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Structure of the Heat Shock Protein 
Chaperonin-10 of Mycobacterium leprae 

Shekhar C. Mande, Vijay Mehra, Barry R. Bloom, Wim G. J. Hol* 

Members of the chaperonin-1 0 (cpnl 0) protein family, also called heat shock protein 10 
and in Escherichia coliGroES, play an important role in ensuring the proper folding of many 
proteins. The crystal structure of the Mycobacterium leprae cpnlO (MI-cpnl 0) oligomer 
has been elucidated at a resolution of 3.5 angstroms. The architecture of the MI-cpnlO 
heptamer resembles a dome with an oculus in its roof. The inner surface of the dome is 
hydrophilic and highly charged. A flexible region, known to interact with cpn60, extends 
from the lower rim of the dome. With the structure of a cpnlO heptamer now revealed and 
the structure of the E. coli GroEL previously known, models of cpnlO:cpn60 and Gro- 
EL:GroES complexes are proposed. 

Mycobacteria are among the most impor- 
tant hulnan microbial pathogens. Mycobac- 
terium tubercuiosis is estimated to be respon- 
sible for 2.02 lnillion deaths per year, par- 
ticularly in developing countries, and has 
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recently reemerged in the  industrialized 
countries (1  -3). Mycobacteriurn ieprae caus- 
es a disfiguring disease, leprosy, in 30'% of 
the untreated cases. Mycobacteria have 
lnany unusual features, one of the most 
re~narkahle being the  ability of these organ- 
isms to reside in Schwann cells and macro- 
phages, the  latter being the  very cells that 
should clestroy the  invading organisms. O n e  
of the  i~nnortant  antieens of M.  i e~rae  rec- " 

ognized by T cells is cpn l0 ,  a 10-kD heat 
shock protein. In  patients with tuberculoid 
leprosy, approximately one-third of the  M.  
iepae-reactive T cells that respond to the  
whole organism also respond to c p n l 0  (4). 
W e  report here the  crystal structure of M. 

edu ieprae cplllo (MI-cpnl0).  
'To whom correspondence should be addressed. Members of the cpnl@ family, GroES in 
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Escherichia coli, are known to interact with 
members of the c ~ n 6 0  familv. GroEL in E. , . 
coli, forming a complex important for the 
proper folding of several proteins (5-7). 
Cpn60 is a 14-unit cylindrical protein that 
consists of two rings of seven protomers form- 
ing a hollow inner cage and two wide open 
cavities at each end (8). CpnlO and cpn60 
can form two different complexes. In one, the 
cpn60 cylinder is capped on both sides by a 
cpnlO heptamer, ~ielding a ~pn60,~:cpnlO,~ 
symmetric complex (9). The second type of 
com~lex is asvmmetric with onlv one c ~ n l O  
heptamer bound to a cpn60 tetradecamer 

Fig. 1. Sequence informa- 
tion and course of polypep- 
tide chain of MI-cpnl 0. (A) 
Electron density map in 
stereo showing the con- 
served "signature" resi- 
dues 7 to 10 "PLXD" (30) 
!f MI-cpnlO. This 3.5 
A-resolution map was cal- 
culated with observed am- 
plitudes and phases ob- 
tained by starting from the 
5 A single isomorphous re- 
placement map, which 
was subsequently exttnd- 
ed in 150 cycles to 3.5 A by 
solvent flattening and sym- 
metry averaging (12). The 
map is therefore complete- 
ly unbiased by the model. 
(B) Alignment of the known 
con10 seauences as ob- 
tained by the Genetic 
Computer Group (31). An- 
tigenic loops of MI-cpnl 0, 
the 10-kD antigen (15), are 
shown in purple. The flexi- 
ble loop of E. coli GroES 
(13) is marked in green. The 
residues highlighted in blue 
show a high degree of se- 
quence conservation and 
are part of the proposed 
GroEL interaction site. Res- 
idues involved in three 
charged rings lining the in- 
ner surface of cpnl0 are 
marked in orange. The seg- 
ment PLXD highlighted in 
pink is conserved in all the 
known sequences and ap- 
pears to be the signature 
tetrapeptide of the cpnl0 
family. (C) Conformation of 
a single subunit of MI- 
cpnl0. Only the well-de- 
fined parts of the molecule 
(residues 1 to 16 and 35 to 
99) are shown. The five- 
stranded antiparallel 0 

(10). The bound cpnlO increases the adeno- 
sine diphosphate affinity of cpn60 by about 
four orders of magnitude (6) and, in a process 
for which manv asDects still need to be unrav- , . 
eled, allows the cpn60 tetradecamer to use 
adenosine triphosphate (ATP) in the refold- 
ing of the substrate protein (6, 7, 1 I). 

The crystal structure of M1-cpnlO was 
solved by the isomorphous replacement 
method with a single poor deAvative that 
yielded phases only up to -5 A resolution 
(12). In the resulting single isomorphous 
re~lacement maD. the outline of the mole- . . 
cule was quite clear. Subsequent solvent 

flattening and sevenfold density averaging 
allowed a dramatic im~rovement of the 
electron density distribution, which could 
be correlated unambiguously with the ami- 
no acid sequence of M1-cpnlO (Fig. 1, A 
and B). Only one region of the molecule, 
comprising residues 17 to 35, has discontin- 
uous density, and this is exactly the region 
in E. coli GroES that has been reported to 
be flexible (13). 

The 99-residue polypeptide chain of a sin- 
gle M1-cpnlO subunit has a triangula! shape 
yith dimepions of approximately 37 A by 32 
A by 37 A and with a distinct hydrophobic 
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sheet A consists of residues 
76 to 80 (p7), 84 to 88 (Pa), 12 to 15 (p2), 41 to 44 (P4), and 63 to 65 derived P strand-defining residue numbers are approximate. Residues 
(P5). The four-stranded antiparallel P sheet B comprises residues 38 to 41 contributing to the hydrophobic core of the molecule are lleq2, VaIl4, Val42, 
(P3), 67 to 70 (p6), 94 to 98 (P9), and 4' to 8' (PI') of another subunit. VaP, Tyr70, Leuss, and Valg3, which are highly conserved in the cpnl0 
Because of the limited resolution of the MI-cpnlO structure, these visually family [see (B)]. 
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core formed by two orthogonal antiparallel fi ranged in a dome-like structure that has close Val3, Ile5, Leu8, Ile7', and Ile" of one mono- 
sheets. The five-stranded P sheet A is formed to sevenfold symmetry for almost all residues, mer, and Pro3', Ile69, Leu94, Ala95, 
by p strands 7, 8, 2, 4, and 5, whereas the except for the flexible loop (Fig. 2A). The Val96, and of another monomer (Fig. 
four-stranded sheet B is formed by P strands 3, interactions between the subunits are mediat- 2B). All of these residues except Val3 and 
6, and 9 plus p strand 1' provided by a neigh- ed mainly by the two antiparallel P strands, are conserved as apolar residues in the 
boring subunit (Figs. 1C and 2A). pl '  and p9. The hydrophobic interface be- known cpnlO sequence: (Fig. 1B). Each 

The seven M1-cpnlO monomers are ar- tween the two subunits is formed by residues monomer buries 1765 A2, constituting as 
much as 28% of its total surface area, on 

Fig. 3. Characteristic features of the 
MI-cpnlO heptameric molecule (29). 
(A) Side view of the "dome" per- 
pendicular to the sevenfold axis. The 
central opening, or "oculus," is 
seen in the shadow of the heptamer. 
The flexible loops are assumed to 
extend downward from the dome. In 
the crystals, two MI-cpnlO hep- 
tamers interact with each other by 
juxtaposing their rims, forming a 
heptamer dimer with approximate 
D, svmmetw. The sevenfold axes of 

hepta~er  formation. Of the total buried irea, 
1291 A2, or 73%, i s  apolar. The diameter of 
the heptamer is -80 A p~rpendicular to the 
sevenfold axis and -35 A measured parallel 
to the axis (Fig. 3A). The top of the dome hp 
an opening with a cross section of -12 A. 
The architecture i s  strikingly similar to that of 
the Pantheon in Rome. 

The inner surface of the dome i s  com- 
pletely hydrophilic wi th a total of 63 posi- 
tively and negatively charged residues ar- 
ranged in concentric rings. The oculus of 
the dome i s  lined by a ring of negative 
carboxylates provided by Asp51, G ~ u ~ ~ ,  and 
Asp53 of each subunit. Subsequent rings are 
formed by the positive charges of Arg49 and 

Fig. 2. Structure of the MI-cpnlO heptamer. (A) 
Stereo view of the CCX trace of the heptameric 
molecule with each subunit in a different color and 
key features color-coded. The two major T cell 
epitopes (15) of the molecule are shown in cyan. 
One of these encompasses the loop of residues 
48 to 63 forming the "finger" extending to the 
oculus in the center of the heptamer. Residues 
shown in dashed lines could not be assigned an 
unambiguous sequence number but must form 
part of residues 17 to 34, known to be flexible in 
GroES (13). The dashed residues of this flexible 
loop, shown in between each pair of monomers in 
the heptamer, are most likely connected to the 
subunits of the crystallographically related hep- 
tamer, as depicted in Fig. 3. (B) The monomer- 
monomer interface. The two monomers are 
shown in blue and pink. The first strand of one 
monomer and the last strand of the second mono- 
mer form an antiparallel p sheet. The interface is 
predominantly formed by hydrophobic residues, 
which virtually all are consewed as apolar residues 
in the entire cpnl0 family (see Fig. 1 B and text). 

sewed features of the heptamer, viewed along the sevenfold axis. The flexible loop and other poter .esidues for GroEL interactions are shown in red. These 
features would be "seen" by members of the cpn60 family, such as GroEL, when docking with the cpnl0 dome. 
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Arggl, the negative charges of Glu9 and 
Asp1', and, near the rim of the dome, by 
Lysl1 and Aspg2. The lower rim of the dome 
contains several well-conserved residues 
such as G ~ u ~ ~ ,  Lysj6, Ly~72, and Tyr73, and 
of particular interest is the flexible loop, 
which probably extends from the rim 
"downward," ready to interact with the 
cpn60 tetradecamer (Fig. 3B). Lys36, which 
has been implicated to modulate the allo- 
steric transitions in GroEL (14), is fully 
solvent-exposed and appears to be well po- 
sitioned to interact with GroEL. 

Residues 25 to 42 and 57 to 71 have 
been reported to be the immunodominant 
T cell epitopes of M1-cpnlO (15). One of 
these epitopes appears to compose a part 
of the flexible loop. The other contains 
part of the long loop formed by residues 48 
to 63, which reaches out from the "body" 
of each subunit to the edge of the oculus 
(Fig. 2A). The two epitopes are spatially 
close together. 

The three-dimensional structure of M1- 
cpnlO reported here can be combined with 
the structure of E. coli GroEL (8) to form a 
model of a cpn6O:cpnlO assembly, guided 
by numerous electron microscopy studies on 
GroEL, GroES, and their complexes (9, 10, 
16). In our model the source of the GroEL 
structure is E. coli, whereas the source of 
the GroES structure is M. kprae. Because 

(i) the cpn60's and cpnl0's from different 
sources have been shown to form hybrid 
complexes and aid in the folding of some 
proteins (17), and (ii) circular dichroism 
studies reveal structural similarity among 
cpnlO proteins from different species (18), 
our model can provide insight into the 
overall architecture of GroEL:GroES com- 
plexes. We refrain from going into great 
detail because (i) the flexible loop of GroES 
is reported to undergo a conformational 
change on interacting with GroEL (1 3); (ii) 
many residues in the apical domain of the 
GroEL cylinder, which interacts with 
GroES, are structurally .not well defined (8, 
19); and (iii) GroEL undergoes a major 
conformational change on binding cpnlO 
(GroES) (1 6). Nevertheless, a simple dock- 
ing experiment (Fig. 4) shows that the 
dome of cpnlO "caps" the GroEL cylinder, 
creating a large cavity that provides space 
for a substrate protein. The surface of this 
cavity provided by cpnlO is very hydrophil- 
ic, a property that is well conserved in the 
cpnlO family (Fig. 1B). This polar inner 
cpnlO surface suggests the hypothesis that 
cpnlO might play an active role in assisting 
the foldine of certain  rotei ins [see also the " 
cross-linking experiments in (20)] by 
bindine to hvdro~hilic stretches of amino - , . 
acids of substrate proteins, while avoiding 
interactions with hydrophobic stretches of 

Fig. 4. Models of GroEL:GroES (cpn60:cpnlO) complexes based on the structures of MI-cpnlO (Figs. 2 
and 3) and E. coli GroEL (8). The sevenfold axes of MI-cpnlO and GroEL are aligned and rotated such that 
the flexible loops of MI-cpnlO fit into the "crevices" of GroEL between the apical domains. The com- 
plexes depicted show the cpn60:cpnlO complexes just before the apical domain of GroEL undergoes a 
conformational change (16) and are representative for the entire family because of the high sequence 
conservation among the cpn6O (5, 32) and cpnl 0 proteins (Fig. 1 B). (A) MI-cpnl 0 structure docked onto 
the structure of GroEL (8) viewed along the sevenfold axis. The outer diameter of the GroEL cylinder is 
-135 A, that of the MI-cpnlO (GroES) dome is -80 A. The asymmetric structure shows that the 
dimensions of GroES would be sufficiently large to block the entry, and escape, of substrate proteins into 
the GroEL central cavity on one side. (B) Side view of an approximate model of the symmetric complex, 
which might have a transient function in the chaperonin cycle showing the "(American) football" shape of 
the tetradecameric GroEL associated with two heptamers of MI-cpnlO. The "windows" of GroEL (8) 
allow aview in the central cavity of the cylinder, whereas the MI-cpnlO (GroES) domes virtually completely 
close off the two cavities at the ends of the symmetric GroEL cylinder. 

amino acids. which are to form eventuallv 
the interior of the substrate protein. The 
im~ortance of the GroEL:GroES. or "cis." 
cavity in the asymmetric complex for pro- 
ductive release of folded protein has re- 
cently been emphasized (21 ). The func- 
tion of GroEL, on the other hand, might 
be the formation of temporary, ATP-driv- 
en interactions with hydrophobic parts of 
the substrate protein (22), thereby de- 
creasing free energy barriers when rear- 
ranging misfolded clusters of hydrophobic 
residues of the substrate protein into cor- 
rectly folded hydrophobic cores. 
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cell dimensions could be merged with an overall 
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the 3.6 to 3.5 A resolution range. Self-rotation func- 
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replacement p$ases were improved and extended 
from 5 to 3.5 A by sevenfold averaging and solvent 
flattenng w~th the program DM (24). Phases were 
extended in a total of 150 cycles. The resulting maps 
were readily interpretable, and most of the polypep- 
tide could be easily fitted into the densty wth the 
program ' 0 '  (25). The model was refined by using 
X-PLOR (26) w~ th  noncrystallographic constraints 
and restraints. The model contains 92 out of 99 
residues In three different fragments. Refinement 
w~th one "group temperature factor" per residue, 
and an overall ansotropic temperature factor, de- 
creased the R factor (for 7870 reflections) to 0.23 
and the R,,,, (for 903 randomly chosen reflections) to 
0 38 (26). The root-mean-square (rms) deviations 
from ideality for bond lengths and angles are0 018A 
and 2.8', respectvey. The rms devaton between 
Cu atpms of different subunits in the heptamer is 
0 51 A and between all atoms 0.66 A The only out- 
lying resdues in the Ramachandran map belong to 
the flexible loop comprising residues 17 to 33, which 
is pariially disordered in the structure, and Glu5, 
which is located in a tight turn. A three-dimensional- 
one-dmensiona profile (27) shows a better-than- 
average score for a proten of ths size, with no nega- 
tive values (28). The only region wlth a somewhat low 
score is the flexible loop. A specific-sequence marker 
is provided by the sngle mercury position per subunit 
in the heaw atom derivative, which is close to the side 
chain nitrogen of Trpm (there are neither histidines nor 
cysteines in MI-cpnl 0). Crystals of selenomethionine- 
MI-cpnlO were obtained but did not result in sig- 
nlficant peaks in difference Pattersons and differ- 
ence Fouriers after data collection with multiwave- 

length anomalous diffraction techniques Appar- 
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uncertain. Fgures are drawn w ~ t h  MOLSCRIPT and 
RASTER3D (29). 
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Protection Against Osmotic Stress by 
cGM P-Mediated Myosin Phosphoryla tion 
Hidekazu Kuwayama, Maria Ecke, Gijnther Gerisch, 

Peter J. M. Van Haastert* 

Conventional myosin functions universally as a generator of motive force in eukaryotic 
cells. Analysis of mutants of the microorganism Dictyostelium discoideum revealed that 
myosin also provides resistance against high external osmolarities. An osmo-induced 
increase of intracellular guanosine 3',5'-monophosphate was shown to mediate phos- 
phorylation of three threonine residues on the myosin tail, which caused a relocalization 
of myosin required to resist osmotic stress. This redistribution of myosin allowed cells to 
adopt a spherical shape and may provide physical strength to withstand extensive cell 
shrinkage in high osmolarities. 

C e l l s  exposed to  osmotic stress can avoid 
dehydrative collapse either by using a cell 
wall (1 )  or by increasing the  intracellular 
osmotic potential by synthesis of sinall mol- 
ecules like glycerol, uptake of ions, or dis- 
charge of water (2) .  Actin and some of its 
binding proteins are required to resist high 
osmotic stress in yeast (3). T h e  other major 
component of the  cytoskeleton, myosin I1 
or conventional myosin, exerts motive force 
by interacting with actin filaments (4). Dic- 
tyostelium discoideum is a microorganism 
with a small haploid genome from which 
mutants altered in  cytoskeletal proteins 

have been isolated (5-7). Studies of inu- 
tants lacking inyosin I1 heavy chain (mhcp) 
reveal that this form of invosin is essential 
for cytokinesis, capping of dell surface lectin 
receptors, and normal cell motility and che- 
motaxis 15. 8. 9) .  Here we have used D. ~, , , 

discoideum to investigate the  role of rnyosin 
I1 in protecting atnoeboid cells from high 
osmotic pressure. 

Wild-type XP55 cells resisted an  osmotic 
shock of 300 mM glucose for -30 min; 50% 
of the cells died after a shock of about 60 rnin 
(Fig. 1A). In contrast, r n h c  cells were very 
sensitive to os~notic stress with a 50% reduc- 
tion of cell viability after 5 to 10 inin (Fig. 
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Mvosin I1 filaments bind to actin fila- 
ments tnore effectively than myosin tnono- 
lners (1 0, 1 1  ). Phosphorylation of myosin I1 
a t  three threonine residues of its tail region 
inhibits filament forination (1 0, 12) and 
thus weakens the  interaction with actin 
filaments. Mutant mhcAh" produces a my- 
osin I1 heavy chain in which the  phospho- 
rylatable threonines are replaced by alanine 
residues. As a consequence of this tnuta- 
tion, rnvosin 11 exists ~ redominan t lv  in the  
fllamenious state, an2 the  assemily and 
disasse~nbly rate are probably strongly re- 
duced 19. 10).  These mhchAh cells showed ~, , 

the  same sensitivity to high concentrations 
of glucose as mhc- cells (Fig. l A ) ,  which 
suggests that phosp l~or~ la t ion  of myosin I1 
a t  its tail was required to protect cells 
against osmotic stress (1 3). 

Guanosine 3 ',5'-monophosphate (cGMP) 
acts as a universal second messenger in eu- 
karyotic cells (14). In D. discoideum, cGMP 
levels increase upon stirnulation with the che- 
moattractant adenosine 3'3-monophosphate 
(CAMP) (15). Intracellular cGMP regulates 
the assernblv and disassemblv of lnvosin fila- 
ments by iniucing the phosphorylation of the 
threonine residues (16). Ostnotic stress also 
activates guanylyl cyclase in wild-type D. dis- 
coideum cells; the cGMP concentration in- 
creased after 1 lnin and reached a peak at - 10 
min after the onset of stimulation (1 7) (Fig. 
1B). A transient accumulation of cGMP lev- 

H, Kuwayama and P. J. M. Van Haasteris Department of 1A). Cell, of the mhc- mutant that had heen els upon addition of 300 mbf glucose was also 
Biochemist~~, University of Groningen, Nijenborgh 4, 
9747 AG Groningen, Netherlands. transfected with complementary DNA observed in wild-type XP55 and in the mhc"'t, 
M. Ecke and G. Gerisch, Max-Panck-~nstitut fur Biochem- (=DNA) encoding norrnal lnyosin 11 heavy mhc-, and rnhc""" strains (Fig. 1B). No  ill- 
ie, D-82143 Mariinsried, Germany, chains (mhc") showed a viability comparable crease of cGMP levels was found in the 
'To whom correspondence should be addressed. to that of the wild-type XP55 (Fig. 1A).  nonchemotactic mutant KI-8 in which gua- 
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