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Abstract Tuberculosis (TB) is a devastating disease of
worldwide importance. The availability of the genome
sequence of Mycobacterium tuberculosis (Mtb), the caus-
ative agent, has stimulated a large variety of genome-scale
initiatives. These include international structural genomics
efforts which have the dual aim of characterising potential
new drug targets and addressing key aspects of the biology
of Mtb. This review highlights the various ways in which
structural analysis has illuminated the biological activities
of Mtb gene products, which were previously of unknown
or uncertain function. Key information comes from the
protein fold, from bound ligands, solvent molecules, ions
etc. or from unexpectedly modified amino acid residues.
Most importantly, the three dimensional structure of a
protein permits the integration of data from many sources,
both bioinformatic and experimental, to develop testable
functional hypotheses. This has led to many new insights
into TB biology.

Keywords Crystal structures - Function from structure -
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Introduction
The availability of complete genome sequences for large

numbers of microbial species presents an unprecedented
opportunity to understand how living species can exploit
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and adapt to different environments. In the case of those
that are human pathogens this also makes it possible to gain
new understanding of the origins and mechanisms of dis-
ease. No bacterial species is more significant in this regard
than Mpycobacterium tuberculosis (Mtb), which is the
causative agent of tuberculosis (TB). Worldwide deaths
from TB total 2-3 million annually [1, 2], more than for
any other infectious disease [3]. Although effective drugs
exist, current therapy requires prolonged treatment using
3—4 drugs over a period of 6-9 months, leading to com-
pliance problems and the emergence of multi-drug resis-
tance [4]. Moreover, the phenomenon of persistence (see
below) means that a huge reservoir of latent TB exists, with
one-third of the world’s population infected and at risk of
reactivation [1, 5]. This has led to a deadly synergy with
HIV/AIDS [2].

The organism itself is extremely slow-growing, with a
doubling time of ~24 h, and has a number of features that
make it particularly difficult to combat. It has a thick,
waxy, cell wall that is rich in novel lipids, glycolipids and
polysaccharides [6], many of which are important in host
pathogenesis, and which provide a challenging barrier to
drugs and other small molecules. Most importantly, it can
enter a persistent state after engulfment by activated
macrophages in the lung [7], and is able to survive in this
state for many years, to be reactivated as active tubercu-
losis later in life [5]. In this state of non-replicating per-
sistence (NRP), sometimes referred to as dormancy, it
remains metabolically active but is believed to undergo a
switch in metabolism, utilising host lipids as an energy
source [8]. Crucially, current drugs, most of which target
only actively growing bacteria, are largely ineffective
against bacteria in the NRP state [9]. This makes it of
the utmost importance to understand how Mtb survives the
initial onslaught inside macrophages, how it enters the
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persistent state, and what metabolic processes it depends
upon.

The publication of the complete genome sequence for
Mtb (H37Rv strain) in 1998 [10], with the identification of
the ~3900 open reading frames (ORFs) that encode pro-
teins within the organism, and functional annotation of
many of them, transformed TB research worldwide. Many
distinctive and unusual features were noted. In addition to
genes encoding the biosynthetic apparatus for the diverse
array of lipids used by Mrb—including the characteristic
mycolic acids—a large array of ~250 distinct enzymes
involved in fatty acid degradation testified to the impor-
tance of lipids in the Mtb lifestyle. Other features of the
genome included a relative paucity of two-component
regulatory systems, possibly offset by a family of eukary-
otic-like Ser/Thr protein kinases; a large number of poly-
ketide synthase systems; and an extraordinary proportion
(~10%) of the coding capacity of the genome dedicated to
two mycobacteria-specific protein families of unknown
function, the so-called PE and PPE families [10].

In the initial functional annotation of the Mtb genome,
functions were attributed to ~40% of gene products, some
information or similarity could be found for another 44%,
many of which were conserved hypotheticals, and 16%
were described as unknowns, being found only in Mtb or in
other mycobacteria. As for other genome annotations, the
biological activities of gene products were mostly inferred
from sequence similarities with homologous proteins from
other organisms, and in many cases only “low-resolution”
functions could be deduced, meaning that a protein could
be described as an acyl-CoA dehydrogenase, or lipase/
esterase or transcription factor, without knowing what its
specific substrate or role is. A conservative estimate is that
at least 65% of gene products are of unknown or uncertain
function. Lastly, there are clearly many novel biochemical
pathways that have not yet been delineated, and known
pathways that differ in detail from those in other organ-
isms.

The availability of genome sequence information has
stimulated many genome-scale investigations of the biol-
ogy of Mtb. These have included, for example, bioinfor-
matic analyses to identify secreted proteins [11] or iron-
regulated proteins [12]; microarray analyses of genes in-
volved in the hypoxic response [13] (believed to model the
onset of persistence) or genes whose expression is altered
by exposure to drugs [14]; transcriptome analyses [15]; and
genome-wide transposon mutagenesis studies to identify
genes that are essential for growth [16], or for survival in a
mouse model for TB [17], or for Mtb adaptation and sur-
vival in macrophages [18]. A feature of all of these studies
is the large number of proteins which are implicated in key
aspects of Mtb biology or are relevant to disease, but which
are of unknown biochemical function.
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It is in this context that the TB Structural Genomics
Consortium (TBSGC) was formed in 2000, focusing on
Mztb, as one of the seven original initiatives funded by the
U.S. National Institutes of Health under their Protein
Structure Initiative (PSI). The TBSGC (http://www.web-
tb.org/) differs from the other PSI consortia, however, in
both its goals and its mode of operation. Given the global
impact of TB, the TBSGC has chosen to operate in a
globally inclusive manner, with a coordinated programme
that currently involves approximately 400 members in 80
centres around the world, including national structural
genomics efforts in Germany, India and New Zealand. The
focus is firmly on function, targeting proteins that are po-
tential new drug targets or are believed to play key roles in
Mzib biology [19]. When European efforts within the SPinE
project (Structural Proteomics in Europe) are added, to-
gether with the results of conventional structural biology
efforts inspired by the importance of the organism and the
availability of its genome sequence, the overall impact has
been huge. Structures are now available for ~200 unique
Mz1b proteins (Table 1), together with a further ~250 ligand
complexes or additional structures. Two-thirds come from
structural genomics initiatives with the other third from
individual structural biology efforts. This compares with
only 8 Mtb protein structures in the Protein Data Bank at
the time the genome sequence was published.

The general issue of inferring function from structure
has been much discussed, for example [20], and several
articles have reviewed the results from structural genomics
initiatives [21-24]. This article focuses specifically on M1b,
taking selected examples that come mostly from Mtb
structural genomics efforts. The choice is necessarily
selective, with an emphasis on examples from our own
laboratory, but these examples are representative of func-
tional discoveries from many laboratories.

Functional clues from the protein fold

The fold of a protein provides a powerful guide to evolu-
tionary relationships because of the need to retain a stable
three-dimensional structure during protein evolution. Thus,
the fold tends to be strongly conserved in protein families
even when little or no sequence identity remains, and can
provide strong clues to function. The nature of these
functional clues spans a spectrum of possibilities. For
proteins of completely unknown function, structural
homology with already-characterised proteins can provide
testable hypotheses as to potential substrates or even spe-
cific functional roles. Typical examples include a family of
Mz1b proteins with “hotdog” folds [25, 26] that are found to
act on thiol ester substrates and are in some cases essential
for Mtb viability, and Rv1155, where the structural analysis
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Table 1 Unique Mycobacterium tuberculosis structures in protein data bank®

11DS 1IXH 1DF7 1DQZ* 1EYE
1GTV 1HO5 119G* 1KOR* 1K44
1LMI* 1ILQT* 1LU4* 1M41 IMO3*
INH8* INKT* INWA* INXJ* INYO*
1PC3 1PQW§ 1PZS 1Q52% 1Q74*
1RQ2 IRWI* 1S4Q* 1S8N* ISFR*
1T56 1TED 1TFU* 1TPY* 1TQ8S§
1U8R 1UES* 1U0Z 1USL§ 1UZM
1W66* 1W74§ 1WOAS IWAR* IWQG*
IXVQ* IXVW* IXXX* 1YOH* 1YIN
1YK3* 1YK9* 1YL7* 1YLKS§ 1YM3§
1ZEL* 1719 1ZLJ) 12720%* 2A11%*
2A87* 2A8X 2AF6 2AP9§ 2ASF*
2BMX§ 2BNG$§ 2BPQ* 2BVCS§ 2BYO$§
2CBY* 2CCA* 2CDN§ 2CGH* 2CGQ*
2FGG* 2FHH 2FK8 2FR2* 2FSX*
2G38* 2G4R* 2G5F* 2G85 2G9W§
2GWR* 2H34* 2H5X* 2H7M 2HHT7*
2IMZ 2IRU 2ISY 2IXC 2IYV*
200R* 200T* 207G 20AR 2PKF*

IEYV* FON* |F8M* 1G20 1GRO*
IKLP 1KNC 1KPG* IKPI* IL1E*
IMQE IN40* INSI* INFF* INGK
106Y* 10Y0* 1POH 1P3H* 1P82
1Q9J§ 1QPO* RS |RFE* IRIT*
1SGV* 1SIX* 1SJP* ISRY* 1SXV
1TXO* 1UOT* 1u2p 1USH* 1U6E
1UZR 1v0J 1VS0* IWOD* 1W30*
1X3E* 1X8V 1XDI IXFC 1XSF
1Y5H* 1Y6X* 1YST* 1YBT 1YGY*
1YS7* 1YSR* 1YWF* 1ZA0 1ZAU
2A15% 2A2J% 2A6P* 2ATY* 2A84%
2B70%* 2BCF* 2B10§ 2BJB* 2BMS
2BZR* 2C21§ 202X* 2C45 2092
2CHC* 2CIG 2DIF§ 2EVI 2FF4
2FVH* 2JFWV§ 2FYF* 2G04 2G2D*
2GCI 2GDN* 2GES* 2GKM 2GP6*
2HHI 2HY1 211U 216U* 2IBO*
2ID1§ 2JEK* 2NQT* INYX* 2003§
2Q3B 2QBV

a

PDB codes for structures solved by members of the TB Structural Genomics Consortium are indicated by *. Those solved by members of other

structural genomics initiatives are indicated by §. Where multiple structures have been determined for a given protein, only one representative is

listed

led to the recognition that this gene product is an enzyme
that catalyses the terminal step in pyridoxal 5’-phosphate
biosynthesis [27]. In favourable cases, as for the PIN-do-
main proteins [28], described below, this can open up a
new area of biology of an organism. Even when a specific
function is not clear, the fold provides a firm basis for
further biological studies, as for the PE/PPE proteins [29].
Where a function is already proposed, the fold can provide
confirmation and point to key mechanistic details, as for
the Mrtb cyclopropane synthases [30], or even provide
completely unexpected and transformational insights, as
for the fluoroquinolone resistance protein MfpA [31].

PE and PPE proteins

The PE and PPE protein families, named for the presence
of conserved Pro and Glu residues near their N-termini,
represent one of the most striking discoveries from
mycobacterial genomes; the M. tuberculosis H37Rv gen-
ome contains ~100 PE and more than 60 PPE proteins
[10]. The PE proteins have a conserved N-terminal domain
of ~110 residues, followed by a highly variable C-terminal
region that often contains multiple copies of polymorphic
repeat sequences. Likewise the PPE proteins have a con-
served N-terminal domain of ~180 residues, followed by
variable C-terminal regions. Functions in immune evasion,

antigenic variation, cell interactions and virulence have
been suggested. However, structural studies of PE and PPE
proteins have proved extremely difficult. In one attempt, of
28 PE or PPE proteins targeted, all except one were either
insoluble or failed to express, and the one soluble protein
was unfolded [29].

A key step forward was the realisation, based on the
observation that PE and PPE proteins were often close
together, in pairs, in the Mtb genome, that PE/PPE protein
pairs may form complexes. Co-expression of one such
pair, comprising Rv2430c (a small PPE protein) and
Rv2431c (a small PE protein), gave soluble protein and
crystals. The crystal structure [29] shows an extended
o-helical structure in which the PE protein forms an
antiparallel pair of helices that pack against two of the
five helices of the PPE protein (Fig. 1a). It is immediately
obvious why the proteins would be insoluble on their
own, and the PE and PPE motifs are seen to be conserved
for their structural roles. Prediction of function is more
difficult. The most likely role is in signalling; the closest
structural homologue for the PPE protein is the cyto-
plasmic domain of a serine chemotaxis receptor [32] and
there are suggestions that some of the proteins are cell
wall associated. At the very least, the structure is a major
step forward to understanding proteins that are so domi-
nant in the Mtb genome.
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Fig. 1 Functional inferences from protein folds. (a) The PE/PPE
protein complex formed by the gene products of Rv2430c (PPE, in
green) and Rv2431c (PE, in orange). The PE and PPE sequence
motifs are close to the N-termini of the two polypeptides, and are
probably conserved for structural reasons. (b) The dimer of the PIN-
domain protein PAE2754, with residues conserved between the PIN-
domain proteins in Mtb and P. aerophilum shown in stick mode. Four
conserved acidic residues in each molecule form a metal-binding site
(M) that is essential for their nuclease activity. (¢) The dimer of the

PIN-domain proteins

PIN domains are small proteins (~16 kDa) that make up a
very large family with representatives in all three domains
of life. Structural analysis, undertaken in order to address
their function, began with the recognition of four PIN
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Mtb fluoroquinolone resistance protein MfpA, showing the polypep-
tide folding (above) and a surface representation (below) highlighting
its strongly electronegative character. In size, shape and electrostatics,
MfpA mimics DNA. (d) The cyclopropane synthase CmaAl
(Rv3392c), showing its characteristic SAM-dependent methyltrans-
ferase fold. S-adenosyl homocysteine is bound at the edge of the f3-
sheet, marking the cofactor binding site, and the detergent molecule
cetyltrimethylammonium bromide binds in a long hydrophobic tunnel
which is believed to be the binding site for the mycolic acid substrate

domain proteins in the Mtb genome (Rv0065, Rv0549,
Rv0960 and Rv1720) and another four in the P. aerophilum
genome, one of which (PAE2754) was readily crystallized.
The structure [28] revealed a tetramer, formed as a dimer
of dimers, in which each monomer had an o/f fold
(Fig. 1b). Initial searches of the protein structural database
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with DALI gave only weak hits (Z-scores ~3) to proteins of
disparate function. The key insight, however, came with
recognition of a structural similarity to phage T4 ribonu-
clease H [33]. The DALI score was poor (Z =2.8; 84
residues matching with an rms difference of 3.6 A and
10% sequence identity) but crucially four acidic residues
that are conserved across all PIN domains matched four
acidic residues that bound Mg”* at the active site of ribo-
nuclease H. This led to the hypothesis that PAE2754 was
an Mg?*-dependent exonuclease—subsequently confirmed
by biological assay [28]—and that all PIN domains may be
functional nucleases.

A postscript to this analysis, with potentially profound
implications for Mtb biology, comes from the recognition
that in prokaryotes most PIN-domain proteins are encoded
as the toxin component of toxin-antitoxin gene cassettes
[34, 35]. Toxin-antitoxin protein pairs were first recognised
for their role in plasmid maintenance during cell division,
but current evidence points to a more general role in
facilitating persistence in organisms that inhabit variable
and frequently stressful environments. Remarkably, the
Mtb genome contains no fewer than 48 PIN-domain pro-
teins, of which 38 are encoded adjacent to antitoxin-like
genes [36]. This remarkable expansion points to an
important biological role in growth or survival, perhaps in
persistence within activated macrophages.

Cyclopropane synthases

The mycolic acids, which are a characteristic feature of the
mycobacterial cell wall, possess long hydrocarbon chains
whose structural diversity is achieved by post-synthetic
modifications. One of these which appears to be strongly
correlated with persistence is the formation of cis and trans
cyclopropanes by methyl transfer to double bonds in the
unsaturated meromycolate chain [9]. The Mtb genome se-
quence led to the identification of a family of homologous
genes that were believed to encode cyclopropane synthases
or related methyltransferases that catalyse these important
modifications. The structural analyses of three of these
proteins, PcaA, CmaAl and CmaA2, revealed a highly
conserved fold (Fig. 1d) that clearly identified them as S-
adenosyl-L-methionine (SAM)-dependent methyltransfe-
rases [30]. Importantly, the crystal structures also revealed
two other intriguing features: a long hydrophobic tunnel
extending from the protein surface to the SAM binding site,
and a putative bicarbonate ion at the active site of each
protein. For both CmaAl and CmaA2, the hydrophobic
tunnel is shown to bind lipid-like detergents which model
the mycolic acid lipid chain, suggesting a common mech-
anism of action and the possibility that a single drug could
be developed against all three enzymes [30].

The fluoroquinolone resistance protein, MfpA

A spectacular example of the way in which protein fold can
illuminate function comes from the structural analysis of
MfpA, an Mtb protein implicated in resistance to fluor-
oquinolone antibiotics [31]. The amino acid sequence of
MfpA has a pentapeptide repeat, in which every fifth amino
acid is either Leu or Phe, and the structure revealed a f-
helix fold (Fig. Ic) that has striking similarities in size,
shape and charge distribution to B-form DNA. This led to
the hypothesis that fluroquinolone resistance arises from
the ability of this protein to bind to DNA gyrase, thus
depriving fluroquinolones of their normal target, the DNA
gyrase-DNA complex.

Discovery of bound ligands or other species

All crystallographic analyses carry with them the possi-
bility that other species may be found in the crystal
structure. These may be cofactors, substrate or product
molecules, metal ions, anions such as phosphate or sulfate,
buffer molecules, crystallization additives or cryoprotec-
tant molecules (glycerol is particularly common). They
may be carried over from the cellular environment from
which the protein was isolated, or have been introduced
during purification or crystallization. In our own laboratory
at least 50% of solved structures have such “extra” density.
There is still a challenge in identifying what these bound
species are and what their significance is, but they can offer
very important insights into function.

The lipid transfer protein, LipB

The post-translational modification of proteins with lipoyl
moieties is important for the function of some multicom-
ponent enzyme complexes and is also strongly implicated
in host-pathogen interactions for some pathogenic bacteria.
In Mtb, the expression of a putative lipid transfer protein
LipB is strongly up-regulated in the lungs of patients with
multi-drug resistant TB [15]. This protein was known from
sequence similarities to be a distant member of a family of
ligases that includes biotin ligase (BirA) and lipoyl protein
ligase A (LplA).

The structure of LipB, determined at 1.08 A resolution
[37], showed that it is indeed homologous with LplA and
BirA. A completely unexpected finding, however, was the
presence of decanoic acid, covalently attached to the thiol
of Cysl176 (Fig. 2a). The decanoic acid moiety, whose
identity was confirmed by mass spectrometry, was as-
sumed to be derived from the E. coli host cells used for
expression; use of the expression host M. smegmatis,
which, like Mtb, has a different population of endogenous
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Fig. 2 Ligand binding to Mrb proteins provides important func-
tional insights. (a) A decanoic acid molecule, derived from the
E. coli expression host, was found bound to the lipoyl transferase
protein LipB (Rv2217), where it is covalently attached to Cys176
and models the natural octanoic acid substrate. (b) The active site of
the mycothiol deacetylase MshB (Rv1170) showing the metal ion
(magenta sphere) bound to three invariant residues, His13, Aspl6
and His147, adjacent to an N-acetylglucosamine substrate molecule,
modelled into the position of the glucosyl moiety of the detergent

lipids, led to no such modification. Importantly, the bound
decanoic acid provided a model for octanoic acid, the
natural substrate of LipB, identifying the hydrophobic
tunnel inside which the lipid moiety binds, and showing
that the head group would be perfectly placed alongside
Cys176 to form a thioester acyl intermediate. The struc-
ture further pointed to an unprecedented cysteine/lysine
acyltransferase activity for LipB, and a model in which a
lysine residue from an acceptor protein would insert into
the active site to form the final amide-like octanoyl-pro-
tein linkage.
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p-octylglucoside, used in crystallization. (¢) The active site of
PAE2307 showing the binding site for the adenosine substrate,
adjacent to His85, and (in the inset) electron density showing that
His85 was phosphorylated in the native structure. (d) The Mrb
acyltransferase Rv1347c, identified as being responsible for acyla-
tion of the N-hydroxylysine side chain of the siderophore
mycobactin. The density shows the binding site for a long,
hydrophobic acyl group, which was occupied by the detergent
p-octylglucoside in the native structure

Rv1170 from M. tuberculosis

The gene product of the open reading frame (ORF) Rv1170
was originally annotated as “conserved hypothetical”,
having homologues of unknown function in a number of
bacteria of the order actinomycetes, including mycobacteria
and streptomycetes. Subsequent genetic studies identified it
as being involved in the biosynthesis of mycothiol. Myc-
othiol is a novel disaccharide, 1-D-myo-inosityl-2-(N-acetyl-
L-cysteinyl)amido-2-deoxy-a-p-glucopyranoside, which is
an antioxidant and key protective agent that maintains a
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reducing environment inside cells [38]; it is the mycobac-
terial equivalent of glutathione. Rv1170 was shown to
function as a metal-dependent deacetylase, cleaving the
acetyl group from the N-acetylglucosamine (NAG) moiety
of mycothiol [39].

The structure, determined at 1.9 A resolution [40], re-
vealed an o/f fold in which helices pack against a 7-
stranded mostly parallel f-sheet. Structure comparisons
identified superficial similarities to many Rossmann-fold
domains, but it is undoubtedly significant that the two
closest structural homologues were UDP-N-acetylglucos-
amine 2-epimerase and the glycosyltransferase MurG, both
of which act on substrates with NAG moieties. Three key
observations enabled the active site and a plausible cata-
lytic mechanism to be identified. Firstly, a sequence motif
AHPDDE that is invariant in all homologues was located at
the bottom of a deep cavity formed by large loops ema-
nating from the C-termini of the f-strands. Secondly, a
bound Hg2+ ion, used in structure determination, was
coordinated by three invariant residues, His13 and Aspl6
from the AHPDDE motif, and His147; this modelled the
position of the essential Zn>* ion, which had been lost due
to the use of EDTA during protein expression. Thirdly, the
glucosyl moiety of the detergent f-octylglucoside, used in
crystallization, was also found to be bound adjacent to the
AHPDDE motif and the metal binding site (Fig. 2b). This
enabled a testable mechanism to be developed.

A novel adenosine-specific kinase

The ORF Rv3735 from Mtb encodes a member of a family of
highly conserved proteins found in bacterial and archaeal
species. The high level of conservation suggested some
important, but as yet uncharacterised, function. Whereas the
Rv3735 protein was insoluble when expressed in E. coli, the
homologous protein from the hyperthermophile Pyrobacu-
lum aerophilum, PAE2307, was soluble and its structure
could be solved at 1.45 A resolution [41]. A striking and
unexpected discovery in the crystal structure was the pres-
ence of a phosphorylated histidine, pHis85 (Fig. 2c). Phos-
phorylated histidines are rarely observed because of the
lability of the P-N bond, and this observation for PAE2307
suggested a phosphoryl transfer function. Adjacent to
pHis85 was a pocket lined with more conserved residues,
Phe28, Trp95 and Tyrl65, into which the adenine base of
adenosine could be neatly docked. Subsequent binding
studies with a variety of nucleotides and nucleosides showed
a strong preference for adenosine over guanosine, thymidine
and deoxyuridine, and for adenosine or AMP (K, values of
15 puM and 26 pM respectively) over adenine, ADP or ATP
[41]. The crystal structure of PAE2307 in complex with
adenosine confirmed the binding mode and led to the con-
clusion that PAE2307 and Rv3735 are representative of a

previously unknown family of adenosine-specific kinases in
which a phosphate group is passed from an unknown donor,
via His85, to AMP or adenosine [41].

Structure as a means of integrating evidence from other
sources

Discovery of function from structure seldom comes from
one piece of evidence alone, but the protein structure
provides a unique platform for integrating evidence from a
diverse array of sources. The following provides just such
an example.

Recognition of a “missing” enzyme in mycobactin
biosynthesis—Rv1347¢

This protein was originally annotated as an aminoglycoside
N-acetyltransferase (AAC), with a supposed activity of
acetylating amino groups on aminoglycoside antibiotics
such as streptomycin and kanamycin, thereby inactivating
them. Its sequence identity with known enzymes of this
type was less than 15%, however, and no such activity
could be demonstrated [42]. Moreover, transposon muta-
genesis identified Rv1347c as essential for growth [16],
pointing to some other, unknown, function; it is difficult to
see why a protein would be essential if its function was to
inactivate antibiotics that might never be encountered.

The crystal structure showed that the fold clearly identi-
fied Rv1347c as belonging to the GCN5-related N-acetyl-
transferase (GNAT) family [43], to which the AACs belong
(Fig. 1d). These enzymes have the general function of
transferring an acyl group from acyl-CoA to a suitable
acceptor molecule. Further investigation showed that
Rv1347c expression is regulated by iron [44], that its closest
homologues are other bacterial proteins involved in the
biosynthesis of siderophores (small molecule chelators used
to acquire iron), and that neighbouring genes in the Mtb
genome are also iron-regulated and are implicated in the
biosynthesis of mycobactin, the siderophore used by Mtb to
take up iron [45]. Crucially, in the crystal structure “extra”
density attributed to a detergent molecule marked a hydro-
phobic channel leading to the active site and capable of
binding a long hydrocarbon chain. The conclusion, which
has since been verified experimentally [46], was that
Rv1347cis a “missing” enzyme of mycobactin biosynthesis
that adds a long-chain acyl group to the N-hydroxylysine
side chain of mycobactin.

The problem of incorrect annotations

The annotation of genomes by homology carries with it the
risk of incorrect annotations; an incorrect annotation in one
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Fig. 3 Mis-annotation of the
Rv3853 gene from M.
tuberculosis. Originally
annotated as the terminal SAM-
dependent methyltransferase of
menaquinone biosynthesis
(MenG), Rv3853 has a
monomer fold (left) that is
completely different from that
of a typical SAM-dependent
methyltransferase such as
CmaAl (right)

genome as a result of a weak sequence similarity or mis-
leading functional data can be propagated through many
subsequent genome annotations. Several examples of
incorrect annotations in the Mtb genome have been clari-
fied by structural analysis of the gene products [47, 48].
One such an example is given by the Mrb ORF Rv3853.
The gene product was originally annotated as MenG, a
SAM-dependent methyltransferase in the biosynthetic
pathway for menaquinone. The gene was remote from
other menaquinone biosynthesis genes in the genome,
however, and no methyltransferase activity could be
demonstrated. The crystal structure analysis [48] showed
that the fold of Rv3853 is completely different from that of
known methyltransferases, such as the cyclopropane syn-
thases (Fig. 3), and the conclusion is that this gene has
been annotated wrongly. This incorrect annotation is in-
deed propagated through many bacterial genomes in which
homologues exist. The true function of MenG is not clear
however. Its E. coli homologue has been identified as an
inhibitor of ribonuclease E [49], but MenG homologues are
also found in organisms which lack ribonuclease E. Its
sequence shows similarity to a family of aldolases, but
although the Mtb MenG structure has several binding sites
for small molecules, these do not point to any testable
function.

Towards an improved understanding of TB biology

The examples described above illustrate a number of ways
in which knowledge of protein structure can lead to new
functional insights. Nevertheless, the Mtb genome, like
those of other organisms, encodes a large number of pro-
teins of unknown or uncertain function, currently estimated
at ~1000 conserved hypotheticals, ~300 unknowns, and
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many others that can only be placed in general functional
classes [10, 50]. This raises questions as to how priorities
should best be established. In the case of Mrb, the growing
database of whole-genome microarray studies, proteomic
analyses and gene-disruption studies suggests a way for-
ward. By specifically targeting small- or large-scale
structural genomics efforts at uncharacterised proteins
implicated in key aspects of TB biology—for example,
non-replicating persistence—we can expect major ad-
vances in understanding and learning to combat this serious
human pathogen.
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