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ABSTRACT: The flavoenzyme proline dehydrogenase catalyzes the first step of proline catabolism, the
oxidation of proline to pyrroline-5-carboxylate. Here we report the first crystal structure of an irreversibly
inactivated proline dehydrogenase. The 1.9 A resolution structure of Thermus thermophilus proline
dehydrogenase inactivated by the mechanism-based inhibitor N-propargylglycine shows that N5 of the
flavin cofactor is covalently connected to the e-amino group of Lys99 via a three-carbon linkage, consistent
with the mass spectral analysis of the inactivated enzyme. The isoalloxazine ring has a butterfly angle of
25°, which suggests that the flavin cofactor is reduced. Two mechanisms can account for these observations.
In both, N-propargylglycine is oxidized to N-propargyliminoglycine. In one mechanism, this a,3-unsaturated
iminium compound is attacked by the N5 atom of the now reduced flavin to produce a 1,4-addition product.
Schiff base formation between Lys99 and the imine of the 1,4-addition product releases glycine and links
the enzyme to the modified flavin. In the second mechanism, hydrolysis of N-propargyliminoglycine yields
propynal and glycine. A 1,4-addition reaction with propynal coupled with Schiff base formation between
Lys99 and the carbonyl group tethers the enzyme to the flavin via a three-carbon chain. The presumed
nonenzymatic hydrolysis of N-propargyliminoglycine and the subsequent rebinding of propynal to the
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enzyme make the latter mechanism less likely.

The catabolic pathway for proline involves a four-electron
oxidation to glutamate and consists of two enzyme-catalyzed
reactions coupled by a nonenzymatic equilibrium (Scheme
1A). The flavoenzyme proline dehydrogenase (PRODH)'
catalyzes the first reaction of the pathway, the oxidation of
proline to A'-pyrroline-5-carboxylate (P5C; 1 to 2 of Scheme
1A). P5C is hydrolyzed nonenzymatically to glutamate
semialdehyde (3). P5C dehydrogenase (PSCDH) completes
the transformation of proline to glutamate by catalyzing the
oxidation of glutamate semialdehyde (3 to 4). PRODH and
PSCDH are separate enzymes in eukaryotes and in some
bacteria, such as Thermus thermophilus, but they are fused
into the bifunctional enzyme proline utilization A (PutA) in
other bacteria (/—4). Human PRODH is of medical interest
because it contributes to p53-mediated apoptosis by serving
as a superoxide generator (5—/0). Also, mutations in the
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PRODH gene have been linked to increased susceptibility
to schizophrenia (/7-13).

Reversible inhibition of PRODH by proline analogs has
been well studied. Kowaloff and co-workers first reported
in 1977 that L-lactate is a competitive inhibitor of PRODH
activity isolated from rat liver mitochondria (/4). Since then,
inhibition of highly purified bacterial PRODHs and PutAs
by L-tetrahydro-2-furoic acid (THFA, 5 of Scheme 1B),
L-lactate, and acetate has been studied in detail using
structural and kinetic methods (15—17). The structures show
that these inhibitors bind in the active site at the si face of
the FAD isoalloxazine ring, forming electrostatic and non-
polar noncovalent interactions with conserved residues. In
particular, the inhibitor carboxylate group forms ionic
interactions with two conserved arginine residues and a
conserved lysine. Accordingly, kinetic experiments show
these compounds to be classic competitive inhibitors with
inhibition constant values (Kj) ranging from submillimolar
for THFA to 30 mM for acetate.

In contrast, there is only one report of irreversible
inhibition of PRODH by a mechanism-based inactivator.
Tritsch et al. showed that 4-methylene-L-proline (6, Scheme
1B) is a mechanism-based inactivator of PRODH activity
from rat liver mitochondrial suspensions (/8). Inactivation
occurred in a pseudofirst-order process (K; = 5 mM and kipact
= 0.117 min™') and PRODH activity was protected from
inactivation by the addition of L-proline or L-lactate. The
proposed mechanism of inactivation involves the oxidation
of 6 to Al-pyrroline-3-methylene-5-carboxylate, followed by
the nucleophilic attack of the enzyme on the electrophilic
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methylene carbon atom, yielding a covalently modified,
inactive enzyme. The identity of the enzyme nucleophile and
structure of the inactivation complex have not been reported.

Motivated by the observation that propargyl-containing
compounds are mechanism-based inactivators of other fla-
voenzymes, we have investigated the inhibition of Thermus
thermophilus PRODH (TtPRODH) by N-propargylglycine
(7, Scheme 1B). Results of this work are reported herein,
including a crystal structure of the inactivated enzyme as
well as characterizations of inactivation kinetics and spectral
changes caused by inactivation.

EXPERIMENTAL PROCEDURES

Synthesis. The synthesis of N-propargylglycine was based
on literature procedures (/9, 20), modified as follows.
Todoacetic acid (2.5 g, 13.4 mmol) was combined with an
~8-fold excess of propargylamine (6 g, 109 mmol) and
yielded 0.65 g of product (43% yield) after crystallization
(3x) from ethanol. The 'H nuclear magnetic resonance
(NMR) spectrum corresponded to the previously reported
one (/9), but was recorded in a different solvent (100 mM
Na,HPO, buffer, pH ~ 9.5) and at higher field (500 MHz).
The spectrum was recorded in 100% H,O on a Varian Unity
INOVA-500 spectrometer using selective presaturation of
the water signal with a 2 s presaturation interval. The lock
signal was dimethyl-ds sulfoxide. Chemical shifts were
standardized to the dimethyl-ds sulfoxide signal at 2.49 ppm.
'"H NMR (H,0, 500 MHz) ¢ 2.68 (1H, t, J = 2.53 Hz), 3.36
(2H, s), 3.57 (2H, d, J = 2.53 Hz).

Crystallization. TIPRODH was expressed and purified as
previously reported (27). Purified TtPRODH (3 mg/mL) was
incubated with N-propargylglycine for 30 min at a ratio of
1 mg of protein per 1 mg of inhibitor. Based on a protein
monomer mass of 37983 Da, the molar ratio of inactivator
to enzyme was approximately 300. Crystals were grown
using conditions similar to those used to crystallize oxidized
TtPRODH (21). The inactivated enzyme was pipetted (2 uL)
into sitting drop crystallization trays, mixed with an equal
volume of reservoir solution, sealed with clear tape, and
placed in an incubator at room temperature. The optimal
reservoir consisted of 100 mM imidazole buffer at pH 7,
100 mM MgCl,, 14% 2-methyl-2,4-pentanediol, and 5 mM
fresh dithiothreitol. Oval-shaped crystals formed overnight
and had dimensions of 0.4 mm x 0.2 mm x 0.1 mm. The
crystals were pale yellow compared to oxidized TtPRODH
crystals, which exhibit an intense yellow color (27). Loss of
yellow color indicates that the FAD is reduced. Crystals were
cryo-protected with reservoir buffer containing 25% 2-methyl-
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Table 1: Data Collection and Refinement Statistics”

wavelength A) 1.00
diffraction resolution (A) 65—1.9 (1.95—1.90)

No. of observations 325777
No. of unique reflections 55959
redundancy 5.8 (5.8)
completeness (%) 99.3 (100)
Ruerge 0.059 (0.356)
average l/o 12.5 (3.3)
Wilson B-factor (A2) 33
No. of protein chains 2
No. of protein residues 588
No. of water molecules 334
No. of nonhydrogen atoms 5222
RC,W 0.195 (0.239)
Riree” 0.222 (0.318)
RMSD*
bond lengths (A) 0.011
bond angles (deg) 1.31
Ramachandran plot?
most favored (%) 94.9
additional allowed (%) 4.9
generously allowed (%) 0.2
average B-factors (A2)
protein 32
FAD 36
Lys99 side chain (CB-NZ) 35
three-carbon link 36
water 37
MPD 45
PDB entry 2EKG

“ Values for the outer resolution shell of data are given in parenthesis.
5% random test set. © Compared to the Engh and Huber parameters (45).
4 The Ramachandran plot was generated with PROCHECK (46).

2.4-pentanediol and inhibitor, picked up with mounting loops,
and plunged into liquid nitrogen.

X-ray Diffraction Data Collection, Processing, and Re-
finement. A 1.9 A resolution data set was collected at
beamline 4.2.2 of the Advanced Light Source using a
NOIR-1 detector. The data set used for structure determi-
nation consisted of 144 images with detector distance of 130
mm, oscillation range of 1°/frame and exposure time of 20
s/frame. Integration and scaling were performed with d*TREK
(22). The space group is P2,2,2; with unit cell dimensions

=823 A, b =902 A, and ¢ = 94.9 A. There are two
protein molecules in the asymmetric unit with 47% solvent.
The previously reported structure of oxidized TtPRODH
was also determined from crystals having space group
P2,2,2, and similar unit cell lengths (a = 82.1 10\, b =
89.6 A, c =943 A (17)). Data processing statistics are
listed in Table 1.

The structure of inactivated TtPRODH was determined
using molecular replacement, as implemented in MOLREP
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(23). The search model consisted of the (fa)s core (residues
40-281) of oxidized TtPRODH (PDB entry 2G37). The
flavin and active site residues, including Lys99, were omitted
from the search model. A clear solution was identified with
two molecules in the asymmetric unit, correlation coefficient
of 0.64 and R-factor of 0.372. The model from molecular
replacement was extended and improved with several rounds
of model building in COOT (24) and restrained refinement
with TLS in REFMACS (25). TLS domains were identified
with TLSMD (26). The test set used for R calculations
was based on the set used previously for refinement of
oxidized TtPRODH due to the similarity in the crystal forms.

The final model includes residues 5—293 of chain A and
residues —5 to 293 of chain B. (Residues numbered from -5
to zero of chain B are part of the histidine affinity tag.) Each
chain contains a covalently modified flavin as described in
Results. The solvent model includes 334 water molecules
and four 2-methyl-2,4-pentanediol molecules. The two
protein chains have similar conformations. The root-mean-
square deviation between the two chains is 0.76 A for 279
equivalent C, atoms. Within the core of the enzyme (residues
40—281), the deviation is only 0.17 A. The active sites of
the two proteins in the asymmetric unit are also nearly
identical. Thus, the discussion below will focus on only one
of the chains.

Kinetic and Spectroscopic Characterization of the Inac-
tivation of TtPRODH. Kinetic data were obtained on a Cary
100 spectrophotometer. A fresh 10 mM stock solution of
N-propargylglycine (7, Scheme 1B) dissolved in 20 mM
potassium phosphate buffer, pH = 7.4, was prepared.
TtPRODH (10 uM) was incubated at 25 °C with N-
propargylglycine at concentrations of 0.5, 0.75, 1.0, and 2.5
mM. Aliquots were removed every 3 min for 18 min and
assayed at 25 °C using a previously described PRODH assay
based on reduction of dichlorophenolindophenol (DCPIP)
(17, 27) with L-proline (50 mM) as the substrate. Inactivation
parameters were estimated using the analysis of Meloche
(28) and Kitz and Wilson (29), except that a single global
fitting calculation was performed rather than the standard
method (30) of extracting half-lives from plots of the natural
logarithm of activity versus time and making a Kitz and
Wilson replot. In the analysis used here, the percentage of
activity remaining was plotted versus time, and the data for
all four inactivator concentrations were fit globally using
Origin 7.0 to eq 1:

A=A exp(— ki"““h) +y (1
K, +1) °°

In Equation 1, A(?) is the percent activity remaining after
incubating the enzyme with the inactivator at concentration
I for time ¢. The parameters A and y, are fitting parameters,
which are determined for each inactivator concentration
simultaneously. K; and kin are the desired inactivation
parameters. Note that eq 1 combines the equation for the
Kitz and Wilson replot (equation 4 of Silverman (30)),

K;In2
et @
inact inact
with an expression describing pseudofirst-order kinetics,
A=A exp(—’ln 2) +, 3)
L
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Absorbance spectra of the bound FAD cofactor were
acquired at 25 °C with a Cary 100 spectrophotometer using
the wavelength range 300—600 nm. To measure the absor-
bance spectrum of the oxidized enzyme, TtPRODH was
added to a quartz cuvette at 5 uM in 20 mM potassium
phosphate buffer at pH 7.4. A quartz cuvette with buffer
served as the reference. To monitor spectral changes caused
by inactivation, the inhibitor (i.e., 7) was pipetted into the
cuvette containing the oxidized enzyme to a final concentra-
tion of 0.5 mM. The solution was mixed by inverting the
cuvette and spectra were collected immediately after return-
ing the cuvette to the cuvette holder and at subsequent 46 s
intervals.

Mass Spectrometry. TtPRODH was dialyzed overnight
against 100 mM ammonium acetate. The enzyme was then
incubated with a 300 molar excess of inactivator (based on
enzyme monomer mass) for 30 min, and the sample was
submitted to the University of Missouri Proteomics Core for
analysis using nanospray QqTOF mass spectrometry.

RESULTS

Mass Spectrometry of TtPRODH Treated with N-Prop-
argylglycine. Activity assays indicated that N-propargyl-
glycine (7) inactivated TtPRODH. To determine whether
inactivation resulted in the covalent modification of enzyme,
TtPRODH was incubated with N-propargylglycine and
analyzed by nanospray mass spectrometry. The mass spec-
trum indicated that the sample contained two major com-
ponents having masses of 37981 and 38805 Da. The 37981
Da component corresponds to the native enzyme without the
flavin, which has a predicted mass of 37983 Da. Release of
the flavin during nanospray ionization is consistent with the
noncovalent binding of the flavin to the enzyme. The 38805
Da component corresponds to the inactivated enzyme. The
difference in mass between the two components is 8§24 Da,
which exceeds the mass of FAD (784 Da) by 40 Da. These
results are consistent with inactivation resulting in covalent
attachment of the flavin to the enzyme via a species derived
from N-propargylglycine having three C atoms.

Structure of TtPRODH Treated with N-Propargylglycine.
The 1.9 A resolution crystal structure of T(PRODH inacti-
vated by a species derived from N-propargylglycine was
solved using molecular replacement (Table 1). As expected,
the inactivated enzyme has the same overall fold as the
oxidized enzyme (Figure 1). In fact, the root-mean-square
deviation between the oxidized and inactivated enzymes is
only 0.2 A for C, atoms. As shown in Figure 1, ribbon
representations of the two enzymes superimpose almost
perfectly.

The catalytic core of oxidized TtPRODH is a distorted
(Bo)s barrel. The major distortion from the classic triose-
phosphate isomerase (So.)s barrel is that the last helix of the
barrel (08) packs above the C-terminal ends of the strands
of the barrel rather than alongside 88 (Figure 1). The FAD
binding site is at the C-terminal ends of the strands of the
barrel with the re face packed tightly against strands 4-6
and the si face available for hydride transfer from substrates
(Figure 1). The distorted (Sa)s barrel fold and location of
the FAD binding site are conserved in bacterial monofunc-
tional PRODHSs and PutAs (31).
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FIGURE 1: Superposition of N-propargylglycine-inactivated TIPRODH
and oxidized TtPRODH. The proteins are colored using a rainbow
scheme, with blue at the N-terminus and red at the C-terminus.
Strands and helices of the (Ba)s barrel are labeled. The FAD
cofactors are colored white in the inactivated enzyme and yellow
in the oxidized enzyme. Lys99 of the inactivated enzyme is
represented in white sticks. The three-carbon link between the Lys99
e-amino group and the FAD N5 is shown in magenta. This figure
and others were prepared with PyMOL (W. L. DeLano (2002), The
PyMOL Molecular Graphics System).

Electron density maps clearly indicated that the flavin was
covalently attached to the inactivated enzyme, in contrast to
the native enzyme to which the flavin binds noncovalently.
A strong tube-shaped electron density feature connecting the
e-amino of Lys99 and the N5 atom of the isoalloxazine ring
was observed (Figure 2A). Moreover, electron density maps
indicated that the flavin isoalloxazine ring was highly bent
(Figure 2B), which contrasts with the planar isoalloxazine
ring of the oxidized enzyme. These features were present in
both TtPRODH molecules in the asymmetric unit. A model
consistent with these electron density features was built and
refined.

The tubular electron density feature between Lys99 and
the flavin N5 was modeled as a three-carbon covalent linkage
(Figures 2 and 3). The covalent link is consistent with the
mass spectral data and the proposed mechanism of inactiva-
tion (vide infra). Further support for the proposed mechanism
comes from the observation that that the cofactor shifts 0.8
A in the active site toward Lys99 (Figure 1).

The final refined model shows that the flavin isoalloxazine
ring is bent along the N5—N10 axis such that the si face is
convex (Figures 2B and 3). This type of deviation from
planarity is known as butterfly bending (32). The butterfly
angle of inactivated TtPRODH is approximately 25°. The
planar isoalloxazine conformation is typically associated with
the oxidized state of the flavin, whereas highly nonplanar
isoalloxazine conformations indicate reduction of the flavin.
The butterfly angle of 25° observed here is rather large for
flavoenzymes (32) and suggests that the FAD of inactivated
TtPRODH is reduced. Aside from the butterfly bending of
the isoalloxazine ring and covalent modification of N5, the
conformation of the cofactor is identical to that of the
oxidized enzyme (Figure 3).
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FIGURE 2: Two views of the lysine—FAD adduct along with electron
density. The map is a simulated annealing oa-weighted F, — F,
omit map contoured at 2.0 o. Prior to map calculation, the
lysine—flavin adduct was omitted and simulated annealing refine-
ment was performed using PHENIX (47). The model shown is the
final refined model. The three-carbon link between the Lys99 and
the flavin N5 atom is shown in magenta.

Inactivation also results in small shifts (<1 A) of the side
chains of active site residues Argl84, Asp133, and Tyr275
(Figure 3). In the oxidized enzyme, Argl84 donates a
hydrogen bond to the flavin N5 (3.2 A), while Asp133 forms
an ion pair with Argl184 and a hydrogen bond with Tyr275.
The hydrogen-bonding pair Asp133-Tyr275 forms the ceiling
of the active site by contacting methylene groups of the
proline ring (15). Inactivation of TtPRODH causes Argl84
and the flavin N5 to move apart by 0.7 A. The hydrogen-
bonding residues Asp133 and Tyr275 shift in concert 0.5 A
away from the flavin isoalloxazine to avoid steric clash with
the dimethylbenzene ring (Figure 3). Despite the movements
described above, the electrostatic interactions among Arg184,
Aspl133, and Tyr275 are maintained in the inactivated
enzyme.

Spectral Changes Associated with the Inactivation of
TtPRODH. Oxidized TtPRODH shows a characteristic
flavoenzyme absorption spectrum with Anm. at 449 and 380
nm (Figure 4, curve with circles). The spectrum changed
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FIGURE 3: Comparison of the active sites of N-propargylglycine—
inactivated TtPRODH and oxidized TtPRODH. The inactivated
enzyme is colored white with hydrogen bonds represented by black
dashed lines. The oxidized enzyme has yellow FAD, green protein
side chains, and hydrogen bonds represented by orange dashed lines.
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FIGURE 4: Spectral changes caused by inactivation of TtPRODH
by N-propargylglycine (7). The spectrum of oxidized TtPRODH
is represented by the curve with circles and has maxima at A =
449 and 380 nm. Spectra 1-15 were acquired after the addition of
N-propargylglycine. Curve 1 corresponds to the first spectrum
obtained immediately after adding the inhibitor and mixing. Curves
2-15 were collected at 92 s intervals. Note that the maximum at A
= 449 nm disappears and a new maximum centered at 1 = 383
nm appears as time advances.

significantly upon addition of N-propargylglycine. The Amax
at 449 nm disappeared over time. The Ay, at 380 nm initially
decreased and then gradually increased (Figure 4). Moreover,
the peak at 380 nm not only increased but also shifted to a
longer wavelength of 383 nm (Figure 4). The consistent
decrease of A4 suggests that the cofactor is reduced during
inactivation of the enzyme. In contrast, the increase in
absorbance in the 380-386 nm range observed here was not
observed during potentiometric and proline titrations of
TtPRODH (/7). Hence, these data suggest that the spectral
feature in this region arises from a new flavin species that is
formed during inactivation. This new species is presumably
the covalently modified FAD described in the previous
section.
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FIGURE 5: Kinetics of TtPRODH inactivation by N-propargylglycine
at 25 °C using the DCPIP activity assay. The percent activity
remaining after incubation with N-propargylglycine is plotted as a
function of time for four inactivator concentrations. The curves
represent the best least-squares global fit to eq 1. The coefficient
of determination of the fit is R> = 0.997. The inactivation parameters
obtained from fitting are kij,er = 0.43 &+ 0.05 min~! and K; = 0.8
+ 0.2 mM.

Kinetic Characterization of TtPRODH Inactivation. N-
Propargylglycine inactivated TtPRODH in a time- and
concentration-dependent manner, as shown in Figure 5.
Inactivation parameters were estimated by global fitting of
kinetic data measured at four different inactivator concentra-
tions to eq 1 and resulted in values of kipyee = 0.43 £+ 0.05
min~! and K7 = 0.8 &= 0.2 mM. The value of 0.43 min~! for
kinact indicates that the Kitz and Wilson replot (#;, versus
1/, eq 2) intersects the ordinate above the origin at 1.6 min.
This result is consistent with the formation of a dissociable
complex between the enzyme and N-propargylglycine before
inactivation and covalent attachment.

DISCUSSION

Mechanism of Inactivation of TtPRODH by N-Propar-
gylglycine. The structural, spectroscopic, and mass spectral
data presented here show that the FAD of N-propargylgly-
cine-inactivated TtPRODH is reduced and that the flavin N5
is covalently attached to the e-amino group of Lys99 by a
three-carbon chain. This active site event is also consistent
with the kinetic analysis, suggesting the formation of a
dissociable active site complex. These observations are
consistent with two inactivation mechanisms (Schemes 2 and
3). In both mechanisms, N-propargylglycine is initially
oxidized to N-propargyliminoglycine (8) with concomitant
reduction of FAD to FADH, (Schemes 2 and 3), analogous
to the oxidation of proline to PSC (Scheme 1A). In the first
mechanism (Scheme 2), the flavin N5 attacks the terminal
carbon of 8 to form the allenic species 9, which rearranges
to produce 10 and thereby completes the 1,4-addition. The
e-amino group of Lys99 can then attack the iminium ion in
10, which displaces glycine and results in the formation of
an imine linkage between Lys99 and the modified flavin (11).

In the second mechanism, N-propargyliminoglycine is
hydrolyzed to propynal (12) and glycine (Scheme 3). The
hydrolysis step is analogous to the hydrolysis of P5C (2) to
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glutamate semialdehyde (3). Modification of the flavin N5
will then occur by the route described above where propynal
is the electrophile. In this mechanism, species 8 must undergo
hydrolysis either on the enzyme or in solution. Because the
hydrolysis of P5SC is thought to be a nonenzymatic process,
it can be reasonably argued that 8 will also be hydrolyzed
in solution. This step and the necessary rebinding of 12 to
the enzyme make this mechanism less appealing than the
one shown in Scheme 2. However, it cannot be ruled out as
a possibility.

The e-amino group of Lys99 needs to adopt the neutral
ionization state to carry out nucleophilic attack on the
iminium ion in 10 or to form a Schiff base with the aldehyde

I
Lys-99

group of 14. If the pK, of Lys99 is unperturbed from its
solution value of ~10.0, the neutral form represents about
1% of the population of Lys99 at the pH used for inactivation
(8.0). Examination of the crystal structures of the native and
inactivated enzymes does not suggest an obvious mechanism
to lower the pK, of Lys99. It may be that the small amount
of the uncharged species present at pH 8 reacts with 10 or
14. This reaction would shift the ionization equilibrium of
Lys99 and place an additional amount of the lysine in the
reactive state. In this manner, all of the lysine could
eventually react with either 10 or 14.

The nucleophilic attack of the flavin N5 at the acetylene
group of either 8 or 12 is analogous to that proposed by
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Maycock and colleagues for inactivation of monoamine
oxidase by dimethylpropargylglycine (33). Several observa-
tions suggest that the FAD is reduced, including the faint
color of the crystals, decrease of absorbance near 450 nm
during inactivation, and large butterfly angle of the isoal-
loxazine ring (15, 17, 34). The isoalloxazine ring is planar
in structures of oxidized TtPRODH and the PutA PRODH
domain. The recent structure of the E. coli PutA PRODH
domain reduced by dithionite shows that reduction of the
flavin induces a butterfly angle of 22 ° (35), which is
comparable to the butterfly angle of inactivated TtPRODH.
Comparison to Structures of Other Inactivated Flavoen-
zymes. Mechanism-based inactivation has been studied for
several flavoenzymes (33, 36-38). The inactivators used
include N-propargylglycine, dimethylpropargylamine, vi-
nylglycine, 2-hydroxy-3-butynoate, rasagiline, and a prop-
argylamine-derivatized peptide. Crystal structures of some
of these irreversibly inactivated flavoenzymes have been
determined. For example, Binda et al. reported structures
of inactivated monoamine oxidase B with propargyl-based
inactivators, such as rasagiline (36, 37). In the rasagiline-
inactivated enzyme, the flavin is modified at the N5 atom
as in N-propargylglycine-inactivated TtPRODH. The struc-
ture reported here is different from rasagiline-inactivated
monoamine oxidase in that the FAD in TtPRODH is
covalently connected to a protein side chain. Our structure
is similar to that of a histone lysine-specific demethylase
inactivated by a peptide containing a propargylamine-
derivatized lysine residue (38). In both TtPRODH and the
demethylase, the flavin N5 is covalently tethered to a lysine
side chain by a three-carbon linker and the isoalloxazine is
bent. The TtPRODH structure described here is unique in
that the enzyme itself contributes the reactive lysine, whereas
the inactivator provides the lysine for the demethylase.
Potential Applications of Mechanism-Based Inactivators
of PRODH. The discovery that N-propargylglycine is a
mechanism-based inactivator of T. thermophilus PRODH
provides a new avenue for developing specific inhibitors of
PRODHs and PutAs. Mechanism-based PRODH inhibitors
could find application as pesticides because proline, via
proline catabolism, is a major fuel source for insects during
flight (39, 40). Of particular interest is Glossina morsitans,
a major vector for transmission of parasitic African trypa-
nosomes, which cause trypanosomiasis (African Sleeping
Sickness) and Chagas disease. In addition to the use of
proline by the vector, insect stages of trypanosomatids utilize
proline catabolism for energy (4/). PRODHs from these
organisms are, thus, potential targets for pesticide and
antitrypanosome development. It is notable that the only other
reported mechanism-based inactivator of PRODH, 4-meth-
ylene-L-proline, was shown to be lethal to Glossina (I8).
PRODH inactivators also offer a new way to modulate
proline catabolism in eukaryotic cells and, thus, they could
be useful for studying the role of PRODH in cancer and
apoptosis. Human PRODH (proline-specific isoform encoded
on chromosome 22q11) is a pro-apoptotic protein that helps
reduce carcinogenesis in humans by serving as a superoxide
generator. The gene for human PRODH is induced by the
cell proliferation regulator p53. Overexpression of PRODH
in colorectal cancer cell lines and various carcinomas induces
pS53-mediated apoptosis (5, 42—44). Further research has
shown that PRODH induces apoptosis in a proline-dependent
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manner by superoxide generation, even without utilizing p53-
mediated pathways (5). Mechanism-based inactivators of
human PRODH represent a possible alternative to gene
inactivation and RNAI for studying the connection between
proline metabolism and apoptosis in the setting of cancer
cells.
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