fenestra-
recognition feature(s) in the conformation or sequence of tions are observed in the thermosoré)(and GroEL 81)].
the polypeptidesand/or perhaps “triggering” interactions However, it could also be indicative of dynamic folding.
with one or more specific subunits in CCT33). An According to the dynamic model, a protease would see an
alternative possibility which we find attractive is that the ensemble of forms with different channel and/or fenestrated
transition is not limited to a select number of substrates but aspects and could generate a complex fragmentation pattern.
that many non-native polypeptidell{ < 100 kDa) with a Complex fragmentation patterns have also been seen with
sufficiently large volume can induce this transition. However, GroEL-bound substrates$, 56) and may originate from
only a select number are retained by CCT (i.e., have a similar dynamic interactions.
sufficiently low Kp n)). Although we do not believe that We suggest that dynamic interactions between CCT and
synergistic and/or cooperative interaction between hot spotssubstrate enhance catalytic efficiency and the productive
as proposed previously is responsible for the high affinity folding of substrate once released into the central cavity. It
of binding of tubulin and actin to CCT2}, such interactions is conceivable that dynamic interactions also permit folding
could be important foKp s and for CCT selectivity. The  on the interior surface of CCT prior to release into the central
finding of a second potential hot spot firtubulin (a at cavity. Such folding could facilitate changes in the tertiary
residue length 385, Figure 9) that, like the earlier hot spot interactions of early intermediates and contribute to substrate
HR2, is homologous to a putative hot spot in actin lends maturation. Coyle et al.5() recently reported that GroEL
credence to the notion that conserved regions in tubulin andaccelerates the refolding of hen lysozyme in the absence of
actin play a critical role in CCT functiof. MgATP. This facilitation occurs on the interior surface of

In Scheme 1T -Sis shown as potentially dissociating into  GroEL. Shtilerman et al. also recently reported that ATP
T andS. In time, T would be expected to accumulate and binding to GroEL unfolds a kinetically trapped intermediate
eventually disrupt functiorR is also shown as “metastable” of RuBisCo. This unfolding is hypothesized to occur through
with the potential to convert td in the absence of sub-
strate. However, we have seen no evidence for this. [CCT 4 The conformational cycle and protein binding properties of the
incubated with or without ATP at 30C for more than 24 h  archaeosome, a class Il chaperonin with heat-shock function from
is stable and binds substrates with affinities similar to those fSO‘#LOS'%?Utﬁ :f;irtéﬁfe‘?slo";‘]: e ei\):aplatir?:?:|ggeﬁcgﬁygpérjffct)rsgqéwgongsorond
rep(_)rted in our binding Stl'_'d'es (unpublished observations) ] to T forms in the absence or brésence of ATP, respectively. We suggest
In vivo, CCT undergoes disassembly and reassembly cyclesthat a minor form in theR state, not detected by the investigators,
dependent on ATP as well as accessory proteins whosehnitially binds unfolded protein (derived from a protein pool complexed

(PR with free archaeosome subunits as described by the investigators). This
function is not understoodi@). These cycles are thought to form presumably converts to tiieform during the induction ste(RR-

be involved in CCT biosythGS@@ an(_d may be an inte- 5. T.5)and is regenerated in subsequent disassembly and assembly
gral part of the protein folding mechanism of CCT; 46). cycles of the archaeosome.
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ATP-induced movements of the apical domains of GroEL study is consistent with our major conclusions. For example,
(58). CCT may also use a repertoire of mechanisms to the authors report the binding ofsingleactin molecule to
facilitate substrate folding. CCT under their experimental conditions 10-fold excess

Binding in the Presence of Nucleotidedirect binding ~ Of substrate to CCT). They also report thatactin and
studies with -tubulin suggest a nested cooperativity in A-actin.sub4, a chimeric protein containing subdomain 4 of
MgATP binding to CCT (Figures 6 and 7), as is observed p-actin fused to the C-terminus of the Ha-Ras protein, induce
for GroEL. Hydrolysis in ring 1 of GroEL or GroES permits & concerted conformation changa CCT upon binding
ring 2 to be occupied with nucleotid®4, 28). A similar (Ha-Ras serves a similar control function in their study as
requirement was observed here with CCT. Binding to ring ftsZ does in our study). Finally, they observed thaactin
2 occurred at h|gh MgATP Concentratiorpsz( mM) under bound either to the CGﬂ—anq CCE Sl:lbumts or to the CCY
our substrate limiting conditions. We do not know the effect and CC subunits, consistent with our proposal of an
of po|ypept|de on this b|nd|ng Our Study described above ensemble Of fOIdlng ConflguratIOlflsr CCT substrates in the
carried out in the absence of nucleotide suggests a muchcentral cavity.
more active role for polypeptide in chaperonin function than
previously realized. One possibility is that polypeptide release ACKNOWLEDGMENT
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