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1L-myo-inositol (inositol) is vital for the biogenesis of mycothiol,
phosphatidylinositol and glycosylphosphatidylinositol anchors linked to
complex carbohydrates in Mycobacterium tuberculosis. All these cellular
components are thought to play important roles in host-pathogen inter-
actions and in the survival of the pathogen within the host. However, the
inositol biosynthetic pathway in M. tuberculosis is not known. To delin-
eate the pathways for inositol formation, we employed a unique combi-
nation of tertiary structure prediction and yeast-based functional assays.
Here, we describe the identi®cation of the gene for mycobacterial INO1
that encodes inositol-1-phosphate synthase distinct in many respects from
the eukaryotic analogues.
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Inositol is an essential metabolite in all eukary-
otic cells, but is found rarely in prokaryotes. Those
prokaryotic species in which inositol has been
found to occur include Streptomyces, ice nucleating
bacteria, and mycobacteria (Pittner et al., 1979;
Kozlof et al., 1991; Bornemann et al., 1997; Parish
et al., 1997). The mycobacterial cellular envelope
contains a high proportion of phosphatidylinositol
(PI), phosphatidylinositol mannoside (PIM), and
glycosylphosphatidylinositol (GPI) anchor linked
to arabinomannan (LAM) and mannan (LM)
(Chatterjee et al., 1992; Hunter et al., 1990). These
cellular components, LAM in particular, are
thought to play crucial roles in the host-pathogen
interaction and are particularly important for the
survival of the pathogen in the hostile environment
within the host (Sibley et al., 1988; Chan et al., 1991;
Schlesinger et al., 1994). LAM has also been known
to participate in the receptor-mediated phagocyto-
sis of Mycobacterium tuberculosis, in addition to
modulating the host immune response (Besra et al.,
1997). The non-reducing termini of a variety of
LAMs from rapidly growing strains of myco-
ing authors:

tol-1-phosphate
.

bacteria have been demonstrated to contain inosi-
tol phosphate capping (Khoo et al., 1995).
Moreover in Mycobacterium sp., inositol is a precur-
sor of another important cellular metabolite,
mycothiol. Mycothiol is a thiol required for main-
taining the intracellular reducing environment
(Bornemann et al., 1997; Newton et al., 1996).
Despite the important role played by inositol, the
pathway for its biosynthesis has not yet been
characterized in M. tuberculosis (Salman et al.,
1999).

Studies with eukaryotic systems have revealed
that the sole pathway for inositol biosynthesis
involves two steps. In the ®rst step, glucose-6-
phosphate to inositol-1-phosphate conversion takes
place through a complex reaction mediated by a
single enzyme, inositol-1-phosphate synthase (EC
5.5.1.4). In the second step, inositol-1-phosphate is
dephosphorylated by inositol-1-phosphatase (EC
3.1.3.25) (Chen & Charalompaus, 1964, 1965;
Majumdar et al., 1997). The free inositol thus syn-
thesized is subsequently used by the host as a pre-
cursor for generating inositol derived metabolities.

The ®rst enzyme in the biosynthesis of inositol,
inositol-1-phosphate synthase, has been shown to
be essential for the growth of yeast and fungi. Dis-
rupting the INO1 gene in Saccharomyces cerevisiae,
therefore, leads to cell death unless it is sup-
plemented with exogenous inositol (Culbertson &
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Figure 1. The binding mode of NADP as observed in
diamino pimelate dehydrogenase drawn using MOL-
SCRIPT (Kraulis, 1991). The two arginine residues
involved in binding the 20-phosphate are replaced by
alanine residues in M. tuberculosis INO1p sequence,
thereby suggesting that the mycobacterial enzyme may
bind NAD rather than NADP. The Leu residue shown
is the conserved site of a Cys residue in prokaryotic
INO1p sequences.
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Henry, 1975). As Mycobacterium is an inositol pro-
totroph, it is likely to be capable of synthesizing
inositol de novo. In this study we have sought to
examine the presence of inositol-1-phosphate
synthase in M. tuberculosis, and to determine if the
pathway of inositol biosynthesis is common in
eukaryotes and prokaryotes.

Publicly available Mycobacterial genome database
was searched with the BLAST program (Altschul
et al., 1997) using the S. cerevisiae inositol-1-phos-
phate synthase (INO1p) amino acid sequence.
The search revealed a very low degree of sequence
homology to the Rv0046c open reading frame
(ORF) of the M. tuberculosis H37Rv genome coding
for a 367 amino acid residue-long protein (Cole
et al., 1998). The homology was suf®ciently low to
escape it being identi®ed as the putative Mycobac-
terial inositol-1-phosphate synthase by standard
computational methods. The percentage identity
between S. cerevisiae INO1p and the protein pro-
duct of Rv0046c was less than 15 %. Moreover, the
sulfhydryl groups known to be important for the
enzymatic activity of eukaryotic INO1p (Gumber
et al., 1984) were not conserved in Rv0046c, giving
rise to the speculation that Rv0046c may not
possess the same activity. Thus, the assignment of
the inositol-1-phosphate synthase function to the
protein product of Rv0046c would not have been
possible with the sequence data alone.

Inositol-1-phosphate synthase is known to utilize
NAD as the cofactor (Majumdar et al., 1997). We
therefore searched for a putative NAD binding
sequence in the Rv0046c protein. However, neither
the presence of the signature GXGXXG motif
(Wierenga et al., 1986) nor an exhaustive search
through the PROSITE database (Hofmann et al.,
1999) revealed any nucleotide binding motifs in the
Rv0046c sequence. On the other hand, a tertiary
structure prediction by threading the sequence
onto known protein folds (Fischer et al., 1996)
revealed a Rossmann fold in the N-terminal half of
the Rv0046c protein sequence. The mycobacterial
INO1p exhibited striking similarity to diamino
pimelate (DAP) dehydrogenase NADP binding
domain (Scapin et al., 1996) with a Z-score of 7.99.
This score is signi®cantly higher than the con®-
dence threshold limit set by the method, i.e.
4.8(�1). Interestingly, two arginine residues
involved in 20-phosphate binding in DAP dehydro-
genase (Figure 1) are replaced by alanine residues
in Rv0046c protein, thereby suggesting that
Rv0046c may bind to NAD instead of NADP.
Moreover, the sequence region predicted to be
involved in nucleotide binding appeared to be
highly conserved among the homologous prokar-
yotic and eukaryotic sequences (Figure 2). The
threading therefore suggested that the N-terminal
domain of Rv0046c might be functionally import-
ant for nucleotide binding.

In order to examine if the 367 amino acid resi-
due-long ORF might be coding for an INO1
enzyme, primers were designed to amplify the
Rv0046c coding gene by using a standard polymer-
ase chain reaction (PCR) protocol. M. tuberculosis
H37Rv chromosomal DNA was used as the tem-
plate. The PCR product so obtained was veri®ed
by DNA sequencing. The PCR ampli®ed gene pro-
duct was subsequently cloned downstream of a
strong, constitutively expressed yeast glyceralde-
hyde-3-phosphate dehydrogenase (GPD) promoter
of an yeast multicopy expression vector p426GPD
(Mumberg et al., 1995; Sambrook et al., 1989) and
the resulting plasmid was designated pBM002.

A yeast-based functional assay system was
employed to determine if the ORF of Rv0046c
indeed encoded an inositol-1-phosphate synthase
enzyme. The assay was explored through function-
ally complementing the gene for yeast INO1
deletion mutation in S. cerevisiae, FY250 (MATa
trp1 his3 ura3 leu2 �inol::HIS3). This yeast strain is
auxotrophic for inositol due to the disrupted INO1.
The strain FY250 was transformed with plasmid
pBM002 harboring mycobacterial putative INO1
gene and with the vector p426GPD as a control
using standard protocols (Ito et al., 1983). Transfor-
mants bearing pBM002 construct allowed growth
on medium lacking inositol (Figure 3), thereby
suggesting that Rv0046c is capable of functionally
complementing the yeast ino1 mutation.



Figure 2 (Legend shown on page 534)
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Further examination was carried out in liquid
medium to ascertain the growth characteristics of
the transformants harboring pBM002. The growth
rate was examined in two separate de®ned media,
one containing inositol but lacking uracil, and the
other lacking both uracil and inositol. The strain
FY250 containing the vector p426GPD was used as
a control in both the media. As anticipated, the
control transformants did not grow in the medium
without inositol. However, they grew normally
in a synthetic de®ned medium supplemented
with 10 mM inositol with a doubling time of
approximately 4.5 hours. The same host FY250 har-
boring the recombinant plasmid pBM002, on the



Figure 2. Amino acids sequence alignment of M. tuberculosis H37Rv predicted INO1 translational product (Rv0046c)
and comparison of the same in single letter code with INO1 ORFs of different organisms. Asterisks (*) indicate iden-
tity, dots ( � ) indicate similarity, while colons (:) indicate strong similarity. The sequence alignment shows two distinct
clusters, one of which represents the eukaryotic enzymes.
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other hand, exhibited normal growth pattern in the
medium lacking exogenously added inositol. It
had a doubling time of 4.5 hours, similar to the
p426GPD containing transformant grown in inosi-
tol-containing medium. Thus, the growth charac-
teristics strongly suggested that Rv0046c encodes
inositol-1-phosphate synthase activity.

In order to con®rm further that pBM002 harbors
the functionally active mycobacterial inositol-1-
phosphate synthase, inositol excretion was
detected by following the procedure by Greenberg
et al., 1982). To detect inositol excretion, randomly
picked yeast transformants were spotted on agar
plates lacking inositol. A lawn of the yeast indi-
cator strain BRS1005 (MATa/MATa, ade1/ade1,
ino1-13/ino1-13) was spread on the same plate prior
to spotting the transformants. Inositol auxotrophic
yeast strain FY250 containing pBM002 could be
distinctly seen with red halo surrounding them.
The halo is generated by the excreted inositol
which permits the growth of the red indicator
strain (BRS1005), which is also an inositol auxo-
Figure 3. Growth pattern of the inositol-requiring S. cerev
trol and (b) Mtb INO1 in pBM002. All the constructs were
(�inositol) but lacking uracil (ÿura), while the cloned gene w
(ÿinositol). Thus, the transformants were grown on de®ne
plus inositol minus uracil (�inositol, ÿura), minus inositol
uracil (ÿinositol, �ura). The concentration of inositol was 10
troph (data not shown). Thus, FY250 transformed
with pBM002 is clearly capable of synthesizing
inositol and excreting it into the medium.

The functional identi®cation of Rv0046c reveals
a novel class of prokaryotic inositol-1-phosphate
synthase. The 367 residue-long enzyme is consider-
ably shorter than the eukaryotic analogues which
are at least 500 to 550 residues long. The Rossmann
fold domain successfully identi®ed, not by conven-
tional approaches but exclusively through
sequence threading of known protein folds, indi-
cated that it may be involved in nucleotide bind-
ing. The absence of conserved catalytic sulfhydryl
groups, as has been shown to be critical in the
plant and other eukaryotic enzymes, was the most
signi®cant factor for the inability of standard com-
putational procedures to unambiguously establish
the mycobacterial INO1 function (Gumber et al.,
1984; Majumdar et al., 1997). Although the critical
sufhydryl group does not appear to be conserved
in the Rv0046c sequence, the presence of a Cys
residue, Cys26 (equivalent to Leu14 in the DAP
isiae strain FY250 transformed with (a) p426GPD as con-
selected ®rst in a synthetic medium containing inositol
as subsequently selected in the medium lacking inositol

d synthetic medium (Bachhawat et al., 1995) containing
minus uracil (ÿinositol, ÿura), and minus inositol plus
mM.
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structure as shown in Figure 1) next to the pre-
dicted nucleotide binding site suggests that Cys26
may take part in the proposed oxidation-reduction
reaction. Interestingly, Cys26 appears to be con-
served in all other prokaryotic homologous
sequences (Figure 2). Also, the DAP dehydrogen-
ase structure shows the presence of an important
Cys65 residue very close to Leu14 (Scapin et al.,
1996), reinforcing our prediction that Cys26 may
act as the catalytic redox center. This prediction
can be further tested by site-directed mutagenesis.

In conclusion, we have cloned the inositol-1-
phosphate synthase from M. tuberculosis H37Rv
and demonstrated that it can functionally compen-
sate for the yeast INO1 mutation. The INO1 of
Mycobacterium and other homologous prokaryotic
genes revealed a distinct class of this enzyme.
Although our demonstration that Rv0046c encodes
an INO1 activity, this does not rule out the possi-
bility that another polypeptide in M. tuberculosis
may play a similar role. Generating an INO1
knock-out would conclusively demonstrate the
same. Considering the important role of inositol in
a variety of metabolic pathways in M. tuberculosis
and the difference in the prokaryotic and eukary-
otic enzymes, we suggest that the enzyme could be
a potentially attractive drug target.

Acknowledgements

We thank Jaya Tyagi for the M. tuberculosis H37Rv
chromosomal DNA. We are grateful to Susan A. Henry
for providing us with the yeast strains FY250 and BRS
1005 and also to Martin Funk for providing us with the
pGPD426 construct. We thank Anand Bachhawat for
many useful discussions and suggestions for the
improvement of the manuscript. The work was sup-
ported by IMTECH and CSIR.

References

Altschul, S. F., Madden, T. L., Madden, A. A., Schaffer,
A. A., Zhang, J., Zhang, Z., Miller, W. & Lipman,
D. J. (1997). Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs.
Nucl. Acids. Res. 25, 3389-3402.

Bachhawat, N., Ouyang, Q. & Henry, S. A. (1995). Func-
tional characterization of an inositol-sensitive
upstream activation sequence in yeast. J. Biol. Chem.
270, 25087-25095.

Besra, G. S., Morehouse, C. B., Rittner, C. M., Waechter,
C. J. & Brennan, P. J. (1997). Biosynthesis of myco-
bacterial lipoarabinomannan. J. Biol. Chem. 272,
18460-18466.

Bornemann, C., Jardine, C. M. A., Spies, H. S. C. &
Steenkamp, D. J. (1997). Biosynthesis of mycothiol:
elucidation of the sequence of steps in Mycobacter-
ium smegmatis. Biochem. J. 325, 623-629.

Chan, J., Fan, X., Hunter, S. W., Brennan, P. J. & Bloom,
B. R. (1991). Lipoarabinomannan, a possible viru-
lence factor involved in persistence of Mycobacter-
ium tuberculosis within macrophages. Infect. Immun.
59, 1755-1761.
Chatterjee, D., Hunter, S. W., Michael, M. & Brennan,
P. J. (1992). Lipoarabinomannan. multiglycosylated
form of the mycobacterial mannosylphophatidylino-
sitols. J. Biol. Chem. 267, 6228-6233.

Chen, I. & Charalompous, F. C. (1964). Biochemical stu-
dies on inositol. VII. Biosynthesis of inositol by a
soluble enzyme system. J. Biol. Chem. 239, 1905-
1910.

Chen, I. & Charalompous, F. C. (1965). Inositol-1-phos-
phate as intermediate in the conversion of glucose-
6-phosphate to inositol. Biochem. Biophys. Res. Com-
mun. 19, 144-149.

Cole, S. T., Brosch, R., Parkhill, J., Garnier, T., Churcher,
C. & Harris, D. (1998). Deciphering the biology of
Mycobacterium tuberculosis from the complete
genome sequence. Nature, 393, 537-544.

Culbertson, M. R. & Henry, S. A. (1975). Inositol-requir-
ing mutants of Saccharomyces cerevisiae. Genetics, 80,
23-40.

Fischer, D. & Eisenberg, D. (1996). Protein fold recog-
nition using sequence-derived prediction. Protein
Sci. 5, 947-955.

Greenberg, M. L., Reiner, B. & Henry, S. A. (1982).
Regulatory mutations of inositol biosynthesis in
yeast: isolation of inositol excreting mutants. Gen-
etics, 100, 19-33.

Gumber, S. C., Loewus, M. W. & Loewus, F. A. (1984).
myo-Inositol-1-phosphate synthase from Pine pollen:
sulfhydryl involvement at the active site. Arch. Bio-
chem. Biophys. 231, 372-377.

Hofmann, K., Bucher, P., Falquet, L. & Bairoch, A.
(1999). The PROSITE database, its status in 1999.
Nucl. Acids. Res. 27, 215-219.

Hunter, S. W. & Brennan, P. J. (1990). Evidence for the
presence of a phosphatidylinositol anchor on the
lipoarabinomannan and lipomannan of Mycobacter-
ium tuberculosis. J. Biol. Chem. 265, 9272-9279.

Ito, H., Fukuda, Y., Murata, K. & Kimura, A. (1983).
Transformation of intact yeast cells treated with
alkali cations. J. Bacteriol. 153, 163-168.

Khoo, K., Dell, A., Morris, H. R., Brennan, P. J. &
Chatterji, D. (1995). Inositol phosphate capping of
the nonreducing termini of lipoarabinomannan
from rapidly growing strains of Mycobacterium.
J. Biol. Chem. 270, 12380-12389.

Kozloff, L. M., Turner, M. A., Arellano, F. & Lute, M.
(1991). Phosphatidylinositol, a phospholipid of ice-
nucleating bacteria. J. Bacteriol. 173, 2053-2060.

Kraulis, P. J. (1991). MOLSCRIPT: a program to produce
both detailed and schematic plots of protein struc-
tures. J. Appl. Crystallog. 90, 946-950.

Majumdar, A. L., Johnson, M. D. & Henry, S. A. (1997).
1L-myo-inositol-1-phosphate synthase. Biochim. Bio-
phys. Acta, 1348, 245-256.

Mumberg, D., Muller, R. & Funk, M. (1995). Yeast vec-
tors for the controlled expression of heterologous
proteins in different genetic backgroups. Gene, 156,
119-122.

Newton, G. L., Arnold, K., Price, M. S., Sherrill, C.,
Delcardayre, S. B., Aharonowitz, Y., Cohen, G.,
Davies, J., Fahey, R. C. & Davis, C. (1996). Distri-
bution of thiols in microorganisms: mycothiol is a
major thiol in most actinomycetes. J. Bacteriol. 178,
1990-1995.

Parish, T., Liu, J., Nikaido, H. & Stoker, N. G. (1997). A
Mycobacterium smegmatis mutant with a defective
inositol monophosphatase gene homolog has
altered envelope permeability. J. Bacteriol. 179, 7827-
7833.



536 Mycobacterial Inositol-1-phosphate Synthase
Pittner, F., Tovarova, I. I., Kornitskaya, E. Y., Khokhlov,
A. S. & Hoffmann-Ostenhof, O. (1979). myo-Inositol-
1-phosphate synthase from Streptomyces griseus.
Mol. Cell. Biochem. 25, 43-46.

Salman, M., Lonsdale, J. T., Besra, G. S. & Brennan, P. J.
(1999). Phosphatidylinositol synthesis in mycobac-
teria. Biochem. Biophys. Acta, 1436, 437-450.

Sambrook, J., Fritch, E. F. & Maniatis, T. (1989). Molecu-
lar Cloning: A Laboratory Manual, 2nd edit., Cold
Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY.

Scapin, G., Reddy, S. G. & Blanchard, J. S. (1996). Three
dimensional structure of meso-diaminopimelic acid
dehydrogenase from Corynebacterium glutamicum.
Biochem. 35, 13540-13551.
Schlesinger, L. S., Hull, S. R. & Kaufman, T. M. (1994).
Binding of the terminal mannosyl units of lipoarabi-
nomannan from a virulent strain of Mycobacterium
tuberculosis to human macrophages. J. Immunol. 152,
4070-4079.

Sibley, L. D., Hunter, S. W., Brennan, P. J. &
Krahenbuhl, J. L. (1988). Mycobacterial lipoarabino-
mannan inhibits gamma-interferon mediated acti-
vation of macrophages. Infect. Immun. 56, 1232-1236.

Wierenga, R. K., Terpstra, P. & Hol, W. G. J. (1986). Pre-
diction of the occurrence of the ADP-binding bab
fold in proteins using an amino acid sequence ®n-
gerprint. J. Mol. Biol. 187, 101-107.
Edited by M. Yaniv
(Received 9 March 1999; received in revised form 24 June 1999; accepted 28 June 1999)


	Figure 01
	Figure 02
	Figure 03
	References

