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ABSTRACT: Expression of the PSR132 protein fromDianthus caryophyllus(carnation, clover pink) is induced
in response to ethylene production associated with petal senescence, and thus the protein is named petal
death protein (PDP). Recent work has established that despite the annotation of PDP in sequence databases
as carboxyphosphoenolpyruvate mutase, the enzyme is actually a C-C bond cleaving lyase exhibiting a
broad substrate profile. The crystal structure of PDP has been determined at 2.7 Å resolution, revealing
a dimer-of-dimers oligomeric association. Consistent with sequence homology, the overallR/â barrel
fold of PDP is the same as that of other isocitrate lyase/PEP mutase superfamily members, including a
swapped eighth helix within a dimer. Moreover, Mg2+ binds in the active site of PDP with a coordination
pattern similar to that seen in other superfamily members. A compound, covalently bound to the catalytic
residue, Cys144, was interpreted as a thiohemiacetal adduct resulting from the reaction of glutaraldehyde
used to cross-link the crystals. The Cys144-carrying flexible loop that gates access to the active site is in
the closed conformation. Models of bound substrates and comparison with the closed conformation of
isocitrate lyase and 2-methylisocitrate lyase revealed the structural basis for the broad substrate profile of
PDP.

The glyoxylate cycle was discovered in bacteria (1) as a
means of converting two-carbon compounds for synthesis
of other cell constituents. The same cycle was subsequently
found in plants to convert acetyl-CoA from fat degradation
into succinate to fuel the tricarboxylic acid cycle (2). The
glyoxylate cycle operates in all cells that have the capacity
to convert acetate to carbohydrates, including bacteria, plants,
fungi, and animals. A key enzyme of the glyoxylate cycle is
isocitrate lyase (ICL)1 which cleaves isocitrate into succinate
and glyoxylate. A reaction analogous to that catalyzed by
ICL occurs in the metabolism of propionyl-CoA via the
2-methyl isocitrate cycle (3). The corresponding 2-methyl-
isocitrate lyase (MICL) cleaves 2-methylisocitrate into suc-
cinate and pyruvate. The amino acid sequences of the two
enzymes are homologous and belong to a protein superfamily
that also includes phosphoenolpyruvate mutase (PEPM),

carboxyphosphoenolpyruvate mutase (carboxyPEPM), phos-
phonopyruvate hydrolase, oxaloacetate acetylhydrolase, and
ketopantoate hydroxymethyl transferase. Even though the
reactions catalyzed by these enzymes are different (Figure
1), they are all proposed to proceed via oxyanion intermedi-
ates and/or transition states derived fromR-hydroxy- or
R-ketocarboxylate substrates (4). The functional diversity
within the ICL/PEPM superfamily appears to be even greater
than we presently know, because sequence analysis has
revealed a number of uncharacterized proteins with poten-
tially different activities (5). The members of the superfamily
with known structures, which include PEPM, ICL, MICL,
and ketopantoate hydroxymethyltransferase, share a common
overall fold and catalytic scaffold (5-15).

One of the members of the ICL/PEPM superfamily is the
318-amino acid residue PSR132 protein encoded by a gene
of Dianthus caryophyllus(carnation, clover pink), which is
induced in response to ethylene production associated with
petal senescence (programmed cell death) (16), and hence,
the gene product is named petal death protein (PDP). In the
preceding paper, we report that this protein is a homotetramer
of 34 kDa subunits (17). A BLAST sequence search (18)
on the nonredundant sequence database reveals that two
homologues (possibly paralogs) of PDP with 64 and 57%
identical sequences (including 289 aligned residues) exist
in Arabidopsis thaliana. All other ICL/PEPM superfamily
homologues exhibit a level of sequence identity with PDP
of e44%. The closest amino acid sequence of a functionally
characterized enzyme is that of carboxyPEPM fromStrep-
tomyces hygroscopicus(19), which is 39% identical to that
of PDP. The current annotation of PDP as a putative
carboxyPEPM (Swiss-Prot entry Q05957) was based solely
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on the sequence comparison. The work described in the
preceding paper showed that PDP is not carboxyPEPM (17).
Rather, in the presence of a divalent metal ion such as Mg2+,
the PDP catalyzes cleavage of the C(2)-C(3) bond in (2R)-
alkyl malate derivatives to form alkyl carboxylates and
R-ketocarboxylates as products (Figure 1). In addition, the
PDP catalyzes the same reaction as oxaloacetate acetylhy-
drolase (20, 21), a fungal enzyme which occupies the same
branch on the ICL/PEPM superfamily phylogeny tree (5).
This particular C(2)-C(3) cleavage reaction, which produces
oxalate rather than anR-keto acid, is likely to occur from
the oxaloacetate hydrate and proceeds through the same
mechanistic pathway followed by the otherR-hydroxymalate
substrates. In contrast to the substrates described above, the
PDP shows only the slightest activity toward the (2R,3S)-
isocitrate and (2R,3S)-2-methyl isocitrate, the substrates of
ICL and MICL, respectively (17).

The crystal structure determination of PDP complements
the recent functional studies. The structure reveals the active
site architecture, the relationship to other superfamily
members of known structure, and the basis for the broad
profile substrate recognition.

MATERIALS AND METHODS

Cloning, Expression, and Purification.Recombinant PDP
was prepared as described elsewhere (17). Selenomethionine

(SeMet) protein was prepared from theEscherichia coli
B834(DE3)plysS cells transformed with pET3a-PSR132
plasmid DNA. The cells were grown in Growth Medium X
(22) containing 50µg/mL carbenicillin to an OD600 of ∼0.8,
and then induced with 0.4 mM IPTG for 5 h at 35°C. The
protein purification procedures were the same as those used
to purify the wild-type protein (17), except that buffer A
[50 mM triethanolamine (pH 7.5), 5 mM MgCl2, and 0.5
mM DTT] was modified to contain 10 mM DTT.

Crystallization and Structure Determination.PDP crystals
were grown by vapor diffusion in hanging drops at 4°C.
Drops containing 1:1 volumes of protein in buffer A and
reservoir solutions were equilibrated against the reservoir
solution consisting of 0.1 M Tris-HCl (pH 7.5) and 12%
PEG 20000. The crystals belong to space groupP3121 with
the following unit cell parameters:a ) b ) 156.2 Å andc
) 75.1 Å. There are two protein monomers in the asymmetric
unit. The calculated crystal specific volume,VM, is 3.9 Å3/
Da, corresponding to a solvent content of 68%. Despite much
effort, a protocol to flash-cool the crystals was not found;
therefore, they were cross-linked with glutaraldehyde. A drop
of 2 µL of glutaraldehyde was placed on a microbridge
(Hampton) and allowed to diffuse for 6 h at 4°C. Then the
crystal was transferred into a mother liquor containing 20%
PEG 20000 in 0.1 M Tris-HCl (pH 7.5), soaked overnight,
and flash-cooled in liquid propane. The same procedure was
used for the wild-type and SeMet-containing protein crystals.

X-ray data were collected at 100 K at IMCA-CAT
beamline 17-ID at the Advanced Photon Source (Argonne,
IL) equipped with an ADSC CCD detector. The data from
a SeMet protein crystal were measured at the wavelengths
corresponding to the peak and the inflection point of the Se
absorption edge, as well as at a high-energy remote wave-
length. All data were processed with HKL2000 (23).
Statistics are given in Table 1.

The structure was determined at 3.4 Å resolution by the
multiwavelength anomalous diffraction (MAD) method,
exploiting the Se absorption edge. Six of 18 potential
selenium sites were located by the Shake-and-Bake method
(24) and were used for phasing with MLPHARE (25) as
implemented in CCP4 (26). Interestingly, all six sites
corresponded to one of the two independent protein mol-
ecules in the asymmetric unit, although in retrospect both
molecules have similar temperature factors. The phases were
improved by density modification using DM (27), as
implemented in CCP4, which included solvent flattening,
histogram matching, and phase extension to 2.7 Å resolution
using the wild-type protein crystal data. The resulting electron
density map was still of poor quality, but was sufficient for
locating severalR-helices and part of theâ-sheet. The phases
were further improved by applying 2-fold noncrystallographic
averaging which was based on the symmetry exhibited by
the secondary structure units. This partial model enabled an
approximate placing of the PEPM structure (PDB entry
1MUM) in the electron density, which was then used to guide
the model building. The atomic model of PDP was completed
over several cycles of manual modifications using O (28)
and automatic refinement using REFMAC (29). The TLS
option was activated at the end of refinement, thus reducing
the workingR-factor andRfree by almost 2%. Each protein
monomer was treated as a TLS rigid group. Water molecules
were added to the model on the basis of theFo - Fc

FIGURE 1: Reactions catalyzed by ICL/PEP mutase superfamily
members.
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difference Fourier electron density map when a protein
hydrogen bond partner was available within 3.5 Å.

RESULTS AND DISCUSSION

Quality of the Model.The atomic model of PDP includes
two protein monomers, each spanning residues 28-311 of
the 318 amino acids listed in the Swiss-Prot database
sequence (entry Q05957). Mass spectrometry together with
N-terminal sequencing showed that the three N-terminal
residues of the protein were cleaved (17). No electron density
was associated with residues 4-27 at the N-terminus and
residues 312-318 at the C-terminus; thus, they were assumed
to be disordered and not included in the model. The electron
density for the rest of the polypeptide backbone is clear and
unambiguous. One residue in each molecule, Asp109,
exhibits unusual main chain torsion angles:ψ andæ ) 48°
and-126°, respectively. An equivalent residue in the related
structures of MICL and PEPM exhibits this conformation
as well, and in all structures, this residue is associated with
the magnesium binding site. Pro141 was modeled in the cis
conformation. The model also includes 72 water molecules.
A magnesium ion is bound in the active site of each
molecule, and Cys144 is modified by glutaraldehyde to form
the thiohemiacetal adduct. Cys144 might have reacted with
the glutaraldehyde during the cross-linking step. A DTT
molecule (present in the crystallization solution) was con-
sidered instead of the thiohemiacetal adduct but was rejected
because its size and shape did not fit the electron density.

Refinement statistics are provided in Table 1. The crystal-
lographic R-factor is 0.195 for the refined data in the
resolution range of 10-2.7 Å, andRfree is 0.250 for reference
reflections that were not included in the refinement. The
atomic B-factors are high,∼80 Å2 on average for both
protein subunits, consistent with the low resolution of the

diffraction and the requirement to cross-link the crystals
because of their intolerance to common flash-cooling pro-
tocols. TheB-factor value estimated from the Wilson plot
(30) is also high (63 Å2). Each protein subunit was treated
as a rigid body group in the TLS refinement. TheL -tensor
is significantly non-zero for both subunits, indicating the
anisotropic character of the crystal disorder.

Superposition of the two independent molecules in the
asymmetric unit results in a root-mean-squares deviation
(rmsd) of 0.35 Å for all 284 CR atoms. This value may be
considered as an upper estimate of the coordinate error of
the model. The average coordinate error based on the
maximum likelihood statistics is 0.25 Å.

Molecular Topology.PDP has a topology of an (R/â)8

barrel (Figure 2A). The notable deviation from the canonic
R/â-barrel fold arises from the swapping of the eighth helix
between two protein monomers (Figure 2B). This is a
characteristic feature that distinguishes the ICL/PEPM su-
perfamily. In addition to theR/â-barrel scaffold, there are
four R-helical insertions in each subunit. The N-terminal
R-helix (RN) caps the barrel on its N-terminal side. The
R-helix spanning residues 66-74 (RA) follows the second
â-strand and is located on the C-terminal edge of the barrel.
A pair of helices at the C-terminus of the polypeptide chain
(RC1 andRC2) protrudes away from the protein subunit and
forms intersubunit contacts by traversing the entrance of the
active site of the neighboring molecule.

Two protein monomers form a tightly associated dimer
(Figure 2B). Two such dimers form a tetramer with an almost
exact 222 symmetry. The subunit interface area in the dimer
is 3500 Å2, which is 25% of the monomer surface. The
swapped helices and the ensuing C-terminal helices,RC1
and RC2, mediate much of this interface. The area buried
between two dimers in the tetramer is 2600 Å2, or 1300 Å2

per subunit, which is not as extensive as the area buried in
the dimer interface. In the crystal form presented here, the
dimers obey exact crystallographic symmetry, whereas their
association in the tetramer is pseudosymmetrical. A similar
quaternary structure has been observed for other ICL/PEPM
superfamily members regardless of the crystal form. Some
of them (PDB entries 1O5Q, 1IGW, and 1F8I) were
crystallized with the whole tetramer in the asymmetric part,
whereas others (PDB entries 1PYM, 1MUM, 1OQF, and
1F61) have a tetramer sitting on the crystal dyad. In one
case (ICL fromAspergillus nidulans, PDB entry 1DQU),
the molecular 222 symmetry coincides with the crystal
symmetry.

The DALI (31) search based on the monomer structure
has yielded a number ofR/â-barrel structures with the top
hits corresponding to ICL/PEPM superfamily members. PDP
is best superimposed onE. coli MICL (1XG3) andMytilus
edulis PEPM (1PYM) with rmsd’s of 1.5 and 2.0 Å,
respectively, for 280 common CR atoms. The overall
structural similarity to these proteins is consistent with the
sequence homology and establishes PDP as a member of
the superfamily. We note that this level of structure similarity
was insufficient to determine the PDP structure by molecular
replacement using either MICL or PEPM as the search
models.

PDP ActiVe Site.The active site inR/â-barrel proteins is
typically located at the C-terminal edge of the barrel (32).
This is also true for PDP and the other enzymes of the ICL/

Table 1: X-ray Data and Refinement Statistics for the Wild-Type
and SeMet Protein Crystals

wild type peak inflection remote

wavelength (Å) 1.2755 0.9792 0.9799 0.9724
resolution (Å) 2.7 3.4 3.4 3.4
no. of unique reflections 26327 (2104)a 13833 13971 13725
completeness (%) 90.1 (66.7)a 91.9 92.8 91.2
redundancy 10.2 (9.0)a 5.2 5.1 5.2
Rmergeb 0.056 (0.215)a 0.062 0.064 0.067
〈I/σ(I)〉 41.5 (5.9)a 22.5 19.4 19.2
Rcryst

c 0.195
Rfree

d 0.250
no. of protein atoms 4,326
no. of Mg2+ ions 2
no. of thiohemiacetal
glutaraldehydes

2

no. of water molecules 69
rmsd from ideal geometry
bond lengths (Å) 0.011
bond angles (deg) 1.42
meanB-factors,
model (Å2)

83

meanB-factors,
Wilson plot (Å2)

63

a Statistics for the high-resolution shell (2.8-2.7 Å) are in paren-
theses.b Rmerge ) ∑hkl[(∑j|Ij - 〈I〉|)/∑j|Ij|] for equivalent reflections
(Bijvoet pairs separated).c Rcryst ) ∑hkl||Fo| - |Fc||/∑hkl|Fo|, whereFo

andFc are the observed and calculated structure factors, respectively.
d Rfree is computed for 7.8% of reflections that were randomly selected
and omitted from the refinement.
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PEPM superfamily. Residues forming the active site are
located on all â-strands exceptâ1, and on two loops
following strandsâ2 (containing helixRA) andâ4. A number
of crystal complexes of these proteins with inhibitors and
reaction products have been reported (5, 6, 9, 11, 14). These
studies have established the residues involved in catalysis
and substrate binding. The multiple-sequence alignment
shown in Figure 3 highlights these residues.

Because the activity of all members of the ICL/PEPM
superfamily is Mg2+-dependent (or Mn2+), the PDP was
crystallized in the presence of 5 mM Mg2+. Indeed, the
electron density map revealed the metal bound in the active
site, 2.2 Å from the carboxylic group of Asp107 (Figure 4A).
In other superfamily members, the metal coordinates four
carboxylic groups of aspartic and glutamic acid residues

either directly or via water molecules. In the absence of any
substrate or inhibitor, the residue that is coordinated directly
to Mg2+ is that equivalent to either Asp107 or Asp109 of
PDP. When the substrate or inhibitor binds, Mg2+ always
interacts directly with the aspartic acid equivalent to Asp107.
In complexes, Mg2+ has an octahedral coordination with two
positions occupied by the carboxyl and hydroxyl oxygen
atoms of pyruvate or glyoxylate or the corresponding atoms
of inhibitors. Without bound ligand, two water molecules
often replace these positions. The limited resolution of the
diffraction of the PDP crystal did not allow an unambiguous
positioning of water molecules in the coordination sphere
of Mg2+, although some residual density around Mg2+

suggests their presence in the structure. Moreover, the
dispositions of Asp79, Asp107, Asp109, and Glu136 are

FIGURE 2: Structure of PDP. (A) Ribbon representation of the monomer fold. The eighth helix of theR/â barrel is swapped between
subunits of a dimer. It is shown in a different color (green) for the neighboring molecule and is labeled with an asterisk. TheR-helices and
â-strands forming theR/â-barrel scaffold are numbered 1-8 sequentially. The N-terminalR-helix is labeledRN; the C-terminalR-helices
are labeledRC1 andRC2, and the shortR-helix associated with the active site is labeledRA. The latter helix and the active site gating loop
are colored red. Mg2+ is depicted as a magenta sphere. (B) Tetrameric association (dimer of dimers). Helices are depicted as cylinders.
Each protein subunit is colored differently, so the swappedR-helices are highlighted.

FIGURE 3: Structure-based multiple-sequence alignment of ICL/PEPM superfamily members with known structure and/or confirmed function.
For brevity, segments remote from the active site region are omitted. Abbreviated protein names and the organism names are listed.
Abbreviations: PDP, petal death protein; MICL, 2-methylisocitrate lyase; ICL, isocitrate lyase; CPPM, carboxyPEP mutase; OXAHYD,
oxaloacetate acetylhydrolase; PEPM, PEP mutase; PPYRH, phosphonopyruvate hydrolase. For each block, the residue numbers at the
beginning and end of the block are listed. Active site residues are highlighted in yellow. The catalytic cysteine and glutamic acid residues
characteristic of the lyases are marked with asterisks. Residues involved in substrate discrimination are marked with squares.
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similar to those of the Mg2+-coordinating residues seen in
other superfamily members (compare, for example, panels
A and B of Figure 4).

Next to the metal site is the substrate binding pocket of
PDP, which is occupied in both molecules in the asymmetric
unit by an unknown ligand. The electron density protrudes
from Cys144 on the loop followingâ4, a residue analogous
to the catalytic cysteine in ICL and MICL (Figure 3). The
electron density was best fitted as a glutaraldehyde molecule
that forms a thiohemiacetal adduct with the Sγ atom of
Cys144 (Figure 4A). This interpretation appears to be most
plausible because the crystals were treated with glutaralde-

hyde prior to flash-cooling, and no substrate or substrate
analogue was added to the crystallization solution. The
glutaraldehyde moiety is in an extended conformation so that
the free aldehyde group farthest from the Cys144 Sγ atom
interacts with Arg179 (equivalent to the catalytic Arg158 in
MICL). Superposition of the PDP structure on the MICL
enzyme-product complex (5) shows that the glutaraldehyde
is located where the MICL products bind (Figure 4A,B).

Cys144 is located on a flexible loop that follows strand
â4, which in ICL, MICL, and PEPM adopts either an “open”
or a “closed” conformation depending on the absence or
presence of the substrate or inhibitor. The open conformation

FIGURE 4: Stereoscopic view of the active site of PDP and MICL. (A) PDP with bound Mg2+ and glutaraldehyde in the form of thiohemiacetal
(labeled GLH). The gating loop and the substrate carboxylate-bindingR-helix, RA, are shown as a coil and a ribbon, respectively. Atomic
colors for protein side chains are as follows: gray for carbon, red for oxygen, blue for nitrogen, and yellow for sulfur. For the glutaraldehyde
moiety, carbon atoms are colored green. Mg2+ is depicted as a magenta sphere. (B) C123S mutant of MICL bound to Mg2+ and products,
pyruvate (labeled Pyr) and succinate (labeled Suc). The coloring scheme is that from panel A. (C) A model of PDP bound to Mg2+ and
2-ethyl malate. The model was built on the basis of the structure of the MICL-product complex. Coloring scheme as in panel A.
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allows substrate to bind and products to be released. The
closed conformation is essential for active site desolvation
and catalysis. In the PDP structure, the loop (residues 138-
153) adopts a closed conformation that is most similar to
that seen in MICL (5). In the closed conformation, the gating
loop is “locked” by additional interactions with the C-
terminal segment (RC1 andRC2) of the neighboring subunit
that traverses the entry to the active site (Figure 2B). Closure
of the loop in the presence of the Cys144/glutaraldehyde
thiohemiacetal is reminiscent of the loop closure associated
with the modification of the ICL catalytic cysteine by
bromopyruvate (9).

Catalytic ActiVity and Substrate Specificity.Phylogeny
analysis of the ICL/PEPM superfamily revealed several
clusters of closely related proteins within the superfamily
(5). PDP belongs to a cluster that also includes carboxyPEPM
(sequence 40% identical to that of theStreptomycesVirido-
chromogenesenzyme) and oxaloacetate acetylhydrolase
(sequence 32% identical to that of theAspergillus niger
enzyme), two enzymes with very different activities. Because
of the high level of sequence identity, PDP was proposed to
be a carboxyPEPM (16), yet detailed activity studies have
recently established that PDP has no carboxyPEPM or PEPM
activity (17). Instead, the enzyme exhibits a Mg2+-dependent
lyase activity toward a range of substrates. The highest
activity is with (2R,3S)-2-ethyl-3-methyl malate and with
oxaloacetate, which we assume is bound as the C(2) hydrate
(17). Several possible substrates were modeled into the PDP
active site in place of the thiohemiacetal ligand to generate
a picture of the enzyme-substrate complex [Figure 4C
depicts the model of the complex with (2R)-ethyl malate].
These models were used to analyze the PDP catalytic scaffold
in the context of the reported structures of other ICL/PEPM
superfamily members.

PDP possesses the two catalytic residues that are conserved
in ICL, MICL, carboxyPEPM, and oxaloacetate acetylhy-
drolase (Figure 3). Using the PDP amino acid numbering,
these are Cys144 (the likely proton source for the aci-
carboxylate anion leaving group) and Glu209 [which in its
protonated state shares the proton with the C(3)COO- group]
(5, 9). In addition, the residues common to both the C-C
and P-C bond forming and breaking superfamily members
(with the exception of ketopantoate hydroxymethyltrans-
ferase) are conserved in PDP: Arg179 [which binds the
C(3)COO- and C(2)O groups in the lyases, and the PO3

-

and C(2)O groups in PEPM] and the four carboxylic acids
associated with the Mg2+ binding site, Asp79, Asp107,
Asp109, and Glu136 (Figures 3 and 4). The gating-loop
lysine is also present (Lys142), implying that loop opening
and closure play the same mechanistic role.

It is the active site architecture that underlies the differ-
ences in substrate specificity and catalytic efficiencies of
PDP, MICL, and ICL. Indeed, much of the PDP broad
substrate specificity reported in the preceding paper (17) can
be rationalized in structural terms. Both ICL and MICL from
E. coli exhibit strict specificity toward their substrate and
high catalytic efficiency (kcat/Km values of 5.6× 106 and
7.8 × 105 M-1 s-1, respectively). PDP on the other hand
exhibits minimal activity with the ICL and MICL substrates,
(2R,3S)-isocitrate and (2R,3S)-2-methyl isocitrate (kcat ∼ 1
× 10-4 s-1), and a modest but physiologically significant
level of activity toward (2R,3S)-2-ethyl-3-methyl malate (kcat

) 8.4 s-1, Km ) 530 µM, andkcat/Km ) 2 × 104 M-1 s-1)
and oxaloacetate (kcat ) 2.7 s-1, Km ) 130µM, andkcat/Km

) 2 × 104 M-1 s-1) (17). Replacing the C(2) ethyl group
with a methyl or propyl group reduces bothKm and kcat,
leading to a catalytic efficiency approximately 10-fold lower
than that with an ethyl group. On the other hand, (2R)-malate
is not a substrate for PDP (kcat < 1 × 10-5 s-1), which
underscores the importance of the C(2) substituent in
productive binding. PDP does not act on isocitrate derivatives
containing an acetyl group on C(3), and instead prefers a
methyl group (17). Malate derivatives without substituents
on C(3) are also substrates, although the catalytic efficiency
is reduced [for example,kcat/Km ) 2 × 103 M-1 s-1 for (2R)-
ethyl malate].

To explain the structural basis for discrimination between
isocitrate and 2-methyl isocitrate by ICL and MICL, Grimm
et al. proposed that a triad of residues [Phe186, Leu234, and
Pro236 in MICL, and the equivalent residues, Trp283,
Phe345, and Thr347, in ICL (Figure 3)] forms a hydrophobic
pocket which in MICL can accommodate a methyl group
but in ICL can only accommodate a hydrogen atom (10).
With the structure determination of MICL bound to the
product and to the isocitrate inhibitor, we realized that the
size of the hydrophobic pocket depends to a large extent on
the backbone placement of these residues, and therefore, the
residues need not necessarily be conserved within each
enzyme group (5). For PDP, the “specificity triad” comprises
Phe207, Ala255, and Ser257 (Figure 3). Modeling of 2-ethyl
malate in the PDP active site (Figure 4C) and superposition
of MICL, ICL, and PDP revealed that the PDP hydrophobic
pocket is the largest of the three, and thus can accommodate
an ethyl group at C(2). Propyl and methyl groups also fit,
yet the kinetic characterization suggests that the PDP pocket
is optimal for the size of an ethyl group. Obviously, hydrogen
at C(2) could be accommodated as well, but the empty space
may result in an unproductive binding mode, similar to the
unproductive binding mode of (2R,3S)-isocitrate in MICL
(5). This is consistent, although not dictated by, with the
low rate of catalysis of (2R)-malate reported in ref17.

The PDP pocket is more hydrophobic than those of MICL
and ICL because the Tyr-His pair (Tyr43 and His113 inE.
coli MICL and Tyr90 and His281 inM. tuberculosisICL)
is replaced with two phenylalanine residues in PDP, Phe64
and Phe134 (Figure 3). The Phe134 side chain adopts an
alternate conformation with respect to that of the analogous
histidine side chain (Figure 4B,C), thus providing a larger
binding pocket.

The PDP specificity triad can accommodate a hydroxyl
group at C(2), as in oxaloacetate hydrate, which is ap-
propriately oriented to form a hydrogen bond with the Ser257
hydroxyl group. Alternatively, a water molecule might
occupy the site adjacent to Ser257, in which case it could
mount a nucleophilic attack on C(2) following the C(2)-
C(3) bond cleavage to produce oxalate. Whether the oxalo-
acetate binds in the form of C(2) hydrate or as a nonhydrated
compound is related to the extent of similarity between the
lyase and oxaloacetate acetylhydrolase catalytic mechanisms.
The solvent structure is uncertain because of the low
resolution of the PDP structure determination, which prevents
us from distinguishing between the two possibilities. Regard-
less of the mechanism, the catalytic activity of PDP toward
hydrolytic cleavage of oxaloacetate is within 1 order of
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magnitude of that of theBotryotinia fuckelianaoxaloacetate
acetylhydrolase (kcat ) 15.5 ( 0.2 s-1, Km ) 65 ( 3 µM,
andkcat/Km ) 2.4× 105 M-1 s-1), an enzyme that, in contrast
to PDP, exhibits minimal activity toward (2R,3S)-2-ethyl-
3-methyl malate (17). The fungal oxaloacetate acetylhydro-
lase also contains a serine residue at the same position as
Ser257 of PDP. However, the use of an isoleucine in the
place of Ala255 of the PDP may reduce the size of the
binding pocket, thereby impairing productive binding of
(2R,3S)-2-ethyl-3-methyl malate.

The C(3) acetate group of isocitrate and 2-methyl isocitrate
renders these compounds poor substrates of PDP. Compari-
son of the PDP structure with those of MICL and ICL shows
that the acetate group forms favorable electrostatic interac-
tions with protein groups [Arg241, Arg270, and Thr212 in
MICL and His193, Asn313, Ser315, Ser317, and Thr347 in
ICL (Figure 3)]. In PDP, the position of the hydrophobic
side chains of Ile233, Leu258, and Tyr68 cannot be adjusted
because of their crowded environment, and these side chains
would clash with a substrate’s C(3) acetate group. Conse-
quently, only a methyl group or a hydrogen atom can be
accommodated. Comparison of the kinetic constants mea-
sured for (2R)-methyl malate (kcat ) 0.2 s-1, Km ) 290µM,
andkcat/Km ) 7 × 102 M-1 s-1) and (2R,3S)-dimethyl malate
(kcat ) 0.04 s-1, Km ) 26 µM, andkcat/Km ) 1 × 103 M-1

s-1) indicates that the C(3) methyl might facilitate binding
at the expense of catalysis [the opposite trend than that seen
in increasing the size of the C(2) substituent (17)]. The
absence of PDP substrate activity in the (3S)-isopropyl malate
and (3S)-butyl malate is suggestive of too much bulk at C(3)
and/or not enough bulk at C(2) in these ligands (17).

From inspection of the PDP active site, we do not gain a
clear idea of what changes might be made in the malate
scaffold to improve substrate activity with the PDP. The
100-1000-fold lower catalytic efficiency of PDP compared
with those of MICL and ICL remains a puzzle. The
replacement of a Tyr-His pair found in all other lyases with
Phe64 and Phe134 in PDP might contribute to its low activity
(Figure 3). The tyrosine hydroxyl group interacts with the
substrate, and we previously proposed that the Tyr-His pair
may assist proton shuttle (5). It would be interesting to mutate
these residues in the future and to determine the effect of
the mutations on catalysis.

It is possible the true substrate of PDP has not been
identified, although the functional groups of such a substrate
must be similar to those of substrates identified in the
substrate screen (17). Nevertheless, in contrast to ICL and
MICL, PDP exhibits both the broad substrate profile and
the lower enzymatic efficiency typical of a scavenger
enzyme. Programmed petal death involves numerous deg-
radation processes that enable accumulation of nutrients for
seed development. The demonstration that PDP catalyzes
C-C bond cleavage of several substrates leading to products
commonly used in metabolic pathways (i.e., pyruvate,
2-ketobutarate, acetate, and propionic acid), together with
the insight about the origin of broad specificity provided by
the structural work, suggests that this lyase might by design
function in metabolite recycling. In addition, the PDP-
catalyzed conversion of oxaloacetate to oxalate might be
important for the regulation of Ca2+ levels in senescent cells
because oxalate plays a role in sequestering and storing Ca2+

in plants.
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