
Molecular Microbiology (2004) 

 

51

 

(4), 1003–1014 doi:10.1046/j.1365-2958.2003.03900.x

© 2003 Blackwell Publishing Ltd

 

Blackwell Science, LtdOxford, UKMMIMolecular Microbiology 1365-2958Blackwell Publishing Ltd, 200351

 

410031014

 

Original Article

 

M. tuberculosis ino1 geneF. Movahedzadeh 

et al.

 

Accepted 15 October, 2003. *For correspondence. E-mail
nstoker@rvc.ac.uk; Tel. (+44) 020 74685272; Fax (+44) 020
74685306. †Present address: AstraZeneca, Alderley Park, Maccles-
field, Cheshire SK10 4TG, UK.

 

The 

 

Mycobacterium tuberculosis ino1

 

 gene is essential 
for growth and virulence

 

Farahnaz Movahedzadeh,

 

1

 

 Debbie A. Smith,

 

2

 

 
Richard A. Norman,

 

3†

 

 Premkumar Dinadayala,

 

4

 

 
Judith Murray-Rust,

 

3,5

 

 David G. Russell,

 

6

 

 
Sharon L. Kendall,

 

1

 

 Stuart C. G. Rison,

 

1

 

 
Mark S. B. McAlister,

 

5†

 

 Gregory J. Bancroft,

 

2

 

 
Neil Q. McDonald,

 

3,5

 

 Mamadou Daffe,

 

4

 

 Yossef Av-Gay

 

7

 

 
and Neil G. Stoker

 

1

 

*

 

1

 

Department of Pathology and Infectious Diseases, Royal 
Veterinary College, London NW1 0TU, UK.

 

2

 

Department of Infectious & Tropical Diseases, London 
School of Hygiene & Tropical Medicine, Keppel Street, 
London WC1E 7HT, UK.

 

3

 

Structural Biology Laboratory, Cancer Research UK 
London Research Institute, Lincoln’s Inn Fields, London 
WC2A 3PX, UK.

 

4

 

Department of Molecular Mechanisms of Mycobacterial 
Infections, Institut de Pharmacologie et Biologie 
Structurale, UMR 5089 du CNRS et Université Paul 
Sabatier, 205, route de Narbonne, 31077 Toulouse cedex 
04, France.

 

5

 

Bloomsbury Centre for Structural Biology and School of 
Crystallography, Birkbeck College, Malet Street, London 
WC1E 7HX, UK.

 

6

 

Microbiology and Immunology, College of Veterinary 
Medicine, Cornell University, Ithaca, NY 14853, USA.

 

7

 

Department of Medicine, Division of Infectious Diseases, 
University of British Columbia, 2733 Heather St., 
Vancouver, British Columbia, Canada V5Z 3J5.

 

Summary

Inositol is utilized by 

 

Mycobacterium tuberculosis

 

 in
the production of its major thiol and of essential cell
wall lipoglycans. We have constructed a mutant lack-
ing the gene encoding inositol-1-phosphate synthase
(

 

ino1

 

), which catalyses the first committed step in
inositol synthesis. This mutant is only viable in the
presence of extremely high levels of inositol. Mutant
bacteria cultured in inositol-free medium for four
weeks showed a reduction in levels of mycothiol, but
phosphatidylinositol mannoside, lipomannan and
lipoarabinomannan levels were not altered. The 

 

ino1

 

mutant was attenuated in resting macrophages and in
SCID mice. We used site-directed mutagenesis to alter
four putative active site residues; all four alterations
resulted in a loss of activity, and we demonstrated
that a D310N mutation caused loss of the active site
Zn

 

2+

 

 ion and a conformational change in the NAD

 

+

 

cofactor.

Introduction

 

Tuberculosis is a global public health problem, with one-
third of the world’s population infected with 

 

Mycobacte-
rium tuberculosis

 

, and an estimated eight million new
cases annually (WHO, 2000). Current control methods of
chemotherapy and vaccination are inadequate. Treatment
is lengthy, with short-course therapy taking six months,
and antibiotic resistance is a serious problem. One
approach to addressing this problem is to identify key
pathways in 

 

M. tuberculosis

 

 physiology in which enzymes
might be novel drug targets. Identification of processes
that are essential for 

 

in vivo

 

 survival also provides valu-
able information about the environments encountered
within the host. We have shown previously, for example,
that amino acid auxotrophs lacking the 

 

trpD

 

 or 

 

proC

 

 genes
are highly attenuated in immunocompromised and immu-
nocompetent mice (Smith 

 

et al

 

., 2001). Other groups have
shown similar results using mutants in amino acid, nucle-
otide or vitamin biosynthesis (Jackson 

 

et al

 

., 1999; Cham-
bers 

 

et al

 

., 2000; Hondalus 

 

et al

 

., 2000; Sambandamurthy

 

et al

 

., 2002). In order to investigate other pathways that
might be suitable targets for chemotherapy, we have been
studying inositol metabolism in 

 

M. tuberculosis

 

.
Inositol is an essential polyol in eukaryotes, where

phosphatidylinositol (PI) is an important constituent of
phospholipid membranes. In addition, PI is cleaved by
phospholipase C to generate inositol phosphate and dia-
cyglycerol, both of which are central cell signalling mole-
cules. In prokaryotes, inositol is found in archaebacteria,
where derivatives are important in osmotic protection
(Santos and da Costa, 2002), and is absent from most
eubacteria. The exception is the Actinomycetales group
that contains the streptomycetes, corynebacteria and
mycobacteria. These all use inositol in their major thiol,
mycothiol (Fahey, 2001), which is important in maintaining
the redox balance in the cell, in protecting the cell from
oxidative stress, and in cysteine storage. In addition, the
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corynebacteria and mycobacteria produce cell wall
lipoglycans from PI. These include the PI mannosides
(PIMs), lipomannan (LM) and lipoarabinomannan (LAM),
which are present at high levels. Lipid moieties attached
to the PI anchor these molecules in the cell envelope. PI-
containing molecules have been shown to be essential for
growth of the fast-growing species 

 

Mycobacterium smeg-
matis

 

, as mutants lacking PI synthase are not viable
(Jackson 

 

et al

 

., 2000).
Inositol is normally synthesized in two steps from glu-

cose-6-phosphate. The first committed step is the conver-
sion to inositol-1-phosphate (I-1-P) by I-1-P synthase
(Ino1; EC 5.5.1.4; 

 

M. tuberculosis

 

 Ino1, tbINO). I-1-P is
then dephosphorylated by inositol monophosphate phos-
phatase to produce inositol. The 

 

M. tuberculosis Rv0046c

 

gene was identified as 

 

ino1

 

 encoding an inositol phos-
phate synthase initially on the basis of sequence similarity
with yeast INO1. This was confirmed genetically by the
demonstration that the mycobacterial gene comple-
mented a 

 

Saccharomyces cerevisiae ino1

 

 mutant (Bach-
hawat and Mande, 1999). The structures of the 

 

M.
tuberculosis

 

 and 

 

Saccharomyces cerevisiae

 

 Ino1 proteins
have recently been reported and both contain NAD

 

+

 

/
NADH as a cofactor. While the eukaryotic enzyme
requires NH

 

4
+

 

 (Stein and Geiger, 2002), we showed that
the prokaryotic enzyme has a Zn

 

2+

 

 ion located in the active
site of the holoenzyme, although not in an analogous
position to the NH

 

4
+

 

 ion (Norman 

 

et al

 

., 2002).
In this study, we have constructed a 

 

M. tuberculosis

 

mutant lacking 

 

ino1

 

, and shown that it is attenuated 

 

in vitro

 

and 

 

in vivo

 

. We have also carried out a structure-function
study to extend our understanding of the mechanism of
action of this enzyme.

 

Results

 

Bioinformatics analysis

 

Conservation of gene synteny can suggest that there are
constraints against rearrangement. For example, genes
that are in operons will be less readily separated because
they share expression signals. Conservation of synteny
can also give clues to function, as it may suggest that the
genes surrounding 

 

ino1

 

 have related functions. We there-
fore carried out comparative genomic analyses of the 

 

ino1

 

regions of related organisms (Fig. 1). The 

 

M. tuberculosis
ino1

 

 (

 

Rv0046c

 

) gene lies in a group of eight genes
between 

 

leuS

 

 (

 

Rv0041

 

), which encodes leucyl-tRNA syn-
thetase, and 

 

ponA1

 

 (

 

Rv0050

 

), which encodes a penicillin-
binding protein. 

 

Ino1

 

 and six other genes are transcribed
in the same direction; there are predicted intergenic gaps
of 61 bp upstream and 81 bp downstream of 

 

ino1

 

 itself,
so it is not clear from this criterion if it is transcribed as
part of an operon. The other genes between 

 

leuS

 

 and

 

ponA1

 

 do not have specific functions assigned to them,
although homologies suggest general functions in some
cases. Two (

 

Rv0042c

 

 and 

 

Rv0043c

 

) are predicted to
encode transcriptional regulators of the MarR and GntR
families, respectively. 

 

Rv0044c

 

 encodes a putative oxi-
doreductase, and 

 

Rv0045c

 

 a hydrolase.
In all the genomes studied except for 

 

Corynebacterium
diphtheriae

 

, 

 

Rv0047c

 

 is maintained upstream of 

 

ino1

 

.
Thus, despite the 61 bp gap between these genes in 

 

M.
tuberculosis

 

 (the shortest gap is 44 bp in 

 

Streptomyces
coelicolor

 

), this suggests that they are in a single
transcription unit, which may also reflect a functional
relationship.

 

Expression of 

 

ino1

In order to determine the level of expression of the 

 

ino1

 

Fig. 1.

 

Comparative genome analysis of actinomycete 

 

ino1

 

 genes. 
The genetic structure of regions containing the 

 

ino1

 

 gene are shown 
for 

 

M. tuberculosis

 

 (Mtb), 

 

M. smegmatis

 

 (Msm), 

 

M. avium

 

 (Mav), 

 

M. 
leprae

 

 (Mlep), 

 

S. coelicolor

 

 (Scoe) and 

 

C. diptheriae

 

 (Cdip). Black 
arrows, 

 

ino1

 

 gene; white arrows, genes showing homology to those 
in the 

 

M. tuberculosis leuS-ponA1

 

 region; grey arrows, genes not 
showing homology to those in the 

 

M. tuberculosis leuS-ponA1

 

 region; 
white hatched arrows, as for white arrows but pseudogenes. Zigzag 
line in 

 

Cdip

 

: indicates the genes on either side are not closely linked. 
Gene names/numbers above arrows refer to the gene identification 
for that species. Those below arrows in 

 

Cdip

 

 show the 

 

M. tuberculosis

 

 
genes to which the 

 

Cdip

 

 genes are homologous. Numbering of genes 
refers to the relevant species: thus 42c is short for Rv0042c, 2696 is 
short for ML2696, 3899 is short for SCO3899, and 2296 is short for 
CD2296.
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gene, we carried out real-time PCR experiments using 

 

M.
tuberculosis

 

 H37Rv, and compared the level of expression
of 

 

ino1

 

 with that of the gene encoding the major sigma
factor, 

 

sigA

 

. We showed that, in mid-log phase growth, the
level of 

 

ino1

 

 is 0.98 that of 

 

sigA

 

 (95% confidence interval
0.8–1.2). The 

 

sigA

 

 gene is a moderately highly expressed
gene, normally transcribed at over 10

 

5

 

 copies per 10 ng
total RNA (Manganelli 

 

et al

 

., 1999).

 

Construction of an 

 

ino1

 

 mutant

 

We carried out targeted mutagenesis of the 

 

M. tuberculo-
sis ino1

 

 gene in order to introduce an unmarked mutation
that would have no potential polar effects, using a two-
step strategy (Parish and Stoker, 2000). A 3 kb fragment
containing 

 

Rv0046c

 

 was cloned into plasmid p2NIL and
a 900 bp deletion was generated in the 1101 bp gene
(Fig. 2A). Following insertion of a gene cassette carrying

 

lacZ

 

 and 

 

sacB

 

, this was introduced into 

 

M. tuberculosis

 

H37Rv and single-crossovers (SCOs) isolated by selec-
tion for blue hyg

 

R

 

 kan

 

R

 

 colonies. One SCO colony was
plated onto sucrose to isolate bacteria with a second
crossover, which will lead to mutant or wild-type cells
depending on the location of the recombination event. In
the absence of inositol, only wild-type colonies were iso-
lated. However, in the presence of 77 mM inositol, four out
of eight colonies were shown by PCR to be 

 

ino1

 

 mutants,
which were confirmed by Southern analysis (Fig. 2B).

One of the mutants (strain Fame5) was studied further.
Although it grew on inositol-containing plates, no growth
was seen on plates lacking inositol (data not shown). We
complemented the mutation by cloning ino1 (with the two
upstream genes as we were unsure of the location of the
promoter) into an integrating vector, producing plasmid
pFM109. When this was reintroduced into Fame5, inositol
was no longer required. This provides strong evidence
that the ino1 gene is essential in the absence of exoge-
nous inositol, but does not formally rule out a contribution
by Rv0047c or Rv0048c which were also on the comple-
menting plasmid.

Fame5 requires a high level of exogenous inositol

We used a high level of inositol in the supplemented
medium (77 mM), because we had originally failed to
isolate mutants using lower concentrations (data not
shown). We therefore cultured Fame5 in media contain-
ing different concentrations of inositol. Although growth in
77 mM inositol matched that of wild-type bacteria, it was
greatly reduced in 10 mM inositol, and virtually absent at
a concentration of 1 mM (Fig. 3). In order to determine
whether the bacteria die in the absence of inositol, we
cultured mutant bacteria that had been incubated without
inositol for four weeks. There was no drop in the CFUs,

indicating that they are still viable despite the lack of
growth.

Biochemical analyses

In order to look at the effect of removal of inositol from the
mutant on mycothiol and inositol-containing lipoglycans,
we carried out experiments where the strain was cultured
with inositol, then transferred to inositol-free medium.
Cells were harvested after two and four weeks, and
analysed.

Mycothiol levels fell gradually over the four week period
(Fig. 4). In a typical experiment, levels of mycothiol in the
mutant grown in the presence of inositol (41.9 pmol/109

Fig. 2. Southern analysis of ino1 mutant. DNA was extracted, 
digested with PvuII, and subjected to Southern analysis. Following 
probing with the 3 kb BamHI–HindIII fragment from pFM61 containing 
the ino1 gene, two bands of 6.6 and 2.2 kb were seen in DNA from 
the wild-type strain, and a single band of 7.9 kb in the mutant strain. 
The 900 bp deletion includes a PvuII site.
A. Diagram of region showing cloned region (open bar) and deleted 
region (filled bar). Arrows indicate PvuII sites; the middle site is lost 
in the mutant. The hatched bar shows the fragment used to comple-
ment the mutation.
B. Autophotograph of Southern blot. Sizes of bands are indicated in 
kb.

ino1leuS ponA1     

1 kb

A

WT ino1D

7.9
6.6

2.2

B



1006 F. Movahedzadeh et al.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 1003–1014

cells) exceeded those in wild-type bacteria grown without
inositol (31.8 pmol/109 cells). By two weeks, this fell to
wild-type levels, and after four weeks was still lower
(25.5 pmol/109 cells).

Analyses of the cell wall showed no difference in levels
of PIM2, PIM6, LM or LAM, even after four weeks growth
in the absence of inositol (data not shown).

Survival of M. tuberculosis ino1 in the host

Mycobacterium tuberculosis is able to survive in resting
macrophages (Russell et al., 1997). We infected bone
marrow-derived murine macrophages with the ino1
mutant and measured survival by assaying colony-forming
units (CFUs). Although CFUs in macrophages infected
with wild-type bacteria remained stable, those in mutant-
infected macrophages fell sharply, and were virtually
cleared from the cell cultured by seven days (Fig. 5A).

These data were supported by results in mice. We used
the SCID mouse model, which is useful for looking at the
innate immune response to infection. Although they lack
an acquired immune response, they exhibit initial stages
of inflammatory cell recruitment and T cell-independent
IFNg-mediated macrophage activation (Hansch et al.,
1996; Smith et al., 1997). We and others have previously
shown that the SCID mouse model is effective at predict-
ing phenotypes in immunocompetent mice (Smith et al.,
2001; Gordhan et al., 2002; McAdam et al., 2002; Pym
et al., 2002; Sambandamurthy et al., 2002; Parish et al.,
2003). We infected mice i.v. with 106 CFU M. tuberculosis.
Whereas all mice infected with wild-type bacteria died
between 38 and 44 days (median survival time, MST: 38),
all mice infected with mutant bacteria were alive and
healthy at 56 days, at which time the experiment was

terminated (Fig. 5B). All mice infected with the comple-
mented strain died between days 45–47 with an MST of
45 days. Thus the mutant was significantly attenuated
compared to both other strains (P > 0.001).

Structure-function studies

We have previously reported the structure of wild-type
tbINO in the presence of the NAD cofactor and an active
site zinc ion (Norman et al., 2002), the positions of which
revealed the location of the active site. However we were
unable to obtain insights into the catalytic mechanism or
catalytic residues because of our inability to co-crystallise
the protein with substrate or a substrate analogue. In
order to identify key catalytic residues, we selected four
residues within the active site, and carried out site-
directed mutagenesis. The rationale was firstly to deter-
mine if they did indeed play an important role in activity
and secondly to identify a mutant which could trap the
substrate in the active site, allowing a detailed study of
the mechanism of action.

From the 21 residues that are completely conserved in
Ino1 homologues (Fig. 6A) we chose to mutate D197,
K284, D310 and K346, which all lie close to the predicted
active site. We constructed mutants in which each residue
had been converted to alanine (D197A, K284A, D310A
and K346A), and in addition we made more subtle
mutants of the aspartate residues, converting them to
asparagine (D197N and D310N). The mutations were
introduced into the complementing plasmid, and were

Fig. 3. Growth of the ino1 mutant construct. Graph showing growth 
of wild-type and mutant strains in different concentrations of inositol. 
Filled diamond, WT + 77 mM inositol; empty diamond, WT with no 
inositol; filled circles, mutant + 77 mM inositol; grey circle, mutant + 
10 mM inositol; empty circle, mutant + 1 mM inositol. The results 
shown are representative of four independent experiments.
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introduced into Fame5, selecting on plates containing
inositol. The strains were then cultured in inositol-free
media. Growth was negative for all mutants (Fig. 6B),
demonstrating that each mutation had caused reduced
enzymatic function. This also formally demonstrates that
the complementation we obtained earlier was due to the
presence on the plasmid of ino1 rather than of Rv0047c
or Rv0048c.

To examine these mutant proteins further, we deter-
mined the structures of D310A and D310N at 2.1 Å and

2.3 Å respectively (Table 1). Each mutant has an overall
fold identical to that of the wild-type holoenzyme (pdb
code 1 g0) with rms deviations in Ca positions of 0.19 Å
for 325 atoms (D310A) and 0.15 Å for 328 atoms (D310N).
We had anticipated that these conservative mutations
would not perturb the active site but would abolish cata-

Fig. 5. Residual virulence of M. tuberculosis ino1.
A. Survival graph of M. tuberculosis following infection of macroph-
ages. Murine bone marrow-derived macrophages were infected with 
wild-type H37Rv (squares), Dino1 bacteria (circles), and comple-
mented bacteria (diamonds). Comparable bacterial survival profiles 
were observed in two independent experiments.
B. Six SCID mice per group were infected intravenously with 1 ¥ 106 
of either wild-type, mutant (ino1D) or complemented (ino1D::pFM109) 
M. tuberculosis. Mice were monitored for survival over 2 months. 
Square, wild-type; circle, mutant; diamond, complemented strain. 
These data were representative of two separate experiments.
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Fig. 6. Site-directed mutagenesis of tbINO.
A. Sequence of tbINO. Conserved amino acids are highlighted. 
Mutated amino acids are shown in bold-type.
B. Effect of mutations on growth. M. tuberculosis FAME5 derivatives 
carrying integrating plasmids pFM130–135 (strains FAME14–19) 
were plated in the presence and absence of 77 mM inositol.
C and D. Effect of altering D310. Stereo images of active sites are 
shown of WT tbINO (C) and of tbINO carrying a D310N mutation (D). 
Pictures were made with Bobscript (Esnouf, 1999) and Raster3D 
(Merritt and Murphy, 1994).
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lytic activity by removing an essential sidechain. However,
both mutants have two major changes in their active sites.
First, the zinc ion is no longer observed and is instead
replaced by a water molecule. Second, the nicotinamide
part of the NAD cofactor, which coordinates the active site
zinc ion in the wild-type Ino1 (Fig. 6C), rotates by approx-
imately 180 degrees around the C1–N1 bond, allowing it
to hydrogen bond to the sidechains of D197 and K346
(Fig. 6D). The sidechain of K284 becomes disordered in
the D310A mutant. These mutants were therefore pre-
dicted to be catalytically inactive but are not suitable for
pursuing the structure of enzyme–substrate complexes
due to the conformational rearrangement induced by the
mutation.

Discussion

Analyses of gene synteny can be useful in identifying
genes that are maintained together. We have shown that
the gene upstream of ino1, Rv0047c, is retained in the
same position in all mycobacteria and in S. coelicolor,
which suggests that they are co-transcribed. There is also
the possibility that Rv0047c has a related function.
Rv0048c (100 bp upstream of Rv0047c) and the genes
downstream of ino1 are not maintained close to ino1 in
the same way, and we suggest that these are less likely
to be in an operon with ino1. The fact that surrounding
genes are pseudogenes in M. leprae (see below) also
implies that they are not essential. It was interesting that
ino1 was reported to be non-essential using a saturation

transposon mutagenesis strategy where inserts were
localized using microarrays, and essentiality inferred sta-
tistically (Sassetti et al., 2003). Our results demonstrate
that this gene is essential under the conditions they used,
and suggests that some essential genes may be missed
using their method.

Remarkably, M. leprae (Cole et al., 2001) has two
apparently functional ino1 genes (Fig. 1). One (ML2692)
lies in the same genetic context as in the mycobacterial
species described above, and we have called this ino1A.
The second (ML0399) lies in a different part of the
genome, but the sequence of the entire genes (extending
18 bp upstream and 58 bp downstream) are 100% iden-
tical, suggesting that a gene duplication has occurred
relatively recently. We have called this ino1B. The genes
surrounding ino1A appear to be orthologues of those in
M. tuberculosis, with homologues from Rv0042c to ponA1
evident. Of these, at least four are pseudogenes, contain-
ing multiple stop codons. Synteny stops downstream of
the Rv0042c homologue where there is an RLEP element.
The M. leprae leuS is found at ML0032, near the chromo-
somal origin in a context similar to that in M. tuberculosis,
except that an RLEP sequence lies downstream of it. This
suggests that at some point an RLEP element has
inserted between leuS and the Rv0042c orthologue, and
recombination between this copy of RLEP and another
one elsewhere on the chromosome caused the ino1A
region to be displaced. This phenomenon was proposed
by Cole et al. (2001) as a major factor in genome rear-
rangement in M. leprae.

The ino1 gene was shown to be expressed at a mod-
erately high level, equalling the level of sigA. This is sup-
ported by the fact that it has been identified by in
proteomic analyses of M. tuberculosis (Rosenkrands
et al., 2000). Recently reported microarray data show that
the gene appears to differentially expressed, with lowered
levels in macrophages (resting, activated; wild-type,
NOS2), but increased in vitro following exposure to H2O2

or palmitic acid (Schnappinger et al., 2003; supplemen-
tary data). These data are somewhat surprising, as it
might be expected that H2O2 and palmitic acid would both
mimic intracellular conditions, and would therefore result
in a similar phenotype.

The M. tuberculosis ino1 mutant required an extremely
high level of inositol. A concentration of 77 mM led to
normal growth, but growth in 10 mM was greatly reduced,
whereas no growth was seen with 1 mM. This is in stark
contrast to the equivalent S. cerevisiae mutant, which
required only 27 mM inositol supplement (Henry et al.,
1977), and to M. smegmatis which requires 0.1 mM
supplementation (H. Billman-Jacobe, pers. comm.). The
difference with the fast-growing mycobacterium is
particularly intriguing; one possibility is that uptake is
much less efficient. tbINO is a potential drug target if

Table 1. Structural data collection and refinement.

D130A D130N

Data collection
Resolution (Å) 2.3 2.1
Spacegroup P4212 P4212
Z 1 1
Cell dimensions (Å)
a, b 116.8 116.3
c 65.46 64.28
Wavelength (Å) 0.934 0.934
Observed reflections 62 117 164,238
Unique reflections 15 533 26,347
Highest resolution shell (Å) 2.43–2.30 2.22–2.10
Redundancya 3.6 (3.7) 6.2 (6.0)
I/s(i) a 7.8 (2.8) 7.9 (2.7)
Completeness (%)a 89.4 (89.4) 98.1 (90.5)
Rmerge (%)a 7.4 (23.0) 7.1 (28.0)

Refinement
Rwork (%) 21.1 22.5
Rfree (%)b 25.9 24.5
Rms bond lengths (Å) 0.006 0.007
Rms bond angles (∞) 1.5 1.5
Number of non-H atoms 2530 2572
Number of water molecules 44 111

a. Values in parentheses are those for the highest resolution shell.
b. Rfree was calculated against 5% of the complete dataset excluded
from refinement.
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inhibitors can be identified that do not affect the eukaryotic
homologue; however, the cause of the requirement for
such a high level of exogenous inositol would need to be
established if a competitive inhibitor were to be sought.
The bioinformatics analysis shows that the region sur-
rounding ino1 in M. tuberculosis and M. smegmatis is
identical except that the fast grower has two extra genes
downstream. It is possible that these two predicted ABC
transporters play a role in inositol uptake.

We removed inositol from the medium of M. tuberculo-
sis ino1 and measured the levels of inositol-containing
molecules in the bacteria over a four week period. We saw
no clear reduction in cell wall lipoglycans, which may
reflect how stable these molecules are. This agrees with
the observation that LAM is stable in the tissues of leprosy
patients (Hunter et al., 1986). Mycothiol levels did fall, but
there were still high level after two weeks, which accords
with previous reports of its high stability (Newton et al.,
1995). The bacteria during this period were still viable.

We investigated the residual virulence of the ino1
mutant, and showed severe attenuation in macrophages,
and in a SCID mouse model. This is not surprising given
the level of inositol supplement needed, as this is unlikely
ever to be encountered in the host. It has been shown that
inositol levels in normal mouse liver are approximately
100 mM (Berry et al., 2003), far lower than the levels
required by this mutant. The rapid killing in the macroph-
ages may result in part from a reduction in mycothiol
levels, rendering the bacteria more susceptible to oxida-
tive stress.

Our structural studies demonstrated the key importance
of certain sidechains in the active site. The D310A and
D310N tbINO mutant proteins are biologically inactive,
and their active sites differ from those of the wild-type
enzyme most notably by loss of the zinc ion and a con-
formational change in the NAD cofactor. In the wild-type
enzyme, D310 is involved in a network of hydrogen bonds,
so that the aspartate sidechain makes contact with the
sidechain of K248, and water-mediated contacts to the
zinc ion, the sidechain of D235 and the sidechain of N313.
The alanine sidechain of D310A is incapable of making
any of these interactions, so that some rearrangement of
local sidechains is not surprising. In D310N the sidechain
can and does form many of the hydrogen bonds equiva-
lent to those formed by the aspartyl sidechain of the native
enzyme, although one water molecule is absent (see
below). However, it does not interact with K284, which in
the wild-type structure interacts with D310 both directly
and via a water molecule. In the D310N mutant the K284
sidechain is in an extended, ordered conformation,
directed towards a region of electron density in the active
site which we have tentatively interpreted as a glycerol
molecule. Glycerol was used as cryoprotectant, and is
capable of competing with glucose analogues at the active

site of an enzyme (Tsitsanou et al., 1999). However, its
presence seems insufficient to trigger ordering of the
entire protein similar to that seen in the inhibitor complex
of the yeast enzyme (Stein and Geiger, 2002). Changes
in the exact orientation of K284 may also permit the
observed change in sidechain torsion angles, most nota-
bly chi1, for F236, and the absence of an active site water
molecule analogous the one of those interacting with OD2
of D310. We conclude that replacement of the negatively
charged sidechain at D310 with the isosteric neutral
asparagine disturbs a delicate charge balance in the
active site, and is thus responsible for the loss of the zinc
ion, which in turn removes stabilising bonds to the NAD,
allowing it to rotate into the new conformation.

In this paper we have shown that the M. tuberculosis
ino1 gene is necessary for growth in vivo and in vitro. Its
central role in the synthesis of diverse molecules that are
important to the cell makes it an attractive target for the
development of novel antibiotics, and the structural exper-
iments we describe are a step towards understanding the
mechanism of action of the enzyme. However, any antibi-
otic would have to penetrate the cell wall, and it will there-
fore be necessary to understand the reason for the
requirement for such a high concentration of exogenous
inositol.

Experimental procedures

Bacterial strains, plasmids and media

Bacterial strains and plasmids used are shown in Table 2.
Mycobacterium tuberculosis was cultured on Middlebrook
7H10 agar. For liquid cultures, Middlebrook 7H9 broth (Difco)
plus 10% OADC supplement (Becton Dickinson) and 0.05%
Tween 80 was used. Hygromycin was added to 100 mg ml-1,
kanamycin to 20 mg ml-1, gentamicin to 10 mg ml-1, and Xgal
to 50 mg ml-1, where appropriate. For supplementation with
inositol, a 14% stock (w/v) (77 mM) of myo-inositol (Sigma)
was prepared and filter-sterilised. Escherichia coli DH5a was
used for all plasmid constructions.

Bioinformatics

Genomes and gene predictions. For M. tuberculosis
H37Rv (Cole et al., 1998), genome and predicted protein
encoding genes were downloaded from the EBI (http://
www.ebi.ac.uk/genomes/index.html). The genome and pre-
dicted protein encoding genes for S. coelicolor (Bentley et al.,
2002) and C. diphtheriae (Ana Cerdeño-Tarraga, pers.
comm.) were obtained from the Sanger Centre (http://
www.sanger.ac.uk/Projects/Microbes/) on 7 February 2003.
Sequence data for M. smegmatis and M. avium were
obtained from TIGR (http://www.tigr.org/) on 4 December
2002. The shotgun sequencing of M. smegmatis is complete,
but closure of gaps still under way. Sixteen unjoined contigs
were therefore downloaded. Preliminary BLAST searches

http://
http://
http://www.tigr.org/
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(Altschul et al., 1997) indicated that M. smegmatis homo-
logues of M. tuberculosis ino1 and surrounding genes were
all located within a single M. smegmatis contig, Ms3312. The
M. avium sequence was downloaded as a single complete
sequence with gaps closed. Predicted protein-encoding
genes were not available for M. smegmatis and M. avium, so
we used the GeneMark.hmm gene prediction algorithm
based on an M. tuberculosis model (Lukashin and
Borodovsky, 1998) (http://opal.biology.gatech.edu/GeneMark/
gmhmm2_prok.cgi). The algorithm identified 5244 putative
genes in M. avium, and 1667 putative genes in contig 3312

of M. smegmatis. For all these organisms, known and pre-
dicted genes were translated into proteins, and stored in a
database suitable for BLAST searching (Altschul et al., 1997).

BLAST searches

The gene products of the ten M. tuberculosis genes illus-
trated in Fig. 1 (leuS, Rv0042c, Rv0043c, Rv0044c,
Rv0045c, ino1, Rv0047c, Rv0048c, Rv0049 and ponA1)
were all searched against the protein databases for the other

Table 2. Strains, plasmids and primers used in this study.

Strains Characteristics Source

M. tuberculosis H37Rv wild-type laboratory strain ATCC 25618
FAME5 M. tuberculosis ino1D This study
FAME 6 FAME5::pFM109 This study
FAME 8 M. tuberculosis H37Rv::pFM76(SCO) This study
FAME14 FAME5::pFM130 This study
FAME15 FAME5::pFM131 This study
FAME16 FAME5::pFM132 This study
FAME17 FAME5::pFM133 This study
FAME18 FAME5::pFM134 This study
FAME19 FAME5::pFM135 This study
E. coli DH5 Invitrogen
E. coli BL21 (DE3) Studier et al. (1990)

Plasmids
pBluescript II SK + Stratagene
pET15b Novagen
pUC-Gm-int pUC-based plasmid carrying gentamycin resistance gene and phage L5 int gene Lee et al. (1991)
p2NIL manipulation vector Parish and Stoker (2000)
pGOAL19 delivery cassette vector Parish and Stoker (2000)
pFM55 ino1 in pET15b This study
pFM61 ino1 and flanking area in p2NIL This study
pFM62 pFM61 with deletion in ino1 This study
pFM76 pFM62 with PacI cassette of pGoal19 This study
pFM108 ino1 with 2 kb upstream in pBluescript SK + This study
pFM109 pFM108 containing HindIII cassette of pUC-Gm-int This study
pFM117 Mutation of D197-A on pFM55 This study
pFM118 Mutation of D197-N on pFM55 This study
pFM119 Mutation of K284-A on pFM55 This study
pFM120 Mutation of D310-A on pFM55 This study
pFM121 Mutation of D310-N on pFM55 This study
pFM122 Mutation of K346-A on pFM55 This study
pFM130 PFM124 containing HindIII cassette of pUC-Gm-int This study
pFm131 pFM125 containing HindIII cassette of pUC-Gm-int This study
pFM132 pFM126 containing HindIII cassette of pUC-Gm-int This study
pFM133 pFM127 containing HindIII cassette of pUC-Gm-int This study
pFM134 pFM128 containing HindIII cassette of pUC-Gm-int This study
pFM135 pFM129 containing HindIII cassette of pUC-Gm-int This study

Primers
tb_Imsy1 (ATACCTCGTTTTCGCAGGTG)
tb_Imsy2 (GGAAAGAAGTGGTCCCAGGT)
tb_Ims3 (CGCGGATCCGCCAGCAGGATCAGTTCTTC)
tb_Ims4 (CGCGGATCCTACCAGGCAATTGTGCGAGT)
D197A-for (GGTACCCATCGTCGGTGATGCCATCAAGAGCCAGGTCGG)
D197A-rev (CCGACCTGGCTCTTGATGGCATCACCGACGATGGGTACC)
D197N-for (GGTACCCATCGTCGGTGATAACATCAAGAGCCAGGTCGG)
K284A-for (GGATGGCTCGACGATCGCGCATGGGCCTATGTCCG)
K284A-rev (CGGACATAGGCCCATGCGCGATCGTCGAGCCATCC)
D310A-for (CAAGCTCGAGGTGTGGGCCTCGCCAAACTCGGCCGG)
D310A-rev (CCGGCCGAGTTTGGCGAGGCCCACACCTCGAGCTTG)
D310N-for (CAAGCTCGAGGTGTGGAACTCGCCAAACTCGGCCGG)
D310N-rev (CCGGCCGAGTTTGGCGAGAGTTCCACACCTCGAGCTTG)
K346A-for (CGTCGGCCTACCTGATGGCGAGCCCGCCCGAGCAGC)
K346A-rev (GCTGCTCGGGCGGGCTCGCCATCAGGTAGGCCGACG)

http://opal.biology.gatech.edu/GeneMark/
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organisms illustrated in Fig. 1. Searches were performed
using BLASTP (Altschul et al., 1997) with default settings. Fur-
ther ad hoc BLASTP searches were performed, such as those
done to confirm that the two extra genes identified in M.
smegmatis are likely orthologues of those in M. avium (see
Fig. 1 and Results).

Generation of ACT comparison files

To help with the process of identifying the cross-species
homologies for M. tuberculosis ino1 and surrounding genes,
the Artemis Comparison Tool (ACT, http://www.sanger.ac.uk/
Software/ACT/) was used. Artemis Comparison Tool requires
at least two genomes, and a file describing homology
between these genomes, usually generated using the BLASTN

(complete nucleotide genome versus complete nucleotide
genome) or TBLASTX (target and query complete nucleotide
genomes both translated in all six reading frames and com-
pared). The ACT files were generated for all pairwise com-
parisons between M. tuberculosis and the other organisms
shown in Fig. 1 using BLASTN, and for a subset of these, using
TBLASTX. For comparisons with M. leprae, we used compar-
ison files generated at the Sanger Centre using TBLASTX

(http://www.sanger.ac.uk/Projects/M_leprae/comparison.shtml)

Real-time PCR

RNA was prepared from a 7-day rolling culture as described
previously (Betts et al., 2002). cDNA synthesis was carried
out using Superscript II (Invitrogen) according to the manu-
facturer’s protocol. Real-time quantitative PCR reactions
were set up using the DyNAmo SYBR Green qPCR kit (MJ
Research) with a DNA Engine Opticon® 2 System (GRI).
Reactions were set up on ice containing 1 ¥ DNA Master
SYBR Green I mix, 1 ml of cDNA product and 0.4 mM of each
primer in a final volume of 20 ml. These were heated to 95∞C
for 10 min before cycling for 35 cycles of 95∞C for 30 s, 60∞C
(ino) or 62∞C (sigA) for 20 s, and 72∞C for 20 s. Fluorescence
was measured at the end of each cycle after heating to 80∞C
to ensure the denaturation of primer-dimers. Triplicate reac-
tions for each gene were carried out on cDNA from two
separate RNA preparations. Confidence intervals were cal-
culated using the residual error of a factorial ANOVA analysis
for log transformed mRNA levels with factors gene and
preparation.

Cloning, mutagenesis and complementation of M. 
tuberculosis ino1

Mutagenesis was carried out essentially as described previ-
ously (Parish and Stoker, 2000). The coding sequence of M.
tuberculosis H37Rv ino1 (Rv0046c) (with flanking DNA,
758 bp upstream and 1144 bp downstream of ino1) was
amplified by PCR using Pfu Turbo DNA polymerase enzyme
(Stratagene). The primers used, each at 300 nM, were
tb_Imsy1 and tb_Imsy2 (Table 2), and cycling conditions
were: an initial 3 min at 95, then 35 cycles of 1 min at 95∞C,
1 min at 57∞C and 3 min at 72∞C, and finally a last extension
step of 72∞C for 10 min to complete primer extension. The
PCR product was phosphorylated using polynucleotide

kinase and cloned into the PmlI site of plasmid p2NIL, pro-
ducing pFM61. A 900 bp deletion was generated in the
1101 bp gene by digestion with PvuII and PmlI followed by
religation. Following insertion of a gene cassette carrying
lacZ and sacB from pGOAL19 into the vector’s PacI site, the
DNA was UV-irradiated (100 Jm-2) and introduced into M.
tuberculosis H37Rv by electroporation. Cells carrying single-
crossovers (SCOs) were isolated by selection for blue hygR

kanR colonies on Middlebrook 7H10 agar containing OADC
supplement (Difco). One SCO colony was plated onto agar
containing sucrose (2%) to isolate bacteria with a second
crossover, which will lead to mutant or wild-type cells depend-
ing on the location of the recombination event. In the absence
of inositol, only wild-type colonies were isolated. However, in
the presence of 77 mM inositol, four out of eight colonies
were shown by PCR to be ino1 mutants, which were con-
firmed by Southern analysis. One of these (FAME5) was
analysed further.

In order to complement the ino1 mutant, Rv0046c was
cloned together with Rv0047c and Rv0048c, to ensure its
promoter was present. Polymerase chain reaction was car-
ried out as above except that 2% DMSO was included, the
primers used were tb_Ims3 and tb_Ims4, and the tempera-
ture cycle used was: an initial 3 min at 95∞C, then 40 cycles
of 1 min at 95∞C, 1 min at 54∞C and 3 min 20 s at 72∞C, and
finally a last extension step of 72∞C for 10 min to complete
primer extension. The PCR product was phosphorylated and
cloned into SmaI site of pBluescript to produce pFM108.
Then HindIII cassette of pUC-Gm-int which has the integra-
tion part and gentamicin gene cloned in HindIII site of
pFM108 to produce pFM109.

Growth of FAME5

Strains were grown in 7H9 media + OADC (and 77 mM
inositol if needed) to an A600 of 0.2–0.8, then subcultured into
1 : 100 in 100 ml of the appropriate medium, and incubated
in rolling culture. The ODs were read at the times shown.

Extraction and analysis of PIMs

Cells (0.2 g) were delipidated with chloroform/methanol (1/1,
v/v) for 48 h at room temperature with continuous stirring.
Lipids were separated from the delipidated cells by centrifu-
gation (3000 r.p.m., 15 min, 2600 g) and analysed by TLC on
silica gel-coated plates developed with chloroform/methanol/
water (60 : 35 : 8, v/v/v). The various PIMs were identified by
their mobilities on TLC and their positive reactivity with both
a sugar-specific reagent (0.2% anthrone in concentrated
H2SO4 followed by heating) and the Dittmer-Lester reagent
that specifically detects phosphorous-containing lipids (Ditt-
mer and Lester, 1964).

Production and analysis of LAM and LM

Delipidated cells were washed and disrupted using a cell
disrupter (2 kbars, Constant System Ltd; one shot model).
The resulting material was extracted with 40 ml of ethanol/
water (1/1, v/v) for 8 h at 65∞C; the bacterial residues were
discarded and the supernatant was dried. Six ml hot phenol/

http://www.sanger.ac.uk/
http://www.sanger.ac.uk/Projects/M_leprae/comparison.shtml
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water (1/1, v/v) was added and the mixture was heated for
1 h at 70∞C under continuous stirring followed by a two-phase
partition. The phenol phase was discarded and the upper
phase extensively washed and dried. The extract was solu-
bilized in water and Triton X114 (2% wt/v) was added to the
cooled suspension. The mixture was stirred for 10 min and
then heated at 50∞C until two phases formed. The detergent
phase was recovered, diluted by adding 1 ml water and
washed three times with CHCl3. The resulting aqueous phase
was dried to evaporate the chloroform and resuspended in
water (0.2 ml). This portion was analysed by SDS-PAGE with
a 5% stacking gel and a 15% running gel. Samples were
denatured in the presence of 2% SDS in 50 mM Tris-HCl
(pH 6.8). After electrophoresis, gels were treated with perio-
date/ethanol/acetic acid (0.7/40/5, w/v/v), and silver-stained.
Authentic samples of mycobacterial LAM and LM from Myco-
bacterium bovis BCG were used as standard.

Sugar compositional analysis

The sugar constituents of the various materials were deter-
mined either after acid hydrolysis with 2 M CF3COOH at
110∞C for 1 h; the mixture of hydrolysed products was dried,
treated with trimethylsilyl reagents (Sweeley et al., 1963) to
derivatize monosaccharides and analysed by gas chroma-
tography (GC) for their sugars.

Gas chromatography and mass spectrometry

Gas chromatography was performed using a Hewlett Packard
HP4890A equipped with a fused silica capillary column (25
m length ¥ 0.22 mm i.d) containing WCOT OV-1 (0.3 mm film
thickness, Spiral). A temperature gradient of 100–290∞C at
5∞C min-1, followed by a 10 min isotherm plateau at 290∞C,
was used.

Mycothiol assay

Labelling of cell extracts with monobromobimane (mBBr) to
determine thiol content was performed with modifications to
previously published protocols (Newton et al., 1996; Ander-
berg et al., 1998). Cell pellets from 3 ml culture were resus-
pended in 0.5 ml of warm 50% acetonitrile-water containing
2 mM mBBr (Cal Biochem), and 20 mM Hepes-HCl, pH 8.0.
The suspension was incubated for 15 min in a 60∞C water
bath and then cooled on ice. 2–5 ml of 5 M HCl or 5 M triflu-
oracetic acid was added to produce a final acidic pH.

The control samples were extracted with 0.5 ml of warm
50% acetonitrile-water containing 5 mM NEM and 20 mM
Hepes-HCl, pH 8.0 The suspension was incubated for 15 min
in a 60∞C water bath and then cooled on ice. Two millimolar
mBBR was added to the solution followed by a second incu-
bation for 15 min at 60∞C. The control sample was cooled but
not acidified. Cell debris were pelleted in each sample by
centrifugation (5 min 14 000 g).

High performance liquid chromatography analysis of thiols
was carried out by injecting 25 ml of 1 : 4 dilution of samples
in 10 mM HCl on to a Beckman Ultrasphere IP 5_
(250 mm ¥ 4.6 mm) column using 0.25% glacial acetic acid
pH 3.6 (buffer A) and 95% methanol (buffer B). The gradient
was: 0 min, 10% B; 15min, 18% B; 30min, 27% B; 32min,

100% B; 34min,10% B; and 60min, 10% B (reinjection). The
flow rate was 1 ml min-1, and the fluorescence detection was
accomplished on a Varian Fluorichrom model 430020 with a
370-nm excitation filter and a 418–700 nm emission filter.
Data collection and analysis was performed on Dynamax
Mac Integrator (Rainin Instruments).

Macrophage infections

Monolayers of bone marrow-derived macrophages were
established in the wells of 24-well plates (105 cells per well).
Bacteria were grown with supplement where necessary, and
washed and frozen before infection. The macrophages were
infected with bacteria at a multiplicity of 2.5 : 1 in triplicate for
2 h. The monolayers were washed and incubated for the time
period indicated. Samples were harvested by rinsing the well
and lysing the cells in 1 ml 0.5% Tween 20 + 0.05% SDS in
H20. The cell lysate was subjected to reciprocal dilution in
Middlebrook medium and plated on quadrant plates with
MB7H11 agar (supplemented with 70 mM inositol). The col-
onies were scored and displayed as a mean for the triplicate
wells with standard deviation indicated by vertical lines.

In vivo studies

The methodology for infecting SCID mice has been described
in detail previously (Smith et al., 2001). Briefly, mice were
infected with 1 ¥ 106 viable mycobacteria in 200 ml of pyro-
gen-free saline via a lateral tail vein. At the time of inoculation
or in vitro experimentation the mycobacteria were routinely
plated to verify input colony forming units (CFUs). Where
appropriate, infected mice were killed by cervical dislocation
in accordance with humane endpoint protocols under the
Animals Scientific Procedures Act, 1986 (UK). Median sur-
vival times were calculated for each group and statistical
analysis performed using the Log Rank tests of survival.

Site-directed mutagenesis

Site-directed mutagenesis was carried out using the non-
PCR-based Quickchange kit (Stratagene) to introduce six
point mutations into the pFM108, producing pFM124-129.
Following sequence-confirmation, the HindIII cassette of
pUC-Gm-int were cloned into the above constructs, produc-
ing pFM130-135. These constructs were transformed into
FAME5 in the presence of 77 mM inositol.

The same primers were used to introduce the six mutations
into the expression construct pFM55, which produces a his-
tagged tbINO. After an initial 30 s at 95∞C, 12 cycles (95∞C
30 s, 55∞C 1 min, 68∞C 13 min) were carried out. This was
digested with DpnI, transformed into E. coli and plasmids
(pFM117-122) from resultant colonies sequenced to confirm
the presence of the mutation.

Structural analyses

Mutant and wild-type tbINO were prepared as described pre-
viously (Norman et al., 2002). In brief, both mutant and wild-
type proteins were prepared in E. coli BL21(DE3) cells using
a pET-15b expression vector. Purification involved a Ni-NTA
affinity column followed by size exclusion chromatography.
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Finally a Q-sepharose ion exchange column gave pure
mutant proteins that crystallised under similar conditions to
the wild-type protein. Mutant datasets were collected at the
ESRF synchrotron on stations 14.1 and 14.4 using an ADSC
CCD detector. Data were processed with DENZO-SCALEPACK

package (Otwinowski and Minor, 1997). The structures were
solved by molecular replacement using the program MOLREP

as part of the CCP4 package (1994), and refined with CNS
(Brunger et al., 1998).

The D310A mutant was refined to 2.3 Å with an R factor
21.1 of and an Rfree of 25.9. The D310N mutant was refined
to 2.1 Å with an R factor 22.6 of and an Rfree of 25.0. Atomic
coordinates will be deposited at proof stage.
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