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Abstract

The ubiquitously occurring chaperonins consist of a large tetradecameric Chaperonin-60,
forming a cylindrical assembly, and a smaller heptameric Chaperonin-10.  For a functional
protein folding cycle, Chaperonin-10 caps the cylindrical Chaperonin-60 from one end
forming an asymmetric complex.  The oligomeric assembly of Chaperonin-10 is known to
be highly plastic in nature.  In Mycobacterium tuberculosis, the plasticity has been shown to
be modulated by reversible binding of divalent cations.  Binding of cations confers rigidity
to the metal binding loop, and also promotes stability of the oligomeric structure.  We have
probed the conformational effects of cation binding on the Chaperonin-10 structure through
fluorescence studies and molecular dynamics simulations.  Fluorescence studies show that
cation binding induces reduced exposure and flexibility of the dome loop.  The simulations
corroborate these results and further indicate a complex landscape of correlated motions
between different parts of the molecule.  They also show a fascinating interplay between two
distantly spaced loops, the metal binding “dome loop” and the GroEL-binding “mobile
loop”, suggesting an important cation-mediated role in the recognition of Chaperonin-60.  In
the presence of cations the mobile loop appears poised to dock onto the Chaperonin-60
structure.  The divalent metal ions may thus act as key elements in the protein folding cycle,
and trigger a conformational switch for molecular recognition.

Introduction

Chaperonins are among the best characterized classes of molecular chaperones and
are known to occur ubiquitously in bacteria as well as in eukaryotes.  The two
members of this class, Chaperonin-60 (Cpn-60) and Chaperonin-10 (Cpn-10), have
served as a paradigm for chaperone mediated protein folding with numerous stud-
ies resulting in an intricate mechanism for this process (1-3).  It has been observed
that protein folding in vivo occurs in the larger cavity of the Cpn-60 cylinder where
unfolded or partially folded peptides are sequestered.  Release and binding of
polypeptides from Cpn-60 surfaces is tightly regulated by Cpn-10.  Binding of ATP
and a Cpn-10 heptamer to the cis ring of a Cpn-60 tetradecamer results in an
enlargement of the hydrophilic central cavity, which sequesters the polypeptides
and provides a conducive environment to fold (4).  ATP hydrolysis in the cis ring,
accompanied by ATP binding in the trans ring, promotes Cpn-10 dissociation from
the complex and release of the substrate polypeptide from the central cavity (5).

Crystal structures of E. coli Cpn-10 (6) as well as its homologues from
Mycobacterium leprae (7), Mycobacterium tuberculosis (8, 9) and Thermus ther-
mophilus (10) are known to atomic resolutions.  Cpn-10 forms a single heptamer-
ic ring of identical subunits of 10 kDa each.  The overall structure of Cpn-10 resem-
bles a dome with an orifice of 8-12 Å diameter.  The Cpn-10 heptamer can cap
either to one end or both ends of Cpn-60 resulting in an asymmetric or a symmet-
ric complex, respectively.  The M. tuberculosis Cpn-10 (Mt Cpn-10) monomer con-
sists of 99 residues forming a conserved hydrophobic β-barrel core, with β-strands
of the barrel connected by β-hairpins.  The hairpin comprising residues 48 to 58
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and extending from the top of the dome, called the “dome loop” (11) is highly neg-
atively charged at its tip and is partially stabilized in the presence of metal ions.
The other hairpin comprising residues 18 to 38 and extending down the dome,
called the “mobile loop” (11, 12), is responsible for specific binding of Cpn-10 to
Cpn-60 (Fig. 1).  There is also a third small flexible loop comprising residues 76 to
88 that we choose to call as the “hind loop” (Fig. 1).  This hind loop is thought to
play a key role in facilitating conformational changes in the mobile loop and there-
by efficient binding of Cpn-10 to Cpn-60 (13).

The tip of the dome is also the closest approach to the seven-fold symmetry axis in
the Mt Cpn-10, where three acidic residues, D51, E52, and D53, are located (Fig.
1).  The conglomeration of acidic residues, therefore, results in a very high nega-
tive potential towards the top of the Mt Cpn-10 dome (13, 14).  The repulsive elec-
trostatic forces thereby lead to an altered flexibility of the dome and possibly the
instability of the oligomeric assembly (14).  It is significant to note that Cpn-10 of
E. coli has previously been proposed to have a metastable oligomeric structure
leading to an increase in the diameter of the dome orifice in solution (15).  The evo-
lutionary conservation of flanking residues (residue positions 46-48 preceding the
dome loop and residue positions 65 and 66 following the loop) and the charged
residues at the tip of the loop (residue positions 51-53) suggest a possible critical
role of the dome loop in the Mt Cpn-10 function (14).  It has recently been shown
that metal ion binding to the dome loop modulates the different plastic states of Mt
Cpn-10 and enhances the stability of the oligomeric structure.  It has also been pro-
posed that the utilization of negative charges on the surface of the dome and their
neutralization with metal ions enables the flexible dome loop to act as a
“Conformational Switch” for the Cpn-10-Cpn-60 interaction (14).  In this work, we
have explored the consequence of metal ion-binding at the dome loop, and whether
the conformational changes in the dome loop due to metal-binding are effectively
transmitted to different parts of the Mt Cpn-10 structure.

There have been several illuminating computational studies probing the dynamics
of the Cpn-10-Cpn-60 complex (16-18), however, there has been no work reported
to date examining the dynamics of Cpn-10 alone.  Additionally, there is relatively
little work done on the effects of metal ions on the dynamics/flexibility of proteins
(19, 20).  In the present study, we have carried out fluorescence experiments to
probe the flexibility of the metal-binding regions of Mt Cpn-10 followed by molec-
ular dynamics (MD) simulations of the protein.  The MD simulations were carried
out in an attempt to gain atomic level insights into the influence of the metal ion
upon the conformational changes in the protein.

Materials and Methods

Generation of the Dome Loop Mutant and Purification

The Mt Cpn-10 mutant, with the three acidic residues at the dome replaced by
valine or alanine, was constructed using the Quik-Change site-directed mutagene-
sis kit (Stratagene).  The forward and reverse primers for mutagenesis of D51V,
E52A, and D53V were 5′-GGCCGGTGGGTCGCGGTCGGCGAGAAGCGG-3′
and 5′-CCGCTTCTCGCCGACCGCGACCCACCGGCC-3′, respectively, with
the underlined nucleotides denoting the changed residues.  Purification of the wild
type and mutant protein was performed as previously described (14).

Assessment of Ca2+ Binding

Fluorescence emission of tryptophan as a function of changing Ca2+ ion concen-
tration (100nM to 10mM) was used as a probe for conformational changes through
equilibrium binding studies.  The reaction mixtures containing 2µM (protomer)
Cpn-10 in 10mM Tris-Cl, pH 8.0 were incubated with Ca2+ in a total reaction vol-
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ume of 200µl at 25 °C.  The excitation wavelength was set at 295 nm and emission
was measured in the range 310 and 500 nm.  The equilibrium binding constant for
the wild type Cpn-10 was determined by the increase in fluorescence upon ligand
binding.  Steady-state emission at each ligand concentration was monitored at
340nm and the observed fluorescence intensity corrected for the emission intensi-
ty of the reference buffer.  Apparent binding constant (Kapp) was determined by
means of the following Equation [1] (21):

1/∆F=1/∆Fmax + 1/[Kapp·Fmax(cp-co)] [1]

where ∆F is the change in fluorescence emission intensity at 340 nm (λex = 295
nm) upon addition of different concentrations of Ca2+ and ∆Fmax is the same
parameter when the ligand is totally bound to the protein.  cp is the concentration
of the protein and co is the initial concentration of the ligand.  This equation is valid
when co>>cp.  A linear plot of 1/∆F against 1/(cp-co) was extrapolated to the ordi-
nate.  The reciprocal of the intercept on the ordinate gave the value of ∆Fmax.  Kapp
was obtained from the ratio of the intercept and the slope of the plot.

Fluorescence polarization anisotropy of the wild type and the dome loop mutant Cpn-
10 was monitored at varying concentrations of Ca2+.  2µM Cpn-10 in 10mM Tris-Cl,
pH 8.0 was incubated with Ca2+, with concentrations of Ca2+ varying from 100nM
to 10mM.  Parallel and perpendicular emission components were measured by exci-
tation at 295nm with a 5.5nm slit width.  Emission was monitored through 8nm slit
width at 340nm.  In each anisotropy measurement, the parallel and perpendicular
intensity of the background buffer solutions were subtracted from the measured val-
ues of the sample and the anisotropy was calculated.  Measurements were repeated
three times at each titration point and the resulting anisotropy values were averaged.

Fluorescence quenching experiments were performed with acrylamide as an exter-
nal quencher.  Acrylamide was added from a 1M stock solution to a final concen-
tration ranging from 0.01M to 0.1M.  Quenching was performed in the absence or
presence of 1mM Ca2+ added to 2µM wild-type Cpn-10 in 100mM Tris-Cl, pH 8.0
at 25 °C.  The data were corrected for the dilution introduced by the addition of
acrylamide.  The fluorescence quenching data were analyzed according to the
Stern-Volmer relationship [2] (22):

Fo/F = 1 + KSV[Q] [2]

where Fo and F are the fluorescence intensities in the absence and presence of acry-
lamide, respectively. [Q] is the acrylamide concentration and KSV is the quenching
constant. The fraction of accessibility (fe) of the tryptophan residue was calculated
from the Equation [3] (23, 24):

Fo/(Fo-F) = 1/(KSVfe[Q]) + 1/fe [3]

Figure 1: View of the crystal structure of the
M. tuberculosis Cpn-10 with metal ions.  The
ribbon diagram was drawn with MOLSCRIPT
(36).  Each subunit is shown in a different color
and the metal ions are colored in white.  The
loop regions have been marked accordingly.



Molecular Dynamics Simulations

Two MD simulations were carried out, one in the presence of calcium ions and the
other in its absence (henceforth referred to as ION and NOION, respectively).  The
X-ray crystal structure of Mt Cpn-10 (8) (PDB code-1HX5) was taken as the start-
ing structure for the study.  Each monomer in the crystal structure has 97 amino
acids with density for residues 1-4, 17-21, 31-36, and 98-99 missing.  Hence, the
numbering system used in our work will be from 1-93 in the subsequent text, with
residues 1 and 93 corresponding to residues 5 and 97 in the crystal structure,
respectively.  While the terminal missing residues were left out, residues 17-21 and
31-36 were modeled on a monomer and the heptamer was generated accordingly.
The models were constructed based upon the coordinates of the GroES:GroEL
complex of E. coli (PDB code-1AON) (4).  Ca2+ ions were modeled into each
monomer on the basis of the position of the divalent ions observed in the crystal
structure of Mt Cpn-10 (8).  Ions were modeled in such a manner that each ion was
stabilized by residues E9 and W50 of one monomer, and D61 of the neighboring
subunit (residues 5, 46, and 57 in the renumbered system).  The ions were placed
at the positions of highest electronegativity, which roughly corresponded to the
centre of the coordinates of the charged oxygens of the three residues.  The ions
were constrained during minimization but were free to move during the part of the
simulations that was used for analysis.

The system was explicitly solvated with a shell of TIP3 water molecules (25) using
the MOIL-View (26) program in the AMBER software suite.  The number of TIP3
water molecules added to the system was 8735.  Non-bonded electrostatic interac-
tions, scaled by a constant dielectric value of 1.0, were shifted to zero at 12Å while
a switching function was used to truncate the van der Waals interactions between
8-12Å; non-bonded lists were generated over 14Å.  The simulations were carried
out using the program CHARMM and its associated force field (27, 28).  The con-
formation of the solvated protein system was first relaxed via a series of energy
minimizations under harmonic constraints that were periodically reduced until
zero.  This was followed by MD simulations at 300K where the bonds to hydro-
gens were constrained using SHAKE (29) with a relative tolerance of 1.0 × 10-6.
The Leap Frog algorithm was used to calculate the Newton’s laws at time intervals
of 1fs for a total of 2ns.  Coordinates were saved every 1ps.  The last 1.8ns of each
simulation was used for analysis.  The tools used for analyses included GROMACS
(30, 31), VMD (32), SQUID (33), GRASP (34), Swiss PDB Viewer (35),
MOLSCRIPT (36), and other locally written codes.

Results and Discussion

The plasticity of Mt Cpn-10 has been shown to arise due to the accumulation of
acidic residues at the tip of the dome loop (Fig. 1).  Moreover, addition of diva-
lent cations has been shown to be effective in neutralizing the negative charges at
the dome loop (14).  In order to assess if the negative charges and the oligomeric
plasticity were indeed correlated, a Mt Cpn-10 mutant, where the three acidic
residues were replaced by valine or alanine, was constructed.  Sequencing of the
mutant gene confirmed that the mutant protein contained V, A, and V in place of
D51, E52, and D53, respectively.

Conformational Changes Effected by Ca2+

The only tryptophan residue in the Mt Cpn-10 is present in the dome loop and lies
at the monomer-monomer interface thereby serving as a probe for micro-confor-
mational changes that occur upon ligand binding.  In order to investigate interac-
tions between Ca2+ and Mt Cpn-10, equilibrium binding was assessed through flu-
orescence intensity changes.  As shown in Figure 2A, the emission intensity
increased with increasing Ca2+ ion concentrations till it reached a saturation value
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at a concentration of 1mM in the wild type Cpn-10.  The apparent binding constant
thus calculated was 0.007µM-1 (dissociation constant, Kd = 143µM) indicating a
strong interaction between Ca2+ and the wild type Cpn-10.  However, in contrast
to the wild type, the emission intensity of the dome loop mutant upon variation of
Ca2+ ion concentration remained relatively constant (Fig. 2B), thus suggesting that
the mutant protein might not bind Ca2+.

Fluorescence anisotropy measurements provide a powerful means of
assessing conformational changes, especially in cases like Mt Cpn-10,
where the observations are due to a single tryptophan residue.  Solvent
exposure of W50 (W46 in the renumbered sequence) was measured
through fluorescence anisotropy, which was thus exploited to probe con-
formational changes as a result of Ca2+ binding to the dome loop.
Fluorescence anisotropy of tryptophan resulted in a profile as shown in
Figure 2C.  Binding of Ca2+ to the wild type Mt Cpn-10 resulted in a
steady increase in fluorescence anisotropy indicating a decrease in the
rotational freedom of the tryptophan, till saturation was achieved at 1mM.
The dome loop mutant on the other hand did not exhibit any alteration in
fluorescence anisotropy, corroborating our earlier data that the mutant
does not exhibit Ca2+ dependent conformational changes.  Thus, the dome
loop mutant might have an impaired Ca2+ binding ability.

The fluorescence data thus clearly indicate that the ability of Mt Cpn-10
to bind Ca2+ ions is a consequence of the negative charges at the tip of the
dome loop.  Since Ca2+ binding is known to bring about a reduced plas-
ticity to the heptameric molecule, it was apparent that binding by divalent
cations would result in conformational changes in the dome loop.

In order to assess these conformational changes in Mt Cpn-10, fluores-
cence quenching experiments with acrylamide were performed for the
wild type protein in the absence and presence of Ca2+.  Since the dome
loop mutant did not exhibit any change in fluorescence intensity upon
addition of Ca2+ it was not used for quenching studies.  The KSV constant
for acrylamide quenching of Cpn-10, obtained from the Stern-Volmer plot
was 9.9M-1 in the presence of Ca2+.  Interestingly, KSV in the absence of
Ca2+ was much higher, with a value of 17.5M-1.  A decrease in KSV in the
presence of Ca2+ suggests that upon Ca2+ binding, the tryptophan
becomes less exposed in comparison to that during the absence of Ca2+

ions.  Moreover, the fractional accessibility of the tryptophans in the pres-
ence of Ca2+ was 0.08 in comparison to 0.35 in the absence of the diva-
lent cation.  A decrease in KSV in the presence of Ca2+ and also a reduced
fractional accessibility suggests that upon Ca2+ binding, the tryptophans
becomes less exposed in comparison to that during the absence of Ca2+

ions.  This corroborates with a previous report where addition of divalent
cations was shown to promote burial of W50 (W46 in the renumbered
sequence) (14).  It is pertinent to note that since the negative charges and
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Figure 2: Effect of Ca2+ concentration of changes in fluorescence.  The reaction mixtures containing
2µM (protomer) Cpn-10 in 10mM Tris-Cl, pH 8.0 were incubated with Ca2+ in a total reaction volume of
200µl at 25 °C.  The excitation wavelength was set at 295 nm and emission was measured in the range
310 and 500 nm on a Perkin Elmer LS55 spectrofluorimeter.  (A) The intensity of fluorescence showed
steady increase till the concentration of Ca2+ reached 1mM.  Concomitant with the increase in intensity,
there was also a blue shift in λmax.  Concentrations in the figure indicate that of Ca2+ (B) Fluorescence
intensity at 340 nm showed steady increase in the wild type (�) with increasing concentration of Ca2+

ions compared with that in the dome loop mutant (�), indicating that the mutant has impaired Ca2+ bind-
ing.  (C) Effect of Ca2+ binding on fluorescence anisotropy was measured as a function of Ca2+ ion con-
centration.  2µM Cpn-10 was incubated with Ca2+, with concentrations varying from 100nM to 10mM.
Parallel and perpendicular emission components were measured by excitation at 295nm with a 5.5nm slit
width.  Emission was monitored through 8nm slit width at 340nm.  (�) denote anisotropy for the wild
type protein, while (�) denote that for the dome loop mutant.  It is clear that the anisotropy for the dome
mutant remains unaltered, suggesting that Ca2+ ions do not affect the conformation of the dome loop.

A

B

C
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Figure 3: RMSFs of the Cα coordinates from their time-averaged values as a function of residue num-
bers.  Panels (A) to (G) indicate the RMSFs for the seven different subunits of Mt Cpn-10.  The highly
flexible loop regions are indicated by vertical arrows and labeled as ML: mobile loop (residues 14-32),
DL: dome loop (residues 43-54), and HL: hind loop (residues 72-84).  These three regions consistently
show high RMSF values in all the subunits.  Position of Trp46 is also marked.



also the flanking residues at the dome are known to be evolutionarily conserved,
binding by divalent cations and hence the conformational changes thereby induced
at the dome, might have a relevance to the function of Mt Cpn-10.

Having shown that conformational changes indeed take place upon binding by
divalent cations, it was interesting to probe how these changes are transmitted to
the rest of the structure in order to bring reduced plasticity.  Moreover, since large
conformational changes in the mobile loop of Cpn-10s are known to occur during
recognition by Cpn-60, it was also interesting to enquire if the two conformational
changes were correlated.  One of the means of investigating the transmittal of con-
formational changes was through molecular dynamics simulations.  Differences in
the simulations between those in the presence or in the absence of cations would
reveal the atomic features of these conformational changes.

Flexibility of the Heptamer

Analysis of the temporal evolution of the root mean square deviation (RMSD) of
the backbone atoms from the starting structure, with the mean values of 0.35nm in
the presence of metal ion and 0.28nm in their absence, suggested that the simula-
tion was stable (data not shown).  Similarly temporal evolution of radius of gyra-
tion also suggested the same.  Interestingly, during the course of simulation, the
Ca2+ ions placed near the dome loop remained within interacting distance from the
three crucial charged residues.  Analysis of root mean square fluctuations (RMSF)
across the sequence showed that the average fluctuations of the different monomers
ranged from 0.06nm to 0.4nm in both ION and NOION.  Moreover, a consistent
pattern was seen across almost all the monomers (Fig. 3) whereby ION was char-
acterized by higher flexibility (up to about 30%) in three regions: the dome loop,
mobile loop, and the hind loop relative to the NOION system.  This was further
reflected by monitoring the flexibility of the backbone dihedral angles (using the
MONITOR functionality of CHARMM): these were found to be larger in ION than
in NOION (the number of backbone dihedral angles undergoing transitions being
7204 and 7063, respectively), again pointing to the enhanced flexibility of the sys-
tem in the presence of metal ions.  However, despite the overall higher flexibility in
the dome loop observed in ION, locally a consistent decrease in the flexibility of the
region including and immediately contiguous with W50 (W46 in the renumbered
sequence) among all the monomers was observed (Fig. 3).  As mentioned above, our
fluorescence anisotropy and quenching data had suggested that addition of Ca2+

ions leads to reduced flexibility of the tryptophan.  Thus, our MD data is in accord
with the increased burial and reduced flexibility of tryptophan upon Ca2+ binding.

Variations in flexibility lead to correlated motions connecting spatially distant
regions of proteins, a characteristic that is increasingly being recognized as an
important player in modulating the structural and functional dynamics of proteins
(16-18, 37, 38).  This dynamic coupling between residues was examined by calcu-
lating the covariance between the fluctuations of the residues for ION and NOION
(Fig. 4A and 4B).  The extent of correlated motions exhibited by the heptamer was
larger in ION.  ION was also strikingly characterized by strong correlated cou-
plings between neighboring monomers in groups of two or three, a feature that was
reduced noticeably in NOION.  In contrast, the NOION system was characterized
by the appearance of anti-correlated motions spanning the whole system.  The anti-
correlated motions in ION were observed between subunits that are not contiguous
suggesting that ION is characterized by very distinct anti-correlated motions across
the orifice.  These motions are similar to those that occur across binding-site clefts
of enzymes and accompany ligand binding thereby suggesting that similar motions
in Cpn-10 might be responsible for squeezing and releasing Cpn-60 (18, 39).

In order to examine the correlated motions in more detail the covariance matrix for
monomer G, as a representative, was analyzed (Figs. 4C and 4D).  The striking
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observation was that strong correlations existed that coupled the hind loop to both
the dome loop and the mobile loop in the presence of ions.  Such motions were,
however, much reduced in the absence of ions.  The strong correlated motions in
ION therefore suggested that the ion binding at the dome loop could be communi-
cated to the mobile loop via subtle conformational changes.

The overall differences in plasticity were also examined through the phase space
dynamics of the system.  Principal components (40) of the two trajectories
showed that the conformational space sampled in ION was larger than in NOION
(data not shown).  A few of the lowest frequency components covered most of the
fluctuations in both systems, however, the lowest frequency mode in ION had
∼12% larger coverage of phase space.  It was also obvious that the distribution
became Gaussian in NOION more rapidly than in ION and was more multi-
modal in the latter, suggesting that the latter was characterized by greater com-
plexity and therefore larger entropy.

Conformational Changes of the Loops

Mobile Loop: The Cpn-10 mobile loop has previously been shown to sample sev-
eral conformations owing to its flexibility (41).  The conformational space searched
by the mobile loop of Mt Cpn-10 was analyzed by taking snapshots of the simula-
tions taken every 100ps in the presence and absence of metal ions (data not shown).
The conformational space searched was less restricted in the presence of metal ions.
In addition, a downward movement of the loop was also apparent exclusively in ION.

Hind Loop: The conformational changes in mobile loop are brought about by a
rigid body movement of the 72-84 stretch which we have coined the “hind loop”
(13).  Examination of the dot product of the vectors defining each of the two β-
strands contiguous to this loop (data not shown) showed that they undergo a 5°
decrease in the relative orientation between the two strands upon ion complexation.
Thus, the sheet appeared to assume rigidity thereby acting as a local anchor.  Local
reduction in entropy coupled with enhanced flexibility has been reported for the
Cpn-10-Cpn-60 system (18).  Sequence conservation of the hind loop residues sug-
gested that they might play a similar role in conferring partial stability to the mobile
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Figure 4: Matrix of covariance of the fluctuations of
Cα atoms.  Yellow, cyan, and pink regions indicate that
the Cα atoms move in a concerted way (positively cor-
related movements), and blue, red, and green indicate
that they move opposite to each other (anti-correlated
movements).  The scale is from -9 (red) to 9 (pink).  In
panels (A) (ION) and (B) (NOION), covariance of the
whole heptamer is shown and the various subunits have
been indicated by the alphabets A to G.  In panels (C)
(ION) and (D) (NOION) the covariance matrix for the
fluctuations of the Cα atoms of the monomer G are
shown.  The loop regions in the monomer are delineat-
ed as ML (red lines), DL (green lines), and HL (cyan
lines).  All the maps were drawn using SQUID (33).



loop in the Cpn-10 family (11).  In addition, the 61-66 loop also showed interest-
ing dynamics in the presence of the divalent metal ions.

Overall Effect of Ca2+ Binding on Mt Cpn-10 Structure

The Cpn-10-Cpn-60 complex has been shown to be responsible for the correct fold-
ing of various cellular proteins.  Hence the recycling of this complex and dissocia-
tion of the substrate from the complex probably depends intimately on its dissoci-
ation.  This implies that factors governing the affinity and interactions of Cpn-10
with Cpn-60 are of critical importance for efficient chaperonin function (18).  Of
these factors, a major driving force is the topology and flexibility of the interacting
regions.  It is this coupling that we examine in this study through comparative flu-
orescence analysis of metal binding and molecular dynamics simulations.

Fluorescence data and simulations suggest that metals play a crucial role in medi-
ating conformational changes in Cpn-10.  Polarisation anisotropy comparisons of
the wild type and the dome loop mutant of Cpn-10 clearly indicate that parts of the
dome loop in the mutant are more rigid than that in the wild type structure.  These
results therefore suggest that loss of the charged residues at the dome loop, or
equivalently the addition of metal ions to the wild type protein, reduce the flexibil-
ity of the dome loop in Cpn-10.  In addition, MD simulations reveal this part to be
the region encompassing W50 (W46 in the renumbered sequence).  Acrylamide
quenching studies show that W50 (W46 in the renumbered sequence) in the wild
type protein becomes less accessible in the presence of Ca2+, suggesting the impor-
tance of metals in conferring stability to the dome loop.  Interestingly, the MD sim-
ulations corroborated the results of fluorescence studies.  Our results show that the
inherent flexibility of Mt Cpn-10 is indeed modulated by the binding of metal ions.

One of the major characteristics underlying flexibility in macromolecules is the
interaction between parts that are spatially distant, and indeed have a major role in
influencing function (16-18).  In Cpn-10 the mobile loop is known to undergo a
“folding-transition” from a disordered to an ordered state upon complexation with
Cpn-60 (42) and might be assisted by the hind loop (13).  The enhanced flexibility
in the presence of ions could be a mechanism to assist this transition by lowering the
barriers in the phase space for this conformational change (39).  Our correlation plots
reveal a significant increase in the correlated motions of the heptamer as well as each
monomer in the presence of ions.  Increased correlated motions in the presence of
metal suggests that Cpn-10 may have acquired dominance of motions like breathing
modes, which may be necessary for it to bind to Cpn-60 in order to carry out its effi-
cient folding and allosteric functions.  The development of correlated motions
between blocks of monomers (18) and anti-correlations across the orifice are partic-
ularly strong in the presence of metal.  The tight coupling between loops suggests
that metal ions may assist in the transmission of signals across the molecule.

As the Cpn-10-Cpn-60 ternary complex serves as a powerful folding machine, the
chemical and physical nature of its cavity influences the efficiency and specificity
of the folding mechanism.  Our data and observations lead us to the following two
alternative mechanisms for the metal assisted functioning of Cpn-10:

I. The metal ions remain bound and induce breathing motions in the mol-
ecule, thereby facilitating folding of the trapped substrate within the
Cpn-60 cavity.  This breathing motion may result in exposure of more
hydrophobic residues when the ring expands and the clustering of more
hydrophilic residues when it shrinks.  Such a motion would be of great
importance for effective protein folding.  It is also probable that while
some substrates prefer a hydrophilic environment, there may be others
that fold via transient intermediates and are more stabilized in
hydrophobic environments.  Thus binding of divalent ions may serve as

9

Running Title Needed



a way of fine-tuning the exposure of hydrophobic residues for binding
of unfolded substrate peptides (43).

II. The metal ions only facilitate the complex formation of Cpn-60 and
Cpn-10, without actively participating in the protein folding cycle.
Once the Cpn-10-Cpn-60 complex is formed, the metal ions may be
ejected out and the complex may resume its chaperone function.  Thus
the presence of metal ions may be transient and instrumental in initiat-
ing complex formation.

Besides the fundamental interest in the effects of metal ions on protein stability,
the work is also of importance as the Mt Cpn-10 molecule has been implicated as
a possible biomarker in tuberculosis (44, 45), and in bone remodeling in Pott’s dis-
ease, a pathology resulting from tuberculosis (46).  The latter becomes even more
meaningful as bone remodeling involves calcium, which incidentally, is the metal
ion in our study.  In the models created by Meghji et al. (46), two regions, the
mobile loop and the 61-66 loop region were experimentally observed to be linked
to bone resorption and yet were found to be too buried to be accessible to anti-
bodies.  In our present study, we find that the 61-66 loop region is accessible
(∼109 Å2) and this accessibility is somewhat enhanced by calcium (data not
shown).  On the other hand, the mobile loop region is quite exposed and its mobil-
ity is enhanced significantly by calcium.  This could provide a means of control-
ling the flexibility of this loop with metal ions and providing a dynamic template
for raising therapeutic antibodies against this epitope in an effort to control bone
disease associated with vertebral tuberculosis.

In conclusion, fluorescence studies corroborated with molecular dynamics simula-
tions suggested that Ca2+ ions effect conformational changes in Mt Cpn-10 struc-
ture.  The motions of the three flexible loops in the structure appeared to be corre-
lated, especially in the presence of metal ions.  Thus, the metal ions might impart
crucial functional properties to the protein.  Metal ions might induce breathing
motions in Mt Cpn-10 thereby leading to subtle exposure of hydrophobic regions
important for the protein folding process.  Alternatively, metal ions might just facil-
itate the complex formation between Cpn-10 and Cpn-60.
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