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Summary The TB Structural Genomics Consortium is an organization devoted to
encouraging, coordinating, and facilitating the determination and analysis of
structures of proteins from Mycobacterium tuberculosis. The Consortium members
hope to work together with other M. tuberculosis researchers to identify M.
tuberculosis proteins for which structural information could provide important
biological information, to analyze and interpret structures of M. tuberculosis
proteins, and to work collaboratively to test ideas about M. tuberculosis protein
function that are suggested by structure or related to structural information. This
review describes the TB Structural Genomics Consortium and some of the proteins
for which the Consortium is in the progress of determining three-dimensional
structures.
r 2003 Elsevier Ltd. All rights reserved.
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Abbreviations

Ag85B, Antigen 85b; Cpn10, Chaperonin-10; Dsb,
disulfide oxidoreductase; FAD, flavin adenine dinu-
cleotide; GS, glutamine synthetase; ICL, isocitrate
lyase; MPD, 2-methyl-2,4-pentanediol; M. tubercu-
losis, Mycobacterium tuberculosis; Mtb, Mycobac-
terium tuberculosis; Mtcpn10, chaperonin-10 from
M. tuberculosis; NAD, nicotinamide adenine dinu-
cleotide; NADP, nicotinamide adenine dinucleotide
phosphate; NCS, non-crystallographic symmetry;
NMN, N 1-methylnicotinamide; Rv, Preface for
M. tuberculosis gene numbering system (see
http://www.sanger.org); TB, tuberculosis; TBSGC,
TB Structural Genomics Consortium

Introduction

The TB Structural Genomics Consortium is an
organization devoted to encouraging, coordinating,
and facilitating the determination and analysis of
structures of proteins from Mycobacterium tuber-
culosis. The Consortium members hope to work
together with other M. tuberculosis researchers to
identify M. tuberculosis proteins for which struc-
tural information could provide important biologi-
cal information, to analyze and interpret structures
of M. tuberculosis proteins, and to work collabora-
tively to test ideas about M. tuberculosis protein
function that are suggested by structure or related
to structural information.

The principal purposes of this review are to
inform the broader M. tuberculosis biology com-
munity about the TB Structural Genomics Consor-
tium, about how the Consortium would like to share
information and materials such as expression clones
and proteins with the community, and about how
the Consortium would like to foster collaborative

efforts between its members and the rest of the M.
tuberculosis biology community.

The first part of the review describes the TB
Structural Genomics Consortium, how the Consor-
tium would like to work with the M. tuberculosis
biology community, and how to find out more
information. The following sections describe some
of the work of members of the Consortium that may
be of interest to the M. tuberculosis biology
community and is intended to suggest types of
interaction that might occur between members of
the Consortium and other M. tuberculosis biolo-
gists. These sections include structural studies on a
second isocitrate lyase in M. tuberculosis (Smith
and Sacchettini), on NAD and iron metabolism
(Bellinzoni et al.), on the structure of chaperonin
10 (Roberts et al.), on M. tuberculosis protein
structures determined by the UCLA group (Goulding
et al.), on a second structure of chaperonin 10
(Taneja and Mande), on plans for structure deter-
mination at the EMBL Outstation in Hamburg (Pohl
et al.), and on cytochrome P450 redox systems in
M. tuberculosis (Munro et al.), and on structural
genomics of M. tuberculosis at Seoul National
University (Yang et al.).

Structural genomics and M: tuberculosis
biology

First, what is structural genomics? Structural
genomics is the determination of protein structures
on a genomic scale. It is a new field (see
references1–3), inspired by recent advances in
technology for structure determination and by the
success of the genome projects. Protein structures
(the three-dimensional arrangement of atoms in a
protein) are exceptionally helpful in interpreting
biochemical experiments carried out on proteins
and in developing hypotheses about how they work.
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Members of the TB Structural Genomics Consortium
think that large-scale structure determination of
proteins from M. tuberculosis might provide a very
useful framework for future M. tuberculosis drug
discovery. A vision inspiring many members of the
project is that if structures of many of the proteins
from M. tuberculosis were known, then as key M.
tuberculosis genes are identified by genetic means,
high-throughput screening, or other approaches,
the structural information that could help speed up
drug discovery would already be in place. Addi-
tionally, members of the TB Structural Genomics
Consortium hope that the thousands of cloned M.
tuberculosis genes and hundreds or even thousands
of purified M. tuberculosis proteins that they plan
to produce will be useful right away to members of
the M. tuberculosis biology community.

The TB Structural Genomics Consortium consists
largely of structural biologists, as the focus of the
organization is on structure determination, but
several M. tuberculosis geneticists, biologists, and
biochemists who are actively working on making
structural genomics of M. tuberculosis possible are
also members. The membership of the Consortium
is available from the Consortium’s web site at
http://www.tbgenomics.org; over 230 individuals
from 31 organizations in 11 countries are members.

The TB Structural Genomics Consortium is orga-
nized with central facilities that carry out key tasks
for the benefit of the entire consortium, along with
many individual laboratories working indepen-
dently but sharing methods and communicating
with each other about their plans and status of
their work. The central facilities carry out high-
throughput cloning and expression testing, crystal-
lization, and X-ray data collection. Individuals in
the Consortium work on proteins that interest
them. At the same time, the central cloning and
protein production facilities at Los Alamos are
cloning all the M. tuberculosis genes targeted by
any member of the consortium and testing the
expression of these genes. The results of these
tests are made available to the Consortium
members and to the rest of the world through the
Consortium web site at http://www.tbgenomics.
org. The Consortium’s crystallization facility crys-
tallizes proteins purified by individual members of
the Consortium and by the protein production
facility. Similarly, the X-ray data collection facility
collects X-ray diffraction data on crystals from
individual laboratories and from the crystallization
facility.

Expression clones produced by the TB Structural
Genomics Consortium facilities that have been
characterized are available not only to members
of the Consortium, but also to members of the

M. tuberculosis biology community. Expression
clones and some purified M. tuberculosis proteins
from the Consortium can be obtained through the
M. tuberculosis resource at Colorado State Uni-
versity (see http://www.cvmbs.colostate.edu/
microbiology/tb/top.htm). The data produced by
the Consortium’s facilities is publicly available
through the Consortium web site at http://www.
tbgenomics as well.

Members of the TB Structural Genomics Con-
sortium had determined some 27 structures of M.
tuberculosis proteins by the end of the first year
and a half of the Consortium. A constantly updated
list of M. tuberculosis protein structures deter-
mined by members of the Consortium can be found
at the public web site at http://www.tbgenomics.
org. The Consortium hopes that these and the
structures to be determined will allow members of
the M. tuberculosis biology community to interpret
their genetic and biochemical studies in terms of
the structures of these proteins.

There are several ways that members of the M.
tuberculosis biology community can readily inter-
act with members of the TB Structural Genomics
Consortium, and most of them are facilitated by
the public web site at http://www.tbgenomics.org.
This site has links to email addresses of all members
of the Consortium so that collaborations can be set
up, and to each of the Consortium facilities, so that
materials can be requested. It also lists the status
of all proteins being worked on by the Consortium.
It has a page where members of the M. tuberculosis
community can tell the Consortium about M.
tuberculosis proteins that are under investigation
and the importance of these proteins.

The TB Structural Genomics Consortium is look-
ing forward to working with other members of the
M. tuberculosis biology community and welcomes
interactions through the web site and through
research collaborations.

A second isocitrate lyase in
M: tuberculosis (Clare V. Smith and
James C. Sacchettini)

The glyoxylate shunt pathway has been shown to be
essential for bacterial survival in the activated
macrophage and for a persistent infection in M.
tuberculosis.4 The two enzymes of the shunt,
isocitrate lyase (Rv0467-icl) and malate synthase
(Rv1837c-glcB), are upregulated when the bacteria
shift to using substrates generated by b-oxidation
of fatty acids5 and also during infection of macro-
phages.6 The shunt catalyzes a carbon conserving
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metabolic bypass in which isocitrate is converted to
succinate and glyoxylate, then acetyl CoA is added
to glyoxylate to form malate. This is a metabolic
pathway which is believed to be important in the
chronically infected lung of a TB patient, where
fatty acids are thought to be the major source of
carbon and energy. The glyoxylate pathway is
present in most prokaryotes, lower eukaryotes
and plants, but is not thought to operate in
vertebrates. Therefore, the enzymes of the glyox-
ylate shunt are very attractive targets for the
development of new anti-tuberculars active against
persistent bacteria. Members of the Consortium
have solved high-resolution structures of both
isocitrate lyase (ICL) and malate synthase (MS)7,8

and are actively involved in programs of structure-
based drug design in the hope of developing new
inhibitors against persistent bacteria.

The genome sequence of M. tuberculosis has
revealed that there are two genes encoding
isocitrate lyases. There are called icl and aceA,
respectively9 (Sanger website; http://www.
sanger.ac.uk). In the sequence reported from M.
tuberculosis H37Rv, aceA is a spilt open reading
frame predicted to occur as a result of a frame shift
mutation (designated Rv1915-aceAa and Rv1916-
aceAb) and it is thought to be a pseudogene.
Sequencing of another M. tuberculosis strain
(CSU93) by TIGR (TIGR website; http://www.
tigr.org) showed that this strain has an intact aceA
encoding a protein of 766 amino acids with a
molecular weight of 85 kDa. Subsequent sequencing
of the M. tuberculosis Erdman strain (unpublished
data, Smith and Sacchettini) and 210 strain (R.
Fleischmann, personal communication) indicates
that the same gene is present in these strains and
would encode a long ICL of approximately 85 kDa.

The aceA gene was annotated based on its
sequence homology to other known ICL enzymes.
It has 23% identity to both aceA from Escherichia
coli and icl from M. tuberculosis and also contains
regions of conserved sequence which have been
shown to be important in catalysis (Fig. 1a). For
example, aceA contains the signature catalytic
motif consisting of residues KKCGH, which have
been previously identified at positions 193–197 in E.
coli using site-directed mutagenesis.10–13 The im-
portance of these residues in the active site has
been confirmed by the structure of ICL from M.
tuberculosis in complex with a substrate-like analo-
gue.7 More convincingly, the aceA gene has been
cloned, expressed and the purified protein shown to
have isocitrate lyase activity.5 Kinetic analysis shows
that AceA has a lower Vmax and a higher Km value of
1.3mM for the substrate isocitrate than ICL whose
Km is 145mM. AceA is also inhibited by known ICL

inhibitors such as 3-nitropropionate and bromopyr-
uvate. In addition to this, a protein has been
detected by Western blots of lysates from
M. tuberculosis CSU93 and Erdman using an antibody
raised against an internal peptide of AceA, confirm-
ing its expression in the bacterium. No expression
was observed in M. tuberculosis H37Rv, supporting
the idea that aceAa/aceAb is indeed a pseudogene
in this particular strain.

Many genome sequences have become available
in the last couple of years and have shown other
organisms to have two isocitrate lyase-like en-
zymes. For example, in Saccharomyces cerevisiae
two open reading frames designated ICL1 (YER065c)
and ICL2 (YPR006c) were identified (Saccharomyces
Genome Database website, http://genomewww.
stanford.edu/Saccharomyces). ICL1 encodes an
isocitrate lyase which is essential for growth on
ethanol and acetate, while the highly homologous
ICL2 gene has also been shown to be utilized for
growth on ethanol.14 Aspergillus nidulans has two
similarly related enzymes named icl and mclA.15 In
prokaryotes, such as Salmonella typhimurium, a
second gene homologous to icl has also been
identified in the prpBCDE operon called prpB.16 In
all these cases however the second ICL-like gene
has now been characterized as encoding a 2-
methylisocitrate lyase, a very closely related
enzyme involved in the methylcitrate cycle. In
the methylcitrate cycle of propionyl-coenzyme A
metabolism 2-methylisocitrate is converted to
succinate and pyruvate, a reaction similar to that
catalyzed by isocitrate lyase. Sequence compar-
isons between authentic ICLs and 2-methylisoci-
trate lyases indicate that the catalytic motif of the
2-methylisocitrate lyases can be recognized by the
sequence KRCGH, rather than KKCGH.15 We know
that AceA contains the KKCGH motif which suggests
that in the case of M. tuberculosis we have two
genuine isocitrate lyase enzymes.

Typically prokaryotes encode an ICL which is
45–50 kDa in size and lower eukaryotes such as A.
nidulans and Candida albicans encode a protein of
approximately 60 kDa. To date, mycobacteria are
the only example with this extra long ICL. The
genome sequence of M. leprae encodes a 798 amino
acid protein of 89 kDa called AceA (ML1985).17 From
the currently available sequence M. bovis and M.
avium also encode this long version ICL (Sanger
website, http://www.sanger.ac.uk; TIGR website,
http://www.tigr.org) and so it appears to be a
mycobacteria-specific protein. Comparison of the
typical prokaryotic enzyme sequence with that of
lower eukaryotes indicates an insertion of approxi-
mately 100 amino acids towards the C-terminus. In
AceA from M. tuberculosis this insertion occurs at
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the same place and is about 150 amino acids. Also
AceA has an extension of about 200 amino acids at its
C-terminus (Fig. 1a). The prokaryotic enzymes
consist of an a/b barrel and are active as tetra-
mers.7,18 The residues which are important for
catalysis are located in this domain and sit at the
C-terminal ends of the b strands7 (Fig. 1b). In
A. nidulans, the insertion of 100 amino acids
folds to form a five helical domain called domain II
(Fig. 1c). It has been postulated that domain II might
play a role in sequestration of the eukaryotic enzyme
to the peroxisomal microbodies18 but no function has
yet been suggested for this domain of AceA in
mycobacteria. One intriguing question about this
class of mycobacteria-specific isocitrate lyases is the
role of the additional 200 or so amino acids at the C-
terminus. Homology searches have not yet shed light
on a function for this domain, though suggestions
have included a role in localization or regulation.

Experiments are currently underway to try and
answer questions about the role of AceA. It seems
unlikely that these two isocitrate lyases are merely
redundant enzymes in TB. In fact we know that the
deletion of icl alone cannot be compensated for by
aceA.4 Biochemical studies with the purified enzyme
tend to suggest that AceA is a less-efficient lysis
enzyme than ICL which may play a subordinate role
to ICL in M. tuberculosis or may not be involved in
the glyoxylate shunt at all. It is possible that the
extra domains in AceA give the enzyme additional
activities as yet unknown. Members of the TBSGC are
working towards structural answers to these ques-
tions. A high-resolution structure of this unique long
ICL may shed light on the roles of the extra domains
by structural comparisons with other proteins in the
database. More significantly in terms of treatment of
TB is the possibility of structure-based drug devel-
opment. Using the details of the active site of both
ICL and AceA together, an inhibitor which is potent
against both enzymes is a possibility, so increasing
the efficacy of inhibitors and reducing the chance of
multi-drug resistance development, desirable fea-
tures of any new anti M. tuberculosis drug.

Structural studies on NAD and iron
metabolism in M: tuberculosis
(M. Bellinzoni, R. Bossi, E. De Rossi,
A. Mattevi, A. Milano, G. Riccardi and
M. Rizzi)

NAD biosynthesis

Being a vital cofactor for cell survival in all living
organisms, NAD metabolism must be tightly regu-

lated in the cell. The biosynthesis of NAD shows
profound differences between organisms: NAD
biosynthesis proceeds through tryptophan degrada-
tion in eukaryotes while a de novo biosynthetic
pathway, starting from aspartic acid, characterizes
prokaryotes.20 These two major branches merge at
the level of quinolinic acid, which is then trans-
formed into NAD by the action of two ubiquitous
enzymes: NMN adenylyltransferase and NAD synthe-
tase.20 Once synthesized, NAD can be recycled
within salvage routes.20 However, M. tuberculosis
appears to lack a salvage route and relies entirely
on de novo biosynthesis for its NAD supply. We are
presently working on several enzymes involved in
NAD biosynthesis which we consider to be attrac-
tive targets for the design of new anti-tubercular
drugs.

NAD synthetase belongs to the amidotransferase
family and catalyses the last step in NAD biosynth-
esis, transforming deamido-NAD into NADþ by a
two-step reaction. The only known 3D structure of
this enzyme is that of the strictly ammonia-
dependent Bacillus subtilis NADþ synthetase.21

We demonstrated that the M. tuberculosis
Rv2438c gene, coding for a polypeptide chain 738
residues long, is the structural gene of NADþ

synthetase.22 The enzyme shows a striking differ-
ence in the subunit theoretical dimension (80 kDa)
with respect to the other bacterial enzymes
characterized to date. Moreover, the M. tubercu-
losis enzyme can use both ammonia and glutamine
as nitrogen source and was suggested to represent a
member of a new family of amidotransferases.22

The over-expression of M. tuberculosis NADþ

synthetase was attempted both in E. coli and in
cultured Thricoplusia ni insect cells, by means of
baculovirus vector. Using a variety of vectors,
bacterial strains and experimental conditions, we
observed either a low level of expression in soluble
form or an unsatisfactory purification yield. We
then identified a stable fragment which has
recently been expressed in E. coli. The recombi-
nant fragment was purified and has shown a six-fold
higher specific activity than the wild-type.23

Crystallization trials of this protein are in progress.

Iron metabolism

Iron acquisition is thought to be a key factor in the
survival of intracellular pathogens such as M.
tuberculosis, which is also strictly dependent on
heme-containing enzymes for survival. We selected
two potential targets for their role in iron metabo-
lism: FprA, and the two related proteins FurA and
FurB.
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Fig. 1 (a) Multiple sequence alignment of M. tuberculosis ICL and AceA with other isocitrate lyases. Sequences from Escherichia coli ICL (434 amino acids),
Mycobacterium tuberculosis ICL (strains H37Rv and CSU93, 428 amino acids), Saccharomyces cerevisiae ICL (557 amino acids), Candida albicans ICL (550 amino acids),
Aspergillus nidulans ICL (536 amino acids), Saccharomyces cerevisiae ICL2 (575 amino acids) and Mycobacterium tuberculosis (strain CSU93) AceA (766 amino acids) were
aligned using Clustal W.19 Conserved residues are marked in green. The catalytic motif, KKCGH, is shown by the red bar and is conserved in all known isocitrate lyase
enzymes. Note this motif is KRCGH in Saccharomyces cerevisiae ICL2 which is a 2-methylisocitrate lyase. The insert of approximately 100 amino acids in lower eukaryotic
enzymes is marked by the orange arrows. This insert is also seen in a similar position in M. tuberculosis AceA and is approximately 150 amino acids. The C-terminal
extension of the mycobacterial AceA is marked by blue stars. (b) A ribbon representation of the three-dimensional structure of M. tuberculosis ICL. The a-helices are
shown in red, b-strands in green. The N- and C-termini are marked by N and C, respectively. The structure of ICL was solved in complex with glyoxylate and 3-
nitropropionate, which are shown in ball and stick representation sitting at the C-terminal end of the b-sheet. The loop which contains the catalytic motif KKCGH is
indicated in purple. (c) A ribbon representation of the structure of A. nidulans ICL. The eukaryotic enzyme contains a very similar a/b barrel to that seen in M.
tuberculosis ICL (a-helices are shown in red and b-strands in green). The position of the loop containing the catalytic residues is indicated in purple sitting over the top of
the C-terminal ends of the b-sheet. The insertion of approximately 100 amino acids seen in the eukaryotic enzyme forms a second domain, called domain II and is shown
with a-helices in blue and b-strands in cyan.
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FprA
M. tuberculosis FprA (coded by the gene Rv3106) is a
50kDa flavoprotein whose exact role has still to be
established. FprA shows significant sequence identity
with the adrenodoxin reductase enzyme of mammals
and with its yeast homologue. This information
suggests a possible involvement of FprA either in
iron metabolism or in the cytochrome P450 reduc-
tase activity. Given the major role of both processes
for M. tuberculosis survival, studies on FprA are of
interest for a better understanding of the metabo-
lism of this organism. We have determined the
structure of M. tuberculosis FprA at atomic resolu-
tion in its oxidized (at 1.05 (A) and reduced (at
1.25 (A) forms in complex with NADPþ.24 FprA
consists of a tight homodimer where each subunit
contains a FAD-domain (residues 2–108 and 324–456)
and an NADPH-domain (residues 109–323), both
domains exhibiting the dinucleotide binding fold
topology (Fig. 2). The high accuracy resulting from
very high-resolution data set allows a description of
both the proteins and the FAD and NADP cofactors in
high detail. The active site of the fully oxidized and
of the reduced structures is nearly identical, showing
no relevant conformational changes. However, a
careful analysis of the oxidized FprA:NADP complex
reveals an unexpected and novel covalent adduct on
the pyridine nucleotide. Such an unusual feature
could be of use in the design of specific inhibitors.

FurA and FurB
Fur (ferric uptake regulator) is the best-studied iron-
responsive transcriptional regulator.25 In Gram-ne-
gative and some Gram-positive bacteria, Fur is
known to control the expression of the genes
involved in iron uptake. When complexed to Fe2þ ,
its co-repressor, Fur binds to a specific palindromic
consensus promoter sequence and inhibits transcrip-
tional initiation of iron-regulated genes. Fur is a
central component in the complex network involving
iron metabolism, acid-tolerance response, sugar
metabolism, toxin synthesis and oxidative stress
response. Iron in turn is involved in the regulation of
virulence factors in a wide variety of bacteria.26

The M. tuberculosis genome contains two open
reading frames which are homologous to Fur in other
species. These are the genes furA (Rv1909c) and
furB (Rv2359) whose functions are being investi-
gated in several laboratories. Recently, Zhart et al.26

demonstrated that in M. smegmatis a knock-out
furA mutant overexpresses the catalase-peroxidase
KatG and that this altered phenotype is comple-
mented by expression of FurA; thus, FurA appears to
be a negative regulator of katG. Milano et al.27 have
investigated the transcriptional activation of furA
and katG upon oxidative stress in M. smegmatis.

Completely unknown is the role of the furB gene,
whose presence is demonstrated in M. tuberculosis
and M. leprae (accession number AL583919), but
not in other mycobacteria. A furB homolog was
recently found in M. smegmatis (A. Milano, unpub-
lished results). M. tuberculosis FurB is more similar
to E. coli Fur and may act as a global regulator
affecting gene expression in response to a variety
of signals. Since FurA seems involved in oxidative
stress response, FurB might be more directly
involved in iron metabolism.

M. tuberculosis FurA and FurB proteins were
overexpressed in E. coli and purified. At present we
are beginning crystallization trials on these pro-
teins. We are also analyzing M. tuberculosis (and M.
smegmatis) FurB protein by circular dichroism to
detect structural changes in response to the
presence of different metal ions or other environ-
mental conditions.

The self-association of M: tuberculosis
chaperonin 10 heptamers (Michael M.
Roberts, Alun R. Coker, Gianluca Fossati,
Paolo Mascagni, Anthony R.M. Coates and
Steve P. Wood)

Chaperonin 10 (GroES) acts in concert with the
60 kDa chaperonin, GroEL, and a repertoire of other
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Fig. 2 Ribbon representation of the dimer of M.
tuberculosis FprA. The FAD and NADPþ cofactors are
shown as ball-and-stick.

230 T.C. Terwilliger et al.



molecular chaperones to catalyse protein folding.28

The genome for M. tuberculosis contains the two
GroEL homologues Mtcpn60.1 and Mtcpn60.229 that
presumably function in concert with Mtcpn10 to
enable protein folding in the mycobacterium to
occur and to contribute to the stress response of
the organism that resides in the hostile interior of
the macrophage. We have previously reported
Mtcpn10 crystallization conditions, data collection,
molecular replacement (MR) solution with E. coli
GroES and initial rigid body refinement.30 At that
stage, the appearance of new electron density
clearly showed that two heptamers are linked as a
tetradecamer by interleaving base loop interac-
tions that extend between them.30 More recently, a
lower resolution model (3.5 (A) for the Mtcpn10
structure was reported by Taneja and Mande31,32

that is in disagreement with our model. Electron
density at the ends of the base loops were absent,
making their loop connectivity ambiguous. Here we
describe our completed Mtcpn10 structure and
compare it with that of Taneja and Mande. We
conclude here that Taneja and Mande have been
investigating the same molecular assembly, which
they have interpreted differently.

The Mtcpn10 model was refined by simulated
annealing,33 torsion angle34 and positional refine-
ment in the programmes X-PLOR35 and CNS36

between rounds of model-building with the pro-
grammes QUANTA97 (MSI) and SwissPdbViewer,37

yielding the refinement statistics listed in Table 1.
To improve the electron density maps, NCS aver-
aging and phase extension from 8.0 to 2.8 (A was

carried out with the programme DM in the CCP4
suite.38 To avoid NCS bias, 5% of the data was
reserved to form an Rfree test set, selected from a
series of thin resolution shells using DATAMAN.39 All
data from 30–2.8 (A were used in the refinement,
calculation of electron density maps and solvent
addition to give Rfree (0.280) and Rwork (0.259) for
the final model. The geometry for the final model is
better than that for an average protein structure
determined at this resolution (Table 1). Buried
molecular surface calculations used the algorithm
of Lee and Richards40 in CNS with a probe radius
of 1.4 (A.

The crystal structures of three other chaperonin
10 proteins are known,41–43 and all have subunit
folds similar to Mtcpn10. Mtcpn10 is a tetradeca-
mer with a spherical cage-like structure composed
of two copies of the dome-shaped heptamer each
with a hydrophilic inner cavity and loops extending
outwards from the base (Fig. 3a). These base loops
are referred to as mobile loops in cpn10 structures
because they are typically disordered.41,42 In the
M. leprae cpn1042 and T4 phage Gp3143 structures
the base loops also make contact with their
symmetry-related heptamers, although the inter-
heptamer contacts are not as extensive as those in
Mtcpn10. The two Mtcpn10 heptamers interact
through their base loops, which become visible as
a result of their immobilization on binding (Fig. 3a).
The base loops have a significant area of contact
with the subunits of the opposite heptamer that is
slightly less than the subunit interactions within the
heptamer. Both heptamers are positioned on the
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Table 1 Data collection and refinement statistics.

Data collection
Unit-cell parameters at 100 K: 76.5� 87.9� 124.4 (A (901, 106.81, 901)
Resolution: 30.0–2.8 (A; no. of measurements: 134,674
No. of unique reflections: 38,321; multiplicity: 3.5
Completeness: 98.0%; Rsym

a: 5.0%
Refinement
Target: maximum likelihood function
Anisotropic B-factor correction: applied to 6.0–2.8 (A data
Bulk solvent: correction applied with overall density level of 0.26 e (A�3

No. of reflections (working/test): 34,993/1900 with Fobs 40
Rwork

b/Rfree: 22.9/27.5%
Total no. of atoms: 10,690; no. of waters: 64; no. of MPD molecules: 18; no. of calcium ions: 1
Bond length deviation (rms): 0.011 (A; bond angle deviation (rms): 1.398 (A
Dihedral angle deviation (rms): 26.11; improper angle deviation (rms): 1.01
PROCHECK 48 data: 99% of residues in allowed regions of the Ramachandran plot; overall G-factor 0.16
SFCHECK 49 data: Luzzatti coordinate error:50 0.46 (A; Matthews coefficient:51 2.67
Solvent content: 53.66%; correlation factor: 0.89

aRsym¼
P

h

P
j|Ihj–oIh 4 |/

P
h

P
jIhj, where Ihj is the intensity of observation j of reflection h.

bRwork¼
P

h||Fo|–|Fc||/
P

h|Fo|, where Fo and Fc are observed and calculated structure factors, respectively.
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same seven-fold axis and related by two-fold non-
crystallographic symmetry (NCS) as the tetradeca-
mer that defines the asymmetric unit of the
Mtcpn10 crystal structure.30 This means seven NCS
two-fold axes run perpendicular to the seven-fold
axis in between pairs of base loops, relating subunit
pairs in opposite heptamers. There is a staggered
arrangement of heptamers about the seven-fold
axis, with a half-subunit rotation of heptamer 1
(subunits A-G) with respect to heptamer 2 (subunits
H-N) (Fig. 3b). The core domain of each subunit is a
b-barrel of two orthogonal antiparallel b-sheets.
The b-sheet interactions on the b-barrels extend
across the subunit interfaces of the heptamer
between the N- and C-terminal b-strands of

neighboring subunits in a similar fashion to other
cpn10 structures.41–43 Each heptamer has a narrow
oculus at the dome roof surrounded by a cluster of
acidic residues which are held together by either
chelated divalent metal cations or protonated
sidechains at acidic pH.

The base loop (amino acids 17–33) extends out of
the b-barrel domain to interact with subunits in the
neighboring heptamer (Fig. 3a). The three types of
subunit interface connect where the hydrophobic
triplet Leu 27–Val 28–Ile 29 in the base loop of
heptamer 1 forms a part of the b-sheet with
heptamer 2 (or vice versa). This forms a hydro-
phobic patch made up of contributions from three
subunits. Val 28 in the base loop of subunit I for
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Fig. 3 The Mtcpn10 tetradecamer. (a) Viewed along 2-fold NCS axis. (b) Sketch of the staggered arrangement of
subunits viewed down the seven-fold NCS axis. (c) Superposition of polypeptide segments 26–32 and 66–72 of subunit K
associated with bone resorption activity. This figure was prepared using SwissPdbViewer.

232 T.C. Terwilliger et al.



example, forms a b-sheet with Lys 79 of subunit A.
This places Leu 27 of subunit I in a position to
interact with Val 3, Ile 5 and Ile 78 of subunit A and
Ile 69 and Val 97 of subunit B, reinforcing the
hydrophobic interactions between subunits in the
heptamer.

The base loops are essential for complexation
with cpn60.44,45 These loops are mostly disordered
in uncomplexed GroES41 and M. leprae cpn10.42

This is the least-conserved sequence amongst the
cpn10 s and yet the five-residue segment in the
middle of the loop consistently adopts a b-turn
structure when it is immobilized, as shown by
structures of tetradecameric Mtcpn10, Gp3143 and
the GroEL-GroES-(ADP) complex.45 This is corrobo-
rated by NMR measurements, which show turns in
the base loops of GroES and Gp31 as part of a b-
hairpin structure when bound to GroEL.46 X-ray
crystallographic and NMR data indicate that the
base loop of human cpn10 also preferentially
samples a hairpin conformation.47 However, there
is conformational variability in the base loop
sequences surrounding the b-turn in all these
structures.

Another model of the Mtcpn10 structure, deter-
mined at a resolution of 3.5 (A, has been reported by
Taneja and Mande.31,32 Although it was reported as
a heptamer, the two models are very similar in
many respects, and have an rmsd of the super-
imposed Ca coordinates of 0.97 (A (after applying
the crystallographic symmetry operation –x, y, 1/2-
z to the coordinates of their model to generate the
tetradecamer). The connectivity of the models
differ, however. There are some similarities in the
crystallization conditions in the two cases: sodium
acetate buffer with calcium chloride in each case,
but the pH was 4.0 in their case31,32 and 5.4 in
ours.30 Consequently it seems likely that the
structure of the protein in the two cases is
the same, but in different crystal forms. In the
structure of Taneja and Mande, electron density
was absent in the base loops from residues 17–21
and from residues 31–36, leaving a disconnected
loop from residues 22–30. Taneja and Mande
concluded that these disconnected loops were
joined to each of the seven subunits in a novel
configuration, folded into the same heptamer.31,32

This corresponds to the cis-configuration in the
tetradecamer. In our structure, determined at
higher resolution (2.8 (A compared to 3.5 (A) and
showing more details, we find that residues 17–21
and 31–36 connect residues 22–30 to the subunits
of the opposite heptamer in trans in a similar
fashion to the Gp31 structure.43 To verify our
interpretation, we have calculated ‘‘simulated
annealing omit’’ maps at the main chain junctions

in question, and these show that the base loops
extend towards the symmetry-related heptamer.
Additional evidence for this is seen in the electron
density map, based on DM phase extensions with
the initial rigid-body-refined MR model before any
model building was done. Although the MR model
had gaps between residues 15–35, 48–58, and
69–73, the connectivity of the base loop is
unambiguous in the electron density. There is the
remote possibility that the Taneja and Mande
model undergoes a ‘‘mobile loop flip’’ relative to
ours, at the slightly lower pH, but there is no
evidence for this in the electron density map.

Our earlier work showed that Mtcpn10 has bone
resorption (BR) activity and that the sequences 26–
35 and 65–70 were identified as being the osteoly-
tically active regions that stimulate the growth of
osteoclasts, the cells involved in BR.102 Super-
imposition of these two sequences shows that they
have quite similar structural features (Fig. 3c). It is
therefore possible for both sequences to share the
same cell receptor. The identification of the
common structural features of both BR sequences
should make it possible to aid BR receptor mapping
and to identify pharmacophoric points for struc-
ture-based drug design against spinal tuberculosis.
There is no evidence to show that calcium binding
by Mtcpn10 has any role in BR.32 It should also be
stressed that the BR sequences do not form a single
conformational unit32 but are located on quite
separate parts of the Mtcpn10 structure.

Recent structures of M: tuberculosis
proteins and their biological relevance
(Celia W. Goulding, Marcin I. Apostol,
Daniel H. Anderson, Harindarpal S. Gill
and David Eisenberg)

The rise in TB incidence over the two last decades
is due partly to TB deaths in HIV-infected patients
and partly to the emergence of multidrug resistant
strains of the bacteria. This rapid increase in the
disease has led to the World Health Organization
funding a large effort towards controlling this
disease before it becomes a global epidemic.52 In
the past four decades, molecular understanding of
the specialized pathogenic strategies of M. tuber-
culosis has greatly increased due to the develop-
ment of efficient mutagenesis techniques to test
for essential genes,53 and the completion and
annotation of the M. tuberculosis genome at the
Sanger Center.9 We aim to determine M. tubercu-
losis protein structures which are potential
drug targets and also will contribute to greater
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understanding of growth, persistence and virulence
of M. tuberculosis.54 In this review we will describe
the M. tuberculosis protein structures solved at
UCLA and their biological relevance for Mtb.

Two of the five UCLA M. tuberculosis protein
structures were solved by multiwavelength anom-
alous diffraction from selenomethionine-containing
protein derivatives (Rv1926c and Rv2878c), the
remaining three (Rv1886c, Rv2220 and Rv3607c)
were solved by molecular replacement. Purification
of each protein and methods for structure deter-
mination have been described previously.55

Glutamine synthetaseFRv2220

Glutamine synthetase (GS) is encoded by the glnA1
gene from Mtb, and has been observed extracellu-
larly during the early stages of infection.56,57 M.
tuberculosis GS may play a role in the synthesis of
poly (L-glutamine-L-glutamate) chains,58 a consti-
tuent unique to pathogenic mycobacterial cell
walls, comprising 10% of bacterial mass.59 These
chains have been reported to be tightly associated
with the peptidoglycan layer of the cell wall and
therefore may play an important role in M.
tuberculosis virulence. In parallel with the struc-
ture solution of M. tuberculosis GS,60,61 the
laboratory of Marcus Horwitz at UCLA has demon-
strated that two known bacterial GS inhibitors,
L-methionine-S-sulfoximine and phosphinothricin,
selectively block the growth or normal cell wall
development of M. tuberculosis by inhibiting
extracellular GS molecules,56 suggesting that M.
tuberculosis GS is an attractive drug target.

In our laboratory, we have solved the X-ray
crystallographic structures of M. tuberculosis
GS59,60 and Salmonella typhimurium GS.62 Each
glnA gene isolated from both bacilli were sepa-
rately sub-cloned into an E. coli expression vector;
the functionality of the products were demon-
strated by their ability to restore growth of an E.
coli glutamine auxotroph, having similar growth
rates. Crystals of the recombinant M. tuberculosis
GS were found, and X-ray diffraction data were
collected to 2.4 (A resolution.60 The structure of M.
tuberculosis GS elucidates the mechanism of
regulation of bacterial GS and will be described in
detail elsewhere.61 The crystal packing is shown in
Fig. 4. In addition, we have co-crystallized S.
typhimurium GS, which shares a 52% identity with
TB-GS, with phosphinothricin. Together, both GS
models can be used for future work in computa-
tional drug-design studies.

Interestingly, GS is observed extracellularly
around pathogenic mycobacteria such as M. tuber-

culosis and M. bovis, but is not secreted by
nonpathogenic mycobacteria such as M. smegma-
tis, thereby implicating GS in pathogenectiy of
Mtb. It is unclear how GS is released by pathogenic
mycobacteria. It has been shown that recombinant
M. tuberculosis GS expressed in M. smegmatis is
released into the extracellular region.63 This
suggests that M. smegmatis potentially contains
the appropriate secretion mechanism, but its
endogenous GS enzyme lacks information which is
inherent in the M. tuberculosis homologues for
targeting to the appropriate pathway. M. tubercu-
losis GS lacks a leader sequence, implying that the
critical information dealing with its export is either
within the amino acid sequence or a feature of
bacterial leakage/auto-lysing.64 Unfortunately the
structure of M. tuberculosis GS revealed no addi-
tional information on this mechanism.

Ag85BFRv1886c

Mtb expresses three closely related mycolyl tran-
ferases, also known as antigen 85 proteins [ag85A,
ag85C (32 kDa each); ag85B (30 kDa)]. All three
contribute to cell wall synthesis by catalyzing
transfer of mycolic acid from one trehalose 6-
monomycolate to another, resulting in trehalose
6,60-dimycolate and free trehalose.65 Mycolic acids
are long-chain, a-alkyl-b-hydroxyl fatty acids that
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Fig. 4 Three-dimensional structure of M. tuberculosis
glutamine synthetase. The figure shows the crystal
packing of M. tuberculosis GS molecules in the P212121
crystal form. Three orthogonal views of the unit cell are
illustrated. The action of the four symmetry operators
are represented by different colors. Two dodecamers of
identical color comprise one asymmetric unit.
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form a major component of the M. tuberculosis cell
wall. The 30 kDa major secreted protein (ag85B) is
the most abundant protein exported by Mtb, and is
a potent immunoprotective antigen.66 Due to its
location at the cell wall and its involvement in cell
wall biogenesis, the ag85B protein may be a
relatively accessible drug target. Inhibition of
ag85B may block the synthesis of the cell wall and
therefore inhibit growth of Mtb. Mycolyl transfer-
ase activity is unique to mycobacteria, implying
that there is little chance that an inhibitor of ag85B
would also inhibit a human enzyme.

The structure of ag85C has been previously
solved,67 and has 73% amino acid sequence identity
with the ag85B. The ag85B and ag85C structures
are similar. The structure of ag85B68 consists of a
single-domain monomeric protein that adopts an
a/b-hydrolase fold,64 Fig. 5a. Interestingly, the
structure contained two bound trehalose molecules
and a 2-methyl-2,4-pentanediol (MPD) molecule. It
has been proposed that MPD could mimic the
partially hydrophilic head of the intermediate
mycolate ester. Close to these sites is a hydro-
phobic groove that could be the binding site of the
mycolate b-chain. In addition to its importance in
cell wall biosynthesis, ag85 proteins stimulate the
uptake of mycobacteria bacilli by human macro-
phages. Ag85 proteins have been proposed to
interact with the gelatin binding site of human
fibronectin, resulting in the enhancement of
complement-mediated phagocytosis by host macro-
phages. The region which is responsible for fibro-
nectin-binding is approximately 29% of accessible
surface area of the protein,63,69 Fig. 5b. Further

studies are required to determine the exact nature
of the interactions between ag85 proteins and the
gelatin-binding site of human fibronectin.

Disulfide bond isomeraseFRv2878c

Disulfide bonds are vital for protein folding and
stability. In gram-negative bacteria, disulfide bonds
are usually introduced in the periplasmic space by
protein disulfide oxidoreductases.70 However, since
gram-positive bacteria do not have a periplasmic
space, the disulfide oxidoreductases (Dsb) are
secreted into the extracellular space surrounding
the cell.71,72 M. tuberculosis has two Dsb-like
proteins (Rv2878c and Rv1677), both of which are
secreted, and one ‘‘predicted’’ integral membrane
protein (Rv2874) that is thought to complete the
redox cycles of the two secreted Dsb-like proteins.
Rv2878c has sequence homology to E. coli DsbE. E.
coli DsbE has been shown to be a weak reductant
which is involved in cytochrome c maturation in the
periplasm.73

The crystal structure of M. tuberculosis DsbE
reveals one domain that contains a thioredoxin
fold,74 Fig. 6. The structure shows the cysteines of
the active site Cys-X-X-Cys in their reduced state75

(Fig. 6). The precise function of M. tuberculosis
DsbE is unknown. However, preliminary experimen-
tal evidence indicates that M. tuberculosis DsbE
is an oxidant rather than a weak reductant, as
is E. coli DsbE.75 Therefore one could speculate
that M. tuberculosis DsbE could potentially pro-
tect mycobacteria from oxidative damage by
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Fig. 5 Three-dimensional structure of M. tuberculosis antigen 85B. (a) Ribbon diagram of trehalose-bound ag85B,
showing its a=b-hydrolase fold. The structure is color coded by secondary structure. Red ribbons represent a-helices,
blue ribbons b-strands, and coil and turn regions are white. The N and C termini are indicated in the illustration. Active
site Ser126 and His262 Ca and side-chain atoms are shown (protein C atoms are gray; N, blue; O, red). Two trehalose and
the central MPD molecules are shown with yellow for C atoms and orange for 0 atoms. This figure was produced using
XtalView, and were rendered with Raster3D. (b) Fibronectin binding region of ag85B. The diagram depicts the surface of
ag85B. The yellow area represents the residues shown to be involved in fibronectin binding, and the blue regions
represent the other regions involved in fibronectin binding.
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macrophages and/or correct incorrectly formed
disulfide bonds in secreted proteins.

FolBFRv3607c

Folate derivatives are essential cofactors in the
biosynthesis of purines, pyrimidines and amino
acids. Mammalian cells are able to utilize pre-
formed folates after uptake by a carrier-mediated
active transport system. Most microbes, such as
Mtb, lack this system and must synthesise folates
de novo from guanosine triphosphate.76 We are
studying 7,8-dihydroneopterin aldolase in the bio-
synthetic pathway of folic acid to explore the
possibility of this protein as a drug target.

Dihydroneopterin aldolase (FolB) is an enzyme in
the pathway of the biosynthesis of folic acid that
catalyzes the conversion of 7,8-dihydroneopterin to
6-hydroxymethyl-7,8-dihydropterin. The structure
is extremely similar to that of FolB from Staphylo-
coccus aureus77 and FolX from E coli.78 The
structure is an octamer, which consists of a dimer
of tetramers that appears to have a pterin
compound bound to its active site,79 Fig. 7a. The
monomers, which have an ellipsoidal shape, come
together to form a 16-stranded anti-parallel b-
barrel from four of the monomers, and is sur-
rounded by a ring of a-helices. The catalytic site is
on the interface between two of the monomers.

One of the more interesting features of this
structure is that the electrostatic surface potential
of M. tuberculosis FolB is more negative than that
of S. aureus FolB, and the pore of the S. aureus FolB
structure is more positively charged than that of M.
tuberculosis FolB, Fig. 7b.

Secreted proteinFRv1926c

Rv1926c is a major secreted protein of unknown
function, specific to mycobacteria. It has been
shown to stimulate humoral immune responses in
guinea pigs infected with virulent M. tuberculo-
sis.80 T-cell epitope mapping showed that Rv1926c
contains a highly immunodominant region at its
N-terminus, although this may be the region of
the signal peptide.81 Using a Tn5520phoA in vitro
transposition system, Braunstein et al. confirmed
that Rv1926c is a secreted protein, and have shown
it to be a cell-envelope-associated protein that
may participate in virulence.82 The structure of
Rv1926c is a beta-sandwich fold consisting of two
anti-parallel b-sheets, except for the N-terminal
b-strand which forms a parallel b-sheet with the
C-terminal b-strand,83 Fig. 8.

The fold of Rv1926c is a member of the
immunoglobulin superfamily.84 Rv1926c has struc-
tural similarity to cell-surface binding proteins such
as bovine arrestin, an intracellular inhibitory
protein that terminates receptor activity,85 mouse
adaptin, a dimeric protein which binds to the
trimer of the clathrin buds86 and Yersinia pseudo-
tuberculosis invasin, a bacterial protein which
mediates entry into eukaryotic cells by binding to
members of the b1 integrin family.87 Structural
similarity implicates Rv1926c in possible host–
bacterial interactions for endocytosis or phagocy-
tosis. Genetic knock-out studies of the Rv1926c
gene in M. tuberculosis are in progress to test for
its role in infection.

Chaperonin-10 structure and its
relevance as antigen and in diseases
(B. Taneja and S.C. Mande)

The chaperonins are important biomolecules that
facilitate the folding of a variety of polypeptides
in vivo in an ATP-dependent manner.88 Initially
discovered by their requirement for the correct
assembly of the head proteins of phage lambda in
mutant E. coli,89 the function of chaperonins as
molecular chaperones was first identified by
their role in the assembly of oligomeric ribulose
bisphosphate carboxylase in plant chloroplasts.90
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Fig. 6 Three-dimensional structure of M. tuberculosis
DsbE. Ribbon diagram of the monomer, a-helices, 310a-
helices and b-strands are shown in red, purple and blue,
respectively. The active site sulfur and b-carbon atoms
are shown in yellow. This figure was generated using
RIBBONS.
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The chaperonins have subsequently been observed
in various cellular compartments of both prokar-
yotes and eubacteria.

The chaperonins consist of two members, a larger
60 kDa subunit and a smaller 10 kDa subunit.
Chaperonin-60 (cpn60) forms a large tetradecameric
structure of identical subunits arranged as two
heptameric rings stacked back to back. Each ring
encloses a large central cavity where the substrate
polypeptide is believed to bind. The function of
cpn60 in the protein folding cycle is modulated by
its cofactor, the homo-heptameric chaperonin-10
(cpn10), which acts as an allosteric modulator of
chaperonin function. Binding of cpn10 and ATP
results in large en blocmovements of cpn60 domains
leading to a larger hydrophilic cavity in cpn60,
conducive for folding of the substrate polypeptide.91

The crystal structure of M. tuberculosis cpn10
(Mtcpn10) is very similar to the E. coli GroES and M.
leprae chaperonin-10 structures.31,42,92 The struc-
ture of Mtcpn10 resembles a dome-like architec-
ture with a small orifice at the top of 8–12 (A.31,32

The overall structure of individual subunits consists
of a b-barrel core conforming to the GroES-
fold.93,94 Cpn10 consists of two enigmatic regions,
an approximate 10-residue region extending from
the top of the dome and termed as the ‘‘dome
loop’’ and a larger 17-residue stretch, extending
from the bottom of the b-barrel core and termed as
the ‘‘mobile loop’’.
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Fig. 7 Three-dimensional structure of M. tuberculosis FolB. (a) The ribbon diagram of the structure of FolB is an
octamer, which consists of a dimer of tetramers that appears to have a pterin compound bound to its active site, which
is on the interface of two of the monomers. (b) and (c) The electrostatic surface potential of M. tuberculosis FolB (b) is
more negatively charged than that of S. aureus FolB (c). The ribbons diagrams and electrostatic surface potentials were
produced with WEBLAB VIEWER PRO 3.7.

Fig. 8 Three-dimensional structure of M. tuberculosis
Rv1926c. The ribbon diagram of the structure of Rv1926c
is similar to an immunoglobulin fold with the N- and C-
termini b-strands forming a parallel b-sheet.
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The top of the dome loop is the closest approach
to the seven-fold symmetry axis in the chaperonin-
10 structures. In a large majority of cpn10
sequences, at least one of the residues at the tip
of the dome is acidic in nature. The conglomeration
of acidic residues and the resulting high negative
potential at the tip of the dome has been shown to
be responsible for the flexibility of the dome loop
and the plasticity of the oligomeric structure in
Mtcpn10.95 A large increase in the diameter of the
dome orifice of E. coli cpn10, as observed by small
angle X-ray scattering experiments,96 might also be
due to this clustering of negative charges at the
dome.

The crystal structure of Mtcpn10 shows divalent
cations bound to at least one preferential binding
site in all of the seven subunits of Mtcpn10.32 Trp50
at the dome loop of Mtcpn10, seems to be involved
in metal binding through its indole nitrogen along
with Glu9 of the same subunit and Asp61 of the
neighboring subunit (Fig. 9). Metal ions thus might
bind to Trp and its neighboring residues resulting
in decreased flexibility of the dome loop. The
importance of divalent cations and their possible
role in the stabilization of oligomeric states of
cpn10 is also emphasized by the vast improvement
in diffraction upon addition of divalent cations to
the initial crystallization conditions of Mtcpn10.31

Metal binding to cpn10 and the strict requirement
of divalent cations for the cpn60:cpn10 complex
formation also suggests interesting roles of metal
ions as regulators of chaperonin complex forma-
tion.

Cpn10 or the 10 kDa antigen of both M. tubercu-
losis and M. leprae elicit a strong humoral and
cell-mediated immune response upon infection.
Specific immune responses to cpn10 include pro-
duction of antibodies, T-cell proliferation and
delayed type hypersensitivity.97–99 Immunodomi-
nant epitopes from cpn10 of both M. leprae
and M. tuberculosis have been identified.100,101

These studies using truncated overlapping peptides
of the entire cpn10 sequence have mapped the
strongly immunodominant epitopes to the mobile
loop.

The chaperonin-10 of M. tuberculosis has also
been postulated to be one of the major factors
responsible for bone resorption in Pott’s disease.102

These studies using synthetic overlapping peptides
have identified the mobile loop region and the
region comprising residues 65–70 to function as a
single conformational unit to cause bone resorp-
tion. In the recent Mtcpn10 structure,31 the mobile
loop appears to be present as a single conforma-
tional unit with the residues 65–70. It is hence
possible that these two regions of the secreted

Mtcpn10 possess osteolytic activity as proposed
earlier.102

As much as 20% of the total protein content of
culture filtrates of logarithmically growing M.
tuberculosis has earlier been shown to consist of
cpn10,103 leading to the postulation of an alter-
native interesting possibility for the bone-resorbing
activity of Mtcpn10. Specific chelation of calcium
by the secreted cpn10 at bone joints could possibly
disturb the equilibrium of calcium available for
bone calcification and hence lead to bone defor-
mities.

Inhibition of calcium-dependent signaling path-
ways is used by M. tuberculosis for its increased
survival in the macrophages.104 Hence chelation
and subsequent depletion of calcium ions by
Mtcpn10 could be a possible mechanism used by
the pathogen for its increased intracellular survi-
val. Alternatively the change in Ca2þ levels might
lead to Ca2þ signaling pathways to manifest bone
breakdown in Pott’s disease.

The currently available structures of
Mtcpn1031,32 provide an attractive tool for under-
standing the intricate and complex functions of the
10 kDa antigen. Further biochemical work must be
carried out to test the various possible activities of
the chaperonin.
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Fig. 9 Metal ions bind to the dome loop of Mtcpn10:
Trp50 at the dome loop of Mtcpn10 seems to be involved
in binding of mercury along with Glu9 of the same subunit
(yellow) and Asp61 of a neighboring subunit (purple).30

Other metal ions thus might also bind to Trp and its
neighboring residues resulting in decreased flexibility of
the dome loop.
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Structural genomics of M: tuberculosis at
the EMBL Hamburg Outstation
(Ehmke Pohl, Victor Lamzin,
Paul Tucker, Matthias Wilmanns,
Christos ColovosWolfram Meyer-Klaucke)

The EMBL Hamburg Outstation joined the TB
Structural Genomics Consortium in 1999. The Out-
station is located at the German Synchrotron
Facility DESY and operates seven beam lines for
structural biology. Five of these beam lines are
designed for protein crystallography and two of
these are suitable for single/multiple anomalous
diffraction (SAD/MAD) experiments.105 The Out-
station offers access to its beam line facilities and
provides scientific support during the collection of
diffraction data for the Consortium. In the near
future, we will also offer the possibility of collect-
ing data from frozen protein crystals sent to the
EMBL Outstation by collaborating partners. We
anticipate that the European members of the
Consortium will primarily make use of the EMBL
facilities. Additionally, researchers from the La-
boratory have targeted a small number of M.
tuberculosis genes for structure elucidation. These
genes fall into three basic categories. (i) DNA-
binding proteins that are believed to regulate
essential metabolic functions and virulence factors
in M. tuberculosis. One example is the ferric-
uptake regulator (Fur). The functionally related
iron-dependent regulator (IdeR) is implicated in the
transcriptional control of genes involved in iron
acquisition and storage, and genes for the survival
of the pathogen in macrophages. The crystal
structure of IdeR was solved even before the
consortium started.106 The two Fur orthologs are
involved in the oxidative stress response and FurA
has been shown to regulate the virulence of M.
tuberculosis through catalase-peroxidase expres-
sion.107 The fur genes have been cloned, expressed
and purified by Celia Goulding at the University of
California and crystallization experiments in colla-
boration with the EMBL Hamburg Outstation are
underway.108 (ii) Proteins from the histidine, lysine
and leucine biosynthesis pathways. These proteins
are of high general interest for the understanding
of basic metabolic pathways in Mtb. In addition
selected enzymes from these pathways constitute
potential drug targets.109 The crystal structures of
a number of enzymes from the histidine biosynth-
esis pathway from hyperthermophilic bacteria have
been elucidated110 and will be used to assist in the
structure determination of M. tuberculosis ortho-
logs. (iii) Proteins of the various two-component
systems. The prototype of this system consist of a

sensor kinase and a response regulator. The two
major domains of the sensor protein are an input
domain that reacts to a specific stimulus, e.g.
osmotic pressure or phosphate starvation, leading
to autophosphorylation of the kinase domain.
Subsequently, the kinase domain activates the
DNA-binding domain via phosphorylation of the
response element thus activating the DNA-binding
domain. Members of this family have been im-
plicated in the survival of the pathogen in the
macrophage. So far, ten putative members of these
systems have been cloned in the collaboration with
the protein expression unit at the University of
California, Los Angeles. Five of these proteins have
been overexpressed and purified for crystallization
experiments.111

In the future we will extend the target list using
the proteomics techniques developed by the group
headed by S.H.E. Kaufmann from the Max-Planck
Institute for Infection Biology, Berlin.112 In this
approach, entire proteomes of different strains
(e.g. virulent and avirulent) or bacterial cultures
grown under different conditions are compared by
two-dimensional electrophoresis (non-equilibrium
pH gradient gel electrophoresis and SDS–PAGE).
Distinct spots are then identified from the 2D-gel by
peptide mass fingerprinting using MALDI-MS. The
results are stored and updated in a dynamic data
base on the World Wide Web (http://www.mpiib.
berlin.mpg.de/2D-PAGE).113 In collaboration with
the Max-Planck Institute we plan to identify new
targets for our structural studies. Knockout M.
tuberculosis mutants will be generated to deter-
mine the biological role of the targeted proteinsF
emphasizing their role in virulence and drug
resistance. This multidisciplinary strategy allows
the full postgenomic analysis ranging from struc-
ture to function.

Cytochrome P450 redox systems in
M: tuberculosis (Andrew W. Munro,
Kirsty J. McLean, Ker R. Marshall and
David Leys)

Among the most notable features of the genome
sequence of M. tuberculosis determined by Stewart
Cole and co-workers9 are the large proportion of
the coding capacity given over to production of
enzymes involved in lipid metabolism, and in
particular the plethora of cytochrome P450 systems
(P450s). The P450s are heme b-containing enzymes
that bind and reduce molecular oxygen, leading to
(usually) mono-oxygenation of substrate and pro-
duction of a molecule of water. The large number
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of P450s in M. tuberculosis and the importance of
lipid metabolism in the pathogen may be inextric-
ably linked, since eukaryotic P450s typically have
roles in lipid metabolismFincluding oxidation of
fatty acids, eicosanoids, sterols and steroids.114 It
seems likely that the majority of the P450 systems
in M. tuberculosis will have roles in lipid metabo-
lism. These roles are likely to include synthesis and
inter-conversions of fatty acid and mycolipids,
polyketides and (possibly) sterols.

Cytochromes P450 are relatively rare in prokar-
yotes by comparison with eukaryotes. For instance,
E. coli has no P450s. The Bacillus subtilis genome
encodes seven P450s, a high number for a bacter-
ium.115 In contrast, mammals typically have more
than 40 P450s, while the genome of Arabidopsis
thaliana indicates more than 200 P450s. The
genome sequence of M. tuberculosis indicates that
there are likely to be 20 different cytochromes
P450 produced by the bacterium (Table 2). At the
time that the sequence was determined, this was
far more than in any other bacterium. However, the
Streptomyces coelicolor genome also predicts
there to be more than 18 P450s, suggesting that
the Actimomycetes may require large numbers of
P450s for metabolic functions. The genome of M.
bovis is highly similar to that of M. tuberculosis
H37RV, although homologues of genes for two of the
P450s from M. tuberculosis (encoded by Rv1256 and

Rv3121) are absent due to deletion of relevant
regions from the M. bovis genome. Interestingly,
the genome of the leprosy pathogen M. leprae
retains only a single P450.17 However, in compar-
ison with M. tuberculosis, numerous metabolic
activities have been eliminated in M. leprae. Also,
less than half the genome of M. leprae contains
functional genes and pseudogenes (including 11
P450 pseudogenes) are abundant. The one func-
tional P450 gene remaining in M. leprae is encoded
by the ML2088 gene, the homologue of the
Rv1880c-encoded P450 in Mtb. It may be the case
that this P450 performs an essential catalytic
function common to both species.

In order for catalytic function, P450s need to
interact with flavoprotein or flavoprotein/ferre-
doxin redox partners which provide them with the
NAD(P)H-derived electrons required for oxygen
reduction and scission.116 In eukaryotes, the redox
partner is usually a single diflavin enzyme: NADPH-
cytochrome P450 reductase. However, in the
characterized bacterial P450 redox systems there
are generally two redox partner enzymes involved:
a FAD-containing NAD(P)H flavodoxin/ferredoxin
reductase (FDR) and an iron-sulfur ferredoxin (or
possibly an FMN-containing flavodoxin) (Fig. 10).
The M. tuberculosis genome sequence encodes
several predicted ferredoxins, but apparently no
flavodoxins. Among these, the ferredoxin encoded
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Table 2 Cytochrome P450-encoding genes in M. tuberculosis H37RV.

Gene Genome locus (bp) Predicted Mr (Da) Comments

Rv0136 163366 49261 Similar to other M. tuberculosis P450s
Rv0327c 392699 50011 Similar to M. tuberculosis Rv0568
Rv0568 659450 50688 Similar to other M. tuberculosis P450s
Rv0764c 856685 50878 Structurally characterized
Rv0766c 858867 45422 Similar to S. erythraea CYP107B1
Rv0778 871431 45955 Similar to Streptomyces nikkomycin synthesis P450s
Rv1256c 1403389 44581 Low similarity to known P450s
Rv1394c 1569857 52230 Similar to eukaryotic fatty acid hydroxylases
Rv1666c 1892273 47865 Similar to Anabaena P450s
Rv1777 2010656 47219 Similar to Streptomyces narbomycin hydroxylase
Rv1785c 2023450 43542 Similar to Rhizobium P450s
Rv1880c 2130544 48873 Binds fatty acids
Rv2266 2540104 47825 Similar to Pseudomonas linalool mono-oxygenase
Rv2268c 2542810 53314 Weak similarity to S. erythraea P450s
Rv2276 2547749 43257 Structurally characterized
Rv3059 3419491 56228 Putative sterol demethylase
Rv3121 3486508 43731 Similar to Streptomyces mitomycin biosynthesis P450
Rv3518c 3954326 44399 Similar to Streptomyces nikkomycin synthesis P450s
Rv3545c 3984145 48433 Similar to M. tuberculosis Rv2266
Rv3685c 4127297 52266 Similar to other M. tuberculosis P450s

All have predicted mass in the range 43–54 kDa, and all possess a signature amino acid sequence near the end of the protein
indicating heme ligation by a conserved cysteinate: [FW]-[SGNH]-x-[GD]-x-[RKHPT]-x-C-[LIVMFAP]-[GAD].
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by the Rv0763c gene is located adjacent to a
cytochrome P450-encoding gene (Rv0764c), sug-
gesting that this may be a redox partner for the
relevant P450s. The FprA gene encodes a FDR
enzyme, while the FprB and FdxB genes are
predicted to encode FDR/ferredoxin fusion en-
zymes, are possible single component P450 redox
partners.

In advance of enzymatic characterization, it is
difficult to predict the biochemical roles for several
of the M. tuberculosis P450s. Frequently, the
extent of amino acid sequence identity with
characterized P450s provides strong clues to the
nature of substrate preference for a novel P450. In
fact, P450 sequences are organized into an ex-
tensive ‘‘gene superfamily’’, with P450s having
X40% amino acid sequence identity classified as
members of the same family and typically exhibit-
ing selectivity for similar substrate classes.117

However, the majority of the M. tuberculosis
P450s show closest similarity to other (uncharac-
terized) P450s and/or have much less than 40%
identity to prokaryotic P450s of known function.
This may point to novel metabolic roles and unusual
substrates for many of these M. tuberculosis P450s.
Evidently, much work is required to establish the
metabolic functions of these enzymes. Despite
uncertainty as to the roles of many of the P450s,
there are notable exceptions for which substrate

selectivity appears more obvious. For instance, the
product of the Rv0764c gene (CYP51) has highest
similarity to eukaryotic sterol demethylase P450s,
and catalyses 14a-demethylation of lanosterol and
the plant sterol obtusifoliol.118 Sterol demethylase
P450s are essential for synthesis of membrane
sterols in eukaryotes, and the fungal CYP51
enzymes are targeted by azole drugs (e.g. flucona-
zole, clotrimazole). While definitive proof for a
sterol biosynthetic pathway in the prokaryote is
still lacking, the M. tuberculosis CYP51 certainly
has capacity to demethylate eukaryotic sterols and
presumably acts in vivo on substrates of similar
structure. Also, the P450 product of the M.
tuberculosis Rv1394c gene has strong similarity to
mammalian family 4 fatty acid hydroxylases and is
predicted to have specificity for long chain fatty
acids. Genetic location may also provide clues to
metabolic function of selected M. tuberculosis
P450s, and in this respect the location of the
Rv1880c gene in an operon including a potential
mycolyl transferase gene (FpbB) may indicate that
this P450 also has selectivity for fatty acids or
mycolipids. Preliminary studies from our group with
the purified P450 shows that it binds tightly to a
range of long chain fatty acids.

While work on the M. tuberculosis P450 redox
systems is still in its infancy, there have already
been significant breakthroughs. The atomic struc-
ture of the CYP51 has been solved in the presence
of the azole anti-fungal drug fluconazole, and also
in another azole-bound form (4-phenylimida-
zole).119 Recently, our group has also solved the
structure of the P450 encoded by the Rv2276 gene
(CYP121). This P450 shows greatest structural
similarity to P450 eryF from Saccharopolyspora
erythraea, involved in the synthesis of the polyke-
tide antibiotic erythromycin. Both CYP51 and
CYP121 bind very tightly to azole anti-fungal drugs,
and these compounds also show good antibiotic
properties in preliminary studies with M. smegma-
tis and M. paratuberculosis.120 It appears that an
anti-P450 strategy may be an effective and largely
unexplored route to novel antibiotics for Mtb. In
other work, our group has cloned and expressed
several other M. tuberculosis P450s and redox
partners, including the ferredoxin reductase FprA,
which is likely to be the electron donor to
ferredoxin partners for several of the M. tubercu-
losis P450s (see also section on FprA). The purified
FprA exhibits NADPH-dependent reductase activity
typical of bacterial and eukaryotic ferredoxin
reductase enzymes supporting other P450 systems.
In the course of the next few years, the roles of the
individual P450 isoforms in M. tuberculosis biology
will be elucidated, as will their relative importance
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Fig. 10 Scheme for the electron transfer pathway in M.
tuberculosis P450 redox systems. Electrons for the P450
mono-oxygenation reaction are provided ultimately by
NAD(P)H, which reduces an FAD-containing ferredoxin
reductase (FDR) by hydride ion transfer. Electrons are
shuttled one at a time to the iron sulfur cluster of a
ferredoxin (FD), which (in turn) passes the electrons
singly to the P450. The two-electron reduction of the
P450 results in reductive scission of dioxygen and
the hydroxylation of substrate (R) to product (ROH)
and the formation of a molecule of water.
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to the physiology of the pathogen and their
potential as drug targets. With drug- and multi-
drug-resistant strains of M. tuberculosis spreading
across the globe, the desperate need for novel
antibiotics is universally recognized. In this re-
spect, the P450s are already validated anti-fungal
drug targets, and with 20 different isoforms in M.
tuberculosis it is virtually certain that a number of
these serve indispensable metabolic functions.
Thus, systematic evaluation of the biochemistry,
enzymology and structure of the M. tuberculosis
P450s could lay the foundations required for a new
and effective strategy to counter the pathogen.

A structural genomics study on
M: tuberculosis at Seoul National
University (Jin Kuk Yang, Hye-Jin Yoon,
Byung Il Lee, Myong Gyong Lee,
Jae Eun Kwak, Byung Woo Han,
Jae Young Lee, Seung-Hun Baek,
Min S. Park, Geoffrey S. Waldo and
Se Won Suh)

As part of the structural genomics project on M.
tuberculosis, we have targeted and studied 45
genes. Most of our target genes are involved in the
synthesis of amino acids, fatty acids, cofactors, and
prosthetic groups. They have been cloned into pET
expression vectors (Novagen), for expressing the
target proteins in either intact form or N- or C-
terminal histidine-tagged form. When we ex-
pressed the proteins in E. coli cells (BL21(DE3),
C41(DE3), or B834(DE3)), 19 were not expressed, 19
were expressed in an insoluble form as inclusion
bodies, and seven were expressed and were highly
soluble. Using a green fluorescent protein-based
directed evolution method,121 we made a soluble
mutant of the Rv2002 gene product, which was
initially expressed in an insoluble form within
inclusion bodies. We have so far successfully
purified six of these M. tuberculosis proteins:
Rv0254c (cobU), Rv2002 (fabG3) I6T/V47M/T69 K
mutant, Rv2043c (pncA), Rv2534c (efp), Rv2538c
(aroB), and Rv3420c (rimI). The Rv2002 soluble
mutant was crystallized122 and its crystal structure
was determined at 1.8 (A resolution. It reveals that
Rv2002 is likely to function as NADH-dependent
short-chain dehydrogenase/reductase. Further ex-
periments are necessary to establish its biological
role. Rv2538c (aroB), encoding 3-dehydroquinate
synthase of the shikimate pathway, has been
crystallized but the crystals are too small for X-
ray diffraction analysis. Further optimization of its

crystallization condition is in progress. Rv2043c
(pncA) encodes pyrazinamidase/nicotinamidase
and its mutation is known to cause resistance to
antituberculosis drug pyrazinamide.123 It was over-
expressed in either intact form or with a C-terminal
hexa-histidine tag. The purified protein with the C-
terminal tag was monomeric as determined by
dynamic light scattering measurements, showing
just 21% polydispersity. Metal analysis by Induc-
tively Coupled Plasma mass spectrometry revealed
that each mole of protein contained 0.88mole of
Fe and 0.25mole of Ni. Despite extensive crystal-
lization trials, we have not succeeded in crystal-
lizing it so far.

Characterization of isoniazid-induced
proteins in M: tuberculosis
(Moyra M. Komen, Vickery L. Arcus,
Edward N. Baker and J. Shaun Lott)

Isoniazid (INH) is thought to exert its bactericidal
action on bacteria of the M. tuberculosis complex
by inhibiting the biosynthesis of cell wall mycolic
acids, thereby rendering the cell susceptible to
reactive oxygen radicals and other environmental
factors.124 A recent DNA micro-array gene expres-
sion study on M. tuberculosis identified a cohort of
genes that are upregulated in the bacterium
immediately after exposure to INH.125 A cluster of
genes thought to be involved in mycolate biosynth-
esis and fatty acid metabolism, and one gene
known to be involved in free radical detoxification
(the alkyl hydroperoxide reductase ahpC) were
among those identified as being upregulated. These
findings therefore agree with the current knowl-
edge on the mode of action of INH. A further set of
genes annotated as ‘of unknown function’ in the
genome sequence were also found to be upregu-
lated. Our hypothesis is that some of the proteins
encoded by this upregulated cohort of genes may
be involved in a protective response by the
bacterium to the cytotoxic consequences of INH
activity.

The INH-induced cohort of genes has been
screened using a variety of bioinformatics techni-
ques in order to select those amenable for structural
analysis using X-ray or NMR techniques. The pre-
liminary functional and biophysical characterization
of a few of these proteins is reviewed here.

Rv1592c

This open reading frame was originally annotated in
the genome as a ‘‘conserved hypothetical’’, but the
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cloning of a family of lipases from Candida albicans
has indicated that Rv1592c may also encode a
lipase. Hube and co-workers126 identified a ten-
member gene family of secreted lipases (LIP1-10)
in C. albicans, that encode proteins of B50 kDa
sharing between 33% and 80% amino acid sequence
identity. When compared to other known fungal
lipases, the Candida enzymes form a distinct clade,
and are more similar in sequence to Rv1592c than
they are to other fungal enzymes: Rv1592c and the
Candida genes are B30% identical in amino acid
sequence. Rv1592c contains conserved active site
residues, indicating that it may have lipase activity.
The LIP gene family appears to be restricted to
pathogenic species of Candida, and may play a role
in persistence and virulence in those organisms. C.
albicans shares with M tuberculosis the ability to
survive in the macrophage phageosome, and it is
not unreasonable to suppose that the two organ-
isms may employ similar survival strategies in this
context. It may be then that lipases such as
Rv1592c play a role in mycobacterial persistence
or virulence.127 However, a key difference between
Rv1592c and the LIP family lipases is that the
former does not have a recognizable secretion
signal.

Rv1592c has been expressed as an N-terminally
His-tagged protein in the cytosol of E. coli. Under
most conditions tested, the protein is insoluble.
However, growing the expression cells at 181C and
lysing them in a pH 9 buffer yields some soluble
protein. The solubility of the protein is markedly
and selectively improved by the addition of specific
detergents to the lysis buffer: either n-dodecyl-n-
n-dimethylamino-3-propanesulfonate (a zwitter-
gent) or n-dodecyl-b-D-maltoside (a non-ionic
detergent) yield almost totally soluble protein.
The protein can then be substantially purified in a
single step using immobilized metal ion affinity
chromatography.

We have assayed the lipase activity of the
purified enzyme on a number of lipid substrates.
Preliminary qualitative assays of lipolytic activity,
monitored using rhodamine B in olive oil agar,128

gave negative results. However, Rv1592c exhibited
an esterase activity, measured spectrophotometri-
cally using p-nitrophenol esters,129 with a marked
specificity for short (C4–C4) alkyl chain lengths
(Fig. 11). Quantitative assays of the activity of the
recombinant enzyme on tritiated triolein in an
emulsified system130 confirmed the inability of the
enzyme to hydrolyse long-chain triglycerides.

The physiological function of Rv1592c remains
uncertain. Its induction by INH and its lack of a
signal sequence lead us to formulate two hypoth-
eses regarding its likely role. Assuming that it is not
cryptically secreted, the simplest explanation of its
induction by INH treatment is that it is being used
by the bacterium to hydrolyse the cytosolic pool of
saturated fatty acids that accumulates due to the
blockade of mycolic acid biosynthesis.131 However,
our preliminary substrate specificity studies make
this seem unlikely, as the accumulating pool of
fatty acid intermediates are long chain molecules
(C24–C26). An alternative explanation is that
Rv1592c is in some way involved in the removal of
toxic lipid hydroperoxides from the cell, perhaps
acting in concert with hydroperoxide reductases
such as ahpC. Circumstantial evidence to support
this notion comes from the observation that
Rv1592c and ahpC are also upregulated by a similar
amount (approximately threefold) when M. tuber-
culosis is shifted from ambient to reduced oxygen
tension,132 implying that both are in some way
involved in mechanisms involved in the cellular
adaptation to a shift in the redox environment. The
elucidation of the precise function of this gene in
the cell awaits the identification of its preferred
physiological substrate(s). To this end, further
specificity assays are being performed on the
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Chain Length Selectivity of Rv1592c and
Rhizopus arrhizus lipase
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Fig. 11 Chain length selectivity of Rv1592c (black bars) compared to the Rhizopus arrhizus lipase (Sigma L4384, white
bars). Selectivity assays were performed on a range of p-nitrophenol ester substrates essentially as described by van
Kampen et al.129 Activities were normalized to make the activity on p-nitrophenol butyrate equal to 100%.
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purified enzyme and it is being subjected to
crystallization trials, as the three-dimensional
structure of the protein will likely hold useful clues
to its cellular function.

Rv0340-Rv0343

The open reading frames Rv0341 and Rv0342 were
upregulated by INH in a delayed fashion in
comparison to the others identified.125 This delayed
induction is also seen for ahpC, inferring that
Rv0341 and Rv0342 may be involved in responding
to the secondary, toxic results of INH activity.
Another study looking at differential mRNA expres-
sion in M. tuberculosis treated with INH133 also
identified Rv0342 and Rv0343 as being strongly
upregulated by INH and to a lesser extent by
ethambutol (EMB), another antibiotic that inhibits
cell wall biosynthesis via a distinct mechanism of
action. Alland et al.133 have termed Rv0341 as iniB,
Rv0342 as iniA and Rv0343 as iniC respectively, and
have subsequently investigated the promoter that
appears to drive the operonic expression of these
three genes.134 The relatively slow induction of the
iniBAC promoter compared to other INH-responsive
genes was confirmed by this study: iniBAC is
measurably induced after 4 h, and reaches a
maximum between 24 and 48 h, which is the same
timeframe that INH requires to cause cell death.
The iniBAC operator was also found to respond to a
range of antibiotics that act by inhibition of cell
wall biosynthesis. Together, these observations
imply that this gene cluster may be of key
importance in cell viability when membrane integ-
rity is being compromised by the action of
antibiotics, and that they may represent good
targets for the design of new antibiotics to act in
concert with existing cell wall biosynthesis inhibi-
tors such as INH and EMB.

None of the ORFs in this cluster show informative
amino acid sequence similarity to any other
proteins, and their biochemical functions remain
unknown. Rv0342 (iniA) contains a phosphopan-
tetheine attachment motif, leading to the sugges-
tion that it may be an acyl carrier protein (ACP).133

Although this makes biological sense, given that
another ACP acpM (Rv2244) is both upregulated by
and binds to INH, other consensus sequence motifs
characteristic of ACPs are not found in the iniA
sequence, which implies that iniA is either very
dissimilar in sequence to known examples or does
not encode an ACP. Despite their apparent lack of
homology to other genes, the four genes in this
cluster do show significant sequence similarity to
each other. BLAST searches of the M. tuberculosis

genone indicate that Rv0340 and Rv0341 form a
paralogous pair of genes, as do Rv0342 and Rv0343.
The two pairs of genes show clear conservation in
particular segments of their sequences (Fig. 12),
which suggests that they may share conserved
domains which confer similar function, or which
may be subunits of a larger macromolecular
complex.

Although Rv0340 (which might be termed ‘‘iniD’’
for consistency with the other members of this
gene cluster) does not appear to be induced along
with the iniBAC operon, it has been chosen as a
target for structural studies due to its sequence
similarity to iniB and its relative tractability.
Rv0340 has been expressed as an N-terminally His-
tagged protein in E. coli and purified to homo-
geneity using a combination of immobilized metal
affinity and size exclusion chromatography. It is an
extremely soluble protein, and can be concen-
trated to higher than 40mgml�1. However, at-
tempts to crystallize it have failed, producing
phase separations or oils over a wide and varied
range of precipitant conditions, and NMR spectro-
scopy has confirmed that the protein is mainly
unstructured in solution. This lack of tertiary
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Fig. 12 The paralogous relationship between ORFs in the
ini operon. Percentage figures indicate the percentage
identity of the sequences at the amino acid level in the
conserved segments. The predicted trans-membrane
helix (TMH) and phosphopantetheine attachment site
(PA) in iniA are marked as colored bars. The scale
indicates the length of the protein sequences, marked in
hundreds of amino acids.
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structure is perhaps not too surprising given the low
complexity of the amino acid sequence of Rv0340
(15% alanine, 10% proline, 10% valine and 9%
glycine). The conservation of sequence between
Rv0340 and iniB in their first B90 amino acids lead
us to believe that this segment may constitute a
discrete folded domain. We have confirmed the
presence of the domain using limited tryptic
digestion, mass spectrometry and amino acid
sequencing. The isolated domain can be expressed
and purified in a similar fashion to the full length
protein, and NMR spectroscopy of the domain
indicates that it does form a discretely folded
structure in solution. We are currently working to
solve the structure of this domain by high-field
heteronuclear NMR spectroscopy, and are extend-
ing our successful domain definition strategy to the
other members of this gene cluster.

Genomic techniques have enabled the identifica-
tion of genes used by M. tuberculosis in its
protective response to the toxic consequences of
INH treatment. However, this assignment of phy-
siological function gives no clue as to the biochem-
ical mechanisms involved within the cell. We are
using a combination of biochemical and biophysical
methods to establish these mechanisms. When no
useful inference about gene function can be drawn
from sequence alone, protein structural analysis is
a valuable, and perhaps the only viable, route to
understanding the cytosolic functions of these
protective gene products, and ultimately to con-
trolling their activity with new therapeutic com-
pounds.
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