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Abstract

Diaminopimelate decarboxylase (DAPDC) and ornithine decarboxylase (ODC) are pyridoxal 5'-
phosphate dependent enzymes that are critical to microbial growth and pathogenicity. The latter is
the target of drugs that cure African sleeping sickness, while the former is an attractive target for
antibacterials. These two enzymes share the (B/a)g (i.e., TIM barrel) fold with alanine racemase,
another pyridoxal 5’-phosphate dependent enzyme critical to bacterial survival. The active site
structural homology between DAPDC and ODC is striking even though DAPDC catalyzes the
decarboxylation of a D stereocenter with inversion of configuration and ODC catalyzes the
decarboxylation of an L stereocenter with retention of configuration. Here, the structural and
mechanistic bases of these interesting properties are explored using reactions of alternate
substrates with both enzymes. It is concluded that simple binding determinants do not control the
observed stereochemical specificities for decarboxylation, and a concerted decarboxylation/proton
transfer at Ca of the D stereocenter of diaminopimelate is a possible mechanism for the observed
specificity with DAPDC.

Introduction

Diaminopimelate decarboxylase (DAPDC) is a pyridoxal phosphate (PLP) dependent
enzyme that catalyzes the decarboxylation of D,L-diaminopimelate (D,L-DAP) to form L-
lysine in the last step in bacterial L-lysine biosynthesis. The presence of multiple pathways
to synthesize D,L-DAP in some bacteria suggests that this pathway is highly important for
bacterial survival [1]. Indeed, a functional DAPDC gene is required for Mycobacterium
tuberculosis survival in immunocompromised mice, demonstrating that de novo lysine
biosynthesis is essential for in vivo viability [2]. Combined with the absence of analogous
pathways in humans, this makes DAPDC an attractive antibacterial drug target.

Mechanistically, DAPDC has unique features and challenges. First, it must differentiate
between the D- and L-stereocenters of D,L-DAP, selectively decarboxylating only the D-
stereocenter to generate L-lysine. X-ray crystallographic studies of DAPDC from M.
tuberculosis (MtDAPDC), as well as other bacteria, suggest a structural basis for this
specificity, especially through specific binding of the L-stereocenter distal to the reaction
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center [2, 3]. Second, DAPDC is unique among known PLP dependent decarboxylases in
decarboxylating a D-stereocenter; all other PLP dependent decarboxylases act on an L-
stereocenter. Third, stereochemical studies show that DAPDC catalyzes decarboxylation
with inversion of configuration at the reaction center [4, 5], in contrast to all other PLP
dependent decarboxylases studied to date [6-11].

Despite these differences, DAPDC shares both sequence and structural similarity to
eukaryotic ornithine decarboxylase (ODC), a typical PLP dependent decarboxylase. They
have 25% sequence identity [3], and structural overlays of mtDAPDC and Trypanosoma
brucei ODC have an rmsd of ~2.2 A [12]. Furthermore, the active sites of mtDAPDC and
ODC have many structural equivalences, including the KAFL motif that contains the lysine
that forms the internal aldimine with PLP and a glutamate residue that interacts with the
pyridine nitrogen of PLP. In addition, the His that p stacks with the PLP ring is conserved
and similarities in the side chain binding pocket including a conserved arginine and serine.
The active site structural similarity between mtDAPDC and ODC implies a similar chemical
mechanism despite the stereochemical differences between the enzymes. Here, kinetic
characterization of mtDAPDC and yeast ODC using alternate substrates is used to explore
the strictness of DAPDC specificity for decarboxylating a D stereocenter, as well as the
origin of this stereospecificity.

Experimental Procedures

Materials

All materials were purchased from Sigma unless otherwise noted. D,L-DAP, L,L-DAP and
D,D-DAP were a gift from Professor John Blanchard (Albert Einstein College of Medicine).

Cloning of Yeast ODC gene

The yeast ODC gene was amplified from genomic DNA from the WDHT668 strain of
Saccharomyces cerevisiae using PCR and the following primer pair: 5-GTG GTG CTC
GAG TCA ATC GAG TTC AGA GTC TAT GTA TAC TAT ATC C-3' (Xhol restriction
site is underlined) and 5'-GGA TCC GAA TTC ATG TCT AGT ACT CAA GTA GGA
AAT GCT CTA TCT AG-3' (EcoRl restriction site is underlined). The ~1.4kb PCR product
was cleaned using a commercially available kit (Qiagen) and ligated into pET28a (Novagen)
digested with Xhol and EcoRI using standard procedures [13]. The construct was sequenced
to ensure no mutations had been incorporated during PCR and yielded the final product, an
N-terminal Hisg-tagged yeast ODC fusion protein.

Expression and Purification of Yeast ODC

For overexpression, 1 L of LB growth medium was innoculated with a 5 mL overnight
culture and grown at 37 °C until ODggg = 0.5. Expression was induced with IPTG at a final
concentration of 500 uM, and growth at 37 °C was continued for 6-8 hours. The cells were
pelleted by centrifugation, resuspended in lysis buffer (20 mM TEA-HCI pH 7.8, 10 mM
imidazole, 50 uM PLP and 1 mM B-mercaptoethanol) and stored overnight at —80°C. The
thawed cell suspension was incubated with 1 mg/mL lysozyme for 1 hour, sonicated and the
cell debris removed by centrifugation. The cell free extract was added to 8 mL Ni-NTA
Superflow resin (Qiagen) and mixed by end-to-end rotation for 1 hour at 4 °C. After
packing, the column was washed extensively (>20 column volumes) with 20 mM TEA-HCI
pH 7.8, 20 mM imidazole, 50 uM PLP, 1 mM B-mercaptoethanol and 300 mM KCI. The
protein was eluted by running a linear gradient from 20 mM imidazole to 300 mM imidazole
in 20 mM TEA-HCI pH 7.8, 50 uM PLP, 1 mM B-mercaptoethanol and 300 mM KCl at 1
mL/min. The fractions containing ODC, as judged by SDS-PAGE, were pooled,
concentrated and dialyzed into 50 mM TEA-HCI pH 7.8, 50 mM KCI, 20 uM PLP and 1
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mM DTT. The protein was aliquoted, flash frozen and stored at —80°C. The enzyme
concentration was determined using the Lowry Assay (BioRad) with IgG as a standard.

Expression and Purification of M. tuberculosis DAPDC

For overexpression, 1 L LB growth medium was innoculated with 3 mL overnight culture
and grown at 37°C until ODggg = 0.5. The cells were placed on ice for 30 minutes, induced
with IPTG at a final concentration of 500 uM, and grown at 20 °C for 24 hours. The cells
were pelleted by centrifugation, resuspended in lysis buffer (20 mM TEA-HCI pH 7.8, 10
mM imidazole, 50 uM PLP and 1 mM B-mercaptoethanol) and stored overnight at —80°C.
The thawed cell suspension was incubated with 0.5 mg/mL lysozyme for 1 hour, sonicated
and the cell debris removed by centrifugation. The cell free extract was added to 8 mL Ni-
NTA Superflow resin (Qiagen), and purified as described above for yeast ODC. The protein
was aliquoted, flash frozen and stored at —80°C. The enzyme concentration was determined
using the Bradford and Lowry assays (BioRad) with IgG as a standard.

Steady-state Assay

Yeast ODC and mtDAPDC were assayed as described previously [14, 15] by coupling the
carbon dioxide produced from decarboxylation to phosphoenol pyruvate (PEP) carboxylase
to give oxalacetate, followed by malate dehydrogenase (MDH) catalyzed reduction. Loss of
NADH absorbance at 340 nm was followed on a Kontron UVIKON 9420. Reaction
mixtures contained 100 mM TEA-HCI pH 7.8, 20 uM PLP, 300 uM NADH, 10 mM MgCl,,
2 mM PEP, 8 units/mL freshly prepared PEP carboxylase and 33 units/mL MDH. All
reagents were prepared in water that had been boiled extensively to remove carbon dioxide.
Stock solutions were lyophilized and redissolved in water from which the carbon dioxide
had been removed.

Inhibition Assays

Inhibition studies for ODC were performed with D-ornithine and putrescine, using the
coupled carbon dioxide assay. The concentration of L-ornithine was held at K, (130 uM)
and K; was determined assuming competitive inhibition (eq 1).

Vinax[S]
Vvi=
K (1+[1]/K;) +[ S] (1)

Inhibition studies for mtDAPDC used L- and D-lysine, L,L- and D,D-DAP using the
coupled carbon dioxide assay. The concentration of D,L-DAP was held at Ky, (400 uM) and
Kj was determined assuming competitive inhibition.

Circular Dichroism-Based Assay

For both ODC and DAPDC, the substrate and product differ in their optical activity,
allowing direct detection of the reaction using circular dichroism (CD). A Jasco J-600 CD
spectrometer was used to assay ODC activity, as previously reported for T. brucei ODC
[16]. The loss of CD signal at 210 nm was monitored over time. The wavelength was chosen
to maximize signal while maintaining a linear relationship between CD signal and amino
acid substrate concentration. Reaction mixtures contained 20 mM potassium phosphate pH
7.5,20 uM PLP, and 100 mM KCI.
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HPLC Assay for Reaction with Alternate Substrates

Assays to identify the amine or amino acid product of decarboxylation were performed
using a previously reported HPLC-based method [17]. Reactions with 100 mM TEA-HCI
pH 7.8, 100 mM KCI, 20 uM PLP, and the appropriate alternate substrate and enzyme were
allowed to react at 25 °C for 12-16 hours. The protein was denatured by adding 2 uL glacial
acetic acid to the 200 pL reaction and the precipitated protein was removed by
centrifugation. The reaction mixture was then derivatized with o-phthaldialdehyde (OPA).
Briefly, a 100 uL sample was mixed with 100 uL freshly prepared OPA reagent (4 mg solid
OPA, mixed with 4.5 mL 0.1 M borate pH 10.4, 15 uL 30% (w/v) Brij detergent and 10 pL
B-mercaptoethanol), allowed to react for 1 minute at room temperature and acidified with 2
M acetic acid to pH 4.5. The derivatized sample was immediately run on a Hibar LiChrosorb
C18 column using an Agilent 1100 series chromatography system attached to a Perkin-
Elmer 650-15 fluorescence spectrophotometer. The HPLC method [17] used 50 mM sodium
acetate pH 5.7, 5% (v/v) THF (Solvent A); methanol (Solvent B); acetonitrile (Solvent C).
The elution gradient was as follows: 90% A, 10% B to 35% A, 65% B from 0-15 minutes;
35% A, 65% B from 15-20 minutes; 35% A, 65% B to 50% B, 50% C from 20-25 minutes;
50% B, 50% C from 25-30 minutes. The flow rate was 1 mL/min and the products were
monitored using fluorescence (ex = 340 nm, em = 455 nm).

HPLC analysis of the reactions was complicated due to the fact that diamines such as
putrescine, cadaverine, ornithine or lysine can react with multiple equivalents of the OPA
reagent [18]. Although a large excess of OPA was used in an attempt to fully derivatize the
species, thereby simplifying the chromatograms, the relatively high concentration of the
diamine species did not allow complete derivatization. To circumvent this problem, negative
controls in which enzyme was not added but were otherwise identical were always run and
compared to the enzymatic samples.

Molecular Dynamics

Results
Yeast ODC

The structure of M. tuberculosis DAPDC with L-lysine bound (PDB entry 1HKV) was used
as the template structure. The external aldimine intermediates for both D,L- and L,L-DAP
were constructed by adding a carboxylate group of the appropriate stereochemistry on the
bound lysine, then replacing the Schiff base between Lys72 and PLP with one between DAP
and PLP and energy minimizing the ligand. The program BALLView was used to perform
simulated annealing molecular dynamics using the MMFF94 force field. Residues within 4
A of any atom of the PLP-DAP external aldimine were included in the calculations, while
the rest of the protein remained unaltered. The structures were first energy minimized to a
gradient of less than 0.1 kJ/A, then heated to 300K over 10 ps (1 fs timesteps), equilibrated
for 20 ps, then slowly cooled to 10K over 20 ps. The final structures from cooling were
again energy minimized.

Steady-state kinetic parameters for ODC are given in Table 1. The kinetic parameters for L-
ornithine varied with ODC concentration, presumably due to the formation of higher order
oligomers (data not shown). This was not studied in detail. Instead, all kinetic studies were
performed at the same relatively high enzyme concentration (50 nM) to minimize
differences in Keg, Kiyy and K due to oligomerization. Since all inhibitor studies were
performed at the same substrate concentration and the inhibition data collected was well
fitted by a simple competitive inhibition model, it is unlikely that enzyme oligomerization
complicated the results significantly. The values obtained here are in agreement with
previously reported values for the yeast ODC enzyme [19]. The kinetic parameters from the
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coupled-enzyme assay agree with those from the direct CD assay, although the errors are
larger in the latter.

Inhibition studies with ODC show that the enzyme binds D-ornithine (K; = 380 + 67 uM).
The enzyme also shows significant product inhibition (putrescine Kj = 250 + 45 uM), in
agreement with previous studies that found the concentration of putrescine necessary for
50% inhibition was 100 uM [19].

HPLC analysis of the reaction of ODC with D-ornithine shows that a small amount of
putrescine is formed (Figure 1), indicating that ODC can slowly decarboxylate a D-
stereocenter. The rate constant for D-ornithine decarboxylation was estimated to be ~0.002
s71 from these data.

The steady-state kinetic parameters for mtDAPDC are given in Table 2. D,L-DAP and
commercial meso-DAP give identical results, when it is taken into account that commercial
meso-DAP is a mixture of 50% D,L-, 25% D,D- and 25% L,L-DAP and the K, value is
calculated by ignoring the 50% of the meso-DAP that is not D,L-DAP (as reported here).
Studies with D,D-DAP showed no detectable inhibition of the D,L-DAP reaction at
concentrations of 6 mM (data not shown). In fact, D,D-DAP is a reasonable substrate for
mtDAPDC (Table 2) but with a ~100-fold lower k.;/Ky value than D,L-DAP. Thus, its
contribution to the activity measured with meso-DAP can be ignored.

mtDAPDC is inhibited by L,L-DAP (K; = 1.6 £ 0.4 mM), D-lysine (K; = 26 + 5 mM), and
the product of D,L-DAP decarboxylation, L-lysine (K; = 1.8 £ 0.2 mM). Coenzyme spectral
changes on addition of these inhibitors to mtDAPDC are similar to those observed when
D,L-DAP is added to the enzyme, with a red shift in the peak centered around 420 nm
characteristic of the ketoenamine tautomer and an increase in absorbance of 330 nm
characteristic of the enolimine tautomer. The similarity in the spectral changes observed for
the inhibitors to those seen for D,L-DAP suggest that the inhibitors bind covalently (Figure
2).

HPLC analyses of reactions of mtDAPDC with L-lysine and L,L-DAP found no detectable
amounts of their decarboxylation products, cadaverine or L-lysine, respectively (data not
shown). Both D,D-DAP (Figure 3) and D-lysine (Figure 4) are decarboxylated by
mtDAPDC.

Molecular Dynamics

The results of slow-cooling molecular dynamics calculations on DAPDC with both L,L- and
D,L-DAP external aldmines are presented in Figure 5 along with the experimental X-ray
structure of ODC with D-ornithine bound. The L,L-DAP structure in Figure 5A shows that
the active site readily accommodates the carboxylate in the L configuration at the reaction
center. The carboxylate accepts four hydrogen bonds: S377 side chain, E376 backbone
amide, Lys72 side chain, and the distal ammonium group of the substrate. The carboxylate
group is nearly perpendicular (88°) to the plane of the Schiff base.

The D,L-DAP structure in Figure 5B shows the carboxylate in the D configuration is also
well accommaodated by the active site. It accepts three hydrogen bonds: S377 side chain,
E376 backbone amide, and H213. The carboxylate group is not perpendicular to the plane of
the Schiff base. The dihedral angle for C4’-N-Ca-CO5™ is 157° while that for C4-C4'-N-Ca.
is 22°. The L,L- and D,L-DAP external aldimine structures are similar in energy with the
D,L-DAP structure being somewhat lower.
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Discussion

OoDC

DAPDC

Unlike other known PLP dependent decarboxylases, DAPDC acts on a D stereocenter and
decarboxylation occurs with inversion of configuration [4, 5]. Nevertheless, it shows a high
degree of sequence and structural homology to eukaryotic ODCs, which are typical PLP
dependent decarboxylases that catalyze decarboxylation at L stereocenters with retention of
configuration [8, 20]. ODC from S. cerevisiae was cloned, expressed, and purified, and its
kinetic characterization is presented in Table 1. The k¢4 and Ky, values are in good
agreement with previously reported values [19].

For simplicity, here we assume the experimental K, values to be binding constants (i.e.
formation of the external aldimine intermediate from free enzyme and substrate is at
equilibrium compared to decarboxylation), as is the case for homologous T. brucei ODC
[21-23]. Compared to the natural substrate L-ornithine, both D-ornithine and putrescine (the
product of decarboxylation of either isomer) bind well to ODC (Table 1). The contribution
of a substrate carboxylate group in the L stereoconfiguration is small (—0.2 kcal/mol), as
gleaned from comparing the K, value for L-ornithine and the K; value for putrescine. One
can interpret these results as ODC providing only small stabilizing interactions to the bound
substrate carboxylate, roughly equivalent to the energy required for desolvating the
carboxylate as it binds. Such weak interactions are consistent with previous proposals that
the carboxylate is bound in a hydrophobic pocket that enforces ground state destabilization
of the negative charge [24].

Similarly, the presence of a carboxylate in the D stereoconfiguration has little effect on
binding affinity, as observed previously [20, 25, 26]. Nevertheless, ODC decarboxylates D-
ornithine slowly (Figure 1). Given that D-ornithine binds well to ODC, there must be a
specific mechanistic reason for its slow CO, loss since all subsequent steps are identical to
those with L-ornithine. The structure of T. brucei ODC with D-ornithine bound was solved
by X-ray crystallography, and the active site is shown in Figure 5D. One might speculate
that the solvent exposed si face of PLP allows water to hydrate the carboxylate, thereby
providing ground state stabilization of the D isomer. Then again, the active site on the si
face of PLP in DAPDC, which only decarboxylates a D stereocenter, is similarly solvent
exposed.

While ODC binds L-ornithine with the carboxylate on the re face of the PLP ring, X-ray
crystallographic structures of DAPDC suggest that D,L-DAP binds with the carboxylate of
the D-stereocenter on the si face of the PLP ring [2, 3, 20]. The basis of the specificity for
decarboxylation of the D-stereocenter in DAPDC is not easily explained by the available
structures, since there are few differences between ODC and DAPDC on the si face of the
PLP ring, and none that clearly account for preferential binding of the carboxylate on the si
face in DAPDC (Figure 5). For example, Ser377 is the only obvious, conserved difference
and it seems unlikely that this residue alone accounts for the observed specificity.

One means for achieving D stereocenter decarboxylation selectivity is simply having a weak
affinity for an L stereocenter at the reaction center. To address this possibility, L,L-DAP was
tested as a substrate. L,L-DAP binds well (~4-fold weaker than D,L-DAP) to DAPDC
although it is not decarboxylated (Table 2). This agrees with molecular dynamics
calculations discussed below, and suggests that preferential D stereocenter binding at the
reaction center is not the determinant of DAPDC decarboxylation specificity.
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The basis for the specificity for decarboxylation of the D stereocenter in DAPDC could be
the result of stereoelectronic effects. If DAPDC were to allow only the carboxylate of the D
stereocenter to be aligned perpendicular to the p orbitals of the conjugated Schiff base/
pyridine ring, then stabilization of negative charge on Ca will selectively occur in
decarboxylation of a D stereocenter. This possibility was explored by performing slow-
cooling molecular dynamics calculations. The results of these calculations show that the
lowest energy structure of the L,L-DAP external aldmine (Figure 5A) places the carboxylate
at the reaction center nearly perpendicular to the plane of the Schiff base/pyridine ring, even
though no decarboxylation with L,L-DAP is observed. On the other hand, the carboxylate of
the D stereocenter of the D,L-DAP external aldmine is far from being perpendicular to either
the Schiff base or the pyridine ring (Figure 5B). Rather it binds in an orientation very similar
to that found for the carboxylate of D-ornithine in the X-ray structure of ODC [20]. Thus,
the determinants of stereospecificity in DAPDC are apparently not simply stereoelectronic
effects enforced in the ground state by substrate carboxylate orientation with respect to the
plane of the Schiff base/pyridine ring. Rather, they probably reside in another source.

Some other means for selective catalysis of CO5 loss from the D-stereocenter of the external
aldimine formed with D,L-DAP, which places the carboxylate on the si face of PLP, must be
the major determinant of stereospecificity in DAPDC. This is supported by the results from
D,D-DAP and D-lysine reactions with DAPDC. Although these alternate substrates bind
relatively weakly to DAPDC, both are decarboxylated by DAPDC. The poor binding
observed for D,D-DAP and D-lysine is not unexpected considering the structure of the
substrate binding pocket (Figure 5). With the natural substrate, the carboxylate of the L
stereocenter interacts with two conserved arginine residues while the amino group of the L
stereocenter is anchored by a conserved aspartate. Conceivably, D-lysine could form a
Schiff base with PLP through either of its amino groups although this is unlikely. One
expects a ~40-fold preference for carboxylate binding at the catalytic site compared to the
side-chain site given the higher binding affinity for D,L-DAP compared to D,D-DAP (Table
2). Additionally, the decarboxylation observed with D-lysine requires it to bind to PLP
through its a-amino group.

When D,D-DAP binds, a D stereocenter is forced into the substrate binding pocket that is
structurally complementary to an L stereocenter, explaining the high Ky, value observed.
Despite weaker binding, D,D-DAP is decarboxylated rapidly with a keg; only 4-fold less
than with the natural substrate. This indicates that poor distal interactions at the side-chain
site are not transmitted to the active site resulting in poor decarboxylation catalysis, and that
placement of the carboxylate on the si face of the PLP is sufficient for efficient catalysis.

It has been suggested that decarboxylation may be facilitated in part by an induced-fit
mechanism in DAPDC from Helicobacter pylori (hpDAPDC) on the basis of X-ray
crystallographic structures and mutational analysis [27]. In hpDAPDC a mobile active site
a-helical loop was observed to be “open” in the absence of a ligand and “closed” in the
presence of L-lysine. It was proposed that this loop closes down over the substrate, shielding
it from bulk solvent and stabilizing catalytic intermediates. This loop is one of the most
divergent elements of DAPDC structure, however, and mtDAPDC differs significantly from
other DAPDC:s in this regard. mtDAPDC contains a 3-sheet structure that is unlikely to
undergo the dynamic changes observed in the hpDAPDC structures. Indeed, X-ray
crystallographic structures of mtDAPDC with and without L-lysine show no large structural
changes [2], making it unlikely that catalysis is facilitated by an induced fit mechanism in
mtDAPDC.

A major difference between the structures of the D,L- and L,L-DAP external aldimine
structures shown in Figure 5 is the number of hydrogen bonds from positively charged
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groups the carboxylate at the reaction center accepts: in the L,L-DAP structure, the
carboxylate at the reaction center accepts hydrogen bonds from Lys72 and from the distal
substrate ammonium group, while in the D,L-DAP structure the carboxylate at the reaction
center accepts a hydrogen bond only from His213, which was presumed to be charged for
the calculations. The interaction with two positive charges for the L stereocenter vs. one for
the D stereocenter could be a major contributor to selectivity for decarboxylation at the D
stereocenter by stabilizing the negatively charged ground state of the L stereocenter.
Additionally, there are other minor differences in the interactions between the active site and
the two external aldmine intermediates (Figure 5C) that may sum to a significant catalytic
advantage for decarboxylation at the D stereocenter.

Another possibility for the observed specificity for decarboxylation of the D-stereocenter in
DAPDC is that decarboxylation is an obligatorily concerted process, in which loss of CO,
and protonation from the re face at C, occur in the same step. If the substrate carboxylate
binds on the re face, as expected with L,L-DAP or L-lysine, then it is likely that the general
acid involved in a concerted decarboxylation/protonation transition state is not able to
interact with C,, because of steric interference from the substrate carboxylate (i.e. a front-
side electrophilic substitution reaction seems unlikely). Such a concerted decarboxylation/
protonation transition state would explain both the stereoselective decarboxylation by
DAPDC as well as the unusual inversion of configuration observed.

Given the structural and mechanistic similarity between ODC and DAPDC, one expects that
the general acid that protonates C,, would be conserved. It has been suggested that Cys360
acts as the general acid in T. brucei ODC [28]. However, it is highly unlikely that in
mtDAPDC the corresponding residue, Cys375, acts as the general acid since it is involved in
an intermolecular disulfide bond (Figure 5) [2]. Although other DAPDCs do not contain this
disulfide bond, it seems unlikely from a parsimony point of view that DAPDCs from other
microorganisms are mechanistically distinct from their mycobacterial counterparts and use
the corresponding cysteine residue as the general acid. Other potential general acids, such as
His213, are not consistent with the observed stereochemistry.

Thus, the identity of the general acid that protonates Ca after CO, loss in DAPDC is not
clear. The most obvious possibility for the general acid in DAPDC is Lys72 since it is
appropriately positioned, and in many PLP dependent enzymes the Schiff base-forming
lysine also acts as an acid/base catalyst. Therefore, we propose that the reaction catalyzed by
DAPDC on D stereocenters could be a concerted, backside electrophilic substitution
reaction with simultaneous CO5 loss from Co and proton donation to the backside of Ca
from Lys72. Although there is a mechanistic preference for frontside electrophilic attack,
this is not a strict mechanistic requirement as it is for nucleophilic substitution. This
proposal is consistent with all of the available stereochemical, kinetic, and structural data,
and provides an elegant means for enforcing stereochemistry where both stereoisomeric
carboxylate group bind in similar environments.
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Figure 1.

HPLC fractionation of ODC reaction with D-ornithine. (A) Control reaction without enzyme
added. Diamines including putrescine and ornithine can react with multiple equivalents of
the OPA reagent [18]. Although a large excess of OPA was used in an attempt simplify the
chromatograms, the relatively high concentration of the diamines prevented complete
derivatization. (B) Reaction with ODC and D-ornithine.
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Figure 2.

Wavelength (nm)

Spectra of mtDAPDC with DAP substrates and inhibitors. Reaction conditions; 100 mM
TEA-HCI, pH 8.0, 18 uM enzyme, 5 mM substrate/inhibitor, 20 uM PLP. (A) mtDAPDC
without substrate or inhibitor. (B) mtDAPDC with D,L-DAP. (C) mtDAPDC with D,D-
DAP. (D) mtDAPDC with L,L-DAP.
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Figure 3.

HPLC fractionation of mtDAPDC reaction with D,D-DAP. (A) Control reaction without
enzyme added. Diamines including lysine and D,D-DAP can react with multiple equivalents
of the OPA reagent [18]. Although a large excess of OPA was used in an attempt simplify
the chromatograms, the relatively high concentration of the diamines prevented complete
derivatization. (B) Reaction with mtDAPDC and D,D-DAP.

Biochim Biophys Acta. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fogle and Toney Page 15

0 5 10 15 20 25 30 35
Retention Time (min)

Figure 4.

HPLC fractionation of mtDAPDC reaction with D-lysine. (A) Control reaction without
enzyme added. Diamines like cadaverine and lysine react with multiple equivalents of the
OPA reagent [18]. Although a large excess of OPA was used in an attempt simplify the
chromatograms, the relatively high concentration of the diamines prevented complete
derivatization. (B) Reaction with mtDAPDC and D-lysine.
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Figure 5.

A) Active site of M. tuberculosis DAPDC after slow-cooling molecular dynamics with L,L-
DAP present as an external aldimine intermediate. B) Same A except D,L-DAP was present
as the external aldimine intermediate. C) Overlay of the structures in parts A and B. D)
Active site of ODC bound to D-ornithine determined by X-ray crystallography.
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Scheme 1.
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Table 2

Steady-state Kinetic Parameters for mtDAPDC?

Substrate  Keat () K (MM)  Ka/Kin (M7357Y)  K; (mM)P

D,L-DAP  7.1(0.1) 0.43(0.03) 1.6 (0.1) x 10*

meso-DAPC  7-1(0.1)  0.40(0.01) 1.8 (0.1) x 10*

D,D-DAP  1.8(0.3) 17 (4) 100 (30)

D-lysined 26 (5)
L.L-DAP 1.6 (0.4)
L-lysine 1.8(0.2)

a -
Errors are given in parentheses.
Kj was obtained by assuming competitive inhibition and using eq 1.

Cmeso-DAP is a mixture of D,L-, D,D-, and L,L-DAP. It is assumed that L,L- and D,D-DAP do not significantly contribute to the observed rate,
thus the Km value given has been corrected for the 50% D,L-DAP present.

d . . . . -
Although a rate could not be estimated for D-lysine, HPLC analysis showed a small amount of decarboxlation occurs with this substrate.
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