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The 1.70 A X-ray crystal structure of

Mycobacterium tuberculosis phosphoglycerate

mutase

The single-crystal X-ray structure of phosphoglycerate mutase
from Mycobacterium tuberculosis has been determined at a
resolution of 1.70 A. The C-terminal tail of each of the
subunits is flexible and disordered; however, for one of the
four chains (chain A) all but five residues of the chain could be
modeled. Noteworthy features of the structure include the
active site and a proline-rich segment in each monomer
forming a short left-handed polyprolyl helix. These segments
lie on the enzyme surface and could conceivably participate in
protein—protein interactions.

1. Introduction

The protein with open reading frame code Rv0489 encoded by
the genome of Mycobacterium tuberculosis is a cofactor-
dependent phosphoglycerate mutase (dAPGAM) and hence a
member of a large family of highly conserved proteins that
reversibly catalyze the transfer of a phosphate group from C3
to C2 of phosphoglycerate (as described by Fothergill-
Gilmore & Watson, 1989). dPGAMs are found in all verte-
brates, most invertebrates and some bacteria and fungi.

Several dPGAM structures have been determined. Among
them are three structures of Saccharomyces cerevisiae
dPGAM, two without the substrate at 2.3 and 2.1 A resolution
(PDB codes 4pgm and Spgm; Rigden et al., 1998, 1999) and
one in complex with 3-phosphoglycerate at 1.7 A (PDB code
1ghf; Crowhurst et al., 1999). Another yeast dPGAM struc-
ture, an NMR-determined structure from Schizosaccharo-
myces pombe, has also been reported (PDB code 1ftz;
Uhrinova et al, 2001). In addition to these eukaryotic
dPGAMs, structures of Escherichia coli dPGAM in the acti-
vated form at 1.25 A (PDB code 1e58; Bond et al., 2001) and in
complex with the inhibitor vanadate at 1.3 A (PDB code 1e59;
Bond et al., 2002) have been reported.

The proposed mechanism of dPGAM involves the forma-
tion of a phospho-histidine intermediate (Fothergill-Gilmore
& Michels, 1993) and requires the presence of traces of the
cofactor 2,3-bisphosphoglycerate. The C-terminal residues
seem to be involved in the catalytic mechanism, regulating
substrate release and shielding the active site (Garel et al.,
1989). This C-terminal tail is flexible and disordered and is not
included in most dPGAM structures deposited in the PDB.

The structure of dPGAM from M. tuberculosis reported
here was solved in the context of the structural genomics
project on M. tuberculosis (Goulding et al., 2002). With the
ultimate goal of finding a cure for tuberculosis, a disease
caused by a bacterium with which more than a third of the
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world population is infected, the members of the M. tuber-
culosis consortium aim at solving as many structures of the
M. tuberculosis genome as achievable.

2. Experiment
2.1. Cloning and expression

The Rv0489 gene was amplified by PCR using M. tubercu-
losis H37Rv genomic DNA as the template, forward primer
GATCCATATGGCTGCAAACACTGGCAGCCTGGTGTT-
GCTGCGCCA, which introduced an Ndel site (bold), and
reverse primer ATTTGCGGCCGCACCTCGTGGTACACC-
CCCGCGGCCCTGGCCGGCCAC, which introduced a Notl
site (bold). The forward primer also inserted an alanine codon
(GCT) immediately following the start codon in order to
enhance protein expression (Looman et al., 1987), while the
reverse primer introduced a thrombin-recognition sequence to
the C-terminus. The PCR product was cloned into
pCRBluntlI-TOPO (Invitrogen). Following sequence confir-
mation, the gene was subcloned into pET22b (Stratagene),
which added a hexahistidine tag to the expressed protein
following the thrombin-recognition sequence.

The recombinant protein was expressed at approximately
10 mg 1" according to the ODgynm in BL21-Gold(DE3)
(Stratagene) Escherichia coli in enriched buffered LB medium
(10 g NaCl, 40 g tryptone, 20 g yeast extract per litre of
medium, 5% glycerol, 10 mM MOPS pH 7.0).

w.tb. MANTGS GELIAEHDLLP
s.cer. >_H_px GELLKEKKVYP
H.sap. - _ATHR aRAIxDAKMHF
E.coli - -%VTK FA
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2.2. Purification and crystallization

In the purification, each gram of cell pellet was resuspended
and lysed in 5 ml lysis buffer (20 mM Tris pH 8.0, 0.3 M NacCl,
10 mM imidazole, 2 mM B-mercaptoethanol, 2 ug ml~' DNase
I, 0.2 mg ml™! lysozyme and 1:100 protease-inhibitor cocktail
from Sigma). The lysate was clarified by centrifugation at
27 000g for 30 min. The soluble recombinant protein was
initially purified using Ni-NTA Superflow resin (Qiagen). The
peak elution fractions were pooled and further purified on a
Superdex 75 column (Amersham Biosciences) equilibrated
with 20 mM Tris pH 8.0, 0.1 M NaCl. The peak fractions were
pooled and the buffer was exchanged to 20 mM Tris pH 8§,
10 mM NaCl. The pure protein solution was concentrated to
33mgml~" using a Centricon 10; the concentration was
measured using the absorbance reading at 280 nm wavelength
(extinction coefficient & = 38 690 M~ cm ™).

Monoclinic crystals were obtained from this solution using
0.2 M MgCl,, 20% PEG 3350 as precipitant in hanging-drop
vapour-diffusion experiments at room temperature. The space
group is P2, and the unit-cell parameters are a = 58.92 (6),
b = 136.8 (14), ¢ = 65.94 (7) A, B = 97.78 (5)°. For transport
and data collection, the crystals were cryogenically frozen in
1.5 M sodium formate solution containing 25% glycerol.

2.3. Data collection

A first in-house data set was collected to a resolution of
2.3 A using a Cu rotating-anode source and a Rigaku R-AXIS
IV image-plate detector. Later, X-ray diffraction data to 1.7 A

were collected at ALS beamline 8.2.2 in
‘{L ABDSA R 1
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RELWAI
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Berkeley using an ADSC Quantum 315
3 x 3 CCD array. 300 1.0° oscillation
D]GG -G C
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frames were collected at a wavelength
of 1.0000 A for both the high-resolution
data and the inner data. Data reduction
was performed using DENZO (Otwi-
nowski & Minor, 1997) and scaling was
performed with the program SADABS
(Sheldrick, 2003).

KARY EVAN
EE LKKFEEFNTY
3 AKH VKIW
-5 EKY VKON
v Ega GDLPV B A
IPRLL KDLLSBKT .. L
IILEE POIKA/ KRE A LR

VI LPRMKSBERMI HGNSLRAL

i -
[Gz’fi‘ I"G'

GAA KK -
KAME] KAK

KAA KAK

Figure 1
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2.4. Structure determination and
refinement

The structure was solved by mole-
cular replacement using the program
GLRF (Tong & Rossmann, 1997) with
one homotetramer of the S. cerevisiae
phosphoglycerate mutase (PDB code
Spgm) as the search model. The

Sequence alignment (performed online with the program CLUSTALW; Thompson et al. 1994)
comparing the phosphoglycerate mutases from M. tuberculosis with those from S. cerevisiae, E. coli
and H. sapiens. Perfect conservation throughout the four organisms is indicated by a dark gray
background, while similarity is indicated by a light gray background. The secondary-structure
elements are given on top of the four sequences (a-helices in yellow, B-strands in red); the «-helices
have been labeled from 1 to 13 and the S-strands from A to F (analogous to Fig. 2). The (Pro), motif
(as shown in Fig. 5) is marked with a box around the residues. Residues that are part of the active
site (as shown in Fig. 4) are labeled with a yellow star, residues involved in the formation of the
dimer interface (as shown in Figs. 3a and 3b) are marked with a red ball and those involved in the
formation of the tetramer interface (as shown in Figs. 3¢ and 3d) are marked with a green ball. This
figure was prepared using the program SECSEQ (D. E. Brodersen; http://xray.imsb.au.dk/~deb/
secseq).

S. cerevisiae structure was chosen as a
search model rather than the E. coli
structure as the similarity between the
dPGAM amino-acid sequences of
S. cerevisiae and M. tuberculosis is
higher than between the two bacterial
sequences; sequence alignments
performed online with the program
CLUSTALW (Thompson et al., 1994)
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gave 63% identity between S. cerevisiae and M. tuberculosis
and only 46% between E. coli and M. tuberculosis. Interest-
ingly, the similarity between the sequence of the human
dPGAM and the M. tuberculosis homolog is slightly higher
than the similarity between the two bacterial sequences
(48%). The sequence alignment is shown in Fig. 1.

Initial refinement steps were performed with CNS (Briinger
et al., 1998) against the in-house data to 2.3 A. With the 1.7 A
synchrotron data, further refinement was performed with
SHELXL (Sheldrick & Schneider, 1997) using all data from
5837 to 1.70 A and applying a bulk-solvent correction. No
non-crystallographic symmetry restraints were used as the
data-to-parameter ratio at 1.7 Awas good enough to refine the
four chains independently. Automatic water divination was
performed with SHELXPRO (Sheldrick & Schneider, 1997)
and after each refinement step the model was visually
inspected in XtalView (McRee, 1999) using both 2F, — F, and
F, — F, difference maps. For the discretely disordered side
chains of 11 residues a second conformation was modeled. The
relative occupancies were refined freely using one free vari-
able per disordered residue. All H atoms connected to C
atoms and backbone N atoms were included at their geome-
trically calculated positions and refined using a riding model.
H atoms bound to N atoms on histidine side chains were
included in the model after careful inspection of the hydrogen-
bonding patterns around these residues. H atoms connected to
O or side-chain N atoms other than those from histidine were
not included in the model, as doing so can create ambiguities
(two H atoms along the same hydrogen bond) and problems
with the automatic application of anti-bumping restraints. The
coordinates of the final model and the merged structure
factors have been deposited with the Protein Data Bank
(Bernstein et al., 1977).

3. Results and discussion
3.1. The model

The model of M. tuberculosis dPGAM was refined to a
crystallographic R factor of 21.9% (free R factor = 27.0%).
The refined model consists of four dAPGAM subunits (chains
A-D), four fully occupied glycerol molecules, one 50%
occupied glycerol molecule and 451 fully occupied waters per
asymmetric unit. Glycerol is structurally similar to both the
substrate (3-phosphoglycerate) and the cofactor (2,3-bis-
phosphoglycerate) of dPGAM and three of the glycerol
molecules are actually bound to the active sites of chains A, B
and D. Why there is no glycerol located in the active site of
chain C is unclear.

Table 1 provides statistical information about the quality of
data, structure and refinement. 91% of the residues are in the
most favored regions of the Ramachandran plot, 8.3% and
0.7% fall into the additionally allowed and generously allowed
regions, respectively, and none fall into the disallowed region
(data obtained using PROCHECK; Laskowski et al., 1993).
Analysis with the program ERRAT (Colovos & Yeates, 1993)

Table 1
Statistics of X-ray data collection and atomic refinement.

Values in parentheses refer to the outer shell of data.

Space group R P2,
Unit-cell parameters (A, °) a=5892 (6), b =136.8 (14),
c=6594(7), B=97.78 (5)

Resolution range (A) 58.37-1.70 (1.80-1.70)

Rinit (%) 6.99 (45.5)
Rt (%) 3.67 (32.0)
MoO§ 6.48 (3.72)
No. of unique data 111293 (16353)
Completeness of data (%) 98.2 (91.8)
Iio(I) 18.1 (3.2)
No. of residues (four chains per AU) 945
No. of protein atoms 7365
No. of solvent atoms 481
Matthews coefficient?] (A> Da™) 2.51
RT1 (%) 21.9
Reneett (%) 27.0
Test-set size (%), selection 2.5, random
R.m.s. deviations from target values
Bond lengths (A) 0.006
Angle distancesc(A) 0.022
Planar groups (A) 0.025
Chiral volumes (A) . 0.038
Anti-bumping distances (A) 0.007

Average B factor for main-chain atoms Az) 321
Average B factor for side-chain atoms (A?) 354

R.m.s. B for main-chain atoms QAZ) 1.3
R.m.s. B for side-chain atoms (A?) 2.3
T R = Y |F?—(F2)|/Y_F?, where F, is the observed structure factor. Both

summations involve all input reflections for which more than one symmetry equivalent
is averaged. § R, = Y [0(F2)]/>_ F2 over all reflections in the merged list. § MoO:
multiplicity of observations. This term was defined at the SHELX workshop in Géttingen
in September 2003 to distinguish the MoO from redundancy or multiplicity, with which
the MoO has frequently been confused in the past. In contrast to redundancy, which is
repeated recording of the same reflection obtained from the same crystal orientation
(performing scans that rotate the crystal by more than 360°), MoO, which is sometimes
also referred to as the ‘true redundancy’, describes multiple measurements of the same
reflection obtained from different crystal orientations (i.e. measured at different W
angles). 9 Matthews coefficient as defined by Matthews (1968). 11 R =
S Il = IFI|/X IF,l. 4% Rpee as defined by Briinger (1992).

gives an overall quality factor of 94.6%, which is good for a
1.7 A resolution structure.

3.2. The fold

The crystal structure of M. tuberculosis dAPGAM reveals
essentially the same o/B-fold as the dPGAM structures from
S. cerevisiae (Rigden et al., 1998, 1999; Crowhurst et al., 1999),
E. coli (Bond et al., 2001, 2002) and S. pombe (Uhrinova et al.,
2001), as could be anticipated from their high sequence simi-
larity (Fig. 1). The 265-residue monomer (including a
C-terminal His tag, which is not visible in the electron density)
consists of a six-stranded B-sheet, C—-B-D-A-E-F, with all
strands but E being parallel. It is flanked by five «-helices:
helices 2 and 3 on one side and helices 9, 10 and 11 on the
other (Fig. 2). Helices 9 and 10 are fused and can also be seen
as one large slightly bent helix. Helices 5-8 compose a smaller
domain (residues 91-150), part of which is structurally diver-
gent (residues 127-147) and appears to be involved in tetra-
merization, a property not shared by all dPGAMs (see below).

3.2.1. Structural comparisons. Least-squares super-
positions of the C* coordinates of the dPGAM monomers
reveal a closer resemblance between the M. tuberculosis and
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S. cerevisiae structures than between the M. tuberculosis and
E. coli structures, with r.m.s.d. values of 0.8 A (228 C* atoms)
and 1.1 A (232 C* atoms), respectively. This result could be
anticipated from the sequence identity; however, from a
phylogenetic standpoint it is surprising that an M. tuberculosis
structure would resemble a eukaryotic homolog more closely
than a eubacterial homolog. A similar trend has been
observed for several other M. tuberculosis proteins (Chan et
al., 2004).

A somewhat more distant homolog of M. tuberculosis
dPGAM, human bisphosphoglycerate mutase (bPGAM),
shares 44% sequence identity (Wang et al., 2004), but has
synthase and phosphatase activity in addition to mutase
activity. M. tuberculosis dPGAM superimposes on human
bPGAM with an r.m.s.d. of 1.2 A (196 C* atoms).

3.2.2. The quaternary structure. The asymmetric unit
contains four subunits. Structural superpositioning of chains
A, B, C and D in all pairwise combinations shows that the
secondary structure of the four chains is practically identical
apart from a helix-loop-helix segment (residues 99-120)
which appears in two different conformations, one found in

Figure 2

Homotetramer of M. tuberculosis phosphoglycerate mutase, possessing
pseudo-222 symmetry. The view is along one of the pseudo-twofold axes;
the other two run vertically and horizontally. Chains A and B (light and
dark blue) form one dimeric subunit and chains C and D (red and orange)
form the other dimer. The interfaces are shown in detail in Fig. 3. The
four Pro residues forming a short left-handed poly-Pro helix are shown in
green (see also Fig. 5). For chain A the a-helices have been labeled from 1
to 13 and the S-strands from A to F. This figure, as well as all molecular
graphics in Figs. 3, 4 and 5, was prepared using the program PyMol
(DeLano, 2002).

Table 2
All-C* superposition of the four chains of the final model onto one
another.

Chains fitted Fitting all residues (A) Excluding residues 99-120 (A)

A onto B 0.43 0.42
A onto C 1.06 0.39
A onto D 1.15 0.57
B onto C 1.14 0.44
B onto D 1.17 0.50
C onto D 0.51 0.50

chains A and B and the other in chains C and D. All results of
the superpositions are given in Table 2.

The appearance of four monomers in the asymmetric unit
suggests that the biologically relevant form of M. tuberculosis
dPGAM is a tetramer. The tetramer is organized as a dimer of
dimers with approximate 222 symmetry (Fig. 2), very similar to
that seen in the S. cerevisiae dPGAM structure. Mutases from
other sources appear to be subsets of a tetramer; E. coli
dPGAM and human bPGAM are dimers resembling half of
the S. cerevisiae tetramer and S. pombe dPGAM is a
monomer.

There are two types of interfaces in the tetramer; one type is
larger than the other. The larger type is called the dimer
interface (i.e. the interface between chains A and B and the
interface formed between chains C and D) and the smaller
type is called the tetramer interface (i.e. the interface between
chains A and C and the interface between chains B and D).
The dimer interface shares strong structural similarity to the
dimer interface found in the E. coli (Bond et al.,2001) and the
S. cerevisiae structures (Rigden et al., 1999), even though four
of the five interacting residues are not conserved (see Fig. 1).
This interface is formed by two twofold-symmetric contacts
between subunits: one between strands C (Fig. 3a) and the
other between helices 3 (Fig. 3b).

The tetramer interface is also formed by twofold-symmetric
interactions. The core of the interface involves residues
Aspl66, Arg87 and Prol62, all of which are identical in
S. cerevisiae (Fig. 3¢). These residues are not conserved in the
E. coli enzyme and this lack of conservation has been cited as
the reason why the E. coli enzyme does not form a tetramer
(Bond et al., 2001).

Although the M. tuberculosis and S. cerevisiae tetramers are
assembled similarly, the periphery of the tetramer interface is
not as well conserved as the core. A two-residue deletion at
the end of helix 8 in the M. tuberculosis enzyme changes its
conformation relative to the S. cerevisiae enzyme. Thus, the
salt bridge between Asp143 on helix 8 and Argl73 of helix 10
(from the second dimer) has no equivalent in the S. cerevisiae
enzyme. Instead, this segment of the interface is mediated by
van der Waals contacts between Tyr139 and Leul71.

3.3. The active site

As shown in Fig. 1, the residues forming the catalytic center
are highly conserved in other phosphoglycerate mutases and
they also possess very similar geometry, at least when
compared with the S. cerevisiae structure. The active site is
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situated at the C-terminal edge of the -sheet and is composed
of residues throughout the sequence (as marked in Fig. 1). A
web of hydrogen bonds is found around the central catalytic
histidine residues His12 and His183 involving other residues
(Argll, Serl5, Asnl8, Thr24, Gly25, Arg63 and Glu90) that
have previously been suggested to be involved in the catalytic
mechanism (Rigden ef al., 1998 and references therein), as
shown in Fig. 4.

A glycerol molecule bound in the active site elicits some
side-chain conformations that resemble the phospho-histidine
(activated) enzyme and other side-chain conformations which
resemble the vanadate (inhibited) enzyme structure (PDB
codes 1e58 and 1e59; Bond et al., 2001, 2002). Glycerol shares
structural similarity with the substrate, cofactor and product of
the catalytic reaction and so might be expected to elicit some
of the same conformational changes as these ligands.
Although this similarity is limited by the absence of a

(a)

Figure 3
Hydrogen bonds and van der Waals interactions forming the oligomerization interfaces of the
M. tuberculosis dAPGAM tetramer. Chain A is shown in pink, chain B in green and chain C in gold.
The dimer interface, as shown in (a) and (), involves 12 amino acids and seven water molecules. It
is more extensive than the tetramer interface (¢ and d), which involves ten amino acids and two
water molecules. All amino-acid residues contributing to the interfaces are also marked in the
sequence alignment (Fig. 1).

carboxylate or phosphate group, it is evidently sufficient to
permit direct interactions with four active-site residues (Fig. 4).
Activated and inhibited forms of the E. coli homolog can be
distinguished by different conformations in three residues:
Argll, His12 and Asnl18. Only one of these residues, Asnl8, is
a different rotamer in the activated structure; the other two
residues are only slightly displaced. The active-site residues in
the dPGAM structure of M. tuberculosis superimpose very
well with the equivalent residues in the E. coli structures.
While residues 11 and 12 of the M. tuberculosis structure
appear to be in the inactive conformation, Asn18 is clearly the
same rotamer as observed in the structure of the activated
form of E. coli dAPGAM. Asnl8 is held in place by two water
molecules and the glycerol molecule, as shown in Fig. 4. This
finding suggests that the glycerol molecule is in some way
mimicking the activating cofactor. The glycerol-binding
geometry might be more credible than the 3-phosphoglycerate
ligand observed in the S. cerevisiae
structure (PDB code 1ghf; Crowhurst et
al., 1999), which is 4 A from the glycerol
site and appears to be bound with less
specificity.

3.4. The C-terminus

The C-terminal tails of the subunits
are disordered; only for chain A could
most of the C-terminal residues be
modelled (in our model chain A ends
with Ala244, chain B with Gly239, chain
C with Ala238 and chain D with
Pro233). The additional C-terminal
residues in chain A extend the length of
the C-terminal helix (helix 13) an addi-
tional two turns beyond that observed
in the dPGAM structure of S. cerevisiae
(e.g. Rigden et al, 1998). The five
C-terminal residues, however, show
rather high B values (over 60 A?) and it
can be assumed that the C-terminus is
only partially ordered. For this reason,
additional residues were added to the
model only if doing so improved both
the working R factor and Ry... Fig. 5
shows the C-terminal region of chain A
superimposed onto an F, — F. 04-
weighted omit map.

Mutational studies on the S. cere-
visiae homolog (Walter & Fothergill-
Gilmore, 1995) suggest the involvement
of the C-terminal residues in the cata-
lytic mechanism and, indeed, the
C-terminus points towards the entry of
the catalytic site (Fig. 4). It has been
hypothesized that helix 13 and the
following C-terminal residues could
close the active site like a lid to support

Acta Cryst. (2005). D61, 309-315
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Figure 4

View of the active site of chain A. Hydrogen bonds in the active site of
M. tuberculosis dPGAM, involving one glycerol molecule and four
waters. The C-terminal helix, helix 13, points towards the entrance of the

active site.

P Pro223

Figure 5

A o4-weighted F, — F. omit map superimposed onto the C-terminal
residues of chain A. The a-helical arrangement of the amino acids in the
final model is supported by the electron density.

and shield the catalytic reaction when a substrate molecule is
bound. This hypothesis is in agreement with the location of the
C-terminal residues observed in the structure of the phospho-
histidine activated dPGAM of E. coli (Bond et al., 2001; PDB
code 1e58), the only structure in the PDB that shows the
complete C-terminus. In this activated dPGAM structure, a
hydrogen bond between Asnl6 and the phosphate moiety is
proposed to trigger a conformational change in loop residues
9-21 that enables interaction with the C-terminal tail, thus
ordering it. By analogy, partial ordering of the C-terminal tail
in the M. tuberculosis structure might be the result of the
participation of Asnl8 in a hydrogen bond with glycerol.

3.5. The (Pro); motif

dPGAM contains a PPPP motif from residues 123-126 in
each monomer, forming a short left-handed poly-prolyl helix
which is solvent-exposed at the surface of the molecule (Figs. 1,
2 and 6). Because prolyl residues are found in the primary
structures of many protein—protein interfaces, we need to ask
whether this segment is involved in a protein—protein inter-

Figure 6

Least-squares fit of the proline-rich stretch of M. tuberculosis dAPGAM
(residues 121-130) in blue onto a proline-rich peptide known to bind SH3
domains (taken from the structure with PDB code 1fyn; Musacchio et al.,
1994) in red. The two (Pro), motifs overlap very well (r.m.s.d. = 0.73 A for
all atoms). This similarity supports the assumption that the four
consecutive proline residues may be involved in protein—protein
interactions.
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action. SH3 and WW domains tend to interact with ligands
that are proline-rich (Kay et al., 2000).

A DASEY search (Mallick et al., 2002) for WW and SH3
domains within the genome of M. tuberculosis did not result in
any significant assignments. For S. cerevisiae, however, a
physical interaction between dPGAM and fructose-bisphos-
phate aldolase has been described previously (Tong et al.,
2002). As both proteins are in the same pathway and the
sequence similarities between the two S. cerevisiae proteins
and their M. tuberculosis homologs are significant (63 and
38%, respectively), it is conceivable that the homologous
proteins in M. tuberculosis, Rv0489 and Rv0363c, also form a
complex.

It should be pointed out that although the sequences of
several dAPGAMs (such as M. tuberculosis, Homo sapiens and
S. cerevisiae) contain a PPPP motif, the sequences of many
other dPGAMs lack this motif. E. coli, for example, has only
two consecutive proline residues in its dPGAM sequence.
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