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In lysine biosynthesis, dihydrodipicolinate reductase (DHDPR) catalyses the forma-
tion of tetrahydrodipicolinate. Unlike DHDPR enzymes from Escherichia coli and
Mycobacterium tuberculosis, which have dual specificity for both NADH and NADPH
as co-factors, the enzyme from Thermotoga maritima has a significantly greater
affinity for NADPH. Despite low sequence identity with the E. coli and
M. tuberculosis DHDPR enzymes, DHDPR from T. maritima has a similar catalytic
site, with many conserved residues involved in interactions with substrates. This
suggests that as the enzyme evolved, the co-factor specificity was relaxed. Kinetic
studies show that the T. maritima DHDPR enzyme is inhibited by high concentra-
tions of its substrate, DHDP, and that at high concentrations NADH also acts as an
inhibitor of the enzyme, suggesting a novel method of regulation for the lysine
biosynthetic pathway. Increased thermal stability of the T. maritima DHDPR enzyme
may be associated with the lack of C-terminal and N-terminal loops that are present
in the E. coli DHDPR enzyme.
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Lysine is an essential amino acid and, as such, inhibition
of the lysine biosynthetic pathway may lead to the
development of novel antibiotics and pesticides (1,2).
In bacteria, three routes are known for the biosynthesis
of lysine via diaminopimelate, which is an essential
component of the peptidoglycan layer of cell walls in
both Gram positive and Gram negative bacteria.
(S)-Tetrahydrodipicolinate is a precursor for each of the
three bacterial lysine biosynthetic pathways, and is the
product of dihydrodipicolinate reductase (DHDPR).
DHDPR was first purified from Escherichia coli (3),
and has been shown to catalyse the NAD(P)H-dependent
reduction of an unstable heterocyclic substrate, dihydro-
dipicolinate (DHDP) (4, 5).

DHDPR from E. coli (a gamma proteobacterium) and
Mycobacterium tuberculosis (an actinobacterium) have
been well characterized (4, 6, 7), and the X-ray crystal
structures have been solved for these species (7-9).
Recently, the structural coordinates for Thermotoga
maritima DHDPR have been deposited in the PDB
(1vm6). Thermotoga maritima is a thermophilic, Gram-
negative bacterium, and small-subunit ribosomal RNA
phylogeny has placed this bacterium as one of the
deepest and most slowly evolving lineages in the bacteria
(10). Phylogenetic analysis of genes encoding DHDPR
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has previously shown several major clusters that align
well with phylogenetic lineages deduced from 16S ribo-
somal RNA genes (I11). Among these clusters,
T. maritima is distinct from other groups, as are
gamma proteobacteria and actinobacteria.

While most pyridine nucleotide-dependent dehydrogen-
ase enzymes have a strong preference for -either
2'-phosphorylated (NADPH) or non-phosphorylated
(NADH) nucleotide substrates (6), E. coli DHDPR
enzyme is unusual in that it has similar specificity for
both pyridine nucleotides (1, 4). Mycobacterium tubercu-
losis DHDPR also has similar specificity for both
pyridine nucleotides, and mutations have been shown
to alter the nucleotide specificity (7). Escherichia coli
DHDPR is competitively inhibited by 2,6-pyridinedicar-
boxylate (PDC), an aromatic analogue of dihydrodipico-
linate, and also by NADP* (4). Inhibitors have also been
designed that target M. tuberculosis DHDPR (12), and
it has recently been reported that DHDPR from the
methylotroph Methylophilus methylotrophus is inhibited
by lysine (13).

As part of our investigations into the enzymes involved
in lysine biosynthesis, and following the characterization
of dihydrodipicolinate synthase (DHDP-synthase) from
T. maritima (14), the activity of T. maritima DHDPR has
been studied. These results, combined with an analysis of
known enzyme structures and sequences, provide an
increased knowledge of how different DHDPR enzymes
utilize pyridine nucleotides and provide insights into how
the selection of co-factors evolved.

© 2008 The Japanese Biochemical Society.
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EXPERIMENTAL PROCEDURES

Materials—Unless otherwise stated, all chemicals were
obtained from Sigma Chemical Co., GE Biosciences or
Invitrogen. Protein concentration was measured by the
method of Bradford (15). Unless otherwise stated,
enzymes were manipulated at 4°C or on ice. (S)-ASA
[(S)-aspartate-B-semialdehyde] was synthesized using the
method of Roberts (16) and was of high quality (>95%) as
judged by 'H NMR and the coupled assay. DHDP-
synthase from 7. maritima was purified by previously
reported methods (74).

Cloning, Over-expression and Purification—Primer
pairs encoding the predicted 5 and 3’ ends of the
TM1520 open reading frame (17) were used to amplify
the dapB gene from T. maritima strain MSB8 genomic
DNA. The PCR product included a purification tag
(MGSDKIHHHHHH) at the amino terminus of the full
length protein, and was cloned into the pMH1 plasmid,
which was a kind donation from Scott Lesley and Heath
Klock (Joint Center for Structural Genomics, Genomics
Institute of the Novartis Research Foundation,
San Diego) and introduced to the E. coli XL-1 Blue
strain. Protein expression from E. coli XL-1 Blue cells
was performed in LB media, and culture were grown
overnight at 37°C. Protein expression was induced by the
addition of 0.15% arabinose, and cells were incubated for
a further 3h. The cells were harvested by centrifugation
(10 min, 4,000g, 4°C) and resuspended in two volumes of
extraction buffer (50mM NaH,PO,, pH 8.0, 20mM
imidazole, 300 mM NaCl). After lysis by sonication, cell
debris was pelleted by centrifugation at 13,000g for
10min, and the supernatant was applied to a His-Trap
column (GE Biosciences). The column was washed with
extraction buffer for three column volumes, and then
protein was eluted with elution buffer (50 mM NaH;PO,,
pH 8.0, 300mM imidazole, 300mM NaCl). Fractions
containing DHDPR activity were pooled, dialysed against
storage buffer (20mM Tris—HCl, pH 8.0) and stored
at —20°C.

Thermal Stability—Thermal shift assays were carried
out as described previously (18). A total of 25 pl of solution
containing 0.5 mg/ml protein and 10x Sypro Orange dye
(Invitrogen) were added to the wells of a 96-well thin-wall
PCR plate (Bio-Rad). NADH or NADPH (150 uM) were
added to some samples. The plates were sealed and heated
in an iCycler iQ Real Time PCR Detection System
(Bio-Rad) from 40°C to 100°C in increments of 0.2°C,
with 10s dwell time. Fluorescence changes in the wells of
the plate were monitored simultaneously with a charge-
coupled device (CCD) camera. The wavelengths for excita-
tion and emission were 490 and 575nm, respectively.
Experiments were carried out in triplicate for each
condition, and the temperature midpoint (7';,) determined
by using a Boltzmann model, as previously described (18).

Enzyme Kinetics—DHDPR activity was measured
using a coupled assay with DHDP-synthase to form the
substrate, as previously described (I). Stock solutions of
(S)-ASA, NADPH, NADH and pyruvate were prepared
fresh for each experiment, and the cuvettes were
incubated for 60s with an excess of DHDP-synthase
(20—100 ug/ml) before the assays were initiated by the
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addition of DHDPR. Assay temperature was regulated by
the use of a circulating water bath, and assays were
performed at 30°C or 45°C. The amount of DHDPR in the
assays was typically 0.2-100 pg/ml. Initial rate data were
usually reproducible within 10%, and were analysed
using non-linear regression software (OriginLab,
Northampton, MA, USA) or the program Enzfitter
(Biosoft, Cambridge, UK). Equation (1) was used for
fitting substrate inhibition by DHDP, Equation (2) for
fitting Michaelis—Menten constants for NADPH and
NADH, and Equation (3) for inhibition by NADH:
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Here, the unknown constants include the apparent
maximal velocity (V®P) apparent Michaelis—Menten
constant (K@PP), substrate inhibition constant (K;s) and
inhibition constant (K;), while the known variables
include the substrate concentration ([A]), inhibitor con-
centration ([I]) and the initial velocity (v) (19). It was not
possible to obtain kinetic parameters at thermophilic
temperatures, due to the inherent instability of the
substrate, (S)-ASA at these temperatures (20).

RESULTS AND DISCUSSION

Structural Studies of T. maritima DHDPR—Structural
coordinates for 7. maritima DHDPR complexed with the
NADH co-factor have recently been deposited in the
protein databank (1vm6). Comparison of the E. coli,
M. tuberculosis and T. maritima DHDPR enzymes reveal
that, despite a low sequence identity (38%), the enzymes
have a very similar homotetrameric structure (Fig. 1).
The monomer consists of two domains, an N-terminal
domain, which is a dinucleotide binding fold, and a
C-terminal domain, which is the DHDP and PDC
inhibitor binding domain (7, 8). Despite the conserved
structure, there are several differences between the
different enzymes. It has previously been reported that
the enzyme from M. tuberculosis lacks a 22 amino acid
loop in the N-terminal domain that is present in the
E. coli enzyme, and that the direction of a long loop in
the C-terminal domain is different between the two
enzymes (7). Examination of the T. maritima DHDPR
structure reveals that this enzyme lacks the N-terminal
domain loop and also lacks the long loop in the
C-terminal domain.

Structures of E. coli and M. tuberculosis DHDPR
enzymes complexed with NADPH or NADH, and also
with the inhibitor PDC, which is an analogue of the
DHDP substrate, have previously been solved (6-9).
Comparison of these structures shows that when
PDC and a co-factor are bound in the active site, there
is a closure of the monomeric subunit, which involves
a 10° rotation of the C-terminal domain relative
to the N-terminal domain around a hinge region (6).
The E. coli DHDPR structure (larz) shows three
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(@) E. coli

Fig. 1. Comparison of the DHDPR monomers for (A) E. coli
(larz), (B) M. tuberculosis (1¢3v) and (C) T. maritima
(1vm6). The C-terminal loop is seen on the upper right of the
E. coli and M. tuberculosis monomers, but is lacking in the

(a) Chains Aand B
RMSD: 0.44

Fig. 2. RMS differences for Co positions (in A) between
monomers in the 1vm6 structure of 7. maritima DHDPR
show that while chains A, B and D are in a similar,

subunits in the closed conformation with both PDC and
NADH bound, while the remaining subunit has only
NADH bound and is in the open conformation.

Analysis of the T. maritima DHDPR structure shows
that NADH is bound to all four of the monomers.
Alignment of the four chains of the 7. maritima
DHDPR structure shows that three of the subunits
(chains A, B and D) are in a nearly identical, closed
conformation, while the remaining subunit (chain C) is in
the open conformation (Fig. 2). The three subunits of
T. maritima DHDPR that are in the closed conformation
have acetate bound at the position occupied by PDC in
the E. coli and M. tuberculosis structures, with chain A

Vol. 143, No. 5, 2008

(b) M. tuberculosis

(b) Chains Aand C
RMSD: 3.31

(¢) T maritima

T. maritima monomer. The N-terminal loop is seen on the
lower right of the E. coli monomer, but is lacking in the
M. tuberculosis and T. maritima monomers. Figure produced
using PyMOL (30).

(c) Chains Aand D
RMSD: 0.32

closed conformation, chain C is in a more open conforma-
tion. Monomer alignments were carried out, and structures
drawn using PyMOL (30).

and chain B containing two acetate molecules, while
chain D contains only one.

Previous analysis of the structures suggested that
the unusual dual specificity of E. coli DHDPR was due
to an acidic residue, Glu-38, interacting with the ribose 2’
and 3’ hydroxyl groups of NADH, while an adjacent basic
residue, Arg-39, interacts with the 2'-phosphate of NADPH
(6). The acidic residue is conserved in M. tuberculosis
DHDPR, with Asp-33 forming hydrogen bonds with the
ribose 2" and 3’ hydroxyl groups of NADH, while the basic
residues Lys-9 and Lys-11 interact with the phosphate
group of NADPH (7). T. maritima DHDPR also has an
equivalent acidic residue, in the form of Asp-32, although
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Fig. 3. Schematic diagram of the binding sites for NADH
and acetate molecules in the closed chains (A and B) of
the T. maritima structure (1vm6). Hydrogen bonds are
indicated by dashed lines. Bonds that are conserved between the
T. maritima, E. coli and M. tuberculosis enzymes are shown in
bold. Residue numbering is shown for the T. maritima enzyme.

there do not appear to be any interactions between this
residue and the ribose hydroxyl groups of NADH. It is
likely that the nearby basic residues of Lys-132 and/or
Arg-11 interact with the 2'-phosphate group of NADPH.
Many of the other interactions between NADH
and other residues of the T. maritima DHDPR monomer
are conserved when compared to the E. coli and
M. tuberculosis enzyme structures.

Numerous hydrogen bonds are also conserved in the
DHDP/PDC binding site, with the two acetate molecules
in chains A and B forming hydrogen bonds with Lys-131,
Gly-137, Thr-138, and His-128 (Fig. 3). This region is
located in a region of the C-terminal domain that is
highly conserved (8). It appears that the binding
of acetate in the DHDP/PDC binding site is sufficient
to trigger closure of the monomeric subunit.

Thermal Stability of T. maritima DHDPR—Increased
thermal stability has previously been observed for the
T. maritima DHDP-synthase enzyme (I14), and it is
thought that thermostability of enzymes is due to
increased electrostatic interactions and compactness
(21, 22). Differential scanning fluorimetry is a technique
that measures the thermal unfolding of proteins in the
presence of a fluorescent dye (18). Thermal analysis of
the DHDPR enzymes by differential scanning fluorimetry
showed that in the absence of ligand, E. coli DHDPR had
a Ty, of 69.5°C, while T. maritima DHDPR had a T, at
95.7°C (Fig. 4). This is in agreement with kinetic studies
showing that incubation of the E. coli enzyme at 80°C
resulted in a lack of activity within a few minutes, while
the T. maritima enzyme was stable for up to 48h (data
not shown). It is likely that the absence of the C-terminal
and N-terminal loops of T. maritima DHDPR is related
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(b) T man’ﬁme;

{a)E. coli

no cofactor
+NADPH
+NADH

Fluoresence (RFU)

Temperature (°C)

Fig. 4. Thermal shift assay results for E. coli (a) and
T. maritima (b) DHDPR in the absence (squares) of
co-factor, or in the presence of 150 uM NADH (circles) or
NADPH (triangles).

to the higher thermostability. Previous studies of the
triosephosphate isomerase enzyme have shown that the
thermophilic form of the enzyme is much more compact
than the mesophilic form, with pruning of several helices
and truncation of loops (23).

Thermal scanning can also be used to detect ligand
binding through ligand-induced stabilization of proteins
(24). Addition of the NADH co-factor increased the T, of
the T. maritima enzyme by >5°C, while NADPH had less
of an effect (AT, of 1.6°C) (Fig. 4). Conversely, NADPH
increased the stability of the E. coli DHDPR enzyme
(AT,, of 5.8°C) more than the NADH co-factor (AT, of
1.8°C). These results suggest that there are differences
in nucleotide specificity and binding between the two
DHDPR enzymes.

Enzyme Kinetics with Respect to DHDP and
NAD(P)H—To determine the co-factor specificity of
T. maritima DHDPR, assays were carried out by varying
the concentration of NADH or NADPH, but maintaining
a fixed (50 uM) concentration of DHDP. This showed that
the maximal enzyme rate using NADH as a co-factor is
3% of the maximal enzyme rate using NADPH as a
co-factor, which is in contrast to the previous character-
ization of DHDPR from E. coli (4) and M. tuberculosis
(7), which has dual specificity, with similar rates using
either NADH or NADPH as a co-factor. The K& for
NADPH and NADH were measured to be 0.6+0.1 and
2.5+0.3 uM, respectively at 30°C (Table 1), which are
similar to the previously determined Michaelis—Menten
constants for E. coli (4) and M. tuberculosis (7) DHDPR.
When the kinetic parameters were measured at 45°C
instead of 30°C, there was an increase in the specificity
constant (2 /KEPP)) for both substrates (Table 1). This
was mostly due to an increase in the catalytic rate, which
was consistent with the temperature dependence of
chemical reactions.

When T. maritima DHDPR was assayed with constant
concentrations of NADH or NADPH, and varying
concentrations of DHDP, it was apparent that the
enzyme was inhibited by increased concentrations of
the DHDP substrate (Fig. 5, Table 1), which has not been
observed for E. coli or M. tuberculosis DHDPR. Like the
assays carried out to determine the kinetic parameters
for DHDP, these assays showed a slower reaction rate
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Table 1. Kinetic parameters (+SD) for T. maritima DHDPR were calculated as described in the Experimental methods

section.

NADPH (constant DHDP)

NADH (constant DHDP)

DHDP (constant NADPH)

30°C 45°C 30°C 45°C 30°C 45°C
kngp) (s 2.6+0.1 17+1 0.093 +0.003 0.49+0.03 81+1.3 19+2
K& (uM) 0.6+0.1 2.1+£0.5 2.5+0.3 1.8+0.5 7.6+2.3 13+3
Ké:{p)/K,(,?pp’ (s7Y/uM) 4.3+0.9 8.1+0.3 0.037 +£0.006 0.27+0.09 1.1+£0.5 1.5+0.5
Kis (nM) - - - - 27+7 152 +45
M T T T T oy 400 T T T
a) NADPH £
600 (@) : 2 1
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E ] Fig. 6. Kinetics of T. maritima DHDPR at fixed NADPH
o 16 (160 pM) and DHDP (50 uM) concentrations with varying
R ] {) 7 NADH concentrations at 30°C (squares) and 45°C
(circles). Initial rate data were fitted to a model describing
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Fig. 5. Kinetics of T. maritima DHDPR with respect to
DHDP. Assays were carried out at fixed (160uM) NADPH
(panel a) or NADH (panel b) concentration and varying DHDP
concentrations at 30°C (squares) and 45°C (circles). Initial rate
data for NADPH were fitted to a model describing substrate
inhibition. Absence of data at low concentrations of DHDP
precluded modelling of initial rate data for NADH. Each data
point was measured in duplicate or triplicate, and error bars
show the standard deviation. Data were fitted to an equation
describing substrate inhibition (Equation 1) and the parameters
determined are shown in Table 1.

with the NADH co-factor than the NADPH cofactor
(Fig. 5). While kinetic parameters could be determined
for DHDPR using NADPH as a co-factor, kinetic param-
eters were not able to be calculated for DHDPR using
NADH as a co-factor, due to increasing amounts of error
in measuring the reaction rate at low substrate concen-
trations. Monitoring the progress of the reaction over
time showed that the highest reaction rates occurred at
around 5pM DHDP (data not shown).

As seen in the assays carried out to determine the
kinetic constants with respect to NAD(P)H, there was an
increase in catalytic rate at the higher temperature of
45°C (Fig. 5, Table 1), which was consistent with the
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inhibition. Each data point was measured in duplicate or
triplicate, and error bars show the standard deviation.

Arrhenius temperature dependence of enzyme activity.
Higher temperatures also reduced the effect of substrate
inhibition, with a 5-fold increase in the K5 constant
(Table 1). This change in inhibition pattern may be due
to reduced flexibility at lower temperatures. Studies of
enzyme dynamics have shown that at any given
temperature, thermostable enzymes, such as those from
T. maritima, have reduced flexibility compared with
thermolabile ones (25). If T. maritima DHDPR has
reduced flexibility at 30°C, relative to 45°C, there may
be an increased likelihood of DHDP binding to form an
inactive complex at lower temperatures. Substrate
inhibition by DHDP is unlikely to be physiologically
relevant, as tight control of metabolism would normally
couple the production of DHDP by DHDP-synthase with
consumption by DHDPR, preventing an accumulation of
DHDP in vivo. Previous studies have suggested that at
lower temperatures, enzymes from extreme thermophiles
are often less active than those from mesophiles (26, 27).
However, despite being assayed at a temperature well
below the optimum growth temperature of 80°C (28), the
T. maritima DHDPR activity was similar to that of the
mesophilic E. coli enzyme (1).

Inhibition of T. maritima DHDPR by NADH—
Following the observation that 7. maritima DHDPR
does not utilize NADH as a co-factor, the role of NADH
in inhibiting the enzyme was examined. Initial rate
assays of T. maritima DHDPR at high concentrations of
DHDP and NADPH showed inhibition by NADH (Fig. 6).
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At 30°C and 45°C, NADH had a K; of 5.1+0.6 and
8.1+0.6 uM, respectively.

In plants and most Gram-negative bacteria, regulation
of lysine and diaminopimelate biosynthesis is carried out
by the feedback inhibition of the DHDP-synthase or
aspartate kinase enzyme by lysine. Analysis of the
T. maritima DHDP-synthase enzyme (I4) showed a
lack of inhibition by lysine, and it has been postulated
that lysine biosynthesis in T. maritima is regulated by
aspartate kinase or at the level of gene regulation (29).
While other studies have suggested that some DHDPR
enzymes are directly inhibited by lysine (13), there was
no evidence for inhibition of 7. maritima DHDPR by
lysine (data not shown). The results in this study suggest
that regulation of lysine biosynthesis in 7. maritima may
involve the inhibition of DHDPR by NADH.

CONCLUSIONS

High thermal stability is required for DHDPR to function
at 80°C, the optimum growth temperature of T. maritima
(28). The C-terminal loop has been proposed to stabilize
the E. coli and M. tuberculosis tetramers by wrapping
around the central B-sheet (7), but the absence of this
loop in the T. maritima DHDPR enzyme suggests that
thermal stability is due to other factors, such as
increased electrostatic interactions (21, 22). Thermal
shift assays confirmed the high thermal stability of the
T. maritima enzyme, and also showed differences in
ligand binding for the NADH and NADPH co-factors.

Unlike DHDPR enzymes previously characterized from
E. coli and M. tuberculosis, T. maritima DHDPR does not
show dual pyridine nucleotide specificity, instead show-
ing increased affinity for NADPH. Thermotoga maritima
is one of the deepest and most slowly evolving
Eubacterial lineages (10), and may provide the closest
relative of ancestral DHDPR enzymes. It is thus likely
that the nucleotide requirements of the DHDPR enzyme
has been relaxed during evolution, leading to the use of
NADH as a co-factor by the E. coli and M. tuberculosis
DHDPR enzymes.

One consequence of the lack of availability of NADH as
a co-factor by 7. maritima DHDPR is that the nucleotide
can act to regulate lysine and diaminopimelate biosynth-
esis. Structural studies have shown that NADH can bind
to the 7. maritima enzyme and trigger a change from the
open to the closed conformation, even in the absence of
the second substrate. It is likely that this tight complex
is responsible for the increased thermal stability in the
presence of NADH. Unlike plants and other Gram-
negative bacteria, T. maritima DHDP-synthase is not
feedback regulated by lysine (14), and the inhibition of
T. maritima DHDPR by NADH may provide mechanisms
for regulation of lysine biosynthesis in this bacterium.
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