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Cloning of the dapB Gene, Encoding Dihydrodipicolinate
Reductase, from Mycobacterium tuberculosis

MARTIN S. PAVELKA, JR.,1,2 TORIN R. WEISBROD,2,3 AND WILLIAM R. JACOBS, JR.2,3*

Howard Hughes Medical Institute,3 Department of Microbiology and Immunology,1 and Department of Biochemistry,2

Albert Einstein College of Medicine, Bronx, New York 10461

Received 9 December 1996/Accepted 6 February 1997

Diaminopimelate (DAP) is used by bacteria for the synthesis of lysine. In many species of bacteria, including
mycobacteria, DAP is also used for peptidoglycan biosynthesis. In this report we describe the cloning of the
dapB gene encoding dihydrodipicolinate reductase (DHPR), which catalyzes a key branch point reaction in the
bacterial DAP biosynthetic pathway, from Mycobacterium tuberculosis. Analyses of the DapB proteins from
different bacterial species suggest that two different classes of DHPR enzymes may exist in bacteria.

The aspartate amino acid family includes those amino acids
with carbon skeletons derived primarily from aspartate and
includes methionine, threonine, isoleucine, and lysine (Fig. 1).
Diaminopimelate (DAP), an intermediate from this pathway,
is the direct precursor to lysine in all bacteria and is also an
important component of the peptidoglycan in many bacteria,
including mycobacteria (Fig. 1) (28). We recently demon-
strated that the aspartate family pathway is essential to Myco-
bacterium smegmatis; i.e., mutants with a disruption in ask, the
gene encoding aspartokinase, the first enzyme of this pathway,
are nonviable, even when all the products of the aspartate
family are present in the growth medium (18). The essential
product of the pathway appears to be DAP, as we were able to
construct an ask mutant of M. smegmatis using a strain unable
to convert DAP to lysine due to a mutation in the lysA gene
(18). Thus, DAP starvation is a bacteriocidal event in myco-
bacteria.
We are interested in the DAP biosynthetic pathway of my-

cobacteria because DAP is not produced or required by hu-
mans. The study of mycobacterial DAP biosynthetic enzymes
would allow the design of specific enzyme inhibitors that could
have potential as new antimycobacterial agents. Furthermore,
DAP auxotrophic mutants of Mycobacterium tuberculosis and
Mycobacterium bovis BCG could be useful as new vaccine
strains and tools for the study of tuberculosis pathogenesis.
Recently, a DAP auxotrophic mutant of Shigella flexneri was
proven useful in the delivery of naked DNA into epithelial cells
in preliminary DNA immunization experiments (26). In other
work, complementation of DAP auxotrophy has been utilized
as a method to maintain plasmids in vivo in animal experi-
ments with Salmonella typhimurium (7).
Three variant pathways exist for the synthesis of DAP in

bacteria (Fig. 1). The succinylase pathway is present in Esch-
erichia coli (13), while the acetylase and/or the dehydrogenase
pathway can be found among the members of the genus Ba-
cillus (30). Corynebacterium glutamicum has both the succiny-
lase pathway and the dehydrogenase pathway (24). It is not
entirely clear which DAP pathways are used by mycobacteria.
They probably utilize, at the very least, the succinylase pathway
since Mycobacterium leprae is known to have the dapE and
dapF genes, encoding the enzymes responsible for the last two

steps of the pathway (27). All three DAP pathways share two
enzymes, dihydrodipicolinate synthase, encoded by the dapA
gene, and dihydrodipicolinate reductase (DHPR), encoded by
the dapB gene. The latter enzyme, dihydrodipicolinate reduc-
tase, catalyzes the conversion of dihydrodipicolinate (DHP) to
tetrahydrodipicolinate in a pyridine nucleotide-dependent re-
action (shown in bold in Fig. 1) (9). The DHPR protein of E.
coli functions as a tetramer and shows an unusual ability to
utilize either NADH or NADPH as a cofactor for catalysis,
with the former nucleotide only slightly preferred over the
latter (20). We do not know which variant DAP pathway is
used byM. tuberculosis; therefore, we directed our attention to
the dapB gene, since the DHPR-catalyzed reaction yields the
substrate for all three variant DAP biosynthetic pathways (Fig.
1).
Cloning of the M. tuberculosis dapB gene. To clone the dapB

gene of M. tuberculosis, we took advantage of the previously
released sequence of the dapB gene of M. leprae (27). Oligo-
nucleotide primers (BJ23891, 59GTGAACACTATGCGAGT
AGG39; BJ23892, 59TCATTGCAGGTTGAGTAAGG39) were
designed against the M. leprae dapB open reading frame and
synthesized by the Albert Einstein College of Medicine
(AECOM) oligonucleotide facility. Standard PCR reactions
were done (18), using the GeneAmp PCR kit from Perkin
Elmer (Norwalk, Conn.) with these primers and M. leprae
genomic DNA (M. leprae genomic DNA was generously sup-
plied by L. P. Miller, AECOM). The 748-bp M. leprae dapB
PCR product was used as a probe in colony hybridizations with
a BamHI-digestedM. tuberculosis H37Rv genomic library con-
structed in pUC19 (kindly supplied by L. P. Miller). A hybrid-
ization-positive clone was obtained and single colony purified.
The plasmid from this clone was confirmed to contain dapB by
Southern analysis using the original M. leprae dapB gene PCR
product as the probe (data not shown). The plasmid, pYUB701,
contains two BamHI fragments, 7 and 1.5 kb in size, with the
dapB gene present on the 7-kb fragment (Fig. 2). It is not
known if the two BamHI fragments represent contiguous
genomic fragments.
Complementation analysis. For complementation experi-

ments, E. coli strains were electroporated with plasmid DNA
and transformants were selected on Luria-Bertani (LB) agar
containing 50 mg of ampicillin per ml and 100 mg of DAP (a
mixture of the L,L-, D,D-, andmeso-DAP isomers; Sigma Chem-
ical Co., St. Louis, Mo.) per ml. Colonies were picked and
patched onto LB agar plates containing ampicillin with or
without DAP and scored for the ability to grow in the absence
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of DAP. We determined that pYUB701 expressed a functional
DHPR activity by its ability to complement an E. coli dapB
mutant (Table 1). Plasmid pYUB701 does not complement
other E. coli DAP auxotrophs with mutations in dapA, dapD,
or dapE (Table 1), suggesting that these genes are not present
on this plasmid. In E. coli, the dap genes are not found together
in an operon but instead are scattered throughout the chro-

mosome (2). However, the dapB and dapA genes of Brevibac-
terium lactofermentum are located within the same operon,
with the dapB gene promoter proximal, followed by an uniden-
tified open reading frame and then dapA (19). The dapB and
dapA genes of M. leprae appear to be organized in a similar
fashion (27). It is possible that a similar dapB dapA operon
arrangement also exists in M. tuberculosis. The insert within
pYUB701 is large enough to encode both genes, and the in-
ability of pYUB701 to complement an E. coli dapA mutant
may indicate that the M. tuberculosis dapA gene is not effi-
ciently expressed in E. coli.
Sequence analysis of the dapB gene.One end of the genomic

DNA insert within plasmid pYUB701 was sequenced using the
Applied Biosystems Prism Dye Terminator Cycle Sequencing
Core kit with AmpliTaq DNA polymerase (Perkin Elmer) and
an Applied Biosystems 377 automated DNA sequencer. Se-
quence data for both strands were obtained by primer walking.
The nucleotide sequence of theM. tuberculosis dapB gene with
the translated amino acid sequence is shown in Fig. 3. The
dapB open reading frame is 738 bp in length and has a
guanosine plus cytosine (G1C) content of 63%, which is
within the range reported for M. tuberculosis genomic DNA
(29). The dapB genes of M. tuberculosis and M. leprae are the
same size, with a nucleotide identity of 82% and an identity of
88% at the amino acid level for the translated products. We
confirmed that the cloned dapB gene in pYUB701 was fromM.
tuberculosis H37Rv by Southern analysis using probes made
from either restriction endonuclease-generated fragments
from pYUB701 or a PCR product from pYUB701, generated
using primers which flank the gene. No signal was seen for M.
smegmatis, while a strong signal was seen for M. tuberculosis
H37Rv and M. bovis BCG (data not shown). The lack of
hybridization to M. smegmatis genomic DNA is likely due to
sequence divergence between the species.
Recently, the crystal structure of the E. coli DapB protein

complexes with NADPH was solved to a 2.2-Å resolution (23).
It was demonstrated that the E. coli enzyme has two domains,
an NAD(P)H binding domain in the N terminus (residues 2 to
130 and 240 to 273) and a proposed DHP substrate binding
domain, located towards the C terminus (residues 131 to 239)
(23). Within the DHPR-NADPH structure, these two sites are
situated approximately 12 Å away from each other, and it was
proposed that a large conformational change must occur in the
protein in order to bring the two domains close enough to-
gether for catalysis (23).
We compared the amino acid sequences of the mycobacte-

rial DapB proteins with that of E. coli and five other bacterial
DapB sequences (Fig. 4). All of these proteins share several
areas of homology, in particular the motif (V/I)(A/G)(V/
I)XGXXGXXG, located in the extreme N terminus of each

FIG. 1. The aspartate amino acid family pathway and the three variant path-
ways for DAP biosynthesis in bacteria. Adapted from reference 28.

FIG. 2. Map of insert within plasmid pYUB701 encoding dapB from the M.
tuberculosis H37Rv::pUC19 library.

TABLE 1. pYUB701 complementation in E. coli

E. coli
strain

Relevant
genotype

Source or
reference Plasmid

Growth on LB
containinga:

AP50 AP50DAP100

ec2904 dapA::Cm C. Richaud pYUB701 0/10 10/10
AT999 dapB::Mu 6 pKS1 0/10 10/10

pYUB701 10/10 10/10
AT986 dapD8 6 pYUB701 0/10 10/10
AT987 dapE6 6 pYUB701 0/10 10/10

a Transformants were selected on LB medium containing an antibiotic (am-
picillin [AP]) without or with DAP. Ten clones from each transformation exper-
iment were picked and patched onto antibiotic-containing medium without or
with DAP. AP50, 50 mg of ampicillin per ml; DAP100, 100 mg of DAP per ml.
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protein. This motif is found in a variety of dinucleotide (NAD
or NADP)-dependent dehydrogenases and is part of the dinu-
cleotide binding domain (19). The E. coli DHPR nucleotide
binding domain is composed of four a-helices (A1 to A4) and
seven b-strands (B1 to B7), making up a Rossman dinucleotide
binding fold (23). This nucleotide binding fold can be sepa-
rated into two halves, the first containing B1, B2, B3, and A1,
with b strands B2 and B3 connected by a loop spanning posi-
tions Glu40 through Gly59. The second part of the fold is
comprised of B4, B5, B6, A2, and A3. The two halves of the
nucleotide binding domain are connected by the Ser65 to
Asp74 region (23). Interestingly, this part of the protein (the
loop connecting B2 with B3 in the first part of the nucleotide
binding domain and the region connecting the two halves of
the nucleotide binding domain together) varies among the
DapB sequences of the various species (indicated by the bold
lines in Fig. 4). This region is maintained within the DapB
proteins of E. coli, Haemophilus influenzae, Pseudomonas sy-
ringae, and Bacillus subtilis, while most of it is absent from the

DapB proteins ofM. tuberculosis,M. leprae, B. lactofermentum,
and C. glutamicum (Fig. 4). The gapped region in the M.
tuberculosis DapB protein is from Ala34 to Thr43. These se-
quence differences are within a flexible region of the Rossman
fold which is generally tolerant of such changes (23).
As mentioned previously, the E. coli DHPR enzyme displays

an unusual dual affinity for either NADH or NADPH as a
cofactor. A set of definitive predictive rules for the nucleotide
specificity of dehydrogenases is largely unknown (21). In the
structure of the E. coli DHPR-NADPH complex, it was found
that the Arg39 residue of the protein has an electrostatic in-
teraction with the 29-phosphate of NADPH, and thus, it was
proposed that the Arg39 residue may play a role in defining the
NADPH affinity of the E. coli enzyme (23). In contrast, the
recently reported structure of the E. coli DHPR-NADH com-
plex showed that NADH binding is dependent upon Glu38,
which makes hydrogen bonds with the 29 and 39 hydroxyls of
the adenosyl ribose (21). Strikingly, the DapB proteins of E.
coli, H. influenzae, and P. syringae all have an arginine residue
in the position equivalent to Arg39 of the E. coli enzyme
(located at the beginning of the divergent loop region and
indicated in bold type in Fig. 4). However, the corresponding
residue in the DapB proteins of M. tuberculosis, M. leprae, B.
lactofermentum, and C. glutamicum is not arginine, but rather
an alanine or a valine. All of the proteins have a negatively
charged residue near the Arg38 equivalent position, corre-
sponding to the Glu38 of the E. coli protein. If the presence of
a positively charged Arg39 residue and a nearby negatively
charged (Glu38) residue in the E. coli DHPR determines the
dual specificity for NADPH and NADH, then one would pre-
dict that the DHPR enzymes of H. influenzae and P. syringae
would also display dual nucleotide specificity. Logically, it fol-
lows that the mycobacterial DHPR proteins, and the others
like them (Fig. 4), lacking the positively charged Arg residue at
the equivalent position and having a negatively charged (Glu
or Asp) residue nearby, would show a preference for NADH.
In the case of the B. subtilis enzyme (Fig. 4), the side chain of
a histidine residue replacing the Arg residue at that position
may not carry a positive charge in the microenvironment of the
protein or may not be long enough to interact with the 29-
phosphate of the NADPH; thus, this DHPR enzyme would be
predicted to use only NADH as a cofactor.
A phylogenetic analysis of these proteins groups them into

two clusters which reflect the sequence differences noted above
(Fig. 5). The gram-negative organisms, E. coli, H. influenzae,
and P. syringae, cluster together, as do the high G1C content
gram-positive organisms (M. tuberculosis, M. leprae, B. lacto-
fermentum, and C. glutamicum) and the low G1C content
gram-positive B. subtilis. These groupings correlate with differ-
ences seen in Fig. 4 for the loop region in the nucleotide
binding domain of these proteins. We propose that two classes
of DapB proteins exist, one class found in gram-negative or-
ganisms (having the Glu38/Arg39 equivalent residues and able
to use NADH or NADPH as a cofactor) and the other class
found in gram-positive organisms (lacking the Arg39 equiva-
lent residue and able to use only NADH as a cofactor). In this
scenario, the B. subtilis enzyme would function the same as the
enzymes from the high G1C content gram-positive bacteria.
Not shown in our analyses in Fig. 4 and Fig. 5 were the partial
sequences of the dapB genes of two other gram-negative or-
ganisms, Pseudomonas aeruginosa (14) and Klebsiella pneu-
moniae (4). Both of these proteins also have an Arg residue at
a position equivalent to the E. coli residue position and are
very similar to the E. coli class of proteins, particularly in the
loop region; thus, we would predict that these two proteins also
belong to the first class of DHPR enzymes described above.

FIG. 3. Nucleotide sequence from pYUB701 containing dapB. The BamHI
site used for cloning is shown, along with the putative Shine-Dalgarno (SD) site
(boxed) (25). The translated DapB amino acid sequence is shown below the
nucleotide sequence.
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DHP, the substrate of the DHPR enzyme, is negatively
charged; therefore, the substrate binding domain of the pro-
tein would be expected to have positively charged residues
(23). In the structure of the E. coliDHPR-NADH complex, the
putative DHP-binding domain was positioned in the protein in

the His159 and His160 to Lys163 region (23). All of the pro-
teins examined in this study have a striking conservation of
sequence in this region, including a “DAP box” with the motif
E(L/A)HHXXKXDAPSGTA (Fig. 4). This consensus could
likely be considered a DHP-binding motif.

FIG. 4. Comparison of eight bacterial DapB proteins, from E. coli (5), H. influenzae (10), P. syringae (16), B. subtilis (12), B. lactofermentum (19), C. glutamicum
(8), and M. leprae (27). The alignment was done with Geneworks software (11) using pairwise alignment (15). The consensus sequence is shown at the bottom, and
the invariant residues are boxed. The NAD-binding motif (V/I)(A/G)(V/I)XGXXGXXG and the putative DHP-binding motif E(L/A)HHXXKXDAPSGTA are both
indicated above the sequences. The major gap region in the N termini of the proteins is indicated by bold lines above the sequences, while the E. coli Arg39 residue
and the corresponding residues of the other proteins are shown in bold type.
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We have cloned the first dap gene from the pathogenic
mycobacterial species M. tuberculosis. The recent demonstra-
tions of allelic exchange in slow-growing mycobacteria such as
M. tuberculosis (3) and M. bovis BCG (1, 22) and our recent
demonstration of a way to construct DAP auxotrophs of M.
smegmatis (18) should allow for the construction of DAP auxo-
trophs of M. tuberculosis. Studies of the DHPR enzyme from
M. tuberculosis and comparison with the DHPR enzyme of E.
coli should reveal additional information about the cofactor
selectivity of pyridine nucleotide-requiring enzymes and deter-
mine approaches for the design of inhibitors of the mycobac-
terial DHPR enzyme.
Nucleotide sequence accession number. The DNA sequence

encoding theM. tuberculosis dapB gene was submitted to Gen-
Bank and assigned the accession number U66101.
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