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Abstract: The three-dimensional~3D! structure ofCorynebacte-
rium glutamicumdiaminopimelated-dehydrogenase in a ternary
complex with NADPH andl-2-amino-6-methylene-pimelate has
been solved and refined to a resolution of 2.1 Å.l-2-Amino-6-
methylene-pimelate was recently synthesized and shown to be a
potent competitive inhibitor~5 mM ! vs. meso-diaminopimelate of
the Bacillus sphaericusdehydrogenase~Sutherland et al., 1999!.
Diaminopimelate dehydrogenase catalyzes the reversible NADP1-
dependent oxidation of thed-amino acid stereocenter ofmeso-
diaminopimelate, and is the only enzyme known to catalyze the
oxidative deamination of ad-amino acid. The enzyme is involved
in the biosynthesis ofmeso-diaminopimelate andl-lysine from
l-aspartate, a biosynthetic pathway of considerable interest be-
cause it is essential for growth of certain bacteria. The dehydrog-
enase is found in a limited number of species of bacteria, as opposed
to the alternative succinylase and acetylase pathways that are widely
distributed in bacteria and plants. The structure of the ternary
complex reported here provides a structural rationale for the nature
and potency of the inhibition exhibited by the unsaturatedl-2-
amino-6-methylene-pimelate against the dehydrogenase. In par-
ticular, we compare the present structure with other structures
containing either bound substrate,meso-diaminopimelate, or a con-
formationally restricted isoxazoline inhibitor. We have identified a
significant interaction between thea-l-amino group of the unsat-
urated inhibitor and the indole ring of Trp144 that may account for
the tight binding of this inhibitor.

The biosynthesis ofmeso-diaminopimelate, and its subsequent de-
carboxylation to forml-lysine, is restricted to bacteria, plants, and
fungi. Mammals lack the capacity to synthesizel-lysine and must
obtain this amino acid in their diet. Bacteria and plants biosynthe-

sizel-lysine via themeso-diaminopimelate pathway, while fungi
use the alternative aminoadipate pathway. The bacterial biosyn-
thetic pathway has been thoroughly explored due to the potential
for exploitation of inhibitors of enzymes in the pathway as anti-
bacterial agents and herbicides~Cox, 1996; Scapin & Blanchard,
1997!. Three pathways exist in bacteria for the biosynthesis of
meso-diaminopimelate~Fig. 1!: the ubiquitous succinylase path-
way, the more restricted acetylase pathway, and the dehydrogenase
pathway, identified to date only inCorynebacteria, and several
Bacillus andBrevibacteriumspecies~Misono et al., 1986; Ishino
et al., 1987!. In Corynebacterium glutamicum, both the succinylase
and dehydrogenase pathways have been shown to be present and
operate simultaneously~Schrumpf et al., 1991!, with 30% of the
l-lysine produced via the dehydrogenase pathway and with the re-
mainder produced via the succinylase pathway~Sonntag et al., 1993!.

The NADPH-dependent diaminopimelate dehydrogenase
~DapDH: EC 1.4.1.16! catalyzes the reductive amination ofl-2-
amino-6-oxo-pimelate, the acyclic form ofl-tetrahydrodipicolinate,
to generate themesocompound,d,l-diaminopimelate. This chem-
istry is well represented in biochemistry and is catalyzed by the
family of amino acid dehydrogenases that includel-glutamate,
l-leucinem, andl-phenylalanine dehydrogenases. The three-
dimensional~3D! structures of each of these enzymes has been de-
termined~Stillman et al., 1993; Baker et al., 1995; Vanhooke et al.,
1999!, as have the 3D structures of theC. glutamicumdiaminopime-
late dehydrogenase in complex with NADP1 ~Scapin et al., 1996!,
its substrate,d,l-diaminopimelate, and an isoxazoline inhibitor
~Scapin et al., 1998!. The noncompetitive nature of the inhibition by
the isoxazoline inhibitor was shown to be due to the unexpected bind-
ing of the inhibitor in an orientation opposite to that expected, i.e.,
with the l-amino acid center not in the distal pocket but rather
adjacent to the bound nucleotide. The synthesis ofl-2-amino-6-
methylene-diaminopimelate, and the report of its potent, competitive
inhibition of theBacillus sphaericusdiaminopimelate dehydrog-
enase~Sutherland et al., 1999! led us to attempt to crystallize the
ternary dehydrogenase-nucleotide-l-2-amino-6-methylene-diamino-
pimelate complex to assess the mode of binding and rationalize the
very strong binding of this inhibitor relative to the substrate.
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Crystals of the ternary complex were obtained in the same mono-
clinic space group previously obtained~Scapin et al., 1998!, con-
forming to the “closed” conformation. These crystals diffracted to
.2.1 Å. The structure of the ternary complex was solved by mo-
lecular replacement techniques. A ribbon depiction of one of the
320 residue monomers of the dimeric enzyme is shown in Fig-
ure 2A. Each monomer is composed of two domains: an amino-
terminal nucleotide-binding domain~shown in the upper left-hand
corner! and the carboxy-terminal domain involved in both dimer-
ization and substrate0inhibitor binding. In the figure, we have
included the boundl-2-amino-6-methylene-pimelate molecule to
show that it binds at the interface of the two domains. The inhibitor
could be easily and unambiguously placed within electron density
that was apparent at the domain interface~Fig. 2B!. As modeled,
the inhibitor was bound in the active site in the manner predicted:
the l-amino acid center was positioned at the distall-specific
amino acid binding pocket, while the 6-methylene group was po-
sitioned to mimic the intermediate imine, whose reduction by hy-
dride transfer from NADPH would result in the formation of
meso-DAP.

An intriguing feature of the present structure is the interactions
that are observed between the unsaturated inhibitor and enzyme
residues in the active site. In the binary enzyme-diaminopimelate
complex, three hydrogen bonding interactions are observed be-
tween thea-carboxylate of thel-amino acid center~Arg195, Thr169,
and His244!, but no significant hydrogen bonding interactions are
observed between thea-amino group of thel-amino acid center
and the enzyme~Fig. 3A!. Numerous interactions are observed be-
tween both thea-carboxylate anda-amino group of thed-amino acid
center, which is positioned to both allow for, and assist, efficient hy-Fig. 1. Bacterial pathways for the biosynthesis ofmeso-DAP andl-lysine.

Fig. 2. A: Ribbon representation of a monomer of theC. glutamicum
diaminopimelate dehydrogenase-NADPH-l-2-amino-6-methylene-pimelate
complex. Helices are denoted by tubes~magenta! andb-strands as flattened
arrows~green!. Bound NADPH is not shown for clarity; boundl-2-amino-
6-methylene-pimelate is shown at the domain interface and is colored
according to atom type~C, grey; O, red; N, blue!. B: Electron density
corresponding to bound inhibitor~yellow! and final refined model ofl-2-
amino-6-methylene-pimelate.
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dride transfer to NADP1. In the isoxazoline inhibitor complex, the
l-amino acid center is positioned where thed-center of DAP is po-
sitioned, and with the isoxazoline ring positioned such that the dis-
tal carboxylate makes hydrogen bonding interactions similar to that
observed in the DAP complex~Fig. 3B!. Although of opposite ste-
reochemistry, thel-amino acid center of the isoxazoline inhibitor
can make hydrogen bonds between thea-amino group of the in-
hibitor and the carbonyl oxygen of Asp120 and the side-chain car-
boxyl of Asp90. Similarly, thea-carboxylate of thel-amino acid

center makes hydrogen bonding interactions with the amido nitro-
gen of Asn270 and the backbone amide nitrogen of Gly151.

In the structure of the ternary enzyme-NADPH-unsaturated in-
hibitor, the interactions observed above are both highly conserved,
and apparently maximized. Thus, while the replacement of the
a-amino group of thed-stereocenter with the unsaturated methy-
lene group results in the loss of hydrogen bonding interactions
with Asp90 and Asp120, the interactions between the carboxylate
of the inhibitor and both Asn270 and Gly151 are enhanced~Fig. 3C!.

Fig. 3. Close-up biew of substrate0inhibitor binding site ofC. glutamicumdiaminopimelate dehydrogenase with all residues colored
according to atom type~C, grey; O, red; N, blue!. A: meso-DAP bound at the active site.B: ~2S,5S!-2-amino-3-~3-carboxy-2-
isoxazolin-5-yl!-propanoic acid bound at the active site.C: l-2-amino-6-methylene-pimelate bound at the active site.
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At the distal pocket, the interaction of thel-a-amino acid center of
the inhibitor is similarly maximized, with three,2.8 Å hydrogen
bonds between enzyme side chains~Arg195, Thr169, and His244!
and thea-carboxylate. However, as opposed to the weak inter-
actions between the indole nitrogen of Trp144 and either thea-amino
group of thel-stereocenter ofd,l-DAP, or the ring nitrogen of the
isoxazoline inhibitor, thea-amino group of the unsaturated inhib-
itor makes a reasonable, 3.6 Å, end-on interaction with the aro-
matic indole ring, centered at the midpoint of the C2–C7 bond.
Such aromatic rings acting as hydrogen bond acceptors for pro-
tonated amines have been observed and described in other enzyme
systems previously~Burley & Petsko, 1986!, and one study has
estimated the strength of such a hydrogen bond as 3 kcal0mol
~Levitt & Perutz, 1988!. It is possible that absent interactions
between the enzyme and inhibitor at the proximal amino acid
binding site, due to the presence of the 6-methylene group, the
unsaturated inhibitor is free to move into close contact with the
indole ring of Trp144 and make the end-on aromatic-amine hy-
drogen bond. This structural information provides a rationale for
the strong and competitive nature of the inhibition exerted by
l-2-amino-6-methylene-pimelate.

Experimental:The ddh-encodedC. glutamicumdiaminopimelate
dehydrogenase was expressed and purified fromEscherichia coli
BL21~DE3! as described previously~Scapin et al., 1998!. Crystals
of the ternary dehydrogenase-NADPH-l-2-amino-6-methylene-
pimelate were obtained using the vapor diffusion~hanging drop!
technique in which the reservoir solution was 14% PEG8000; con-
taining 200 mM magnesium acetate and 100 mM sodium caco-
dylate, pH 6.8. Crystals grew at room temperature from 4mL drops
containing the protein~24 mg0mL in 20 mM Hepes, pH 7.5 con-
taining 5 mM NADPH and 20 mM-l-2-amino-6-methylene-pime-
late! diluted 1:1 with reservoir solution. Monoclinic crystals
belonging to the space group P21 reached their maximum dimen-
sions of 0.33 0.43 0.5 mm after one week. The unit cell dimen-
sions werea 5 75.6 Å, b 5 65.6 Å, c 5 84.3 Å, andb 5 106.58.
These crystals contained two molecules in the asymmetric unit and
diffracted to a nominal maximum resolution of 2.1 Å. Diffraction
data were collected at 168C on a Siemens multiwire area detector.
Data collection and refinement statistics are shown in Table 1. The
structure was solved by molecular replacement using the coordi-
nates of the enzyme alone in the diaminopimelate dehydrogenase-
NADP1-isoxazoline ternary complex as a starting model. Because
the crystals of the two ternary complexes are isomorphous, the
molecular replacement solution was straightforward. All refine-
ment steps were carried out using the X-PLOR package~Brünger,
1992! and using all reflections observed. The refinement started
with 50 cycles of rigid body minimization using data between 8.0
and 4.0 Å. Alternate cycles of simulated annealing-torsional re-
finement and manual rebuilding of the model were then per-
formed. Even in the early stages of refinement, zones of residual
electron density in the~Fo 2 Fc!fc map were localized in the
nucleotide and substrate0inhibitor binding site. NADPH andl-2-
amino-6-methylene-pimelate could be easily fitted into the elec-
tron density, and the nucleotide and inhibitor molecule were included
in the model in all subsequent refinement steps. Finally, a number
of water molecules were included in the model. The final model
exhibits anR-factor of 0.178~Rfree5 0.206! with excellent geom-
etry and RMS deviations from ideal values. The final model in-
cludes 4,998 protein atoms, 96 cofactor atoms, 13 inhibitor atoms,
and 116 water molecules.
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Table 1. Data collection and refinement statistics

Maximum resolution 2.1 Å
No. of observations 111,792
No. of unique reflections 39,441
Redundancy 2.8
Completeness~all shells! 87.0%
Completeness~last shell! 67.0%
R-merge 7.65%
Final R-factor 0.178
Final R-free 0.206

RMS deviations
Bond lengths 0.007 Å
Bond angles 1.408
Dihedrals 26.48
Impropers 1.338

AverageB-factors~and standard deviations!
Protein 26.9~10.9! Å2

NADPH 25.9~4.4! Å2

Inhibitor 19.7~4.4! Å2

Waters 32.8~9.2! Å2
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