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ABSTRACT: Dihydrodipicolinate reductase (DHPR) catalyzes the reduced pyridine nucleotide-dependent
reduction of theR,â-unsaturated cyclic imine, dihydrodipicolinate, to generate tetrahydrodipicolinate. This
enzyme catalyzes the second step in the bacterial biosynthetic pathway that generatesmeso-diaminopimelate,
a component of bacterial cell walls, and the amino acidL-lysine. TheMycobacterium tuberculosis dapB-
encoded DHPR has been cloned, expressed, purified, and crystallized in two ternary complexes with
NADH or NADPH and the inhibitor 2,6-pyridinedicarboxylate (2,6-PDC). The structures have been solved
using molecular replacement strategies, and the DHPR-NADH-2,6-PDC and DHPR-NADPH-2,6-
PDC complexes have been refined against data to 2.3 and 2.5 Å, respectively. TheM. tuberculosisDHPR
is a tetramer of identical subunits, with each subunit composed of two domains connected by two flexible
hinge regions. The N-terminal domain binds pyridine nucleotide, while the C-terminal domain is involved
in both tetramer formation and substrate/inhibitor binding. TheM. tuberculosisDHPR uses NADH and
NADPH with nearly equal efficiency based on V/K values. To probe the nature of this substrate specificity,
we have generated two mutants, K9A and K11A, residues that are close to the 2′-phosphate of NADPH.
These two mutants exhibit decreased specificity for NADPH by factors of 6- and 30-fold, respectively,
but the K11A mutant exhibits 270% of WT activity using NADH. The highly conserved structure of the
nucleotide fold may permit other enzyme’s nucleotide specificity to be altered using similar mutagenic
strategies.

L-Lysine andmeso-diaminopimelate (DAP)1 are synthe-
sized in bacteria in a mechanistically complex, multistep
sequence starting withL-aspartate (1). Two enzymes catalyze
the conversion ofL-aspartate toL-aspartate semialdehyde, a
common precursor for the biosynthesis ofL-threonine,
L-isoleucine,L-methionine, andL-lysine. Dihydrodipicolinate
synthase and dihydrodipicolinate catalyze the consecutive
aldol condensation of pyruvate toL-aspartate semialdehyde
to generate theR,â-unsaturated cyclic imine, dihydrodipi-
colinate (DHP), and reduction to form tetrahydrodipicolinate
(THP). The conversion of THP to meso-DAP, and then to
L-lysine is achieved via three different pathways in various
bacterial species (2-4). meso-DAP is incorporated into the
nucleotide sugar-pentapeptide precursor of bacterial pep-
tidoglycan, and theD-amino acid center serves as the

nucleophile in the carboxypeptidase-catalyzed cross-linking
reaction in Gram-negative bacteria and mycobacteria. Inhibi-
tion of the biosynthesis of meso-DAP inMycobacterium
smegmatis, a fast growing, nonpathogenic species, has been
shown to result in cell lysis (6), suggesting that enzymes in
this pathway are novel targets for the development of broad
spectrum antibacterial compounds.

Dihydrodipicolinate reductase (DHPR, Scheme 1) cata-
lyzes the pyridine nucleotide-dependent reduction of theR,â-
unsaturated bond to generate tetrahydrodipicolinate (THP).
The enzyme was initially identified inE. coli extracts (7),
and its gene sequence was the first reported for any enzyme
in the pathway (8). ThedapBgene that encodes the reductase
has been identified in numerous Gram-negative, Gram-
positive, and archae bacterial species, in addition to myco-
bacteria (9). The E. coli enzyme has been mechanistically
and structurally characterized in detail (10-14).

The molecular basis for nucleotide specificity in pyridine
nucleotide-dependent dehydrogenases has been a focus of
attention for over three decades. A number of studies have
attempted to define or identify sequence “motifs” that would
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have predictive capabilities. These have focused on the
dinucleotide binding fold fingerprint (15) but have generally
failed to provide a rule that can be used in a predictive
fashion (16, 17), although the preference for NADH or
NAD+ is correlated with the presence of a glutamate or
aspartate residue at the end of theâ1-R1-â2-fold (17, 18)
that hydrogen bonds to the adenosyl ribose 2′- and 3′-
hydroxyl groups. Preference for NADPH or NADP+ is
similarly correlated with the presence of cationic residues
in this same carboxyl terminal region, especially arginine,
that make specific electrostatic stabilizing interactions with
the 2′-phosphate monoester (16, 19-21). The unusual dual
pyridine nucleotide specificity exhibited byE. coli DHPR
has been shown to be due to the presence of both an acidic
(Glu38) and an adjacent basic (Arg39) residue in the adenosyl
ribose binding pocket (14). Alignment of theEscherichia
coli and Myobacterium tuberculosisDHPR amino acid
sequences reveals significant differences in regions thought
to confer nucleotide selectivity (9), specifically the replace-
ment of the two residues, Glu38 and Arg39, shown to interact
with the adenosyl ribose ring, by Asp33 and Ala 34. This
suggested that theM. tuberculosisreductase would exhibit
a more pronounced specificity for NADH as reductant. We
report here the structures of theM. tuberculosisDHPR-
NADH-2,6-PDC and DHPR-NADPH-2,6-PDC com-
plexes and the kinetic characterization of the nucleotide
specificity of the WT MtDHPR and two site-directed
mutants.

EXPERIMENTAL METHODS

Cloning, Expression, and Purification of WT and K9A and
K11A Mutants of M. tuberculosis DHPR.The published
sequence of theM. tuberculosisdapB gene (9), encoding
DHPR, was used to design PCR primers used to amplify
the gene from genomicM. tuberculosisH37Rv DNA. The
oligonucleotides primers, 5′-TACATATGCGGGTAGGCGTC-
CTTGG-3′ and 5′-CGGGATCCTTCAGTGCAGATCGAG-
TAG-3′, contained NdeI and BamHI restriction sites, re-
spectively. Amplification yielded a ca. 750 bp product that
was digested with the two restriction enzymes, ligated into
a similarly restricted pET23a(+) vector, and transformed into
E. coli BL21(DE3). The K9A and K11A mutants were
created by PCR as previously described (22), and both WT

and mutant PCR gene products were sequenced (23) to
confirm no unexpected mutations had been introduced during
these procedures. The expression and purification of both
enzymes, and the spectrophotometric determination of the
kinetic parameters for pyridine nucleotide substrates were
performed as previously reported (10).

Protein Crystallization and Data Collection.Orthorhombic
crystals of the ternary complexes ofM. tuberculosisDHPR-
2,6-PDC-NADH/NADPH were obtained using the hanging
drop vapor diffusion method. Crystals were grown at room
temperature from 6µL drops containing 3µL of protein
solution, containing 20 mg/mL DHPR, 2 mM NADH, or
NADPH and 30 mM 2,6-PDC and 3µL of precipitant
solution (2.2 M ammonium sulfate in 0.1 M Hepes, pH 7.5,
containing 3% PEG 400). Crystals in the shapes of elongated
rods appeared in 3 days. Data were collected at 16°C using
a Rigaku RU-200 rotating anode X-ray generator operating
at 55 kV and 85 mA and a Siemens multiwire area detector.
Crystals of the DHPR-NADH-2,6-PDC complex typically
measured 0.4× 0.4× 0.8 mm and diffracted to better than
2.2 Å. The unit cell parameters were determined on the basis
of the auto-indexing function implemented in XDS (24). The
crystals were orthorhombic with the pattern of systematically
absent reflections consistent with space groupI222 orI212121.
There is a dimer per asymmetric unit, and on the basis of
molecular weight of 25 763 Da predicted from the deduced
amino acid sequence, the value ofVm (25) is 2.63 Å3/Da,
which corresponds to a solvent volume fraction of 62%. The
data were processed and reduced using SADIE and SAINT
(26) and yielded the following final unit cell parameters:a
) 119.29 Å,b ) 117.28 Å,c ) 78.54 Å, R ) â ) γ )
90.0°. Crystals of the DHPR-NADPH-2,6-PDC complex
typically measured 0.4× 0.3 × 0.3 mm and diffracted to
better than 2.4 Å. Data to 2.5 Å were integrated and reduced
using XENGEN and yielded the following final unit cell
parameters:a ) 118.83 Å,b ) 118.26 Å,c ) 79.38 Å,R
) â ) γ ) 90°. Table 1 summarizes the data collection and
processing statistics.

Structure Solution and Refinement.After several unsuc-
cessful attempts to solve the structure of theM. tuberculosis
DHPR-NADH-2,6-PDC complex in an orthorhombic body
centered system using as a search model dimers generated
from theE. coli DHPR monomer (12), a molecular replace-

Table 1: Statistics for the Data Set Used in the Three-Dimensional Structure Determination and Refinement of theM. tuberculosis
DHPR-NADH-2,6-PDC and DHPR-NADPH-2,6-PDC Complexes

data collection statistics DHPR-NADH-2,6-PDC DHPR-NADPH-2,6-PDC

resolution in Å (last shell) 25.0-2.3 Å (2.4-2.3) 30.4-2.4 (2.63-2.54)
number of Reflections 24,502a (2353) 16,553a (3306)
% of possible 98.5 (95.1) 87.6 (88.6)
number of observations 77,959 (4910) 64,913 (4962)
redundancy 3.2 (2.1) 3.3 (2.7)
I/σI 13.6 (3.3) 7.1 (2.1)
Rsym 7.8 (20.6) 10.5 (39.5)

protein atoms 3,620b 3,620b

ligand atoms 125c 133c

solvent atoms 117 25
crystallographicR-factor (%) 19.3 19.6
freeR-factor (%) 25.0 24.3
rms bond lengths (Å)/angles (deg) 0.011/1.63 0.007/1.32

a 97.1% of possible; 1 s cutoff on F has been applied during refinement.b Residues 1-245 for each of the two monomers in the asymmetric unit.
Glu63 and Lys94 in MOL1 are present as alanines because of lack of electron density for the side chains.c One molecule of NAD(P)H and one
molecule of 2,6-PDC per monomer, and one molecule of PEG200 per dimer.
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ment solution was found using an orthorhombic primitive
space group and theE. coli DHPR tetramer as a search
model. The rotation function was calculated using AMORE
(27) between 12.0 and 4.5 Å and gave a single solution. The
translation function was calculated using this rotation func-
tion and 9.0-4.5 Å data and gave a single solution. Multiple
rounds of rigid body refinement and simulated annealing in
X-PLOR (28, 29) were used to obtain the initial electron
density maps (see Supporting Information for a detailed
description of the method used). The quality of the maps
was very high, revealing side chains within the electron
density envelope and density due to NADH and 2,6-PDC in
all four subunits. At this point the dimer representing the
asymmetric unit in the body centered system was identified,
and the space group assigned asI212121. All subsequent
refinement was performed in this space group. The electron
density was very poor for the long loop connectingR-helix
5 to â-strand 7 andR-helix 6 (Figure 1A), and these regions

were omitted during initial stages of refinement. The resulting
maps (both 2Fo-Fc and Fo-Fc) clearly showed that the loop
was incorrectly oriented and that helix 6 was in a different
position in theM. tuberculosisDHPR structure compared
to theE. coli DHPR structure. This loop, helix 6, and two
other regions (residues 33-46 and 227-245) were rebuilt
manually, the entire sequence and side chains were assigned,
NADH and 2,6-PDC were included, and the resolution was
extended to 2.3 Å. Individual temperature factor refinement
was included in the refinement strategy. Several water
molecules were included in the model as were two PEG200
molecules, the latter included after finding 15 Å long,
U-shaped positive electron density within the 16-stranded
â-barrel tetramer interface. Extensive geometry checks were
performed using WHAT_IF throughout the entire refinement,
and the model was manually adjusted accordingly.

The structure of the DHPR-NADPH-2,6-PDC complex
was solved by molecular replacement using the protein

FIGURE 1: (A) Ribbon diagram of theM. tuberculosisdihydrodipicolinate reductase monomer with helices colored yellow and numbered
consecutively andâ strands colored blue and numbered consecutively. Bound NADH and 2,6-PDC are shown as ball-and-stick colored by
atom type. (B) TheM. tuberculosisdihydrodipicolinate reductase tetramer with each monomer individually colored. MOL1 and MOL2
represent the content of the asymmetric unit; MOL3 and MOL4 are generated by crystallographic symmetry. (C) Stereoview of the overlay
of the CR-traces of theM. tuberculosis(magenta) andE. coli (yellow) DHPR monomers. Bound NADH and 2,6-PDC are also shown as
ball-and-stick. The loops connecting A5 to B7 inM. tuberculosisDHPR (residues Arg155-Ile180, dark blue) and A5 to B8 inE. coli DHPR
(residues Leu182 to Ile206, orange) display a different topology: in both enzymes the loop starts and ends at almost the same place but
proceeds in opposite directions (counterclockwise inM. tuberculosisDHPR, clockwise inE. coli DHPR). Although the direction of the
loops are different, the role played by both in stabilizing the tetramer is essentially identical in the two structures. Figures 1 and 3 were
generated using RIBBONS (45).
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portion of the M. tuberculosisDHPR-NADH-2,6-PDC
complex as the starting model. Several rounds of model
building in O and simulated annealing torsional refinement
in XPLOR were used to adjust both main chain and side
chain conformations. NADPH and 2,6-PDC were added
when simulated annealing refinement converged to accept-
able values ofR and Rfree (21.8 and 26.6%, respectively)
using phases calculated from the protein alone. In the latter
stages of refinement, both 2Fo-Fc and Fo-Fc maps were
used to locate water molecules corresponding to positive
density peaks having a value greater than 3σ. Table 1
summarizes the final refinement statistics for both models.

RESULTS AND DISCUSSION

OVerall Structure of the Enzyme.The Mycobacterium
tuberculosisdihydrodipicolinate reductase is a homotetramer
composed of 245-residue monomers. Both structures reported
here contain a dimer in the asymmetric unit, and the tetramer
is generated by crystallographic symmetry. TheRfree and
R-factor for the NADH- and NADPH-containing ternary
complexes are 25.0% and 24.3%, and 19.3% and 19.6%,
respectively. Both models exhibit good geometry, and the
Ramachandran plot (calculated with PROCHECK, 33) for
the æ,φ angles reveal that all amino acid residues in both
structures fall within the allowed regions of low conforma-
tional energy.

TheM. tuberculosisDHPR monomer is shown as a ribbon
diagram in Figure 1A. The root-mean-square deviation
between identical CR positions in the DHPR-2,6-PDC-
NADH and -NADPH complexes is 0.4 Å, and we will
discuss the overall fold using the NADH-containing structure.
The monomer is composed of two domains, connected by
two short hinge regions. The N-terminal domain is composed
of residues Met1-Ala106 and Ser216-His245 and contains
6 â strands (B1-B5 and B10 in Figure 1A) and four
R-helices (A1-A3 and A6 in Figure 1A) that form a structure
reminiscent of a dinucleotide binding fold (34), but in which
the two “halves” of this domain are different. The first half
(Met1-Asp33) contains twoâ-strands and oneR-helix and
is connected to the second half by a loop that includesR-helix
A1B (Leu38-Asp43). The second half (Val48-Ala102)
contains threeâ-strands (B3-B5) and twoR-helices (A2 and
A3), with a fourth strand (B10) and additional helix (A6)
contributed by the C-terminal residues (Ser216-Gly237).
The topology of this fold is an unusual+1x, -2x, -1x, -1x
(35), similar to folds observed in flavodoxins (36, 37),
phosphoribosyltransferases (38-41), andmeso-diaminopime-
late dehydrogenase (42).

The C-terminal domain is the substrate and inhibitor
binding domain and is formed by residues Leu107 through
Ser211. This domain contains 4â-strands (B6-B9 in Figure
1A) and twoR-helices (A4 and A5 in Figure 1AA) that form
an open, mixedR,â-sandwich (35). The C-terminal domain
also has a long loop (Lys156-Gly179) that extends from
the body of the monomer, at a 60° angle from this domain.
The N- and C-terminal domains are connected by two short
connections composed of Pro103-Ala106 (N > C) and
Leu212-Thr215 (C> N) that function as hinges that allow
for the movement of the two domains that accompany
nucleotide and substrate binding (12, 13).

The DHPR tetramer, the form present in solution, is
generated from the dimer in the asymmetric unit by crystal-

lographic symmetry (Figure 1B). The interactions between
monomers in the tetramer are made exclusively by residues
in the C-terminal domain. Two monomers in the asymmetric
unit (Mol1 and Mol2 in Figure 1B) interact by pairing the
four â-strands of the C-terminal domain to generate an
8-stranded mixedâ-sheet. The 8-stranded sheets of two
dimers (Mol1+ Mol2 and its symmetry mate, Mol3+ Mol4)
pair face-to-face to generate a flattened 16-strandedâ-barrel,
anchored by B7, the outermost strand of each monomer, and
the four long loops that extend from the core of the
C-terminal domain. Each of these loops wraps around the
four-stranded sheet of the neighboring monomer (Mol1 and
Mol4, Mol2 and Mol3 in Figure 1B). Additionally, the core
â-barrel is surrounding by 8R-helices, two (A4 and A5)
from each monomer. The A4 helices from adjacent mono-
mers interact in an antiparallel fashion with an angle of 60°
between their axes, as observed in other protein structures
(35). The interior of the 16-strandedâ-barrel contained two
long, continuous areas of positive electron density (>3σ) that
were modeled as molecules of poly(ethylene glycol) 200
(C8H18O5, not shown).

The E. coli and M. tuberculosis dihydrodipicolinate
reductases share only 29% sequence identity; yet their three-
dimensional structures are very similar. The overlay of the
CR traces of theM. tuberculosis(magenta) andE. coli
(yellow) reductase monomers is shown in Figure 1C. The
root-mean-square deviation for 209 CR atoms is 1.4 Å, with
the major differences being the 22 amino acid-truncated
N-terminal domain of theM. tuberculosisenzyme and the
direction of the long loop in the C-terminal domain. The
difference in the topology of the long loop is curious, since
in both theE. coli andM. tuberculosisstructures, the loop
starts and ends at almost the same place (Figure 1C). In the
M. tuberculosisstructure, the loop begins at the end of A5
and proceeds in a counterclockwise manner until it connects
with B7. In theE. coli structure, the loop similarly begins at
the end of A5 but turns sharply and proceeds in a clockwise
manner until it connects to B8, which is structurally
equivalent to B7 in theM. tuberculosisstructure. Although
the direction of the loops are different, the role played by
both in stabilizing the tetramer is essentially identical in the
two structures.

Substrate and Inhibitor Binding Site.The substrate and
inhibitor binding site on DHPR is located in the C-terminal
domain in a region of extremely high sequence conservation
(12). 2,6-PDC is a competitive inhibitor versus dihydrodi-
picolinate for theE. coli DHPR, exhibiting aKi value of 26
µM (10). 2,6-PDC makes interactions with side chains of
those amino acids that are highly conserved across bacterial
species (Figure 2B). The aromatic ring of 2,6-PDC is stacked
against the nicotinamide ring of bound NADH, with the
position analogous to C4 of dihydrodipicolinate and the C4′
of bound nicotinamide (i.e., positions between which hydride
transfer would occur) approximately 4 Å apart. The pyridine
nitrogen atom is 3.2 Å away from theε-amino group of
Lys136, a group proposed to function in catalysis (10).
Differences in the shape of the inhibitor binding pocket
between theE. coli and M. tuberculosisDHPRs occur at
the N-terminal end of B8 (B9 in theE. coli enzyme) and
the nearby hinge region, generating a larger substrate/
inhibitor binding site inM. tuberculosisDHPR.

Structure ofM. tuberculosisDHPR Biochemistry, Vol. 42, No. 36, 200310647



Pyridine Nucleotide Specificity among DHPR Orthologues.
E. coli DHPR exhibits unusual nucleotide specificity, with
NADH being bound more tightly (Kd ) 0.46 µM) than
NADPH (Kd ) 2.1µM) largely because of the large, negative
entropic component to the free energy of NADPH binding
(10, 14). The dual specificity ofE. coli DHPR was shown
to result from the unusual presence of Glu38, shown to
interact with both adenosyl ribose 2′- and 3′-hydroxyl groups
of NADH, and the adjacent Arg39 residue, that interacts with
the 2′-phosphate of NADPH (14). Sequence alignments
(Table 2) of bacterial DHPR orthologues revealed differences
in the pyridine nucleotide binding region between Gram-
negative and Gram-positive and mycobacterial species.

Sequences aligned from Gram-negative organisms contained
both the acidic and basic residues that would predict dual
specificity. Sequences aligned from Gram-positive organ-
isms, archae, and mycobacteria contained only an acidic
residue, and lacked any basic residues that might interact
with the 2′-phosphate. This comparison suggested that the
M. tuberculosisDHPR would exhibit a distinct preference
for NADH compared to NADPH.

Surprisingly, the kinetic analysis revealed that theM.
tuberculosisDHPR exhibits only a modest additional selec-
tivity for NADH versus NADPH (Table 3, 6:1 based on
relative V/K values, compared to 2:1 for theE. coli DHPR).
In theM. tuberculosisDHPR-2,6-PDC-NADH and DHPR-
2,6-PDC-NADPH complexes, both nucleotides are bound
in an extended conformation across the C-terminal end of
the N-terminalâ-sheet and with the pyrophosphate moieties
located directly over the “dinucleotide binding helix” (43,
AI in Figure 1, Figure 3A). Both the adenosyl and nicoti-
namidyl ribose rings assume a C2′-endo conformation, and
the adenine base is in an anti conformation. The numbers
and types of hydrogen bonds formed between NADH and
NADPH and theM. tuberculosisDHPR are very similar. In
the NADH complex of M. tuberculosisDHPR, Asp33
(corresponding to Glu38 in theE. coli enzyme) makes
hydrogen bond interactions with both the 2′- and 3′-hydroxyl
groups of the adenosyl ribose ring. Alanine34 replaces the
Arg39 residue of theE. coli enzyme, but Lys9 at the end of
the â1 in the M. tuberculosis structure is positioned near,
although pointed away from, the 2′- and 3′-hydroxyl groups
of the adenosyl ribose. In the aligned sequences of bacterial
DHPR’s, a Lys or Arg residue is conserved among myco-

FIGURE 2: (A) Schematic diagram of the interactions betweenM.
tuberculosisDHPR and NADPH. The boxed interactions are
additionally observed in the NADH complex. (B) Interactions
betweenM. tuberculosisDHPR and 2,6-pyridine dicarboxylate.

Table 2: Aligned Sequences of Bacterial Dihydrodipicolinate Reductases and NAD(P)H-Dependent Enzymes of Known Three-Dimensional
Structure

a Emboldened residues constitute the GX(X)GXX(G/A) motif, while carboxy-terminal emboldened residues have been shown to interact with
the adenosyl ribose 2′ and 3′ hydroxyls (D andE) or the 2′-phosphate (R). The underlined lysine residues (K) are those mutated to alanine in this
study.b Determined using the Blast algorithm and theM. tuberculosisamino acid sequence as the search sequence.

Table 3: Kinetic Parameters Determined for WT, K9A, and K11A Mutant Forms ofM. TuberculosisDihydrodipicolinate Reductase

WT K9A K11A

substrate Km (µM) Vrel V/Krel Km (µM) Vrel V/Krel Km (µM) Vrel V/Krel

NADH 3.2 ( 0.4 100 100 2.5( 0.4 82 104 4.3( 0.9 276 206
NADPH 11.8( 1.5 62 16 42( 3 39 3.1 830( 150 288 1.1

(V/KNADH)/(V/KNADPH) 6.3 34 187
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bacteria, corynebacteria, streptomyces and bacillus species
(Table 3), but not in any Gram-negative bacteria. Mutation
of this residue to Ala causes the nucleotide specificity to
increase from 6:1 for the WT enzyme to 34:1 for the K9A
mutant (Table 3). This is exclusively the result of a ca. 4-fold
increase in the steady-stateKm value for NADPH, since the
Km value for NADH is statistically unchanged from its value
for the WT enzyme in the K9A mutant.

A similar inspection of the nucleotide binding motif in
the aligned DHPR sequences reveals a second cationic
residue, K11 in theM. tuberculosissequence, that is present
as a basic residue in all bacterial DHPR’s (Table 2). This
residue, located at the beginning of theR1 helix of theâ-R-â
structural element (Figure 3A), is also near, and interacts
with the pyrophosphate moiety. The other interactions with
the pyrophosphate are hydrogen bonds to the main chain
nitrogens of K11 and V12 (Figure 2A), and in other pyridine
nucleotide binding enzymes, this residue is rarely basic
(Table 2). Conversion of this single residue to an alanine
residue has a number of dramatic, differential effects for
NADH and NADPH. While the steady-stateKm value for
NADH is essentially unaffected, the maximum velocity
increases 2.7-fold, making this mutant a better enzyme than
the WT enzyme. In the case of NADPH, theKm value
increases 70-fold, causing the nucleotide specificity (V/
KNADH/V/KNADPH) to increase from 6:1 for the WT enzyme
to 187:1 for the K11A mutant, a 30-fold change from this
single substitution. In the structure of the NADPH complex,
the negatively charged 2′-phosphate forces the carboxylate

of Asp33 to move away from the phosphate (Figure 3).
Although no direct contact between either K9 or K11 is
observed in the structure, these two residues contribute to a
highly positively charged environment in the region adjacent
to the 2′-phosphate of NADPH (Figure 3B). We suggest that
these two residues contribute to the binding of NADPH and
consequently to the relaxed specificity for pyridine nucle-
otides.

On the basis of the conserved nature of cationic residues
at this position in all bacterial DHPRases, we suggest that
all these enzymes will exhibit the same degree of dual
nucleotide specificity.Mycobacterium tuberculosis, like other
organisms, maintain high NADPH/NADP+ ratios and low
NADH/NAD+ ratios (44). Although most pyridine nucle-
otide-dependent enzymes exhibit a strong preference for
NADH or NADPH, the ability to utilize the reducing
equivalents in either reduced nucleotide pool would have
obvious advantages for critical biosynthetic reactions under
a number of physiological and metabolic conditions. Given
the essential nature of the reaction catalyzed by DHPR to
provide bothmeso-DAP andL-lysine, this may be an example
of biological adaptation by gain of function. Finally, this
region of the nucleotide binding motif has been hithertofore
neglected as a determinant of nucleotide specificity, but
might be considered in future protein engineering studies to
modify nucleotide specificity by incorporating lysine residues
into similar structural positions in NADH-dependent dehy-
drogenases and reductases.

FIGURE 3: (A) Stereoview of the superimposed NADH and NADPH molecules at the active site ofM. tuberculosisDHPR. The DHPR-
NADH complex is colored with carbon atoms yellow, while the DHPR-NADPH complex is colored with carbon atoms green. (B) Grasp
surface representations of the pyridine nucleotide binding region, showing bound NADPH, colored by atom type, in all cases. Left: WT
M. tuberculosisDHPR. Middle: the K9A mutant form ofM. tuberculosisDHPR. Right: the K11A mutant form ofM. tuberculosisDHPR.
Positive potential is colored blue with residue numbers indicated, and negative potential is colored red.
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CONCLUSIONS

Despite the relatively low degree of overall sequence
identity, theM. tuberculosisandE. coli dihydrodipicolinate
reductases share a high degree of structural homology. The
regions that are most different are the N-terminal nucleotide
binding domain where the deletion of twenty two residues
results in a truncated, asymmetric “Rossmann” fold, and an
unusual inversion in the orientation of a long loop involved
in oligomer formation. The lack of a cationic residue known
to be involved in contacts with the 2′-phosphate of bound
NADPH in the E. coli enzyme suggested that theM.
tuberculosisenzyme would exhibit higher steady-state af-
finity for NADH compared to NADPH. However, theM.
tuberculosis enzyme exhibited only slightly diminished
affinity for NADPH. Two residues that may compensate for
the missing cationic residue were structurally identified and
their role in enhancing NADPH binding demonstrated by
site-directed mutagenesis.

SUPPORTING INFORMATION AVAILABLE

Figures and text regarding the solution, structures, and
refinement. This material is available free of charge via the
Internet at http://pubs.acs.org.
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