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COMMUNICATION

Metal ions modulate the plastic nature of Mycobacterium
tuberculosis chaperonin-10

Bhupesh Taneja and Shekhar C.Mande1 structures. The clustering of acidic residues, therefore, results
in a very high negative potential towards the top of the GroES

Institute of Microbial Technology, Sector 39-A, Chandigarh 160 036, India dome (Hunt et al., 1996; Mande et al., 1996). The concentration
of acidic residues and the intense negative potential at the1To whom correspondence should be addressed. E-mail:

shekhar@bragg.imtech.ernet.in dome orifice may, hence, lead to an increased flexibility of the
dome and possibly the instability of the oligomeric assembly.Chaperonin-10s possess a highly flexible segment of ~10
The GroES of E.coli has recently been proposed to have aresidues that covers their dome-like structure and closes
metastable oligomeric structure leading to an increase in thethe central cavity of the chaperonin assembly. The dome
diameter of the dome orifice in solution (Timchenko et al.,loop is believed to contribute to the plasticity of their
2000). In this study, we have attempted to characterize theoligomeric structure. We have exploited the presence of a
flexibility of the dome loop by exploiting the presence of asingle tryptophan residue occurring in the dome loop of
single tryptophan residue in the dome loop of MycobacteriumMycobacterium tuberculosis chaperonin-10 (cpn-10), and
tuberculosis cpn-10. Our results indicate that the negativethrough intrinsic fluorescence measurements show that in
charges at the dome are the likely factors responsible for thethe absence of metal ions, the tryptophan is almost fully
plasticity of cpn-10 structures.solvent exposed at neutral pH. The dome loop, however,

assumes a closed conformation in the presence of metal
ions, or at low pH. These changes are fully reversed in the Materials and methods
presence of chelating agents such as EDTA, confirming the

Multiple sequence alignmentrole of cations in modulating the metastable states of cpn-10.
Sequences of cpn-10 homologues were retrieved from theKeywords: chaperonin-10/dome loop/metastable state/Myco-
Swiss-Prot database (Release 36.0) (Bairoch and Apweiler,bacterium tuberculosis/structural plasticity
1999). Sequence alignments were carried out using the
ClustalW program (Thompson et al., 1994) employing the
BLOSUM matrix (Henikoff and Henikoff, 1993). DefaultIntroduction
values of 10 and 0.05 for the gap opening and gap extension

Chaperonins are among the best-characterized classes of penalty, respectively, were used for the alignment.
molecular chaperones. Escherichia coli possesses a larger

Purification of cpn-1060 kDa chaperonin, the GroEL, and a smaller 10 kDa chap-
eronin, the GroES. These have been shown to be essential for Clones of M.tuberculosis cpn-10 in the pMAL-c expression

vector (New England Biolabs) were available as a generouscellular growth at all temperatures (Fayet et al., 1989; Horwich
et al., 1993). GroEL is a tetradecamer of identical subunits gift from Dr Vijay Mehra (Albert Einstein Institute of Medicine,

New York, USA). Due to the choice of restriction sites inarranged in two heptameric rings stacked back to back (Braig
et al., 1994; Xu et al., 1997). GroEL and GroES have been the multiple cloning sites, this construct consisted of seven

additional residues incorporated at the N-terminus as observedshown to aid folding of non-native or partially folded proteins
through ATP-dependent cycles of release and rebinding of the from N-terminal sequencing of cpn-10 as well as from DNA

sequencing of the gene. The additional residues were the samepolypeptide in the central cavity of the chaperonin assembly
(Langer et al., 1992; Shtilerman et al., 1999). This process is as reported in a similar cloning strategy for M.tuberculosis

cpn-10 (Rosenkrands et al., 1999). These additional residuesregulated by the interaction of GroEL with the co-chap-
eronin GroES. were deleted using the Transformer site-directed mutagenesis

kit from Clontech. The deletion of the additional residues wasCrystal structures of E.coli GroES (Hunt et al., 1996) as
well as its homologue from Mycobacterium leprae (Mande confirmed by DNA sequencing.

The protein was purified according to the protocol previouslyet al., 1996) are known to atomic resolutions. GroES is a
single heptameric ring of identical subunits. The overall described (Mehra et al., 1992). Briefly, E.coli JM109 containing

the fusion construct (in pMAL-c) were grown to log-phasestructure of GroES resembles a dome with an orifice in its
roof of ~8–12 Å. The GroES heptamer can cap either (A600 µ0.4–0.5) and induced with 0.2 mM IPTG at 30°C

overnight. The cells were then harvested by centrifugation.one or both ends of GroEL resulting in either an asym-
metric (GroEL14):(GroES7) (Xu et al., 1997) or a symmetric The pelleted bacteria were resuspended in 20 mM Tris–HCl

(pH 8.0), 200 mM NaCl, 5mM EDTA, 1 mM PMSF and lysed(GroEL14):(GroES7)2 complex (Azem et al., 1994).
The GroES monomer consists of a highly conserved hydro- by sonication. The lysed cells were then centrifuged at 9000 g

to separate the cell debris. The fusion protein was purifiedphobic core arranged in an irregular β-barrel with a β-hairpin
extending from the top, named the ‘dome loop’ (Taneja and from the crude extract by affinity chromatography over an

amylose column. After elution from the column with 10 mMMande, 1999). Interestingly, the tip of the dome loop is
dominated by a cluster of negatively charged residues. The tip maltose, cpn-10 was cleaved from the maltose binding protein

with 0.4% w/w factor Xa protease at room temperature forof the dome loop is also the closest approach to the
7-fold symmetry axis in the chaperonin-10 (cpn-10) or GroES 12 h. The two proteins were finally separated over an anion
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exchange column (Mono Q, Pharmacia) using fast protein at least one of the three residues in the β-hairpin is acidic
although position 51 is less conserved with a hydrophobicliquid chromatography. The purified protein appeared as a

single band on 15% SDS–PAGE (Laemmli, 1970) as detected residue in many sequences. In the M.tuberculosis sequence,
however, all the three residues in the β-hairpin are acidic,by silver staining. The homogeneity of the protein was further

confirmed over a Superdex-75 column (Pharmacia) by the namely aspartate-51, glutamate-52 and aspartate-53
(Figure 1B).elution of the protein as a single peak of 70 kDa. The

concentration of the protein was determined by the method of Conserved charged residues also occur at positions other
than those mentioned in the dome loop discussed above.Bradford (1976). This native cpn-10 was then pooled and

dialyzed extensively against 10 mM Tris–HCl (pH 7.5) and Examination of the three-dimensional structures indicates that
these residues are distributed far apart from one another in thestored at 4°C for further use.
GroES heptamer. Absence of clustering of these residuesFluorimetric measurements
therefore does not lead to concentration of charges in anyFluorimetric measurements were performed with a Perkin-
region of the protein surface. On the other hand, since theElmer LS50B luminescence spectrometer in a 1 ml capacity
dome loop is the closest approach to the 7-fold symmetry axesquartz cuvette at 25°C using an excitation wavelength of
of the GroES structures, the presence of charged residues at295 nm. The emission spectrum was recorded between 310
the tip of the dome leads to a concentration of the charges inand 390 nm without any correction for photomultiplier sensitiv-
a small region. The sequestration of these negatively chargedity. The excitation and emission slits were set at 5 and 7.5 nm,
residues at the tip of the dome loop might, hence, leadrespectively.
to plasticity of the oligomeric structure due to repulsiveThe concentration of protein in each scan was kept at 20 µg
electrostatic forces.ml–1 by diluting into 20 mM Tris–HCl buffer (pH 7.5).

The roof β-hairpin has earlier been postulated to be meta-Individual salt solutions were prepared in 20 mM Tris–HCl (pH
stable (Hunt et al., 1996) and has recently been shown to have7.5) and added to the protein solution to a final concentration of
an increased dome orifice in solution (Timchenko et al., 2000).0.5 or 10 mM. The spectra were recorded after an equilibration
Introduction of a tryptophan (Trp) residue in the dome loopof at least 1 h at 25°C. The samples were centrifuged at
would help in monitoring the plasticity of the dome loop10 000 g for 10 min before recording the spectra with the
through changes in intrinsic Trp fluorescence. Among all theclear supernatant. Appropriate buffer baselines were subtracted
cpn-10 sequences retrieved from the Swiss-Prot database, onlyin each case. Each spectrum was an average of five scans.
the mycobacterial sequences contain a Trp residue in the domeTo confirm that the shift in λmax of emission was due to the
loop (Figure 1A), making them ideal candidates for monitoringcations, each sample with 0.5 mM salt was incubated with the
the plasticity of the loop. Therefore, we decided to study theprotein along with 20 mM EDTA for at least 1 h and the
plastic nature of the dome loop through the intrinsic fluores-spectra were recorded again as above.
cence of this naturally occurring Trp residue in M.tuberculosis

Unfolding of cpn-10 with guanidine hydrochloride cpn-10.
For recording the spectrum of completely unfolded cpn-10, Intrinsic Trp fluorescence of M.tuberculosis cpn-10
the protein was incubated with 4 M guanidine–HCl overnight The fluorescence emission spectrum of the native protein dueat 25°C, both in the presence and absence of cations. The to the only Trp in its sequence shows a λmax of 352 nm. Thisguanidine concentration was determined by measurement of suggests that the Trp is almost fully solvent exposed. Therefractive index as described by Pace et al. (1989). Appropriate same protein when incubated with 4 M guanidine–HCl resultsbuffer baselines were again subtracted in each case. Each in a marginal decrease in fluorescence intensity and a fluores-spectrum was an average of five scans. cence emission maximum at 355 nm (Figure 2). There is, thus,
pH titration of GroES a minor red shift in the emission maximum when the protein
cpn-10 was diluted into 50 mM acetate buffer (pH 4.2) to a is unfolded.
final concentration of 20 µg ml–1. The fluorescence spectra The crystal structure of Mycobacterium leprae cpn-10
were then recorded upon excitation at 295 nm as described (Mande et al., 1996) had earlier shown that the Trp-50 in an
above to monitor the effect of pH on the fluorescence of analogous position is only ~25% exposed to the solvent. The
tryptophan. remaining part of its side chain is buried in the intersubunit

interface. Solvent exposure of this Trp is, therefore, a likely
Results consequence of the loop mobility.
Sequence analysis Effect of metal ions on fluorescence

In the presence of metal ions, fluorescence emission spectraFigure 1A shows the alignment of 58 cpn-10 sequences
retrieved from the Swiss-Prot database. One of the conserved showed dramatic results. Table I shows the fluorescence

emission maxima in the presence of an individual metal ionfeatures in the sequence alignment is a β-hairpin at the tip of
the dome. The dome loop is formed by ~10 residues (49–59 in each experiment. It is clear that monovalent cations have

no effect on fluorescence. However, divalent cations exhibitin M.tuberculosis sequence numbering), with residues 51–53
at the tip of the β-hairpin. In almost all the sequences examined, significant shifts in the emission maximum towards lower

Fig. 1. (A) Sequence alignment of the cpn-10 sequences. The residues at the tip of the β-hairpin of the dome loop are shown in the shaded boxes while the
conserved flanking residues are indicated by asterisks. The sequence numbering with respect to the M.tuberculosis GroES is indicated at the top. (B) Structure
of the M.leprae cpn-10 heptamer indicating Trp-50 and the acidic residues in the dome loop. The N- and C-termini for one of the subunits are also indicated.
The flexible loop that interacts with GroEL but not seen in the crystal structure is not shown. The figure was prepared using the coordinates 1LEP of
M.leprae using MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and Murphy, 1994).
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of EDTA, the λmax appears in the same position as the native
protein, with a clear shift from the corresponding position as
observed in the absence of EDTA. Upon addition of EDTA,
the fluorescence intensity was also restored to that of the
native protein.

Effect of pH titration on fluorescence

The fluorescence spectrum of the M.tuberculosis cpn-10 in
50 mM acetate buffer (pH 4.2) recorded in the absence of
cations yields a fluorescence emission maximum at 341 nm.
This amounts to a blue shift of ~11 nm as compared to the
native protein in Tris buffer (pH 7.5) (Figure 2). At pH 4.2,
the dome carboxylates are expected to be protonated, losing
their negative charge. The unionized states of the carboxylic
groups are thus expected to result in a decrease in the negative
potential at the top of the cpn-10. Consequently, there would

Fig. 2. Representative normalized emission spectra indicating blue shift in
be decreased repulsions between the β-hairpins of the domethe presence of metal ions and at acidic pH. The emission spectrum of
leading to the burial of the tryptophans in the hydrophobicM.tuberculosis cpn-10 in the absence of metal ions is shown as a solid line.

The emission spectrum in the presence of 10 mM Mn2� ions (dashed line) interface.
or in the absence of metal ions at pH 4.2 (dash–dot line) shows a distinct
blue shift. The red shift in λmax upon unfolding in 4 M guanidine–HCl
irrespective of the presence or absence of metal ions (dotted line) is also Discussion
indicated. Similar results were obtained for other salts as described in the

The cpn-10 structures are known to be highly plastic intext. Addition of EDTA restored the spectrum to that of the native protein.
nature. Crystal structures of two cpn-10s had earlier revealed
significant deviations from a perfect 7-fold symmetry (Hunt

Table I. Effect of metal ions on the tryptophan environment of cpn-10a et al., 1996; Mande et al., 1996), and therefore had indicated
the delicate nature of their oligomeric assembly. The plasticity

Salt λmax (emission) λmax (emission) Change in
of the heptameric assembly partly arises from the dome loop,(nm) (– EDTA) (nm) (� EDTA) intensity
which forms a part of the monomer–monomer interface, and

Control (no salt) 352 352 0 is believed to be flexible in solution (Timchenko et al., 2000).
Li� 352 353 0 The tip of the dome loop possesses invariant acidic residues
Na� 353 351 0 (Figures 1A and B). The presence of these acidic residues atK� 353 353 0

the tip of the loop is believed to lead to an intense negativeRb� 351 353 0
Cs� 352 352 0 potential at the dome oculus, and perhaps to the destabilization
Mg2� 344 352 � of the oligomeric assembly. The dome loop is flanked by two
Ca2� 344 351 �� highly conserved stretches of residues, a short glycine-rich
Mn2� 342 352 ��

stretch (positions 46–48) preceding the loop and an invariantCo2� 342 351 –
glycyl-aspartyl dipeptide at positions 65 and 66, following theNi2� 342 350 ��

Cu2� 345 352 – – loop (Taneja and Mande, 1999). One of the glycine residues
Zn2� 341 350 �� preceding the dome loop at position 48 of M.tuberculosis
Cd2� 342 352 ��

GroES has a positive phi dihedral angle in the M.leprae asAl3� 342 342 �
well as E.coli cpn-10 structures. Its conservation in evolutionSm3� 342 351 –

NH4
� 352 352 0 might therefore be important for structural reasons. Similarly,

the succeeding stretch of the highly conserved glycyl-aspartylaFluorescence emission maxima upon excitation at 295 nm are indicated in dipeptide at positions 65 and 66 has earlier been shown to bethe absence (– EDTA) or presence (� EDTA) of EDTA. The results are
responsible for the maintenance of the GroES-fold (Tanejaindicated for 0.5 mM salt. Similar results were obtained for protein with

10 mM salt except for much larger changes in intensity. A change in and Mande, 1999). The evolutionary conservation of flanking
fluorescence intensity of �10% is indicated as 0, while �, �� and –, – – residues on either side of the loop, as well as that of the
indicate an increase or decrease in fluorescence intensity of up to 50% or charged residues at its tip, suggest a possible critical role of
�50%, respectively. No change in λmax is observed in the case of Al3�

the dome loop in cpn-10 function.upon addition of EDTA, due to the probable dual effect of decrease in pH
upon addition of aluminium chloride in water. We have attempted to study the conformational plasticity of

cpn-10 by taking advantage of a single Trp residue in the
dome loop of M.tuberculosis cpn-10. The Trp residue, whichwavelengths (Figure 2). The shift in λmax in the presence of
is present within the loop, behaves as if it is fully solventdivalent cations suggests stabilization of the dome loop with
exposed in the native structure. The emission maximum of itsa concomitant burial of the Trp into a different metastable
fluorescence shifts very little towards higher wavelength understate of cpn-10.
fully denaturing conditions. There is, however, a dramatic shiftIn order to confirm if the effect of the blue shift in λmax of
in λmax of the Trp in the presence of divalent cations. Thefluorescence emission was indeed due to the cations, fluores-
blue shift of ~8–11 nm in the presence of divalent cations iscence spectra of the protein were recorded in the presence of
indicative of solvent shielding of the Trp as seen in the crystalEDTA. Due to the 40-fold molar excess of EDTA over metal
structure of cpn-10. This result is further corroborated byions in solution, EDTA was anticipated to chelate the metal
restoration of λmax, as that in the native protein, in the presenceions and thereby reduce their interaction, if any, with cpn-10.

The results listed in Table I clearly show that in the presence of EDTA along with the divalent cations. The divalent cations
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Henikoff,S. and Henikoff,J.G. (1993) Proteins: Struct. Funct. Genet., 17,therefore serve to stabilize the negative charges at the tip of
49–61.the dome loop.

Horwich,A.L., Low,K.B., Fenton,W.A., Hirshfield,I.N. and Furtak,K. (1993)
Additional evidence for the loss in flexibility is provided Cell, 74, 909–917.

by blue shift in λmax of Trp at lower pH. Thus, when the acidic Hunt,J.F., Weaver,A.J., Landry,S.J., Gierasch,L. and Deisenhofer,J. (1996)
Nature, 379, 37–45.residues lose their charge, the environment of the Trp residue

Kraulis,P.J. (1991) J. Appl. Crystallogr., 90, 946–950.in the dome loop becomes less polar. The shift in Trp
Laemmli,U.K. (1970) Nature, 227, 680–685.fluorescence in the presence of divalent cations, its restoration Langer,T., Pfeifer,G., Martin,J., Baumeister,W. and Hartl,F.-U. (1992) EMBO

in the presence of EDTA, and a similar blue shift at acidic pH J., 11, 4757–4765.
Mande,S.C., Mehra,V., Bloom,B.R. and Hol,W.G.J. (1996) Science, 271,indicate that the plasticity of the dome loop is due to the

203–207.negatively charged residues at its tip.
Mehra,V., Bloom,B.R., Bajardi,A.C., Grisso,C.L., Sieling,P.A., Alland,D.,Escherichia coli GroES has recently been shown to have

Convit,J., Fan,X., Hunter,S.W., Brennan,P.J., Rea,T.H. and Modlin,R. (1992)
an increased dome orifice in solution than seen in its crystal J. Exp. Med., 175, 275–284.
structure (Timchenko et al., 2000). While the orifice of the Merritt,E.A. and Murphy,M.E.P. (1994) Acta Crystallogr., D50, 869–873.

Pace,C.N., Shirley,B.A. and Thomson,J.A. (1989) In Creighton,T.E. (ed.),dome is only 8 Å wide in the crystal structure, it opens by as
Protein Structure: a Practical Approach. IRL Press, Oxford, UK, pp.much as 10–15 Å in solution. This may be a consequence of
311–330.the intrinsic flexibility of the dome loop due to the negative Rosenkrands,I., Weldingh,K., Ravn,P., Brandt,P., Hojrup,P., Rasmussen,P.B.,

charges as seen for M.tuberculosis GroES in this study. Coates,A.R.M., Singh,M., Mascagni,P. and Andersen,P. (1999) Infect.
Immun., 67, 5552–5558.Although the significance of dome loop dynamics is as yet

Shtilerman,M., Lorimer,G.H. and Englander,S.W. (1999) Science, 284, 822–unclear, we believe that our demonstration of its flexibility
825.should lead to a better understanding of its function. It has

Taneja,B. and Mande,S.C. (1999) Protein Eng., 12, 815–818.
also been previously suggested that stoichiometric binding of Thompson,J.D., Higgins,D.G. and Gibson,T.J. (1994) Nucleic Acids Res., 22,
Mg2� stabilizes the E.coli GroES protein (Boudker et al., 4673–4680.

Timchenko,A.A., Melnik,B.S., Kihara,H., Kimura,K. and Semisotnov,G.V.1997). A number of divalent cations have also been previously
(2000) FEBS Lett., 471, 211–214.reported for the maintenance of the proper oligomeric state of

Xu,Z., Horwich,A.L. and Sigler,P.B. (1997) Nature, 388, 741–750.M.tuberculosis GroES (Fossati et al., 1995). In this report, we
have shown that the plasticity of cpn-10 is due to the high Received October 17, 2000; revised February 22, 2001; accepted March

2, 2001negative potential at the orifice of the dome and is modulated
by various metal ions.

It is interesting to note that the chelation of magnesium ions
by EDTA or CDTA (trans-1,2-diaminocyclohexane N,N,N�,N�-
tetraacetic acid) disrupts the GroES:GroEL association (Hayer-
Hartl et al., 1995; Feltham and Gierasch, 2000). One of the
mechanisms for this disruption is the depletion of nucleotides
from the GroEL pool. This results in the ‘open’ conformation
of GroEL as in the trans ring (Xu et al., 1997) or as in the
stand-alone structure that cannot bind GroES. However, it is
plausible that simultaneous conformational changes in GroES
in the absence of divalent cations further reduce its affinity
for GroEL. The dome loop might hence utilize the negative
charges at its tip and their neutralization with metal ions to
act as a ‘conformational switch’ for interaction with GroEL.
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