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Abstract: The three-dimensiondBD) structure ofCorynebacte- sizer-lysine via themesediaminopimelate pathway, while fungi
rium glutamicumdiaminopimelatep-dehydrogenase in a ternary use the alternative aminoadipate pathway. The bacterial biosyn-
complex with NADPH and.-2-amino-6-methylene-pimelate has thetic pathway has been thoroughly explored due to the potential
been solved and refined to a resolution of 2.11A2-Amino-6-  for exploitation of inhibitors of enzymes in the pathway as anti-
methylene-pimelate was recently synthesized and shown to be lzacterial agents and herbicidéSox, 1996; Scapin & Blanchard,
potent competitive inhibito(5 ©M) vs. mesediaminopimelate of 1997). Three pathways exist in bacteria for the biosynthesis of
the Bacillus sphaericuslehydrogenaséSutherland et al., 1999  mesediaminopimelate(Fig. 1): the ubiquitous succinylase path-
Diaminopimelate dehydrogenase catalyzes the reversible NADP way, the more restricted acetylase pathway, and the dehydrogenase
dependent oxidation of the-amino acid stereocenter ohese pathway, identified to date only i€orynebacteria and several
diaminopimelate, and is the only enzyme known to catalyze theBacillus and Brevibacteriumspecieg Misono et al., 1986; Ishino
oxidative deamination of a-amino acid. The enzyme is involved et al., 1987. In Corynebacterium glutamicurboth the succinylase
in the biosynthesis ofmesediaminopimelate and.-lysine from and dehydrogenase pathways have been shown to be present and
L-aspartate, a biosynthetic pathway of considerable interest besperate simultaneouskBchrumpf et al., 1991 with 30% of the
cause it is essential for growth of certain bacteria. The dehydroge-lysine produced via the dehydrogenase pathway and with the re-
enase is found in a limited number of species of bacteria, as opposedainder produced via the succinylase path¢&ynntag etal., 1993
to the alternative succinylase and acetylase pathways that are widely The NADPH-dependent diaminopimelate dehydrogenase
distributed in bacteria and plants. The structure of the ternary¥DapDH: EC 1.4.1.16catalyzes the reductive amination o®-
complex reported here provides a structural rationale for the naturamino-6-oxo-pimelate, the acyclic formwotetrahydrodipicolinate,
and potency of the inhibition exhibited by the unsaturate?- to generate thenesocompoundp,L-diaminopimelate. This chem-
amino-6-methylene-pimelate against the dehydrogenase. In paistry is well represented in biochemistry and is catalyzed by the
ticular, we compare the present structure with other structuregamily of amino acid dehydrogenases that includglutamate,
containing either bound substrateesediaminopimelate, or a con- r-leucinem, andr-phenylalanine dehydrogenases. The three-
formationally restricted isoxazoline inhibitor. We have identified a dimensional3D) structures of each of these enzymes has been de-
significant interaction between ther-amino group of the unsat- termined(Stillman et al., 1993; Baker et al., 1995; Vanhooke et al.,
urated inhibitor and the indole ring of Trp144 that may account for1999, as have the 3D structures of tieglutamicundiaminopime-
the tight binding of this inhibitor. late dehydrogenase in complex with NADRScapin et al., 1996
its substratep,L-diaminopimelate, and an isoxazoline inhibitor
(Scapin etal., 1998The 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.,
The biosynthesis ahesediaminopimelate, and its subsequent de- with the L-amino acid center not in the distal pocket but rather
carboxylation to form.-lysine, is restricted to bacteria, plants, and adjacent to the bound nucleotide. The synthesis-afamino-6-
fungi. Mammals lack the capacity to synthesiziysine and must  methylene-diaminopimelate, and the report of its potent, competitive
obtain this amino acid in their diet. Bacteria and plants biosyntheinhibition of the Bacillus sphaericusliaminopimelate dehydrog-
enaseg(Sutherland et al., 1999ed us to attempt to crystallize the
Reprint requests to: John S. Blanchard, Albert Einstein College of Med-temarydehydmgenase'nuc'eom@_ammo's'methylene'd'am'no'

icine, Department of Biochemistry, Yeshiva University, 1300 Morris Park Pimelate complex to assess the mode of binding and rationalize the
Avenue, Bronx, New York 10461; e-mail: blanchar@aecom.yu.edu. very strong binding of this inhibitor relative to the substrate.
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Fig. 1. Bacterial pathways for the biosynthesisoéseDAP andL-lysine.
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Crystals of the ternary complex were obtained in the same mono-
clinic space group previously obtain€8capin et al., 1998 con-
forming to the “closed” conformation. These crystals diffracted to
>2.1 A. 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 domaishown in the upper left-hand
corne) and the carboxy-terminal domain involved in both dimer-
ization and substraténhibitor binding. In the figure, we have
included the bound-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 interféEeg. 2B). As modeled,
the inhibitor was bound in the active site in the manner predicted:
the L-amino acid center was positioned at the distadpecific
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
meseDAP.

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 thex-carboxylate of the-amino acid centeiArg195, Thrl169,
and His244, but no significant hydrogen bonding interactions are
observed between the-amino group of tha.-amino acid center
and the enzyméFig. 3A). Numerous interactions are observed be-
tween both ther-carboxylate and-amino group of the-amino acid
center, which is positioned to both allow for, and assist, efficient hy-

Fig. 2. A: Ribbon representation of a monomer of t@e glutamicum
diaminopimelate dehydrogenase-NADRF2-amino-6-methylene-pimelate
complex. Helices are denoted by tulfemgent@andg-strands as flattened
arrows(green. Bound NADPH is not shown for clarity; bound2-amino-
6-methylene-pimelate is shown at the domain interface and is colored
according to atom typéC, grey; O, red; N, blue B: Electron density
corresponding to bound inhibit@yellow) and final refined model of-2-
amino-6-methylene-pimelate.
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Fig. 3. Close-up biew of substratahibitor binding site ofC. glutamicumdiaminopimelate dehydrogenase with all residues colored
according to atom typéC, grey; O, red; N, blue A: meseDAP bound at the active siteB: (2S,53-2-amino-3¢3-carboxy-2-
isoxazolin-5-y}-propanoic acid bound at the active si&. L-2-amino-6-methylene-pimelate bound at the active site.

dride transfer to NADP. In the isoxazoline inhibitor complex, the center makes hydrogen bonding interactions with the amido nitro-
L-amino acid center is positioned where theenter of DAP is po-  gen of Asn270 and the backbone amide nitrogen of Gly151.
sitioned, and with the isoxazoline ring positioned such that the dis- In the structure of the ternary enzyme-NADPH-unsaturated in-
tal carboxylate makes hydrogen bonding interactions similar to thahibitor, the interactions observed above are both highly conserved,
observed in the DAP complég¥ig. 3B). Although of opposite ste- and apparently maximized. Thus, while the replacement of the
reochemistry, the.-amino acid center of the isoxazoline inhibitor a-amino group of thep-stereocenter with the unsaturated methy-
can make hydrogen bonds between éhamino group of the in-  lene group results in the loss of hydrogen bonding interactions
hibitor and the carbonyl oxygen of Asp120 and the side-chain carwith Asp90 and Asp120, the interactions between the carboxylate
boxyl of Asp90. Similarly, thex-carboxylate of the.-amino acid  of the inhibitor and both Asn270 and Gly151 are enhart€égl 3C).
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At the distal pocket, the interaction of thex-amino acid center of ~ Table 1. Data collection and refinement statistics

the inhibitor is similarly maximized, with three2.8 A hydrogen

bonds between enzyme side chaiAsg195, Thr169, and His244  Maximum resolution 2.1A
and thea-carboxylate. However, as opposed to the weak inter-NO- of observations 111,792
actions between the indole nitrogen of Trp144 and eitherthmino O Of unique reflections 39441

. . Redundancy 2.8
group of theL-stereocenter ab,L-DAP, or the ring nitrogen of the Completenesgall shelly 87.0%
isoxazoline inhibitor, ther-amino group of the unsaturated inhib- completenesglast shell 67.0%
itor makes a reasonable, 3.6 A, end-on interaction with the aror-merge 7.65%
matic indole ring, centered at the midpoint of the C2—C7 bond.Final R-factor 0.178
Such aromatic rings acting as hydrogen bond acceptors for prd=inal Rfree 0.206
tonated amines have been observed and described in other enzym®IS deviations
systems previouslyBurley & Petsko, 198% and one study has Bond lengths 0.007 A
estimated the strength of such a hydrogen bond as 3/ikcdl Bond angles 1.40
(Levitt & Perutz, 1988 It is possible that absent interactions Dihedrals 26.4
between the enzyme and inhibitor at the proximal amino acid 'MProPers 1.33
binding site, due to the presence of the 6-methylene group, théverageB-factors(and standard deviations
unsaturated inhibitor is free to move into close contact with the Protein 26.910.9 éz
indole ring of Trpl144 and make the end-on aromatic-amine hy- mﬁ%i; ig'ggg ﬁz
drogen bond. This structural information provides a rationale for ... 32.89.2) A?

the strong and competitive nature of the inhibition exerted by
L-2-amino-6-methylene-pimelate.
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