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Crystallization, X-ray diffraction and preliminary
structure analysis of Mycobacterium tuberculosis

chaperonin 10

The Mycobacterium tuberculosis chaperonin 10 (Mtcpn10) has been
crystallized by the sitting-drop vapour-diffusion method. The crystals
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belong to the monoclinic space group P2;, with unit-cell parameters
a=176.5,b=879,c=124.4 A, B =106.8°. X-ray diffraction data were
collected to 2.8 A. The self-rotation function and the molecular-
replacement solution show that the asymmetric unit contains a dimer
of heptamers related by twofold non-crystallographic symmetry. The
two heptamers interact through interleaving flexible loops in a similar
fashion to M. leprae and Gp31 cpnl0. In addition to its role in protein
folding, Mtcpn10 has unique effects on the growth of host cells and is
a major immunogen in tuberculosis infections. The structure
determination will permit the analysis of the amino acids identified
as important for the protein-folding and cell-signalling activity of

Mtcpn10.

1. Introduction

Chaperonins are ubiquitous molecules which
are essential for growth (Fayet et al., 1989).
They also play an important role by reducing
cellular damage caused by stress such as heat
shock (Kawata er al., 1994). The chaperonins
cpnl0 (~10 kDa) and cpn60 (~60 kDa) are
found as homologues in numerous organisms
(Mande et al., 1996). Mtcpnl0 is the homo-
logue of the cpnl0 in Escherichia coli (GroES),
M. leprae and the Gp3l protein of the
bacteriophage T4, with which it shares 44, 90
and 29% amino-acid sequence identity,
respectively. Unlike E. coli cpnl0, Mtcpnl0 is
found in large quantities outside the cell in the
culture filtrate (Orme et al., 1992). This has
important implications for the extracellular
activity of Mtcpnl10, which has been shown to
generate a strong T-cell immune response
(Barnes et al., 1992) and also affects the growth
of mouse teratocarcinoma cells (Galli et al.,
1996). Furthermore, we have shown that
Mtcpnl0 stimulates bone resorption and is
probably an integral component of the
pathology of spinal tuberculosis (Meghiji et al.,
1997).

The cpnl0 structures of E. coli (resolution
2.8 A; Hunt et al., 1996), M. leprae (resolution
3.5 A;Mande et al., 1996) and Gp31 (resolution
2.3 A; Hunt ef al., 1997) have been solved by
X-ray crystallography as heptamers. Cpnl0
complexes with the cpn60 14-mer to facilitate
the folding and assembly of other proteins
(Ellis, 1994). Cpnl0 binds to cpn60 through a
mobile loop (Landry ef al., 1993) which projects

from the outer base of the heptamer (amino
acids 16-33 in E. coli, 17-34 in M. leprae). This
interaction is visible in the GroES-GroEL-
(ADP); crystal structure (Xu er al., 1997).
Owing to their high flexibility, these loops are
not completely resolved in the cpnl0 structures
of E. coli or M. leprae, although they are
resolved in the Gp31 structure.

The association between cpnl0 monomers is
quite labile. Heptameric E. coli cpnl0 dissoci-
ates into a dynamic monomer-heptamer
equilibrium below micromolar concentrations
(Zondlo et al., 1995). Also, E. coli cpnl0 is
unfolded in the monomeric form but folded in
the heptameric form (Boudker et al., 1997).
This may explain why E. coli cpnl0O has the
exceptional ability to reassemble into the
folded heptameric form after denaturation. E.
coli cpn60 is unable to refold alone in this way,
and requires cpnl0 to assemble into a func-
tional protein-folding apparatus (Seale et al.,
1996). Similarly, preformed heptameric cpnl0
is not required for the formation of an active
complex with cpn60 (Seale et al., 1997). This
suggests that cpn60 as well as cpnl0 can play
active roles in assembling each other. The
amino-acid sequence differences between
homologous cpnlOs may also determine how
the monomers oligomerize. In a separate study,
MtcpnlO was found to be tetrameric at 5—
20 uM  concentration. However, in the
presence of saturating amounts of divalent
cations or at 100 uM protein concentration,
Mtcpnl0 is heptameric (Fossati et al., 1995). E.
coli cpnl0 was found to be heptameric under
all these conditions. The exceptional stability
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Table 1
Data collection and processing of Mtcpn10.

fluoroacetic acid at
pH 2.2, whereupon

Resolulinon Ruerge

range (A)  Unique reflections (%) Multiplicity
30.0-8.0 1639 205 34

8.0-5.1 4772 295 35

51-38 8816 466 35

3.8-28 23094 18.14 35

Overall 38321 499 35

1>30(I)

most E. coli proteins

of E. coli cpnl0 is reflected in its ability to be
purified by heat treatment (Kamireddi et al.,
1997).

In this paper, we demonstrate the ability
of Mtcpnl0 to refold after reversed-phase
HPLC purification and lyophilization to
form crystals of the Mtcpnl0 heptamer. In
view of the fact that alternative oligomeric
forms of Mtcpnl0 may exist in the crystal, it
was crucial to examine the self-rotation
function for axes of symmetry which define
the subunit positions. There have been
difficulties in observing the sevenfold
symmetry in the self-rotation functions of
other heptameric cpnl0 structures. It is very
weak in GroES (Hunt et al., 1996) and not
detected at all in Gp31 (Hunt ef al., 1997).
The sevenfold axes were not immediately
obvious in the Mtcpnl0 structure and a
careful choice of parameters for the self-
rotation function was required to confirm
that the Mtcpnl10 structure is heptameric.

2. Methods and materials

The 99 amino-acid sequence of Mtcpn10 was
overexpressed in E. coli (Fossati et al., 1999).
Cells were disrupted by sonication and the
lysate was clarified by centrifugation. The
composition of the lysate was adjusted to
2%(v/v) acetonitrile and 0.1%(v/v) tri-

Figure 1

An X-ray diffraction image taken at CCLRC Dares-
bury Laboratory on station 7.2, recorded on a large
MAR Research image plate with an X-ray wave-
length of 1.488 and crystal-to-detector distance of
230 mm. The circles indicate diffraction limits of 11.2,
5.6,3.7and 2.8 A, and a rotation angle of 1° was used.

Completeness o X

(%) (%) precipitated. This

088 5.8 treatment does not

97.3 98.5 affect Mtcpnl0O solu-

93.0 95.9 bility. Mtcpnl0 was

50.0 98.9 . .

679 03.0 purified  using a
reversed-phase HPLC
procedure with an

acetonitrile  gradient, essentially  as

described in Legname et al. (1995), and then
freeze dried. The optimum conditions for
Mtepnl0 crystallization were selected from a
sparse-matrix screen (Jancarik & Kim, 1991)
using Crystal Screen solutions (Hampton
Research) by the hanging-drop vapour-
diffusion method at 294 K. Lyophilized
Mtcepnl0 was dissolved in molecular-biology
grade water (BDH) and mixed with an equal
volume of each Crystal Screen solution.
From these preliminary vapour-diffusion
experiments, solution conditions were opti-
mized by the sitting-drop method for the
growth of crystals of sufficient quality for X-
ray diffraction.

X-ray data collection on Mtcpnl0 crystals
at room temperature results in a decay in
X-ray diffraction with time. Therefore,
X-ray data were collected at 100 K. A data
set was collected by the rotation method
with 1° rotations per frame at an X-ray
wavelength of 1.488 A on station 7.2 at the
CCLRC Synchrotron Source, Daresbury
Laboratory, using a 30 cm MAR Research
image plate. Data were processed and
analysed using the XDS package (Kabsch,
1988) and the CCP4 suite of programs
(Collaborative ~ Computational  Project,
Number 4, 1994). Self-rotation functions
were calculated using the program
POLARRFN (CCP4 suite); E values
generated from ECALC (CCP4 suite) were
used rather than F values, since the peaks of
the self-rotation function were much sharper
with the former. All data from 30 to 2.8 A
were used for molecular replacement and
rigid-body refinement with X-PLOR 3.851
(Briinger, 1996).

To generate the molecular-replacement
search model, the GroES structure was
numbered according to the homologous
amino acids in the Mtcpnl0 sequence and
modified by deleting amino acids 16-34, 49—
57 and 70-72. These regions correspond to
conformationally flexible loops or significant
differences in sequence to Mtcpnl0. All
remaining amino-acid differences with
MtcpnlO were mutated to alanines and the
overall temperature factor was set to
B = 30 A% To determine phases for the
Mtcpnl0 data, a direct rotation search with

this modified GroES heptamer search model
followed by Patterson correlation (PC)
refinement was performed with a 45 A
Patterson vector (Briinger, 1990; DeLano &
Briinger, 1995).

After rigid-body refinement of the model,
the non-crystallographic symmetry (NCS)
operators relating the 14 subunits were
calculated with LSQKAB. (2|F,| — |F., a.)
electron-density maps were calculated with
the CCP4 suite of programs. The super-
imposition of the partial GroES search
model onto the electron-density maps was
viewed using the QUANTA97 program
(Molecular Simulations, Inc.).

3. Results and discussion
3.1. Crystallization

During the initial sparse-matrix screen
using the hanging-drop vapour-diffusion
method, tiny crystals of Mtcpnl0 (<0.1 mm)
appeared after two weeks with 5 pl Crystal
Screen solution 1 (20mM CaCl,, 0.1 M
sodium acetate and 30% MPD at pH 5.4)
and 5 pl Mtcpn10 (20 mg ml™"). The growth
of larger Mtcpnl0 crystals was achieved by
using the sitting-drop method with Crystal
Screen solution 1 diluted to 80% with water
and Mtcpnl0 (30 mg ml™"). Crystals with a
monoclinic morphology and maximum
dimensions 0.5 x 1.0 x 1.0mm were
obtained in one week. Crystals were grown
under the same conditions from a
35 mg ml™! stock solution (10 pl). This was
equilibrated with precipitant (10 pl) for 2 d
before seeding with crystals from a previous
preparation. Monoclinic crystals of an
improved morphology grew to their full size
(0.5 x 1.0 x 1.0 mm) in 3 d. The crystal used
for X-ray data collection was selected from
this preparation.

3.2. Data collection and processing

The crystals diffract to 2.8 A resolution
(Fig. 1) and the unit-cell parameters were
determined to be a = 765, b = 879,
c=1244 A, B = 106.8°, with a consequent
cell volume of 0.8 x 10° A3, Mtcpn10 has a
molecular weight of 10674 Da (Fossati et al.,
1995). With four heptamers in the unit cell,
this gives a value for V,, of 2.68 A> Da~! and
a solvent content of 46%, which lies within
the normal range for proteins (Matthews,
1977). The space group was determined to
be P2,. Data processing gave a set which was
98% complete in the 30-2.8 A resolution
range, with 134674 measurements of 38321
unique reflections, an overall multiplicity of
3.5 and a merging R factor of 5.0% (Table 1).
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Figure 2

Stereographic projections of self-rotation functions produced by POLARRFN with normalized data (E values)
from 10 to 5.1 A resolution with a 30 A integration radius. () and (c) illustrate the twofold axes on k = 180°. The
peaks corresponding to the crystallographic 2, axis can be seen at the perimeter of the plot (@ = 90°) and occur at
@ values of 90 and —90°. Two strings of seven unique NCS twofold axes are generated from each double heptamer
in the unit cell. These appear as arcs above and below the equator and reflect the tilt in the plane of each double
ring with respect to the xz plane owing to their positioning about the 2; axis. The NCS twofold axes from each
heptamer coincide to give a prominent NCS axis on the right-hand side. Together with the crystallographic 2, axis,
this generates an orthogonal NCS axis as a peak close to the centre of the projection (@ = 0°). (b) and (d)
illustrate the sevenfold axes on k = 51°. The displacement of each peak from the perimeter at ¢ = 90 and —90°
represents the 35° tilt of the NCS sevenfold axis of each double heptamer related by 2, symmetry from the y axis.
(a) and (b) represent the experimentally collected data, whilst (c) and (d) represent data back-transformed from
the initial molecular-replacement search model rigid-body refined to 2.8 A.

Figure 3

Stereoview of the packing of the rigid-body refined partial GroES search model in the Mtcpn10 unit cell in the
direction of one of the major NCS twofold axes which coincides with both double heptamers. The other major
NCS twofold axis runs orthogonally in the xz plane and is coplanar with the two sevenfold NCS axes. The
orientation of the molecules about the 2; axis running vertically is clearly seen. Fig. 3 was obtained using SYBYL
(Tripos Associates, Inc.).

3.3. Self-rotation functions

Self-rotation functions indicated seven
twofold axes on the k = 180° plot (Fig. 2a)
and a sevenfold axis on the x = 51° plot
(Fig. 2b). The twofold axis at the equator (xz
plane) combined with the crystallographic
twofold screw axis (2,), generates a mutually
perpendicular NCS twofold axis, resulting in
local 222 symmetry (Fig. 2a).

These peaks only appear with an inte-
gration radius of 30 A and data in the
resolution range 10.0-5.1 A. The high-reso-
lution limit is set by POLARRFN to a level
permitted by the integration radius.' This
suggests that Mtcpnl0 is in the heptameric
form, with two heptamers related by twofold
NCS symmetry in the asymmetric unit. The
sevenfold NCS axis is tilted by about 35°
with respect to the y axis (Fig. 2b). It has
been difficult to observe sevenfold NCS in
the self-rotation functions of other cpnl0
structures. In this case, the use of E rather
than F values for the calculation of well
defined peaks of the self-rotation function
has been an important aid in determining
the NCS of the Mtcpn10 structure.

3.4. Molecular replacement

The direct rotation search with the partial
GroES search model followed by PC
refinement produced a number of solutions.
The one which gave the best translation
function was located at Eulerian angles
0, = 323.85, 0, = 37.41, 05 = 345.79°. At this
orientation, the translation function for the
first heptamer gave a solution which was
7.60 above the highest background peak.
This solution was combined with the twofold
NCS operator to locate the second
heptamer. A translational search with the
double heptamer gave a unique solution
which was 14.20 above the highest back-
ground peak. The packing was checked with
QUANTAY97. The bases of each dome-
shaped heptamer are facing each other
through a 180° rotation and positioned on a
common sevenfold axis. Viewed down the
sevenfold axis, the subunits of each
heptamer are in a staggered arrangement.
Rigid-body refinement of each heptamer
followed by the individual subunits with data
in increasing shells of resolution from 30-
10 A to 30-2.8 A gave an initial R value of
0.52. To confirm that the molecular-
replacement solution was correct, a self-
rotation function was calculated using data
back-transformed from this rigid-body-
refined molecular-replacement solution.

' The coupling between the integration radius and
the maximum resolution used is Ryiax = 1/5.83.
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This showed close agreement with the
experimental data (Fig. 2) and gives a strong
indication that the molecular-replacement
solution serves as a good initial model for
the NCS symmetry relating the Mtcpnl0

Figure 4

subunit positions. The unit-cell packing in
Fig. 3 illustrates the orientations of the
symmetry axes relating the Mtcpnl0 mole-
cules, and a direct comparison can be made
with the stereographic projections in Fig. 2,

&
ISP oS
R oo
R K>
L

Stereoviews of the partial GroES search model rigid-body refined to 2.8 A at amino acid 15 before the flexible
loop deletion (amino acids 16-34) superimposed on (2|F,| — |F,|, &) electron-density maps contoured at 1o level.
(a) Non-averaged map calculated with model phases to 2.8 A. (b) NCS-averaged map calculated by phase
extension from 8 to 2.8 Ausing NCS matrices. Amino acids corresponding to Leul3, Glnl5 and Val43 in Mtcpnl0
are truncated to alanines, but electron density arising from these side chains is clearly visible. Figure produced

with SETOR (Evans, 1990).

where all the peaks can be accounted for by
the Mtcpnl0 search model.

3.5. Electron-density maps

The initial (2|F,| — |F,|, &.) map calculated
from the search model rigid-body refined to
2.8 A was poor and did not show good
agreement with the model (Fig. 4a). To
overcome this, the DM program was used to
remove model phase bias from the 2|F,| —
|F.|, ®, map by phase extension from 8 to
28 A, using the model rigid-body refined
with 30-8 A data and the NCS relating the
MtcpnlO subunits, with solvent flattening
and histogram matching. This gave a
considerable improvement in the resulting
NCS-averaged map (Fig. 4b), which matched
the model rigid-body refined to 2.8 A better
than the model rigid-body refined to 8 A,
indicating that the phase extension had
converged toward the 2.8 A resolution NCS
matrices. In this phase-extended map there
was contiguous electron density which
showed good agreement with the model and
extended into the gaps that were deleted in
the model. In particular, the appearance of a
significant portion of the flexible loop in the
map which was not present in the initial
search model is encouraging (Fig. 4b). The
flexible loop density extends to the neigh-
bouring heptamer where it interacts with the
subunit interface. Therefore, the dimer of
heptamers interacts through 14 interleaving
flexible loops. Also, in many cases there is
visible electron density in the NCS-averaged
phase-extended map corresponding to the
side chains of Mtcpnl0 at positions in the
GroES model where differing amino acids
were truncated to alanines (Fig. 4b). This
will allow model building of the Mtcpnl0
structure to proceed.

The matching self-rotation functions of
processed X-ray data and back-transformed
data from the search model and the power of
NCS in phase extension and map averaging
illustrates an example of the use of addi-
tional criteria to confirm the validity of the
molecular-replacement search model in a
situation where the initial R value and
model-derived  electron-density  maps
appear unconvincing.

We thank Dr John Hunt for the supply of
the GroES coordinates for molecular
replacement, Dr Gareth Lewis for
computing support and Drs Jon Cooper,
John Reid, Darren Thompson and Kevin
Cowtan for their helpful advice on running
the programs.
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