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Previous attempts to express the diaminopimelate epimerase gene dapF of
Mpycobacterium tuberculosis in Escherichia coli resulted in undetectable enzyme
yields. We used silent mutation of the first 10 codons of the recombinant ORF in

an attempt to reduce the formation of secondary structures that might occur near
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the 5" end of the mRNA and inhibit translation. This significantly increased the
yield of the enzyme, which was purified and characterized biochemically. This
strategy could be generally applied to other mycobacterial genes that are difficult to
express hetero-specifically and here provided pure M. tuberculosis DapF, a good

foundation for future research in antimycobacterial agents.

Editor: Roger Buxton

Keywords
Mycobacterium ; tuberculosis; peptidoglycan;
diaminopimelic acid; epimerase.

Introduction

Despite a concerted global effort to prevent the spread
of the human pathogen Mycobacterium tuberculosis, the
causative agent of tuberculosis (TB), approximately
8.9 million new cases and 1.7 million deaths were reported
worldwide in 2004 (Dye, 2006). Emerging multidrug resis-
tance (Wright er al., 2006), its synergy with HIV infection
(Corbett et al., 2006; Dye, 2006) and its latent infection
of around one-third of humanity (WHO, 2003) compound
the healthcare problems presented by this pathogen. The
isolation and design of novel anti-tuberculosis agents and
the identification of new drug targets are of paramount
importance.

In addition to defining cell shape and resisting the
tremendous turgor pressure developed in the cytoplasm,
the peptidoglycan sacculus of M. tuberculosis underpins a
complex cell wall structure (Dover et al., 2004). The mycolic
acids (m), which form the inner leaflet of an outer envelope
lipid bilayer, are covalently tethered to the peptidoglycan
(PG) via an arabinogalactan (AG) polysaccharide and con-
stitute the mycolyl-arabinogalactan—peptidoglycan (mAGP)
complex. The mAGP structure is essential and provides the
bacterium with a formidable protective barrier against toxic
insult, such as antibiotics and components of the macro-
phage’s bactericidal arsenal (Gao et al., 2003).
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Despite the complexity of the M. tuberculosis cell wall, the
peptidoglycan component is unremarkable and similar to
that of Escherichia coli (Petit et al., 1969; Wietzerbin et al.,
1974; Janczura et al., 1981). However, the muramic acid
residues of the glycan moiety can either be glycolylated or
acetylated (Azuma et al., 1970; Takayama et al., 1970). A
short peptide, r-alanyl-p-isoglutamyl-meso-diaminopime-
lyl-p-alanine, is attached via an amide linkage to the p-lactyl
group of each muramic acid residue and the p-glutamate
residue of the stem peptide can be amidated at its carboxyl
group (Goffin & Ghuysen, 2002). Like in E. coli, adjacent
glycan chains are bonded to each other by cross-links in
their peptide side-chains, with most occurring between the
carboxyl group of the 4th residue, p-alanine, with the free
amino group of the diaminopimelate (DAP) residue of the
adjacent peptide, although some cross-linking between
diaminopimelate residues also occurs (Glauner & Schwarz,
1983) predominantly in stationary phase cultures (Goffin &
Ghuysen, 2002).

The provision of the p-amino acids required for peptido-
glycan biosynthesis can be facilitated by amino acid race-
mases and epimerases. D-alanine is formed by alanine
racemase (ALR) in a pyridoxal-5-phosphate (PLP)-depen-
dent reaction (Bugg & Walsh, 1992), while the production
of meso-(DL)DAP and p-glutamate is PLP independent.
Two potential biosynthetic routes to meso-DAP from
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Fig. 1. Potential pathways to meso-diaminopimelic acid biosynthesis. The likely pathway to meso-DAP synthesis in Mycobacterium tuberculosis occurs
via the succinylate pathway, with the final epimerase step being carried out by DapF (Wheeler & Blanchard, 2005). A more direct alternative via meso-
DAP dehydrogenase is possible but no candidate gene has yet been identified.

L-tetrahydrodipicolinate exist: the conversion to LL-DAP via
an acylation-dependent (probably succinate) pathway via
DAP-epimerase or by the direct reduction of r-tetrahydro-
dipicolinate via diaminopimelate dehydrogenase (Cirillo
et al., 1994; Scapin et al., 1996); several of the enzymes of
the former route have been identified in M. tuberculosis
(Wheeler & Blanchard, 2005) (Fig. 1).

Mpycobacterium tuberculosis has a high genomic G+C
content, which is reflected in a strong bias towards C- and
G-ending codons for every amino acid. Previously, several
strategies have been used to increase the yield of hetero-
specifically expressed genes. Some have painstakingly opti-
mized each codon in order to achieve good hetero-specific
expression of mycobacterial genes (Ko ef al., 2005) and others
have used host strains with modified tRNA pools in order to
reduce the extent of ribosomal stalling at rare codons during
translation (Berger & Knodel, 2003; Korepanova et al., 2005).

© 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

Herein, we describe an alternative strategy that we
adopted to achieve effective overexpression of a DAP-
epimerase gene (dapF, Rv2726¢) from M. tuberculosis in
E. coli and describe the biochemical characterization of
its purified product.

Materials and methods

Restriction enzymes, T4 DNA ligase and Taq DNA polymer-
ase were purchased from New England Biolabs. The expres-
sion vector, pET 28b, was obtained from Novagen.
Escherichia coli Top10 cells (Invitrogen) was used as a host
strain for the preparation of plasmid DNA, and E. coli C41
(DE3) (Imaxio, France) was used as the expression host for
protein preparation. Oligonucleotide PCR primers were
synthesized by MWG Biotech, Germany. Plasmid DNA was
isolated using the Qiaprep spin miniprep kit (Qiagen). DNA

FEMS Microbiol Lett 262 (2006) 39-47
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Mlycobacterium tuberculosis DAP epimerase

cleanup from enzymatic reactions and PCR product purifi-
cation was performed with the Qiaquick gel extraction kit
(Qiagen). BCA protein assay reagent was obtained from
Pierce.

HiTrap Q FF ion exchange column and Ni** chelating
Sepharose High-performance matrix were obtained from
GE Healthcare. pr-Diaminopimelic acid was purchased
from Sigma and [2,6-’H] diaminopimelate, 30 Ci mmol "
was obtained from American Radiolabeled Chemicals.
Cation exchange resin AG 50W-X8, 200400 mesh, H™*
form was obtained from BioRad Laboratories. All other
chemicals were of analytical grade or better and purchased
from Sigma or Fluka. The forward primer for cloning of
M. tuberculosis DapF gene in E. coli was designed based on
the codon alteration strategy (Gao et al., 1998).

Cloning of M. tuberculosis dapF in E. coli

The 870bp dapF ORF was amplified by PCR from
M. tuberculosis H37Rv genomic DNA using oligonucleotide
primers DapF reverse, 5'-gatcgatcaagctttcaccccatcgegttccac-
3" and either DapFca Forward, 5’-gatcgatccatatgatatttg-
caaaaggtcatggtacacaaaacgacttcgtgttgetgectg-3’, or DapF For-
ward 5’-gatcgatccatatgatcttcgegaagggee, which  contain
recognition sites for Ndel and HindlIll, respectively
(underlined). The amplified DNA was digested with these
endonucleases and ligated with similarly cut pET28b
DNA to form pET 28b-dapFca and pET 28b-dapF. The
nucleotide sequence of the inserts was verified by DNA
sequencing.

Expression of recombinant M. tuberculosis dapF

Escherichia coli C41 (DE3) cells were transformed with pET
28b-dapFca. Transformants were selected on Luria—Bertani
plates containing 25 pgmL ™" kanamycin and a single trans-
formant colony used to inoculate 50 mL of Terrific broth
containing 25 pgmL ™" kanamycin, which was grown over-
night at 37°C to provide an inoculum for large-scale
cultures. Fresh Terrific broth with 25ugmL™" kanamycin
(4 x 1L) were seeded with a 1% inoculum and cultures were
grown at 37 °C with shaking until ODgggpnm=0.6. The
culture was cooled to 16°C and dapF expression was
derepressed by the addition of isopropyl-thio-f-p-galacto-
pyranoside to 1 mM. Incubation was continued at 16 °C for
16 h with shaking, the cells were harvested by centrifugation
and stored temporarily at — 80 °C.

Purification of recombinant M. tuberculosis
DapF

The method used for purification was based around that
used by Lloyd et al. (2004) for DapF from Haemophilus
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influenzae. The harvested cell pellet was resuspended in
Buffer A containing 50 mM HEPES buffer pH 8, 100 mM
NaCl, 5mM dithiothreitol, 20 mM imidazole, 1 mM phe-
nylmethylsulfonyl fluoride and 1 mM benzamidine. The cell
suspension was lysed by passing through a cooled (4 °C)
French pressure cell three times at 3000 psi and clarified by
centrifugation at 27 000 g and 4 °C for 45 min. The clarified
lysate was passed through a 2mL Ni*"-charged chelating
Sepharose High-performance column that had been pre-
equilibrated with Buffer A (without the protease inhibitors).
The column was extensively washed with Buffer A and
adsorbed protein was eluted with a step gradient
(50-500mM) of increasing imidazole concentration in
Buffer A. Fractions of eluted material were analysed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and those containing DapF were pooled and dialysed
against three changes of Buffer B containing 20 mM Tris-
HCIl pH 8 and 1 mM dithiothreitol. The preparation was
then applied to a 5mL HiTrap Q Sepharose FF column pre-
equilibrated with Buffer B. The column was extensively
washed with Buffer B and adsorbed protein was eluted with
a linear gradient of Buffer B containing NaCl (25 mM-1M).
The fractions containing DapF were pooled and dialysed
against 20 mM Tris-HCI containing 10 mM dithiothreitol
to remove NaCl. The dialysed protein was concentrated
using 10kDa cut-off Amicon concentrators, and protein
was estimated using the Pierce BCA assay kit with bovine
serum albumin as a standard before being stored as aliquots
at —80°C.

Diaminopimelate epimerase assay

The assay for diaminopimelate epimerase activity reported
previously (Wiseman & Nichols, 1984; Richaud et al., 1987)
was adapted with minor modifications. The assay measures
the release of *H to H,O from [2,6-’H] diaminopimelate
(Wiseman & Nichols, 1984; Richaud et al, 1987). The
standard reaction contained in a final volume of 100 pL
comprises of 0.1 M Tris-HCI pH 7.5, 1 mM EDTA, 1 mM
dithiothreitol, 0.5uCi [2.6->’H DAP], 48 uM bL-DAP and
3.5 g of recombinant M. tuberculosis DapF. The assay was
initiated by addition of substrate. The reaction mixtures and
controls were incubated at 30 °C for 4 h. The reaction was
quenched with 500 uL of 10% trichloroacetic acid and
applied to a 2mL AG 50W-X8 ion exchange column
(H" form) packed in a syringe. The column was washed
with 3 x2mL of water, the eluates were combined
and radioactivity was quantified by liquid scintillation
counting. The ‘without enzyme control’ values were sub-
tracted from the complete reaction values in each case.
Assays were run in duplicate. Specific activity is expressed
as picomoles of pL-DAP converted per minute per milligram
protein.
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Results

Cloning, expression and purification of
M. tuberculosis DapF

Historically, the biosynthesis of the M. tuberculosis cell wall
has provided good cellular targets for the development of
anti-tuberculosis drugs (Takayama et al., 1979; Kilburn &
Takayama, 1981; Quemard et al., 1991; Banerijee et al., 1994;
Larsen et al., 2002). In order to investigate the potential for

drug development in mycobacterial peptidoglycan synthesis,
we attempted to clone and characterize the diaminopimelate
epimerase, DapFE. Our attempts to express dapF in E. coli
using the pET28 expression vector were unsuccessful, with
none of its protein product being detected (data not shown).

Mycobacterium tuberculosis is a member of the high-G+C
Gram-positive bacteria, with a genomic G+C content of
around 65 mol%. This G+C-richness is reflected in a strong
bias towards C- and G-ending codons for every amino acid
with an overall G+C content at the third position of codons
of 83%. However, there is significant variation in codon
usage patterns among genes, which appears to be associated
with gene expression level (Andersson & Sharp, 1996).
Previously, several strategies have been used to increase the
yield of hetero-specifically expressed genes. Some have
painstakingly optimized each codon in order to achieve

good hetero-specific expression of mycobacterial genes (Ko
et al., 2005) or of foreign genes in mycobacteria (Kanekiyo
et al., 2005), achieving up to 40-fold higher expression than

V. Usha et al.

with nonoptimized constructs. Other studies have used host
strains with modified tRNA pools in order to reduce the
extent of ribosomal stalling at rare codons during transla-
tion (Berger & Knodel, 2003; Korepanova et al., 2005).

As our pET28-dapF construct was based on the particu-
larly efficient T7 promoter of the pET28 vector, we reasoned
that lack of dapF expression was most likely related to poor
translation or instability rather than inefficient transcrip-
tion. With this in mind, we compared the codon usage in
E. coli K12 (Nakamura et al., 2000) and in M. tuberculosis
dapF (Table 1) to determine whether the gene included
many codons rarely used in E. coli. Here, we set arbitrary
cut-offs for rare codon frequency and looked for discrepan-
cies of greater than 1.5-fold in codon usage frequency
between dapF and E. coli K12 that might lead to depletion
of amino acyl-tRNA pools. As codon usage is thought to
have coevolved with tRNA populations, we set the cut-off
for codon frequency to 10 per thousand codons as this
incorporated all those isoaccepting tRNA molecules found
to be rare in E. coli (Ikemura, 1985). This criterion was met
by 41 of the 289 dapF codons but, of those, only 18 (6%)
corresponded to rare tRNAs. Thirteen codons were over-
represented in dapF, but only four of these represented rare
codons with a combined frequency of occurrence in dapF of
only 23 ( < 8%).

As we found that rare E. coli codons were not grossly
overrepresented within dapF, and rather than laboriously
altering each one, we chose to adopt a codon alteration

Table 1. Comparison of codon usage in Mycobacterium tuberculosis dapF and Escherichia coli K12 (Nakamura et al., 2000)

Freq Freq No. Freq Freq No. Freq Freq No. Freq Freq No.
Codon  K12*  dapF  dapF* Codon K12 dapF  dapF  Codon K12 dapF  dapF  Codon K12 dapF  dapF
Uuu 224 3.4 1 ucu 85 0.0 0 UAU 16.3 0.0 0 uGu 52 34 1
uuc 16.6 24.1 7 ucc 8.6 6.9 2 UAC 123 138 4 uGC 6.4 13.8 4
UUA 13.9 0.0 0 UCA 7.1 6.9 2 UAA 2.0 0.0 0 UGA 0.9 34 1
uuG 13.7 31.0 9 ucG 89 103 3 UAG 0.2 0.0 0 UGG 153 138 4
CuUu 11.0 0.0 0 ccu 7.0 3.4 1 CAU 12.9 3.4 1 CGU 21.0 6.9 2
Ccuc 11.0 13.8 4 ccc 55 6.9 2 CAC 9.7 241 7 CGC 220 207 6
CUA 3.9 0.0 0 CCA 8.5 3.4 1 CAA 15.5 0.0 0 CGA 35 6.9 2
CUG 52.8 37.9 11 CCG 233 241 7 CAG 288 172 5 GG 54 207 6
AUU 304 0.0 0 ACU 8.9 0.0 0 AAU 17.6 3.4 1 AGU 8.7 6.9 2
AUC 25 3.4 1 ACC 234 483 14 AAC 217 207 6 AGC 16.0 6.9 2
AUA 4.3 0.0 0 ACA 7.0 0.0 0 AAA 33.6 0.0 0 AGA 2.1 3.4 1
AUG 27.8 20.7 6 ACG 14.4 103 3 AAG 10.2 103 3 AGG 1.2 34 1
GUU 18.4 24.1 7 GCU 153 103 3 GAU 322 241 7 GGU 249 241 7
GUC 15.2 55.2 16 GCC 255 621 18 GAC 19.1  55.2 16 GGC 29.4 448 13
GUA 10.9 10.3 3 GCA 20.3 13.8 4 GAA 39.6 6.9 2 GGA 79 207 6
GUG 26.2 65.5 19 GCG 33.7 586 17 GAG 17.8 27.6 8 GGG 1.0 379 1"

Figures in bold represent potential discrepancies® that might inhibit efficient translation and those in italics represent rare’ E. coli codons.

*Arbitrary index of > 1.5 x more frequent in dapF than in E. coli K12.

A cut-off of 10 per thousand was set as this includes all codons corresponding to rare isoaccepting tRNAs.

¥Frequency of codon usage per thousand codons in E. coli K12.
SFrequency of codon usage per thousand codons in M. tuberculosis dapF.
‘Frequency of codon usage in M. tuberculosis dapF.
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Mycobacterium tuberculosis DAP epimerase 43

strategy in which the first 10 codons of the dapF mRNA were mycobacterial sequences previously. Briefly, we designed an
modified in order to prevent the formation of secondary oligonucleotide primer that would incorporate silent
structures that might inhibit translation. This could be S — W (Liébecg, 1992) single nucleotide substitutions,
achieved in a single PCR using a long, partly nonhomolo- ~ where possible, in the first 30 nucleotides of the dapF ORF,

gous oligonucleotide primer and if successful would repre- i.e. guanosine and cytosine nucleotides would be replaced by
sent a rapid and facile approach to increase recombinant adenosine and thymidine nucleotides without changing
protein yield. A similar strategy had been successfully used product composition (Fig. 2a), in order to disrupt any
by Gao et al. (1998) to overproduce the extracellular secondary structure-promoting sequences present. Addi-

immunoglobulin domain of human CD8a but, to our  tionally, as S-S pairs bind more avidly than W-W pairs,
knowledge, had not been applied to the expression of  these mutations would minimize the impact of any

{a} & * " * & * * "

Mutated primer atgatatttgcaaaaggtcatggtacacaaaac
dapF atgatcttcgcgaagggccacggtacccagaac

(b)

Mutated region

Mutated region

(c) 1

S = DapF

Fig. 2. Synthesis and purification of Mycobacterium tuberculosis DapF. (a) Oligonucleotide design used to effectthe S — W silent mutations within the
first 10 Mycobacterium-derived codons of the fusion construct. The sequence of the mutation-bearing region of the DapFca Forward oligonucleotide
primer used to amplify dapFca is displayed above the sequence of the corresponding native dapF; * highlight mutations. (b) Predictions of secondary
structure within both dapf and dapfca mRNA were carried out using the RNAfold program at the Vienna RNA Secondary Structure Prediction website
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) with default settings and selecting the most stable model. The position of the AUG fMet codon is
indicated with an arrow and the mutated region is shaded. (c) A mid-logarithmic phase culture of Escherichia coli C41(DE3) pET28-dapFca was cooled to
16°C and gene expression was induced by addition of 1 mM IPTG for 16 h. DapF-containing fractions obtained from chromatography on Ni>*-metal-
chelate affinity chromatography and anion exchange chromatography are shown in lanes 1 and 3, respectively; lane 2 contains molecular size standards
of 116, 66, 45, 35, 25, 18 and 14 kDa.
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interactions that we might generate via this strategy. The 3’
end of the oligonucleotide was designed to be homologous
to the M. tuberculosis H37Rv genome sequence to promote
efficient priming. Predictions of secondary structure within
both dapF and dapFca mRNA were carried out using the
RNAfold program at the Vienna RNA Secondary Structure
Prediction website (http://rna.tbi.univie.ac.at/cgi-bin/RNA-
fold.cgi) with default settings (Mathews et al., 1999) and
selecting the most stable model (Fig. 2b). Comparison of
these predicted structures highlighted the disruption of a
long duplex near the centre of this representation, which
might facilitate improved messenger translation.

In contrast to our earlier experiments, our initial trials
using E. coli C41(DE3) pET28-dapFca transformants con-
firmed that a large quantity of an insoluble ~30 kDa protein,
consistent with the 309 amino acid residue recombinant
DapF and presumably present as misfolded aggregates, was
produced on isopropyl B-p-thiogalactosidase (IPTG)-
induced gene expression (data not shown). Similarly, when
we cooled cultures to 16 °C before derepression of dapF
transcription, the majority of protein was present as inso-
luble aggregates, but enough soluble protein was afforded to
allow its purification and analysis.

The soluble fraction was applied to a Ni*"-primed
chelating Sepharose column, and DapF-containing eluate
fractions were dialysed and further purified by anion
exchange chromatography on a HiTrap Q Sepharose FF
column as described in Materials and methods (Fig. 2c).
This second chromatography step yielded an electrophor-
etically homogenous preparation of recombinant M. tuber-
culosis DapF representing a yield of 1 mgL™" culture.

Standardization of diaminopimelate epimerase
assay

The recombinant M. tuberculosis DapF was assayed for
diaminopimelate epimerase activity by following the gen-
eration of *H,O using the established assay described in
Materials and methods with the intention of screening
inhibitors as it had been reported previously that sodium
borohydride and some inhibitors interfered with the alter-
nate assay of diaminopimelate epimerase (Wiseman &
Nichols, 1984; Lam et al., 1988).

In a time course experiment, diaminopimelate epimer-
ization was monitored over 6 h with samples being taken at
1 h intervals. Control reactions without enzyme at each time
point were analysed in parallel. The exchange of *H with
water demonstrated that diaminopimelate epimerization
progressed at a constant rate for 4 h (Fig. 3a), which we then
established as our standard sampling point for subsequent
assays. Next, we compared the progress of diaminopimelate
epimerization at three temperatures showing that the re-
combinant M. tuberculosis DapF is almost 50% more active
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at 30 °C than at 25 °C (Fig. 3b). As the activity observed at
37 °C was slightly less than at 30 °C, we chose the latter for
subsequent assays. The rate of diaminopimelate epimeriza-
tion was dependent upon the amount of enzyme added to
the reaction (Fig. 3¢); although with higher enzyme concen-
trations the effect was not linear.

The profile of diaminopimelate epimerase activity under
various conditions of pH showed a typical bell-shaped
response. The recombinant M. tuberculosis DapF was active
over the range pH 6.5-9.0 and showed maximum activity at
pH 7.5 (Fig. 3d). A similar bell-shaped pH dependence
has been reported for the diaminopimelate epimerase of
H. influenzae (Koo & Blanchard, 1999). Unlike its E. coli
counterpart, which is denatured on freezing (Wiseman &
Nichols, 1984; Higgins et al, 1989), the recombinant
M. tuberculosis DapF could be stored at — 80 °C without
significant loss of activity for over a month.

Determination of K, for o.-DAP

We varied the initial substrate concentration in the assays
between 8 and 320 uM meso-DAP in order to determine the
Ky for this substrate. The generation of *H,0 responded in
direct proportion to the substrate concentration applied
across the full range (Fig. 4) and allowed us to estimate a
Michaelis constant, Ky =1217 uM, for meso-DAP, a figure
that is consistent with reported values for diaminopimelate
epimerase from other organisms (Wiseman & Nichols, 1984;
Lam et al., 1988; Koo & Blanchard, 1999).

Discussion

The immense global burden of M. tuberculosis infection, its
interaction with HIV and the emergence of multidrug
resistant strains have demanded that the basic physiology of
this pathogen is thoroughly researched in order to identify
novel drug targets. Previous studies have firmly established
the mycobacterial cell wall as an interesting target for
potential new antituberculosis agents (Takayama et al.,
1979; Kilburn & Takayama, 1981; Quemard et al., 1991;
Banerjee et al., 1994; Larsen et al., 2002). Genetic studies
have determined that many of the genes known to direct the
synthesis of this unique structure have no human ortholo-
gues and are essential for the growth of the organism
(Mikusova et al., 2000; Kremer et al., 2001; Mills et al.,
2004; Alderwick et al., 2006). Recently, we have turned our
attention towards the characterization of enzymes involved
in the biosynthesis of peptidoglycan in this organism.
DapF represented an attractive target for study as it has no
human orthologue. In order to initiate a program of
research into inhibitor design, we sought to clone and
express M. tuberculosis dapF hetero-specifically in E. coli.
Our initial attempts were hampered by poor expression;
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Fig. 3. Diaminopimelic acid epimerase activity. >H exchange between meso-DAP and water was followed as an index of epimerization. The panels
illustrate (a) a time course of diaminopimelate epimerization, (b) temperature dependence, (c) recombinant protein dose response and (d) pH
dependence of diaminopimelate epimerization. Eight nanomoles (0.5 uCi) [’HIDAP was used in each assay. The extent of *H exchange was quantified
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production of a hexa-histidine-tagged DapF fusion using a
pET28-based construct could not be detected using immu-
nochemical detection or sensitive and specific stains for
polyhistidine tags (data not shown). As our analysis
suggested that dapF mRNA did not contain any codons
that were particularly uncommon in E. coli, we did not
pursue the strategies used by others in which all of the
codons were optimized for particularly efficient translation
within the expression host. Rather, we surmised that the
poor expression of dapF might be related to mRNA second-
ary structure, which might be particularly detrimental to
translation if it were to occur towards the 5’ end of
the messenger strand. We chose to modify the first
30 nucleotides of those encoding the mycobacterial elements
of the fusion protein, introducing silent S — W substitu-
tions wherever possible. Subsequent expression of this
allele in E. coli led to dramatically increased yields of
recombinant protein, so much so that we were forced to
reduce the temperature at which gene expression was

FEMS Microbiol Lett 262 (2006) 39-47

induced in order to recover soluble protein rather than
insoluble aggregates.

The protein was readily purified using a two-column
protocol and we were able to demonstrate diaminopimelate
epimerization activity using an established radiometric
assay. We have optimized the assay and biochemically
characterized the mycobacterial enzyme. The data reported
here demonstrate that M. tuberculosis DapF displays a Ky
for meso-DAP similar to other bacterial diaminopimelate
epimerases, suggesting that the recombinant protein we
have produced is correctly folded and is a suitable tool for a
drug development study. The enzyme is currently in crystal-
lization trials and efficient inhibitors of the enzyme are
being sought for development as antimycobacterial lead
compounds. Furthermore, we suggest that this codon altera-
tion strategy might be generally applicable to other myco-
bacterial genes that are poorly expressed in E. coli and have
gained encouraging results with several other genes that will
be reported elsewhere.
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Fig. 4. Kinetic analysis of meso-DAP epimerization. The effect of meso-
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monitored using the standard assay detailed in Materials and methods.
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were run in duplicate; each data point is modified by the subtraction of
identical no enzyme controls.

Acknowledgements

G.S.B. acknowledges support from Mr James Bardrick in the
form of a Personal Research Chair, The Lister Institute for
Preventative Medicine as a former Jenner Research Fellow
and The Medical Research Council (UK). V.U. acknowledges
support from The Darwin Trust of Edinburgh.

References

Alderwick LJ, Seidel M, Sahm H, Besra GS & Eggeling L (2006)
Identification of a novel arabinofuranosyl transferase (AftA)
involved in cell wall arabinan biosynthesis in Mycobacterium
tuberculosis. ] Biol Chem 281: 15653—-15661.

Andersson GE & Sharp PM (1996) Codon usage in the
Mycobacterium tuberculosis complex. Microbiology 142:
915-925.

Azuma I, Thomas DW, Adam A, Ghuysen JM, Bonaly R, Petit JF

V. Usha et al.

Cirillo JD, Weisbrod TR, Banerjee A, Bloom BR & Jacobs WR Jr
(1994) Genetic determination of the meso-diaminopimelate

biosynthetic pathway of mycobacteria. ] Bacteriol 176:
4424-4429.

Corbett EL, Marston B, Churchyard GJ & De Cock KM (2006)
Tuberculosis in sub-Saharan Africa: opportunities, challenges,

and change in the era of antiretroviral treatment. Lancet 367:
926-937.

Dover LG, Cerdeno-Tarraga AM, Pallen MJ, Parkhill ] & Besra GS
(2004) Comparative cell wall core biosynthesis in the
mycolated pathogens, Mycobacterium tuberculosis and
Corynebacterium diphtheriae. FEMS Microbiol Rev 28:
225-250.

Dye C (2006) Global epidemiology of tuberculosis. Lancet 367:
938-940.

Gao GF, Gerth UC, Wyer JR, Willcox BE, O’Callaghan CA, Zhang
Z, Jones EY, Bell JI & Jakobsen BK (1998) Assembly and
crystallization of the complex between the human T cell
coreceptor CD8alpha homodimer and HLA-A2. Protein Sci 7:
1245-1249.

Gao LY, Laval F, Lawson EH, Groger RK, Woodruff A, Morisaki
JH, Cox JS, Daffe M & Brown EJ (2003) Requirement for kasB
in Mycobacterium mycolic acid biosynthesis, cell wall
impermeability and intracellular survival: implications for
therapy. Mol Microbiol 49: 1547—1563.

Glauner B & Schwarz U (1983) The analysis of murein
composition with high-pressure-liquid chromatography. The
Target of Penicillin (Hakenbeck R, Holtje J-V & Labischinski H.
eds), pp. 29-34. Walter de Gruyter & Co., Berlin, Germany.

Goffin C & Ghuysen JM (2002) Biochemistry and comparative
genomics of SxxK superfamily acyltransferases offer a clue to

the mycobacterial paradox: presence of penicillin-susceptible
target proteins vs. lack of efficiency of penicillin as therapeutic
agent. Microbiol Mol Biol Rev 66: 702—738, table of contents.
Higgins W, Tardif C, Richaud C, Krivanek MA & Cardin A (1989)
Expression of recombinant diaminopimelate epimerase in

Escherichia coli. Isolation and inhibition with an irreversible
inhibitor. Eur ] Biochem 186: 137—143.

Tkemura T (1985) Codon usage and transfer-RNA content in
unicellular and multicellular organisms. Mol Biol Evol 2:
13-34.

Janczura E, Leyh-Bouille M, Cocito C & Ghuysen JM (1981)

& Lederer E (1970) Occurrence of N-glycolylmuramic acid in
bacterial cell walls. A preliminary survey. Biochim Biophys Acta

Primary structure of the wall peptidoglycan of leprosy-derived
corynebacteria. J Bacteriol 145: 775-779.

208: 444-451.

Banerjee A, Dubnau E, Quemard A, Balasubramanian V, Um KS,
Wilson T, Collins D, de Lisle G & Jacobs WR Jr (1994) Inha, a
gene encoding a target for isoniazid and ethionamide in
Mycobacterium tuberculosis. Science 263: 227-230.

Berger BJ & Knodel MH (2003) Characterisation of methionine

Kanekiyo M, Matsuo K, Hamatake M et al. (2005) Mycobacterial
codon optimization enhances antigen expression and virus-
specific immune responses in recombinant Mycobacterium
bovis bacille Calmette—Guerin expressing human
immunodeficiency virus type 1 Gag. J Virol 79: 8716-8723.

Kilburn JO & Takayama K (1981) Effects of ethambutol on

adenosyltransferase from Mycobacterium smegmatis and
M. tuberculosis. BMC Microbiol 3: 12.

Bugg TD & Walsh CT (1992) Intracellular steps of bacterial cell
wall peptidoglycan biosynthesis: enzymology, antibiotics, and
antibiotic resistance. Nat Prod Rep 9: 199-215.

© 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

accumulation and secretion of trehalose mycolates and free

mycolic acid in Mycobacterium smegmatis. Antimicrob Agents
Chemother 20: 401-404.

Ko H]J, Ko SY, Kim YJ, Lee EG, Cho SN & Kang CY (2005)
Optimization of codon usage enhances the immunogenicity of

FEMS Microbiol Lett 262 (2006) 39-47


https://www.researchgate.net/publication/11012930_Biochemistry_and_Comparative_Genomics_of_SxxK_Superfamily_Acyltransferases_Offer_a_Clue_to_the_Mycobacterial_Paradox_Presence_of_Penicillin-Susceptible_Target_Proteins_versus_Lack_of_Efficiency_of_Pen?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/11012930_Biochemistry_and_Comparative_Genomics_of_SxxK_Superfamily_Acyltransferases_Offer_a_Clue_to_the_Mycobacterial_Paradox_Presence_of_Penicillin-Susceptible_Target_Proteins_versus_Lack_of_Efficiency_of_Pen?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/11012930_Biochemistry_and_Comparative_Genomics_of_SxxK_Superfamily_Acyltransferases_Offer_a_Clue_to_the_Mycobacterial_Paradox_Presence_of_Penicillin-Susceptible_Target_Proteins_versus_Lack_of_Efficiency_of_Pen?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/11012930_Biochemistry_and_Comparative_Genomics_of_SxxK_Superfamily_Acyltransferases_Offer_a_Clue_to_the_Mycobacterial_Paradox_Presence_of_Penicillin-Susceptible_Target_Proteins_versus_Lack_of_Efficiency_of_Pen?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/11012930_Biochemistry_and_Comparative_Genomics_of_SxxK_Superfamily_Acyltransferases_Offer_a_Clue_to_the_Mycobacterial_Paradox_Presence_of_Penicillin-Susceptible_Target_Proteins_versus_Lack_of_Efficiency_of_Pen?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15894427_Effects_of_ethambutol_on_accumulation_and_secretion_of_trehalose_mycolates_and_free_mycolic_acid_in_Mycobacterium_smegmatis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15894427_Effects_of_ethambutol_on_accumulation_and_secretion_of_trehalose_mycolates_and_free_mycolic_acid_in_Mycobacterium_smegmatis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15894427_Effects_of_ethambutol_on_accumulation_and_secretion_of_trehalose_mycolates_and_free_mycolic_acid_in_Mycobacterium_smegmatis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15894427_Effects_of_ethambutol_on_accumulation_and_secretion_of_trehalose_mycolates_and_free_mycolic_acid_in_Mycobacterium_smegmatis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10704944_Characterisation_of_methionine_adenosyltransferase_from_Mycobacterium_smegmatis_and_M_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10704944_Characterisation_of_methionine_adenosyltransferase_from_Mycobacterium_smegmatis_and_M_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10704944_Characterisation_of_methionine_adenosyltransferase_from_Mycobacterium_smegmatis_and_M_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8594955_Comparative_cell_wall_core_biosynthesis_in_the_mycolated_pathogens_Mycobacterium_tuberculosis_and_Corynebacterium_diphtheriae?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8594955_Comparative_cell_wall_core_biosynthesis_in_the_mycolated_pathogens_Mycobacterium_tuberculosis_and_Corynebacterium_diphtheriae?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8594955_Comparative_cell_wall_core_biosynthesis_in_the_mycolated_pathogens_Mycobacterium_tuberculosis_and_Corynebacterium_diphtheriae?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8594955_Comparative_cell_wall_core_biosynthesis_in_the_mycolated_pathogens_Mycobacterium_tuberculosis_and_Corynebacterium_diphtheriae?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8594955_Comparative_cell_wall_core_biosynthesis_in_the_mycolated_pathogens_Mycobacterium_tuberculosis_and_Corynebacterium_diphtheriae?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10586804_Gao_L_Y_et_al_Requirement_for_kasB_in_Mycobacterium_mycolic_acid_biosynthesis_cell_wall_impermeability_and_intracellular_survival_implications_for_therapy_Mol_Microbiol_49_1547-1563?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10586804_Gao_L_Y_et_al_Requirement_for_kasB_in_Mycobacterium_mycolic_acid_biosynthesis_cell_wall_impermeability_and_intracellular_survival_implications_for_therapy_Mol_Microbiol_49_1547-1563?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10586804_Gao_L_Y_et_al_Requirement_for_kasB_in_Mycobacterium_mycolic_acid_biosynthesis_cell_wall_impermeability_and_intracellular_survival_implications_for_therapy_Mol_Microbiol_49_1547-1563?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10586804_Gao_L_Y_et_al_Requirement_for_kasB_in_Mycobacterium_mycolic_acid_biosynthesis_cell_wall_impermeability_and_intracellular_survival_implications_for_therapy_Mol_Microbiol_49_1547-1563?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/10586804_Gao_L_Y_et_al_Requirement_for_kasB_in_Mycobacterium_mycolic_acid_biosynthesis_cell_wall_impermeability_and_intracellular_survival_implications_for_therapy_Mol_Microbiol_49_1547-1563?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21718454_Bugg_T_D_H_Walsh_C_T_Intracellular_steps_of_bacterial_cell_wall_peptidoglycan_biosynthesis_enzymology_antibiotics_and_antibiotic_resistance_Nat_Prod_Rep_9_199-215?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21718454_Bugg_T_D_H_Walsh_C_T_Intracellular_steps_of_bacterial_cell_wall_peptidoglycan_biosynthesis_enzymology_antibiotics_and_antibiotic_resistance_Nat_Prod_Rep_9_199-215?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21718454_Bugg_T_D_H_Walsh_C_T_Intracellular_steps_of_bacterial_cell_wall_peptidoglycan_biosynthesis_enzymology_antibiotics_and_antibiotic_resistance_Nat_Prod_Rep_9_199-215?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/222475771_Occurrence_of_N-glycolylmuramic_acid_in_bacterial_cell_walls_A_preliminary_survey?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/222475771_Occurrence_of_N-glycolylmuramic_acid_in_bacterial_cell_walls_A_preliminary_survey?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/222475771_Occurrence_of_N-glycolylmuramic_acid_in_bacterial_cell_walls_A_preliminary_survey?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/222475771_Occurrence_of_N-glycolylmuramic_acid_in_bacterial_cell_walls_A_preliminary_survey?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/7231478_Global_Epidemiology_of_Tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/7231478_Global_Epidemiology_of_Tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15737261_Primary_structure_of_the_wall_peptidoglycan_of_leprosy-derived_corynebacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15737261_Primary_structure_of_the_wall_peptidoglycan_of_leprosy-derived_corynebacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/15737261_Primary_structure_of_the_wall_peptidoglycan_of_leprosy-derived_corynebacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14271498_Codon_usage_in_the_Mycobacterium_tuberculosis_complex?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14271498_Codon_usage_in_the_Mycobacterium_tuberculosis_complex?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14271498_Codon_usage_in_the_Mycobacterium_tuberculosis_complex?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/7183545_Identification_of_a_Novel_Arabinofuranosyltransferase_AftA_Involved_in_Cell_Wall_Arabinan_Biosynthesis_in_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/7183545_Identification_of_a_Novel_Arabinofuranosyltransferase_AftA_Involved_in_Cell_Wall_Arabinan_Biosynthesis_in_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/7183545_Identification_of_a_Novel_Arabinofuranosyltransferase_AftA_Involved_in_Cell_Wall_Arabinan_Biosynthesis_in_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/7183545_Identification_of_a_Novel_Arabinofuranosyltransferase_AftA_Involved_in_Cell_Wall_Arabinan_Biosynthesis_in_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13679549_Assembly_and_crystallization_of_the_complex_between_the_human_T_cell_coreceptor_CD8a_homodimer_and_HLA-A2?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13679549_Assembly_and_crystallization_of_the_complex_between_the_human_T_cell_coreceptor_CD8a_homodimer_and_HLA-A2?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13679549_Assembly_and_crystallization_of_the_complex_between_the_human_T_cell_coreceptor_CD8a_homodimer_and_HLA-A2?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13679549_Assembly_and_crystallization_of_the_complex_between_the_human_T_cell_coreceptor_CD8a_homodimer_and_HLA-A2?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13679549_Assembly_and_crystallization_of_the_complex_between_the_human_T_cell_coreceptor_CD8a_homodimer_and_HLA-A2?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14913967_Banerjee_A_et_al_InhA_a_gene_encoding_a_target_for_isoniazid_and_ethionamide_in_Mycobacterium_tuberculosis_Science_263_227-230?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14913967_Banerjee_A_et_al_InhA_a_gene_encoding_a_target_for_isoniazid_and_ethionamide_in_Mycobacterium_tuberculosis_Science_263_227-230?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14913967_Banerjee_A_et_al_InhA_a_gene_encoding_a_target_for_isoniazid_and_ethionamide_in_Mycobacterium_tuberculosis_Science_263_227-230?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14913967_Banerjee_A_et_al_InhA_a_gene_encoding_a_target_for_isoniazid_and_ethionamide_in_Mycobacterium_tuberculosis_Science_263_227-230?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14070455_Genetic_determination_of_the_meso-diaminopimelate_biosynthetic_pathway_of_mycobacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14070455_Genetic_determination_of_the_meso-diaminopimelate_biosynthetic_pathway_of_mycobacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14070455_Genetic_determination_of_the_meso-diaminopimelate_biosynthetic_pathway_of_mycobacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14070455_Genetic_determination_of_the_meso-diaminopimelate_biosynthetic_pathway_of_mycobacteria?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=

Mlycobacterium tuberculosis DAP epimerase

a DNA vaccine encoding mycobacterial antigen Ag85B. Infect
Immun 73: 5666—5674.

Koo CW & Blanchard JS (1999) Chemical mechanism of
Haemophilus influenzae diaminopimelate epimerase.
Biochemistry 38: 4416—4422.

Korepanova A, Gao FP, Hua Y, Qin H, Nakamoto RK & Cross TA

47

Petit JF, Adam A, Wietzerbin-Falszpan J, Lederer E & Ghuysen JM
(1969) Chemical structure of the cell wall of Mycobacterium
smegmatis. 1. Isolation and partial characterization of the

peptidoglycan. Biochem Biophys Res Commun 35: 478—485.
Quemard A, Lacave C & Laneelle G (1991) Isoniazid inhibition of
mycolic acid synthesis by cell extracts of sensitive and resistant

(2005) Cloning and expression of multiple integral membrane

strains of Mycobacterium aurum. Antimicrob Agents Chemother

proteins from Mycobacterium tuberculosis in Escherichia coli.
Protein Sci 14: 148—158.

Kremer L, Dover LG, Morehouse C et al. (2001) Galactan
biosynthesis in Mycobacterium tuberculosis. Identification of a

bifunctional UDP-galactofuranosyltransferase. J Biol Chem
276: 26430-26440.

Lam LK, Arnold LD, Kalantar TH, Kelland JG, Lane-Bell PM,
Palcic MM, Pickard MA & Vederas JC (1988) Analogs of
diaminopimelic acid as inhibitors of meso-diaminopimelate

35: 1035—-1039.
Richaud C, Higgins W, Mengin-Lecreulx D & Stragier P (1987)
Molecular cloning, characterization, and chromosomal

localization of dapF, the Escherichia coli gene for

diaminopimelate epimerase. ] Bacteriol 169: 1454—1459.
Scapin G, Reddy SG & Blanchard JS (1996) Three-dimensional
structure of meso-diaminopimelic acid dehydrogenase from

Corynebacterium glutamicum. Biochemistry 35: 13540-13551.
Takayama K, David HL, Wang L & Goldman DS (1970) Isolation

dehydrogenase and LL-diaminopimelate epimerase. ] Biol
Chem 263: 11814—-11819.

Larsen MH, Vilcheze C, Kremer L et al. (2002) Overexpression of
inhA, but not kasA, confers resistance to isoniazid and
ethionamide in Mycobacterium smegmatis, M. bovis BCG and
M. tuberculosis. Mol Microbiol 46: 453—466.

Liébecq C, (ed) (1992) Biochemical Nomenclature and Related
Documents, Portland Press Ltd, London.

Lloyd AJ, Huyton T, Turkenburg J & Roper DI (2004) Refinement
of Haemophilus influenzae diaminopimelic acid epimerase
(DapF) at 1.75 A resolution suggests a mechanism for

stereocontrol during catalysis. Acta Crystallogr D Biol
Crystallogr 60: 397—-400.

Mathews DH, Sabina J, Zuker M & Turner DH (1999) Expanded
sequence dependence of thermodynamic parameters improves
prediction of RNA secondary structure. ] Mol Biol 288:
911-940.

Mikusova K, Yagi T, Stern R, McNeil MR, Besra GS, Crick DC &
Brennan PJ (2000) Biosynthesis of the galactan component of
the mycobacterial cell wall. J Biol Chem 275: 33890—-33897.

Mills JA, Motichka K, Jucker M et al. (2004) Inactivation of the
mycobacterial rhamnosyltransferase, which is needed for the
formation of the arabinogalactan-peptidoglycan linker, leads
to irreversible loss of viability. J Biol Chem 279: 43540-43546.

Nakamura Y, Gojobori T & Ikemura T (2000) Codon usage
tabulated from international DNA sequence databases: status
for the year 2000. Nucleic Acids Res 28: 292.

FEMS Microbiol Lett 262 (2006) 39-47

and characterization of uridine diphosphate-N-
glycolylmuramyl-1-alanyl-gamma-p-glutamyl-meso-

alpha,alpha’-diaminopimelic acid from Mycobacterium

tuberculosis. Biochem Biophys Res Commun 39: 7—12.
Takayama K, Armstrong EL, Kunugi KA & Kilburn JO (1979)
Inhibition by ethambutol of mycolic acid transfer into the cell

wall of Mycobacterium smegmatis. Antimicrob Agents
Chemother 16: 240-242.

Wheeler PR & Blanchard JS (2005) General metabolism and
biochemical pathways of tubercle bacilli. Tuberculosis and the
Tubercle Bacillus (Cole ST, Eisenach KD, McMurray DN &
Jacobs WR Jr, eds), pp. 309-340. ASM Press, Washington, DC.

WHO (2003) The World Health Organization Global Tuberculosis
Program, World Health Organization. http://www.who.int/gtbl

Wietzerbin J, Das BC, Petit JE, Lederer E, Leyh-Bouille M &
Ghuysen JM (1974) Occurrence of p-alanyl-(p)-meso-
diaminopimelic acid and meso-diaminopimelyl-meso-
diaminopimelic acid interpeptide linkages in the
peptidoglycan of Mycobacteria. Biochemistry 13:

3471-3476.

Wiseman JS & Nichols JS (1984) Purification and properties of
diaminopimelic acid epimerase from Escherichia coli. ] Biol
Chem 259: 8907-8914.

Wright A, Bai G, Barrera L et al. (2006) Emergence of
Mpycobacterium tuberculosis with extensive resistance to
second-line drugs — worldwide, 2000-2004. MMWR 55:
301-305.

© 2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved


https://www.researchgate.net/publication/20125294_Molecular_cloning_characterization_and_chromosomal_localization_of_dapF_the_E_coli_gene_for_diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20125294_Molecular_cloning_characterization_and_chromosomal_localization_of_dapF_the_E_coli_gene_for_diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20125294_Molecular_cloning_characterization_and_chromosomal_localization_of_dapF_the_E_coli_gene_for_diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20125294_Molecular_cloning_characterization_and_chromosomal_localization_of_dapF_the_E_coli_gene_for_diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/17396616_Chemical_structure_of_the_cell_wall_of_M_smegmatis_I_Isolation_and_partial_characterization_of_peptidoglycan?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/17396616_Chemical_structure_of_the_cell_wall_of_M_smegmatis_I_Isolation_and_partial_characterization_of_peptidoglycan?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/17396616_Chemical_structure_of_the_cell_wall_of_M_smegmatis_I_Isolation_and_partial_characterization_of_peptidoglycan?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/17396616_Chemical_structure_of_the_cell_wall_of_M_smegmatis_I_Isolation_and_partial_characterization_of_peptidoglycan?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/12386890_Biosynthesis_of_the_Galactan_Component_of_the_Mycobacterial_Cell_Wall?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/12386890_Biosynthesis_of_the_Galactan_Component_of_the_Mycobacterial_Cell_Wall?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/12386890_Biosynthesis_of_the_Galactan_Component_of_the_Mycobacterial_Cell_Wall?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/16817200_Purification_and_properties_of_diaminopimelic_acid_epimerase_from_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/16817200_Purification_and_properties_of_diaminopimelic_acid_epimerase_from_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/16817200_Purification_and_properties_of_diaminopimelic_acid_epimerase_from_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/24503883_Codon_usage_tabulated_from_international_DNA_sequence_databases_status_for_the_year_2000_In_Process_Citation?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/24503883_Codon_usage_tabulated_from_international_DNA_sequence_databases_status_for_the_year_2000_In_Process_Citation?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/24503883_Codon_usage_tabulated_from_international_DNA_sequence_databases_status_for_the_year_2000_In_Process_Citation?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8898809_Refinement_of_Haemophilus_influenzae_diaminopimelic_acid_epimerase_DapF_at_175_A_resolution_suggests_a_mechanism_for_stereocontrol_during_catalysis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8898809_Refinement_of_Haemophilus_influenzae_diaminopimelic_acid_epimerase_DapF_at_175_A_resolution_suggests_a_mechanism_for_stereocontrol_during_catalysis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8898809_Refinement_of_Haemophilus_influenzae_diaminopimelic_acid_epimerase_DapF_at_175_A_resolution_suggests_a_mechanism_for_stereocontrol_during_catalysis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8898809_Refinement_of_Haemophilus_influenzae_diaminopimelic_acid_epimerase_DapF_at_175_A_resolution_suggests_a_mechanism_for_stereocontrol_during_catalysis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8898809_Refinement_of_Haemophilus_influenzae_diaminopimelic_acid_epimerase_DapF_at_175_A_resolution_suggests_a_mechanism_for_stereocontrol_during_catalysis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21498587_Isoniazid_inhibition_of_mycolic_acid_synthesis_by_cell_extracts_of_sensitive_and_resistant_strains_of_Mycobacterium_aurum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21498587_Isoniazid_inhibition_of_mycolic_acid_synthesis_by_cell_extracts_of_sensitive_and_resistant_strains_of_Mycobacterium_aurum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21498587_Isoniazid_inhibition_of_mycolic_acid_synthesis_by_cell_extracts_of_sensitive_and_resistant_strains_of_Mycobacterium_aurum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/21498587_Isoniazid_inhibition_of_mycolic_acid_synthesis_by_cell_extracts_of_sensitive_and_resistant_strains_of_Mycobacterium_aurum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20113063_Analogs_of_diaminopimelic_acid_as_inhibitors_of_meso-diaminopimelate_dehydrogenase_and_LL-diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20113063_Analogs_of_diaminopimelic_acid_as_inhibitors_of_meso-diaminopimelate_dehydrogenase_and_LL-diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20113063_Analogs_of_diaminopimelic_acid_as_inhibitors_of_meso-diaminopimelate_dehydrogenase_and_LL-diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20113063_Analogs_of_diaminopimelic_acid_as_inhibitors_of_meso-diaminopimelate_dehydrogenase_and_LL-diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/20113063_Analogs_of_diaminopimelic_acid_as_inhibitors_of_meso-diaminopimelate_dehydrogenase_and_LL-diaminopimelate_epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/18182393_Isolation_and_characterization_of_uridine_diphosphate-N-glycolylmuramyl-L-alanyl-gamma-D-glutamyl-meso-alphaalpha'-diaminopimelic_acid_from_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/18182393_Isolation_and_characterization_of_uridine_diphosphate-N-glycolylmuramyl-L-alanyl-gamma-D-glutamyl-meso-alphaalpha'-diaminopimelic_acid_from_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/18182393_Isolation_and_characterization_of_uridine_diphosphate-N-glycolylmuramyl-L-alanyl-gamma-D-glutamyl-meso-alphaalpha'-diaminopimelic_acid_from_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/18182393_Isolation_and_characterization_of_uridine_diphosphate-N-glycolylmuramyl-L-alanyl-gamma-D-glutamyl-meso-alphaalpha'-diaminopimelic_acid_from_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/18182393_Isolation_and_characterization_of_uridine_diphosphate-N-glycolylmuramyl-L-alanyl-gamma-D-glutamyl-meso-alphaalpha'-diaminopimelic_acid_from_Mycobacterium_tuberculosis?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13104548_Chemical_Mechanism_of_Haemophilus_influenzae_Diaminopimelate_Epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13104548_Chemical_Mechanism_of_Haemophilus_influenzae_Diaminopimelate_Epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/13104548_Chemical_Mechanism_of_Haemophilus_influenzae_Diaminopimelate_Epimerase?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14320750_Three-Dimensional_Structure_of_meso_-Diaminopimelic_Acid_Dehydrogenase_from_Corynebacterium_glutamicum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14320750_Three-Dimensional_Structure_of_meso_-Diaminopimelic_Acid_Dehydrogenase_from_Corynebacterium_glutamicum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/14320750_Three-Dimensional_Structure_of_meso_-Diaminopimelic_Acid_Dehydrogenase_from_Corynebacterium_glutamicum?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8122184_Cloning_and_expression_of_multiple_integral_membrane_proteins_from_Mycobacterium_tuberculosis_in_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8122184_Cloning_and_expression_of_multiple_integral_membrane_proteins_from_Mycobacterium_tuberculosis_in_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8122184_Cloning_and_expression_of_multiple_integral_membrane_proteins_from_Mycobacterium_tuberculosis_in_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/8122184_Cloning_and_expression_of_multiple_integral_membrane_proteins_from_Mycobacterium_tuberculosis_in_Escherichia_coli?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/243768347_Expanded_sequence_dependence_of_thermodynamic_parameters_improves_prediction_of_RNA_secondary_structure?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/243768347_Expanded_sequence_dependence_of_thermodynamic_parameters_improves_prediction_of_RNA_secondary_structure?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/243768347_Expanded_sequence_dependence_of_thermodynamic_parameters_improves_prediction_of_RNA_secondary_structure?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=
https://www.researchgate.net/publication/243768347_Expanded_sequence_dependence_of_thermodynamic_parameters_improves_prediction_of_RNA_secondary_structure?el=1_x_8&enrichId=rgreq-8024059b-45a5-4500-9edf-af024da1b681&enrichSource=Y292ZXJQYWdlOzY4NzkyNjE7QVM6MTc1Mzk0MTI0NzM4NTY1QDE0MTg4Mjg2MjY2NTc=

