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ABSTRACT: The work described in this paper was carried out to define the chemical function a new member
of the isocitrate lyase enzyme family derived from the flowering plantDianthus caryophyllus. This protein
(Swiss-Prot entry Q05957) is synthesized in the senescent flower petals and is named the “petal death
protein” or “PDP”. On the basis of an analysis of the structural contexts of sequence markers common to
the C-C bond lyases of the isocitrate lyase/phosphoenolpyruvate mutase superfamily, a substrate screen
that employed a (2R)-malate core structure was designed. Accordingly, stereochemically defined C(2)-
and C(3)-substituted malates were synthesized and tested as substrates for PDP-catalyzed cleavage of the
C(2)-C(3) bond. The screen identified (2R)-ethyl, (3S)-methylmalate, and oxaloacetate [likely to bind as
the hydrate, C(2)(OH)2 gem-diol] as the most active substrates (for each,kcat/Km ) 2 × 104 M-1 s-1). In
contrast to the stringent substrate specificities previously observed for theEscherichia coliisocitrate and
2-methylisocitrate lyases, the PDP tolerated hydrogen, methyl, and to a much lesser extent acetate
substituents at the C(3) position (Sconfiguration only) and hydoxyl, methyl, ethyl, propyl, and to a much
lesser extent isobutyl substituents at C(2) (R configuration only). It is hypothesized that PDP functions in
oxalate production in Ca2+ sequestering and/or in carbon scavenging fromR-hydroxycarboxylate catabolites
during the biochemical transition accompanying petal senescence.

The work described in this paper was carried out to define
the chemical function of an unknown protein in the isocitrate

lyase (ICL1)/phosphoenolpyruvate mutase (PEPM) enzyme
superfamily. This protein, hereafter called the petal death
protein (PDP) (316 amino acids; Swiss-Prot entry Q05957),
was discovered through the sequencing of a cDNA transcript
prepared from mRNA synthesized in carnation flower petals
(Dianthus caryophyllus) undergoing ethylene-induced se-
nescence (1) [i.e., programmed cell death (2)]. The ICL/
PEPM enzyme superfamily is presently known to consist of
PEP mutase (3-8), phosphonopyruvate hydrolase (Ppyr
hydrolase) (9), carboxyPEP mutase (CPEP mutase) (10, 11),
3-methyl-2-oxobutanoate hydroxymethyltransferase (MOBL)
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(12-15), oxaloacetate hydrolase (OAH) (16, 17), isocitrate
lyase (ICL) (18-22), and 2-methylisocitrate lyase (MICL)
(23-27). The reactions catalyzed by these enzymes are
illustrated in Figure 1A. The core chemistry of this super-
family is the stabilization of an oxyanion intermediate (and/
or transition states). ICL, MICL, and OAH form a tetrahedral
oxyanion intermediate in conjunction with an aci-carboxylate
intermediate, whereas the PEP and CPEP mutases, Ppyr

hydrolase, and MOBL form an enolate oxyanion as an
intermediate (see Figure 1B).

The catalytic scaffold of the ICL/PEPM superfamily is
formed at the C-terminal edge of anR/â-barrel by nine
peptide segments, one of which is derived from a swapped
C-terminalR-helix of an adjacent subunit [Figure 2A shows
the catalytic scaffold inEscherichia coli2-methylisocitrate
lyase (27)]. The other eight peptide segments are derived

FIGURE 1: (A) Reactions catalyzed by known members of the isocitrate lyase superfamily. (A) The lyases ICL (isocitrate lyase) and MICL
(2-methylisocitrate lyase). (B) The mutases PEP mutase (phosphoenolpyruvate mutase) and CPEP mutase (carboxyphosphoenolpyruvate).
(C) The transferase MOBL (3-methyl-2-oxobutanoate hydroxymethyltransferase). (D) The hydrolase Ppyr hydrolase (phosphonopyruvate
hydrolase). (E) The putative lyase (pathway I) and hydrolase (pathway II) pathways of OAH (oxaloacetate hydrolase) catalysis. (B) Oxyanion
reaction intermediates that are presumed to be stabilized by the mutase/transferase and lyase branches of the ICL/PEPM superfamily. E+

represents the electrophile, which in the case of PEP mutase is metaphosphate and in the case of the 3-methyl-2-oxobutanoate
hydroxymethyltransferase is N5, N10-methylene tetrahydrofolate.
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from the C-terminal regions of theâ-strands, the loops
connecting theR- and â-elements of the barrel, and the
N-terminus of a nonbarrel helix. The first eight signature

segments are numbered sequentially starting with the N-
terminus, and segment 9 is assigned to a C-terminal region
of the adjacent subunit that traverses the top of the active
site (6). The catalytic scaffold positions core residues and
diversification residues, which are illustrated for 2-methyl-
isocitrate lyase in Figure 2B. With the exception of the most
divergent member, MOBL (14, 15), the core residues are
stringently conserved among the family members (see the
sequence alignment in Figure 3) as they serve to bind the
common substrateR-C(dO)COO unit or the Mg2+ cofactor.
The diversification residues are used in the tailoring of the
active site for a specific substrate and reaction type.
Importantly, sequence alignments showed that PDP contains
two key diversification residues (a Glu on segment 6 and a

1 Abbreviations: PDP, petal death protein; ICL, isocitrate lyase;
MICL, 2-methylisocitrate lyase; OAH, oxaloacetate hydrolase; MOBL,
3-methyl-2-oxobutanoate hydroxymethyltransferase; CPEP mutase,
carboxyphosphoenolpyruvate mutase; PEP mutase, phosphoenolpyru-
vate mutase; Ppyr hydrolase, phosphonopyruvate hydrolase; LDH,
lactate dehydrogenase; MDH, malate dehydrogenase; NADH, dihy-
dronicotinamide adenine dinucleotide; K+Hepes, potassium salt of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; K+Mes, potassium salt
of 2-(N-morpholino)ethanesulfonic acid; K+Pipes, potassium salt of
piperazine-1,4-bis(2-ethanesulfonic acid); K+Taps, potassium salt of
N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid; K+Caps,
potassium salt ofN-cyclohexyl-3-aminopropanesulfonic acid; Capso,
3-(cyclohexylamino)-2-hydroxypropane.

FIGURE 2: (A) Structure of theE. coli C123S 2-methylisocitrate lyase mutant bound with Mg2+ (gray) and the product ligands pyruvate
(gray) and succinate (gray). The backbone structure of subunit A of the homotetramer was drawn using the coordinates reported in ref37
(Protein Data Bank entry 1xg3) using PyMol release 0.98 (DeLano Scientific LLC) to illustrate the nine protein segments (1-9) forming
the catalytic scaffold. The amino acid sequences of these regions are listed in Figure 3 for 2-methylisocitrate lyase and the other known
members of the ICL/PEPM superfamily. The color scheme and residue numbers are as follows: segment 1 (red, residues 43-49), segment
2 (yellow, residues 55-59), segment 3 (blue, residues 83-89), segment 4 (pink, residues 114-129), segment 5 (orange, residues 156-
161), segment 6 (cyan, residues 184-188), segment 7 (magenta, residues 209-217), segment 8 (slate, residues 232-242), and segment 9
(green, subunit B residues 264*-293*). (B) Stereoview of the residues located within 5 Å of either product ligand. The nitrogen atoms are
colored blue, the oxygen atoms colored red, and the carbon atoms color coded to indicate function. The Mg2+ is colored magenta as are
the carbon atoms of its four binding residues. The carbon atoms of the pyruvate ligand are colored green, and those of the succinate ligand
are colored cyan. The catalytic Cys123 (mutated to Ser123 in the crystal structure) is colored gray as is the catalytic Glu188 [in its protonated
form it donates a hydrogen bond to the substrate C(4)OO group]. The carbon atoms of the side chains that encase the (2R,3S)-2-methyl
isocitrate C(3)CH2COO substituent are colored brown, and those that encase the C(2)CH3 group are colored slate. All other carbon atoms
are colored yellow. Gly46 of segment 1 is located at the N-terminus of a nonbarrel helix. Its backbone amide, together with the backbone
amide of the ensuing residue, provides an oxyanion hole to the substrate C(1) carboxylate group. Asp58 of segment 2 and the two Asp
residues of segment 3 (positions 85 and 87) bind (directly or via bridging water molecules) the Mg2+ cofactor that coordinates the substrate
R-C(dO)COO unit. Arg158 of segment 5 engages in H-bond formation with the substrateR-CdO group. Segment 4 includes part of a
flexible loop that gates the active site (17, 30-32, 37) and part of the precedingâ-strand. The stringently conserved Glu-Asp...Lys motif
(Figure 3) plays a key role in configuring the loop, and Glu115 binds the metal ion water ligand.
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Cys on segment 4) conserved in the CPEP mutase and in
ICL, MICL, and OAH for acid-base catalysis (see Figure
3 and ref27). The residues that encase the C(2) and C(3)
substituents of the malate backbone of the isocitrate and
2-methylisocitrate are largely concentrated on segments 7-9.
In MICL, the C(2)CH3 group is surrounded by Tyr43
(segment 1), Phe186 (segment 6), Asn210 (segment 7),
Leu234 (segment 8), and Pro236 (segment 8) and the C(3)-
CH2COO group is surrounded by Thr212 (segment 7),
Leu237 (segment 8), Arg241 (segment 8), Arg270* (subunit
B, segment 9), and Tyr274* (subunit B, segment 9) (Figure
2B). These segments appear to play an especially important
role in substrate specificity (see ref27). The presence of the
segment 4 motif K(K,R)C*GH and segment 6 Glu in the
PDP sequence suggests that it too is a lyase, but, as indicated
by the sequence usage on segments 7-9 (Figure 3), one with
a different substrate specificity.

Accordingly, a substrate screen for PDP function assign-
ment was developed on the basis of the carbon scaffolds of
malate (the backbone of isocitrate) and its oxidized form,
oxaloacetate. In this paper, we report the results of this screen
which demonstrate significant levels of catalytic activity
toward C(2)-C(3) bond cleavage in oxaloacetate and in (2R)-
alkylmalates and discuss the physiological role that these

activities might play in plant senescence. In the following
paper (28), the X-ray structure of carnation PDP, which was
ultimately determined, is presented and the mechanism of
substrate recognition and catalysis is analyzed within this
structural context.

MATERIALS AND METHODS

General. Except where mentioned, all chemicals were
purchased from Sigma-Aldrich. Custom-synthesized PCR
primers were obtained from Invitrogen as were the restriction
enzymes, thepfupolymerase, and the T4 DNA ligase. NMR
spectra were recorded on a Brucker Avance 500 NMR
instrument. DNA sequencing analysis was carried by the
DNA Sequencing Facility of the University of New Mexico.
SDS-PAGE was performed with gels prepared from a 12%
acrylamide gel with a 3% stacking gel (37.5:1 acrylamide:
biacryamide ratio) (Bio-Rad). Mass spectrometry measure-
ments of organic compounds were taken by the Mass
Spectrometry Lab in the Department of Chemistry and
Biochemistry of University of Maryland (College Park, MD).
Optical rotation was measured with a model DIP-1000 Jasco
polarimeter.E. coli isocitrate lyase and 2-methylisocitrate
lyase were prepared as described previously (27). Protein
concentrations were determined using the Bradford method
(29).

Cloning, Expression, and Purification.The gene (GenBank
accession number Q05957) encoding the PDP protein ofD.
caryophyllus(carnation flower) was amplified by PCR (30)
from the PSR132 cDNA (1) using pfuTurbo DNA poly-
merase (Stratagene) and oligonucleotide primers withNdeI
and BamHI restriction sites, and cloned into the pET-3a
vector (Novagen). The recombinant plasmid, PSR132-pET3a,
was used to transform theE. coli BL21(DE3) plysS
competent cells (Novagen). The cells were grown at 28°C
in Luria broth (LB) for 10 h to an OD600 of ∼1 in the
presence of 50µg/mL carbenicillin and then induced with
0.4 mM IPTG for 5 h at 30°C. The cells were harvested by
centrifugation, suspended in the lysis buffer [50 mM K+-
Hepes (pH 7.5), 1 mM EDTA, 1 mM benzamide hydro-

FIGURE 3: Amino acid sequences of the nine peptide segments defining the catalytic scaffolds of ICL/PEPM superfamily members PEP
mutase (Mytilus edulis), P-pyr hydrolase (phosphonopyruvate hydrolase fromVarioVorax sp.), CPEP mutase (carboxyPEP mutase from
Streptomyces hygroscopicus), ICL (isocitrate lyase fromMycobacterium tuberculosis), MICL (2-methylisocitrate lyase fromE. coli), PDP
(petal death protein PSR132 fromD. caryophyllus), and OAH (oxaloacetate hydrolase fromB. fuckeliana). The core residues are boxed,
and the key diversification residues (Glu and Cys) that underlie isocitrate lyase and 2-methylisocitrate activities are marked with symbols.

FIGURE 4: pH-rate profiles for the PDP-catalyzed reaction of (2R)-
ethyl-(3S)-methyl malate measured in the presence of 5 mM MgCl2
at 25°C. See Materials and Methods for details.
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chloride, 0.05 mg/mL trypsin inhibitor, 1 mM 1,10-
phenanthroline, 0.1 mM PMSF, and 5 mM DTT], and passed
through a French press. The cell lysate was centrifuged, and
the supernatant was loaded onto a DEAE-cellulose column
equilibrated with buffer A [50 mM triethanolamine (pH 7.5),
5 mM MgCl2, and 0.5 mM DTT] at 4°C. The protein was
eluted with a linear gradient of 0 to 0.3 M KCl in buffer A.
The fractions containing PDP were supplemented with
ammonium sulfate to 20% saturation and loaded onto a
Phenyl-Sepharose column. The protein was eluted with a
linear gradient of 20 to 0% saturated ammonium sulfate in
buffer A, dialyzed against buffer A, and loaded onto a
DEAE-Sepharose column. The protein was eluted with a
linear gradient of 0 to 0.3 M KCl in buffer A and
concentrated to 15 mg/mL using an Amicon cell. The protein,
judged to be homogeneous on the basis of SDS-PAGE, was
obtained in a yield of 7 mg/g of wet cells. The molar
extinction coefficient at 280 nm, based on the Bradford
protein determination, is 25 863 M-1 cm-1. The purified
protein was stored at-80 °C.

PDP N-Terminal Sequence Determination.PDP was
chromatographed on a SDS-PAGE gel and transferred to a
PVDF membrane (Novex Co.) and subjected to automated
N-terminal amino acid sequencing to obtain the sequence
PNGTTNGETEV.

PDP Molecular Size Determination.The theoretical MW
of the recombinant PDP enzyme was calculated using the
ExPASy Compute pI/MW tool (31). The subunit size of
recombinant PDP enzyme was determined using SDS-
PAGE in conjunction with molecular weight standards from
Invitrogen. The subunit mass was determined TOF MS-ES
mass spectrometry (University of New Mexico Mass Spec-
trometry Lab). The native molecular mass was determined
with a Sephacryl S-200 gel filtration column (1.5 cm× 180
cm; Pharmacia) chromatography carried out at 4°C using
0.1 M KCl with buffer B [50 mM K+Hepes and 0.5 mM
DTT (pH 7.5)] as the eluant. The column was calibrated
using a Pharmacia gel filtration calibration kit [thyroglobulin
(669 000), catalase (232 000), albumin (67 000), and chy-
motrypsinogen A (25 000)].

Site-Directed Mutants.Site-directed mutagenesis was
carried out using a PCR-based strategy (30) with pfu
polymerase. Plasmid pET-3a-PSR132 was used as the
template DNA for all the primary PCRs. Mutant protein
purifications followed the same protocol as described for the
wild-type recombinant enzyme.

Reactants.3-Hydroxy-3-methylglutaric acid, oxaloacetate,
citric acid, (R)-malic acid, (S)-malic acid, (2R)-methylmalic
acid, (2S)-methylmalic acid, (2R,3S)-isocitric acid, and
(2S,3S:2R,3R)-tartaric acid were purchased from Sigma-
Aldrich. threo-(2R,3S:2S,3R)-2-methylisocitrate anderythro-
(2S,3S:2R,3R)-2-methylcitrate were each prepared according
to a published procedure (32) as was phosphonopyruvate
(33). CarboxyPEP was provided by J. Gerlt (University of
Illinois, Urbana, IL). (2R,3S)-Isopropylmalate (synthesized
by M. Jung) and 3-butylmalate (Aldrich Rare Chemicals,
catalog no. S789046) were provided by S. Clarke (University
of California, Los Angeles, CA).

Enzymatic Synthesis of (2R,3S)-2,3-Dimethylmalic Acid.
A 300 mL solution of 29µM PDP, 5 mM MgCl2, 5 mM
DTT, 500 mM sodium propionate, 500 mM sodium pyruvate,
and 100 mM Tris buffer (pH 7.5) was stirred at 25°C for 3

days. The solution was then diluted with 1 M KOH to a pH
of ca. 10, and hydrogen peroxide (30% aqueous, 30 mL)
was slowly added. The resulting solution was stirred at 90
°C for 30 min, and then 10 mg of catalase was added. The
mixture was filtered through a 10 kDa membrane (Amicon),
concentrated in vacuo to ca. 100 mL, adjusted with 12 M
HCl to a pH of 1, and extracted with ethyl acetate. The ethyl
acetate solution was dried over Na2SO4 and concentrated in
vacuo to yield a residue which was crystallized from ethyl
acetate and petroleum ether, yielding 2.0 g of (2R,3S)-2,3-
dimethylmalic acid: mp 99-100 °C [lit. (34-36) 99-100
and 97-99 °C]; [R]20

D -15.9 (c ) 0.1, H2O) [lit. (34) -16.4
(c ) 5, H2O]; 1H NMR (500 MHz,d3-acetone)δ 2.97 (q,J
) 7.3 Hz, 1H), 1.34 (s, 3H), 1.26 (d,J ) 7.3 Hz, 3H);13C
NMR δ 177.2, 176.0, 74.9, 46.2, 23.6, 11.1; MS (M+ 1)
m/z 163.0615, calcd for C6H10O5 m/z 163.0606.

Enzymatic Synthesis (2R)-2-Ethylmalic Acid.A 1 L
solution of 10µM PDP, 5 mM MgCl2, 1 mM DTT, 350
mM sodium acetate, 250 mM 2-ketobutyric acid, and 20 mM
K+Hepes at pH 7.5 and 25°C was gently stirred for 3 days,
and adjusted with 1 M KOH to a pH of ca. 10. Hydrogen
peroxide (30% aqueous, 40 mL) was slowly added and the
resulting solution stirred at 100°C for 60 min, filtered
through a 10 kDa membrane (Amicon), concentrated in
vacuo to ca. 100 mL, adjusted with 12 M HCl to a pH of 1,
and extracted with ethyl acetate. The ethyl acetate layers were
dried over Na2SO4 and concentrated in vacuo to yield (2R)-
2-ethylmalic acid (1.93 g) as a white solid: mp 147-148
°C (from ethyl acetate) (lit. 147-148 °C); [R]25

D -14.8 (c
) 0.4, H2O) [lit. (37) [R]20

D -14.4 (c ) 1.02, H2O)]; 1H
NMR (500 MHz,d3-acetone)δ 2.92 and 2.63 (AB quartet,
J ) 16.3 Hz, 2H), 1.72 (m, 2H), 0.89 (t,J ) 7.4 Hz, 3H);
13C NMR δ 176.0, 172.1, 75.4, 43.1, 32.6, 7.5; MS (M+ 1)
m/z 163.0598, calcd for C6H10O5 m/z 163.0606. The spec-
troscopic data for this substance matched those previously
reported for the title compound (38).

Enzymatic Synthesis of (2R,3S)-2-Ethyl-3-methylmalic
Acid. A 400 mL solution of 10µM PDP, 5 mM MgCl2, 1
mM DTT, 350 mM sodium propionate, 250 mM 2-ketobu-
tyric acid, and 20 mM K+Hepes (pH adjusted to 7.5 by
addition of KOH) was gently stirred at 25°C for 3 days and
adjusted with 1 M KOH to a pH of ca. 10. Hydrogen
peroxide (30% aqueous, 16 mL) was slowly added, and the
resulting solution was stirred at 100°C for 20 min, filtered
through a 10 kDa membrane (Amicon), concentrated in
vacuo to ca. 40 mL, adjusted with 12 M HCl to a pH of 1,
and extracted with ethyl acetate. The ethyl acetate layers were
dried over Na2SO4 and concentrated in vacuo to yield a
residue which was subjected to silica gel column chroma-
tography (3:1 hexane/acetone) to give (2R,3S)-2-ethyl-3-
methylmalic acid (1.8 g, 18%): mp 80-81 °C; [R]25

D -15.2
(c ) 0.08, CH3OH); 1H NMR (500 MHz,d3-acetonitrile)δ
2.91 (q,J ) 7.3 Hz, 1H), 1.68 (m, 1H), 1.59 (m, 1H), 1.16
(d, J ) 7.3 Hz, 3H), 0.80 (t,J ) 7.45 Hz, 3H);13C NMR δ
177.6, 78.8, 46.4, 30.1, 11.5, 8.2; HRMS (M+ Na) m/z
199.0580, calcd for C7H12O5Na m/z 199.0582.

Enzymatic Synthesis of (2R,3S)-2-Propyl-3-methylmalic
Acid. A 400 mL solution of 10µM PDP, 5 mM MgCl2, 1
mM DTT, 350 mM sodium propionate, 250 mM 2-oxovaleric
acid, and 20 mM K+Hepes (pH 7.5) was gently stirred at 25
°C for 3 days. The solution was adjusted with 1 M KOH to
a pH of ca. 10, and hydrogen peroxide (30% water solution,
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16 mL) was slowly added. The resulting solution was stirred
at 100°C for 20 min, filtered through a 10 kDa membrane
(Amicon), concentrated in vacuo to ca. 40 mL, adjusted with
12 M HCl to a pH of 1, and extracted with ethyl acetate (5
× 50 mL). The ethyl acetate layers were dried over Na2SO4

and concentrated in vacuo to yield a residue which was
subjected to silica gel column chromatography (3:1 hexane/
acetone) to give (2R,3S)-2-propyl-3-methylmalic acid (1.2
g, 11%, oil): [R]25

D -13.3 (c ) 0.114, CH3OH); 1H NMR
(500 MHz,d3-acetonitrile)δ 2.97 (q,J ) 7.3 Hz, 1H), 1.65
(m, 1H), 1.57 (m, 1H), 1.40 (m, 1H), 1.20 (d,J ) 7.3 Hz,
3H), 1.13 (m, 1H), 0.89 (t,J ) 7.3 Hz, 3H);13C NMR δ
177.6, 177.5, 78.6, 46.5, 39.4, 17.6, 14.5, 11.4; HRMS (M
+ Na) m/z 213.0736, calcd for C8H14O5Na m/z 213.0739.

Enzymatic Synthesis of (2R,3S)-2-Isobutyl-3-methylmalic
Acid. A 400 mL solution of 10µM PDP, 5 mM MgCl2, 1
mM DTT, 350 mM sodium propionate, 250 mM 4-methyl-
2-oxopentanoic acid sodium salt, and 20 mM K+Hepes (pH
7.5, by addition of KOH) was gently stirred at 25°C for 3
days, and then with 1 M KOH adjusted to a pH of ca. 10.
Hydrogen peroxide (30% water solution, 16 mL) was slowly
added, and the solution was stirred at 100°C for 20 min,
filtered through a 10 kDa membrane (Amicon), and con-
centrated in vacuo to ca. 40 mL. After being adjusted with
12 M HCl to a pH of 1, the solution was extracted with
ethyl acetate (5× 50 mL). The ethyl acetate layers were
dried over Na2SO4 and concentrated in vacuo to yield a
residue which was subjected to silica gel column chroma-
tography (3:1 hexane/acetone) to give (2R,3S)-2-isobutyl-
3-methylmalic acid (0.2 g, 2%, oil): [R]25

D -14.6 (c ) 0.08,
CH3OH); 1H NMR (500 MHz,d3-acetonitrile)δ 2.89 (q,J
) 7.3 Hz, 1H), 1.63 (m, 1H), 1.55 (m, 2H), 1.18 (d,J ) 7.3
Hz, 3H), 0.92 (d,J ) 6.5 Hz, 3H), 0.84 (d,J ) 6.5 Hz,
3H); 13C NMR δ 177.4, 177.2, 78.6, 47.5, 45.4, 25.2, 24.3,
11.7; HRMS (M+ Na) m/z 227.0895, calcd for C9H16O5Na
m/z 227.0986.

Assay for CarboxyPEP Mutase ActiVity. The conversion
of carboxyPEP to phosphinopyruvate was tested using the
malate dehydrogenase (MDH) and NADH assay reported in
ref 11. The reaction solution (1 mL) initially contained 1
mM carboxyPEP, 5 mM MgCl2, 10 µM PDP, 2.5 units/mL
malate dehydrogenase, and 0.2 mM NADH in 50 mM K+-
Hepes (pH 7.5 and 25°C). The absorbance of the solution
was monitored at 340 nm (∆ε ) 6200 M-1 cm-1) over a 20
min period. The control reaction, which did not include PDP,
was run in parallel. There was no significant decrease in the
absorbance of the PDP-containing reaction mixture over that
of the control reaction mixture.

Assay for Citrate Lysis ActiVity. The oxalacetate from
citrate lysis was detected by reduction with NADH and
MDH. The reaction solutions (1 mL) initially contained 1
mM citrate, 5 mM MgCl2, 10µM PDP, 2.5 units/mL MDH,
and 0.2 mM NADH in 50 mM K+Hepes (pH 7.5 and 25
°C). The absorbance of the solution was monitored at 340
nm (∆ε ) 6200 M-1 cm-1) over a 20 min period. The control
reaction, which did not include PDP, was run in parallel.

Assays for PEP Mutase and PEP Hydrolase ActiVities.
PDP-catalyzed conversion of phosphonopyruvate to PEP was
tested using the pyruvate kinase (PK)/ADP and lactate
dehydrogenase (LDH)/NADH coupling system to convert
PEP to lactate with the coupled conversion of NADH to
NAD. The reaction solution (1 mL) initially contained 1 mM

phosphonopyruvate, 5 mM MgCl2, 10 µM PDP, 10 units/
mL PK, 10 units/mL LDH, 1 mM ADP, and 0.2 mM NADH
in 50 mM K+Hepes (pH 7.5 and 25°C). The absorbance of
the solution was monitored at 340 nm (∆ε ) 6200 M-1 cm-1)
over a 20 min period. The control reaction, which did not
include PDP, was run in parallel. There was no significant
decrease in the absorbance in the PDP-containing mixture
over that of the control reaction mixture. PDP-catalyzed
pyruvate formed by PEP hydrolysis was detected with
NADH and LDH. The reaction solutions (1 mL) initially
contained 1 mM PEP, 5 mM MgCl2, 10 µM PDP, 10 units/
mL LDH, and 0.2 mM NADH in 50 mM K+Hepes (pH 7.5
and 25°C). The absorbance of the solution was monitored
at 340 nm (∆ε ) 6200 M-1 cm-1) over a 20 min period.
The control reaction, which did not include PDP, was run
in parallel.

Assay for Glyoxylate.The glyoxylate formation from PDP-
catalyzed lysis of (R)- and (S)-2-malate, 3-butylmalate
(mixture of isomers), (2R,3S)-3-isopropylmalate,DL-tartaric
acid, isocitrate, or 2-methylisocitrate was assayed using
NADH and LDH. The reaction solutions (1 mL) initially
contained 1 mMDL-tartaric acid orD-s-isocitrate, orthreo-
[(2R,3S),(2S,3R)]-2-methylisocitrate orerythro-[(2S,3S),-
(2R,3R)]-2-methylcitrate, and 5 mM MgCl2, 10 µM PDP,
10 units/mL LDH, and 0.2 mM NADH in 50 mM K+Hepes
(pH 7.5 and 25°C). The absorbance of the solution was
monitored at 340 nm (∆ε ) 6200 M-1 cm-1) over a 20 min
period. The control reaction, which did not include PDP,
was run in parallel.

Assay forâ-Oxobutyric Acid. Formation of theâ-oxobu-
tyric acid from 3-hydroxy-3-methylglutaric acid was moni-
tored with NADH andâ-ketobutyric acid dehydrogenase.
The reaction solutions (1 mL) initially contained 1 mM
3-hydroxy-3-methylglutaric acid, 5 mM MgCl2, 10µM PDP,
10 units/mLâ-ketobutyric acid dehydrogenase, and 0.2 mM
NADH in 50 mM K+Hepes (pH 7.5 and 25°C). The
absorbance of the solution was monitored at 340 nm (∆ε )
6200 M-1 cm-1) over a 20 min period. The control reaction,
which did not include PDP, was run in parallel.

Assay for Malate Substrates. (1) Continuous Assay.The
PDP activities with malate, 2,3-dimethyl malate, and 2-ethyl-
3-methyl malate were measured at 25°C using NADH and
LDH. The reaction solutions (1 mL) initially contained 1
mM malate substrate, 5 mM MgCl2, 10 µM PDP, 10 units/
mL LDH, and 0.2 mM NADH in 50 mM K+Hepes (pH 7.5
and 25°C). The absorbance of the solution was monitored
at 340 nm (∆ε ) 6200 M-1 cm-1) over a 20 min time period.
Control reactions not including PDP were run in parallel.

(2) Fixed-Time Assay.After standing for fixed time periods
(<20% conversion), 200µL aliquots of solutions [2 mL, 50
mM K+Hepes (pH 7.5) and 5 mM MgCl2] containing 2µM
PDP and 20-300µM 2,3-dimethylmalate, 0.13µM PDP and
100-2000µM 2-ethyl-3-methyl malate, 0.20µM PDP and
60-1500µM 2-n-propyl-3-methyl malate, or 3.99µM PDP
and 0.5-10 mM 2-isobutyl-3-methyl malate were quenched
with 200 µL of 0.6 N HCl. A 100 µL aliquot of 0.4 M
phenylhydrazine hydrochloride was added to the reaction
solutions, and the resulting mixtures were stirred for 8 min
and subjected to UV absorbance measurements at either 322
nm (for 2,3-dimethyl malate), 325 nm (2-ethyl-3-methyl
malate), 325 nm (2-propyl-3-methyl malate), or 326 nm (2-
isobutyl-3-methyl malate). The standard curve of eachR-keto

16370 Biochemistry, Vol. 44, No. 50, 2005 Lu et al.



acid hydrazone was constructed by using the same conditions
employed in the enzyme reaction. The molar extinction
coefficients for the hydrazones at the wavelength specified
above were determined to be 6.4 mM-1 cm-1 for pyruvic
acid, 6.3 mM-1 cm-1 for R-ketobutyric acid, 7.4 mM-1 cm-1

2-oxovaleric acid, and 6.7 mM-1 cm-1 for 4-methyl-2-
oxopentanoic acid. The background absorbance of each
corresponding malate reactant and propionate product was
checked under the same condition as the enzyme reaction
(mixed with 200µL of 0.6 N HCl, and then incubated with
100 µL of 0.4 M PH for 8 min).

Oxaloacetate Hydrolase Assay.Oxaloacetate hydrolase
activity was assayed according to a published procedure (16).
Reaction solutions (1 mL) contained 5 mM MgCl2 or 0.3
mM MnCl2, 0.22µM PDP, and oxaloacetate (0.1-1.0 mM)
in 0.1 M imidazole (pH 7.6 and 25°C). The reaction was
monitored at 255 nm for the disappearance of oxaloacetate
(ε ) 1100 M-1 cm-1). The products formed from reaction
of 13 µM PDP with 30 mM oxaloacetate in 50 mM
potassium phosphate containing 5 mM MgCl2 (pH 7 and 25
°C) were examined by13C NMR. Following incubation for
2 h, the enzyme was removed using a centricon and D2O
was added to a final concentration of 20% (v/v) before the
spectrum was measured with methanol serving as an internal
standard (49 ppm). The acetate signals were apparent at 182.2
(COO) and 24.2 ppm (CH3).

Steady-State Kinetic Constant Determination.A PDP stock
solution (∼30 µM) was prepared in buffer A at pH 7.5. The
steady-state kinetic parameters (Km and kcat) for reactions
catalyzed by PDP were determined from initial reaction
velocities measured at varying substrate concentrations
(ranging from 0.5Km to 5Km). The data were fitted to eq 1
with KinetAsystI

whereVo is the initial velocity,Vmax is the maximum velocity,
[S] is the substrate concentration, andKm is the Michaelis-
Menten constant for the substrate. Thekcat value was
calculated fromVmax and [E] according to the equationkcat

) Vmax/[E], where [E] is the protein subunit molar concentra-
tion in the reaction calculated from the ratio of measured
protein concentration and the protein molecular mass (34 200
Da).

The competitive inhibition constantKi was determined for
phosphonopyruvate and oxalate by fitting initial velocity data
to eq 2 with KinetAsystI

Reaction solutions (1 mL) contained 200-2000µM (2R,3S)-
dimethylmalate, 5 mM MgCl2, 2 µM PDP, 20-50 µM
phosphonopyruvate or oxalate, 0.2 mM NADH, 10 units/
mL LDH, and 0.2 mM NADH in 50 mM K+Hepes (pH 7.5
and 25°C). The absorbance of the reaction solution was
monitored at 340 nm.

Metal Ion ActiVation of PDP.The metal cofactor specific-
ity was examined using (2R,3S)-2-ethyl-3-methyl malate as
a substrate to produce 2-ketobutyrate and propionate as
products. The 2-ketobutyrate was assessed using the LDH/
NADH coupling system. The PDP was first dialyzed against
50 mM K+Hepes (pH 7.5) buffer. Reaction solutions (1 mL)

contained∼0.5 µM PDP, 1 mM (2R,3S)-2-ethyl-3-methyl-
malic acid, 10 units/mL LDH, 0.2 mM NADH, and varying
concentrations of MgCl2, MnCl2, CoCl2, NiCl2, and FeSO4
or 1 mM CaCl2, CuBr2, and BaCl2 in 50 mM K+Hepes (pH
7.5 and 25°C). The initial velocity data were analyzed using
eq 1 and KinetAsystI.

Determination of pH-Rate Profiles for PDP Catalysis.
The pH dependence of PDP catalysis was measured using
(2R,3S)-2-ethyl-3-methyl malate as the substrate (0.2-3
mM), 5 mM MgCl2 as the cofactor, and 10 units/mL LDH
and 0.2 mM NADH as the coupling system. The reaction
solutions were buffered at pH 4.0-5.5 with 25 mM acetic
acid and 25 mM Mes, pH 5.5-6.5 with 50 mM Mes, pH
6.5-7.0 with 50 mM Pipes, pH 7.0-8.0 with 50 mM Hepes,
pH 8.0-8.5 with 50 mM Tricine, pH 8.5-9.0 with 50 mM
Taps, pH 9.0-9.5 with 50 mM Capso, and pH 9.5-10.0
with 50 mM Caps. The initial velocity was fitted with eq 1
to obtainkcat andkcat/Km, which in turn were used with eq 3
and KinetAsystI to calculate the pKa values of the ionizing
groups.

whereY ) kcat or kcat/Km, c is the pH-dependent value ofY,
[H] is the hydrogen ion concentration, andK1 and K2 are
dissociation constants of groups that ionize.

RESULTS AND DISCUSSION

PDP Preparation and Size Determination.The recombi-
nantD. caryophyllusPDP was purified to homogeneity in a
yield of 7 mg/g of wet cells by using a column chromatog-
raphy-based protocol. The theoretical mass of PDP is 34 180
Da, whereas that determined by mass spectral techniques is
33 879( 4 Da. The protein was subjected to N-terminal
amino acid sequencing to yield the sequence PNGTT-
NGETEV, which predicts a molecular mass of 33 880.5 Da
for the isolated protein, consistent with the experimental
value. Thus, the recombinant protein loses the first three
encoded amino acids (MAP) during post-translational modi-
fication. The SDS-PAGE analysis gave an estimated subunit
mass of 35 kDa, whereas the native mass measured using
molecular size gel filtration chromatography was 133 kDa.
Native PDP is therefore a homotetramer.

PDP Catalytic Function Determination.The first step
taken in PDP function determination was to test the known
activities of isocitrate lyase family members to confirm that
PDP has a novel catalytic function.2 To optimize activity
detection, reaction mixtures containing high PDP (10µM)
and reactant (1 mM) concentrations in 50 mM K+Hepes
containing 5 mM MgCl2 (pH 7.5 and 25°C) were incubated
for an extended reaction period (reactant and product
structures are shown in Chart 1 and Figure 1A). No PEP
mutase (phosphonopyruvate to PEP) or carboxyPEP mutase
(carboxyPEP to phosphinopyruvate) activities were observed
within the detection limit ofkcat < 1 × 10-5 s-1. Very low
lyase activity (1× 10-4 s-1) was observed with (2R,3S)-
isocitrate and with the synthetic samples of (2R,3S)- and
(2S,3R)-2-methyisocitrate and (2R,3R)- or (2S,3S)-2-methyl-

2 The 3-methyl-2-oxobutanoate hydroxymethyltransferase activity
was not tested because it is not compatible with the presence of the
loop 4 K(K,R)C*GH motif in PDP.

Vo ) Vmax[S]/(Km + [S]) (1)

Vo ) Vmax[S]/[Km(1 + [I]/ Ki) + [S]] (2)

log Y ) log(c/1 + [H]/K1 + K2/[H]) (3)
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isocitrate (see Table 1). The products formed in these
reactions are succinate and glyoxylate or pyruvate, respec-
tively (Chart 1 and Figure 1A). In contrast, significant
oxaloacetate hydrolase activity was evident. The product
acetate was verified by13C NMR (see Materials and
Methods), although the oxalate signal, which is intrinsically
weak, could not be distinguished over the baseline noise.
Initial velocity techniques were used to determine the steady-
state kinetic constants for catalysis in 100 mM imidazole
containing 5 mM MgCl2 or 0.3 mM MnCl2 (pH 7.6 and 25
°C). With 5 mM MgCl2 serving as an activator,kcat ) 2.72
( 0.06 s-1 andKm ) 130 ( 10 µM (kcat/Km ) 2.1 × 104

M-1 s-1). With 0.3 mM MnCl2 serving as an activator,kcat

) 37 ( 1 s-1 andKm ) 540 ( 40 µM (kcat/Km ) 7 × 104

M-1 s-1). For comparison, the kinetic constants were

determined for recombinantBotryotinia fuckelianaoxalo-
acetate hydrolase3 assessed using the same conditions that
were used for the PDP-catalyzed reaction of oxaloacetate.
With 5 mM MgCl2 serving as an activator,kcat ) 15.5 (
0.2 s-1 andKm ) 65 ( 3 µM (kcat/Km ) 2.4× 105 M-1 s-1),
and with 0.3 mM MnCl2 serving as an activator,kcat ) 45.7
( 0.9 s-1 andKm ) 250 ( 10 µM (kcat/Km ) 2 × 105 M-1

s-1). Overall, the efficiency of the PDP-catalyzed hydrolysis
of oxaloacetate is within 1 order of magnitude of that of the
fungal oxaloacetate hydrolase.

3 The B. fuckelianaoxaloacetate hydrolase gene, which has been
cloned for expression inE. coli, was provided to us by J. Henk-Jan
and P. Schaap of Wageningen University (Wageningen, The Nether-
lands) for the purpose of substrate specificity and structure determination
of the encoded enzyme.

Chart 1: Structures of Substrates, Products, and Inhibitors Used for the PDP Function Assignment

Table 1: Steady-State Kinetic Constants for the C-C Bond Cleavage Reactionsa Catalyzed by the PDP in 50 mM K+Hepes and 5 mM MgCl2

(pH 7.5 and 25°C)

reactant kcat (s-1) Km (µM) kcat/Km (M-1 s-1)

(2R,3S)-isocitrate (1.3( 0.1)× 10-4 42 ( 2 3
(2R,3R:2S,3S)-2-methyl isocitrate (5.6( 0.1)× 10-4 104( 11 5
(2R,3S:2S,3R)-2-methyl isocitrate (1.4( 0.1)× 10-4 69 ( 1 2
oxaloacetate 2.72( 0.06 130( 10 2× 104

(R)-malate or (S)-malate <1 × 10-5

(2R)-2-methyl malate (2.1( 0.1)× 10-1 290( 20 7× 102 b

(2S)-2-methyl malate <1 × 10-5

(2R)-2-ethyl malate 2.47( 0.05 1100( 100 2× 103 b

(2R,3S)-2,3-dimethyl malate (3.37( 0.05)× 10-2 26 ( 2 1× 103 b

(2.8( 0.1)× 10-2 29 ( 3 1× 103 c

(2R)-ethyl-(3S)-methyl malate 8.4( 0.1 530( 30 2× 104 b

2.18( 0.08 450( 50 5× 103 c

(2R)-propyl-(3S)-methyl malate (2.81( 0.04)× 10-1 98 ( 5 3× 103 c

(2R)-isobutyl-(3S)-methyl malate (5.8( 0.4)× 10-1 8000( 500 7× 101 c

a The structures of the reactants and products are shown in Chart 1.b The kinetic constants were determined using the continuous LDH/NADH
coupling assay.c The kinetic constants were determined using the fixed-time phenylhydrazine-based assay.
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The PDP-catalyzed oxaloacetate hydrolysis might occur
by one of two pathways that are illustrated in Figure 1A for
oxaloacetate hydrolase. According to pathway I, the enzyme
active site binds and activates a water molecule for nucleo-
philic addition to the C(2)dO group of the oxaloacetate
ligand. The oxyanion intermediate thus formed eliminates
the acetate carbanion as the leaving group en route to product.
For pathway II, the enzyme active site binds the C(2) gem-
diol derived from solution hydration of oxaloacetate. The
process of C(2)OH deprotonation and elimination of the aci-
carboxylate anion which ensues is identical to the pathway
followed by the isocitrate and 2-methylisocitre lyases (see
the discussion in ref27). At this point in time, we cannot
distinguish between these two pathways. Previous13C NMR
studies have shown that oxaloacetate exits in aqueous
solution as an equilibrium mixture of the ketone (C1 168.4
ppm, C2 200.7 ppm, C3 49.6 ppm, C4 175.6 ppm), enol
(C3 98.9 ppm), and gem-diol (C2 94.5 ppm, C3 45.3 ppm)
(39). By measuring the13C NMR spectrum of 400 mM
oxaloacetate in aqueous solution at pH 7.5, we showed that
in the PDP reaction solution oxaloacetate exists as a mixture
of ketone (C1 169.3 ppm, C2 201.3 ppm, C3 50.0 ppm, C4
175.4 ppm), enol (C3 99.0 ppm), and gem-diol (C2 94.8 ppm,
C3 45.3 ppm). Thus, the ketone and the gem-diol are
available for reaction with PDP in a roughly 13:1 ratio, and
consequently either pathway is viable, although we tend to
favor pathway II (gem-diol) as it is the standard lyase
pathway (27) and certainly the one used by PDP in the
cleavage of the C(2)-alkylmalate substrates (see below).

The substrate activities of theR andS isomers of malate
were tested under reaction conditions that provide a detection
limit of 1 × 10-5 s-1 for the catalytic turnover rate. No
activity was observed. Malate is essentially an analogue of
the oxaloacetate hydrate wherein one of the two C(2)OH
groups is replaced by a hydrogen atom. In contrast to the
absence of substrate activity observed with the malate, (2R)-
methyl malate [also known as (R)-citramalate] is converted
to pyruvate and acetate with akcat of (2.1( 0.1)× 10-1 s-1

and aKm of 290( 20 µM (kcat/Km ) 7 × 102 M-1 s-1). The
(2S)-2-methylmalate, on the other hand, is not a substrate.
This result shows that the PDP, like the isocitrate and
2-methylisocitrate lyases, catalyzes cleavage of the C(2)-
C(3) bond in (2R)-C(2)hydroxy carboxylate metabolites. This
specificity is consistent with the architecture of the active
site, and the conservation of the pocket of the (2R)-C(2)-
hydroxy carboxylate (Figure 2B). The higher activity ob-
served with the 2-methyl malate versus the 2-methyl
isocitrate or isocitrate indicates that the binding pockets
(segment 7 in particular, Figures 2 and 3) that accommodate
the leaving group (acetate vs succinate) have diverged.

The observation that the (2R)-2-methylmalate is a viable
substrate whereas (R)-malate is not indicates that a substituent
is required at C(2) for productive substrate binding. This
requirement is reminiscent of the stringent specificity of
2-methylisocitrate lyase for (2R,3S)-2-methyl isocitrate (25,
27). (2R,3S)-Isocitrate is an inhibitor and not a substrate for
2-methylisocitrate lyase (27). The X-ray structure of the
lyase-isocitrate complex shows that without the C(2)methyl
group to anchor the ligand, it is bound in a slightly different
orientation which precludes catalysis (27).

Assuming that the PDP-catalyzed oxaloacetate hydrolysis
occurs via pathway II, the 3-fold higher activity observed

for oxaloacetate (kcat/Km ) 2 × 104 M-1 s-1) versus that of
(2R)-2-methyl malate (kcat/Km ) 7 × 102 M-1 s-1) suggests
that the polar C(2)OH substituent is preferred over the
nonpolar C(2)CH3 substituent. If the fraction of oxaloacetate
which exits in the hydrated form is taken into consideration,
the theoreticalkcat/Km for the oxaloacetate hydrate is 2.6×
105 M-1 s-1.

To test additional stereochemically pure malate analogues,
it was necessary to synthesize them. This was accomplished
using the PDP to catalyze the reverse, C-C bond forming
reaction. Specifically, the 2-ethyl malate was formed from
reaction of acetate and 2-ketobutyrate, 2-ethyl-3-methyl
malate from propionate and 2-ketobutyrate, 2,3-dimethyl
malate from propionate and pyruvate, 2-propyl-3-methyl
malate from propionate and 2-oxovalerate, and 2-isobutyl
3-proprionate from propionate and 4-methyl 2-oxo-pen-
tanoate. In each case, a single stereoisomer was generated
which was shown to be C(3)-Sand/or C(2)-R. Using the pure
products as substrates in the lyase direction, the steady-state
kinetic constants were measured (Table 1). The substitution
of the C(2)methyl group of the (2R)-2-methyl malate with
an ethyl group increased thekcat ∼10-fold (2.47( 0.1 s-1)
but at the same time increased theKm ∼ 4-fold such that the
net increase inkcat/Km (2 × 103 M-1 s-1) is only ∼3-fold.
The addition of a methyl group at C(3) of the (2R)-2-methyl
malate decreased thekcat∼5-fold and decreased theKm ∼10-
fold. The most active substrate is (2R,3S)-2-ethyl-3-methyl
malate. Thekcat/Km (2 × 104 M-1 s-1) value of this substrate
is within a physiologically significant range, even though
this compound is not a known metabolite. Propyl group
substitution at C(2) decreases bothkcat andKm with no gain
in kcat/Km (3 × 103 M-1 s-1). The isobutyl group decreases
kcat and increasesKm, resulting in a significant decrease in
kcat/Km (7 × 101 M-1 s-1).

(2R,3S)-3-Isopropyl malate and 3-butyl malate (mixture
of stereoisomers) were not active substrates, nor were the
metabolites 3-hydroxy-3-methyl glutarate, citrate, and (2S,3S:
2R,3R)-tartrate. Oxalate and phosphonopyruvate were found
to be competitive inhibitors versus (2R)-2-methyl malate with
Ki values of 4.3( 0.3 and 25.2( 0.8 µM, respectively.

pH and Metal Cofactor Requirements for PDP Catalysis.
The members of the ICL superfamily are activated by
divalent metal ions, and PDP is no exception. The steady-
state kinetic constants for metal ion activation of the PDP
were determined at a fixed saturating concentration of
(2R,3S)-2-ethyl-3-methyl malate (1 mM) and varying metal
ion concentrations in 50 mM K+Hepes (pH 7.5 and 25°C).
The kcat values fall in a narrow range of 2-3 s-1, whereas
the Km values varied significantly: 19( 1 µM for Mg2+,
0.70( 0.03µM for Mn2+, 2.0( 0.2 µM for Co2+, and 6.1
( 0.5µM for Fe2+. Given the cellular concentrations of these
metal, it is likely that Mg2+ is the physiological activator.

The substrate screens had been carried out at pH 7.5
assuming that PDP conformed to the neutral pH maximum
observed for other ICL superfamily members. Thekcat and
kcat/Km values were determined at varying concentrations of
(2R,3S)-2-ethyl-3-methyl malate and 1 mM MgCl2 as a
function of the reaction solution pH to show that this
assumption was nearly correct (pH 7.0 would be optimal).
The profiles were bell-shaped and defined optimal catalytic
functioning at or near neutral pH. The acid range of the log
kcat profile defines an essential base residue, which in the

Petal Death Protein Catalysis Biochemistry, Vol. 44, No. 50, 200516373



protonated form ionizes with an apparent pKa value of 4.5.
The alkaline range of the logkcat profile defines an essential
acid residue that ionizes with an apparent pKa value of 9.3.
The acid region of the logkcat/Km profile defines an essential
base residue that in the protonated form ionizes with apparent
pKa values of 5.3. The alkaline pH range of the logkcat/Km

profile defines an essential acid residue that ionizes with an
apparent pKa value of 9.0. No attempt has yet been made to
assign these ionizations to active site residues.

PDP Site-Directed Mutants Confirm the Function of Core
Residue Asp79 and Lyase DiVersification Residue Cys144.
The kinetic constants of D79A (segment 2, Figure 3) and
C144A (segment 4, Figure 3) PDP site-directed mutants were
measured at 25°C using (2R,3S)-2-ethyl-3-methyl malate
as a substrate and 1 mM MgCl2 as an activator (K+Hepes,
pH 7.5). The lyase activities of isocitrate lyase and 2-me-
thylisocitrate lyase are dependent on the segment 4 Cys
residue, believed to function in the protonation of the
succinate aci-carboxylate anion intermediate (24, 27). By
analogy, Cys144 of PDP might function in the protonation
of the propionate carbanion intermediate generated by C(2)-
C(3) bond cleavage in (2R,3S)-2-ethyl-3-methyl malate. As
in the case of isocitrate lyase and 2-methylisocitrate lyase
(18, 24), replacement of Cys144 of segment 4 with Ala in
the PDP removes all detectable catalytic activity (kcat < 1 ×
10-5 s-1), consistent with its presumed role as general acid
catalyst.

Asp79 is a core residue located on segment 2 whose role
in the ICL/PEPM superfamily is to bind the Mg2+ cofactor
via the water ligand. It has been suggested that in the
isocitrate and 2-methylisocitrate lyases, this Asp might
participate in a proton relay in which the water ligand
mediates the transfer of the proton from the substrate C(2)-
OH (27). Replacement of Asp58 of segment 2 with Ala
(equivalent to Asp79 in PDP) in 2-methylisocitrate lyase
results in the loss of catalytic function (24). In PEP mutase,
Asp58 of segment 2 binds a Mg2+ water ligand and the side
chain of Asn122 of segment 4 (5, 7, 8). This latter interaction
is essential for PEP mutase active site desolvation. Replace-
ment of Asp58 of PEP mutase with Ala precludes catalysis
(7). In the PDP, the Ala for Asp79 replacement reduces the
turnover rate 1000-fold:kcat ) (2.3 ( 0.2) × 10-3 s-1 and
Km ) 600 ( 100 µM.

PDP Physiological Function.The PDP exhibits a unique
but broad substrate profile compared to those of the other
known ICL/PEPM superfamily lyases that each act strictly
on a single substrate. PDP is similar to the isocitrate and
2-methylisocitrate lyases in that it catalyzes C(3)-C(2) bond
cleavage within the (2R,3S)-malate framework, yet it has
extremely low catalytic activity with (2R,3S)-isocitrate and
(2R,3S)-2-methyl isocitrate. PDP is most active with (2R,3S)-
malates that possess a methyl group at C(3) (as opposed to
the CH2COO group characteristic of the isocitrate lyase and
2-methylisocitrate lyase substrates) and a small alkyl sub-
stituent at C(2). PDP also catalyzes the breakdown of
oxaloacetate, the substrate active form of which is presum-
ably the C(2) gem-diol (Figure 1, pathway II). However, PDP
differs from the oxaloacetate hydrolase of the ICL family in
that it is equally active with C(2)alkyl malates, while theB.
fuckeliana oxaloacetate hydrolase3 examined in our lab
exhibits only low activity toward malate derivatives (Y. Han
and D. Dunaway-Mariano, unpublished data).

The other unique feature of the PDP is that whereas the
kcat/Km values measured forE. coli isocitrate and 2-methyl-
isocitrate lyases and theB. fuckelianaoxaloacetate hydrolase
with their physiological substrates are between 1× 105 and
1 × 106 M-1 s-1, thekcat/Km values measured for PDP toward
its two best substrates [oxaloacetate and (2R,3S)-2-ethyl-3-
methyl malate] are only 2× 104 M-1 s-1 (kcat values of 2
and 8 s-1, respectively). The lower efficiency observed for
the PDP is consistent with its broad substrate specificity,
which suggests that the active site has not been optimized
for binding a particular substrate structure. Nevertheless, the
question of whether the “true” physiological substrate of PDP
has been discovered remains. (2R)-2-Methyl malate (40-
45) and (2R,3S)-2,3-dimethyl malate (46, 47) are known
metabolites, and (2R)-2-methylmalate synthase (substrates
being pyruvate and acetyl-CoA) and (2R,3S)-2,3-dimethyl-
malate lyase (products being pyruvate and propionate) are
known enzymes. In addition, there is some evidence that
ethyl and propyl malates are metabolites (48, 49). Thus, we
might expect that 2-alkyl and 3-alkyl malates would be
components of the plant metabolism. The PDP-catalyzed
conversion of these compounds to smaller metabolites that
feed into the citric acid cycle would thereby serve carbon
recycling in senescent cells.

During senescence, flower petals export sugars and
nitrogenous compounds which are produced by the degrada-
tion of polysaccharides, proteins, lipids, nucleic acids, and
cell walls (50-56). The mRNA transcription profiling shows
that many genes involved in this recycling effort are
upregulated. Thus, one clue to PDP function is that it might
be linked to the metabolism associated with carbon recovery
from carnation petal cells. Indeed, the gene encoding ICL, a
structural homologue of PDP, is among the genes that are
heavily transcribed during programmed cell death in various
plant tissues (57). ICL, which catalyzes the interconversion
of isocitrate with succinate and glyoxalate (Figure 1A), is a
key enzyme of the glyoxylate cycle. This cycle enables
acetate derived from lipid breakdown to be converted to four-
carbon gluconeogenic substrates and hence to sugars for
export. Therefore, a possible connection exists between
enhanced ICL synthesis and the metabolism associated with
senescence. Our working hypothesis is that like ICL, PDP
functions to catalyze C-C bond cleavage in one or more
R-hydroxy carbon acids derived from lipid or cell wall
degradation.

The PDP-catalyzed conversion of oxaloacetate to acetate
and oxalate might also play a role in plant senescence.
Oxalate plays an important role in plants, sequestering and
storing Ca2+ (58). Accordingly, release of Ca2+ in the
dismantling cells might require enhanced oxalate production
(P. Unkefer, personal communication).

The PDP was discovered through the sequencing of a
cDNA transcript prepared from mRNA synthesized in
carnation flower petals (D. caryophyllus) undergoing ethyl-
ene-induced senescence (1). An important question addressed
at the outset of these studies is whether the carnation PDP
function can be generalized to other plants. If the PDP is
indeed essential to petal senescence, then the expectation is
that paralogs of the carnation PDP exist in other flowering
plants. Accordingly, the carnation PDP sequence was used
as query in a Blast search of theArabidopsis thaliana
genome, presently the single representative of plant genomics
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(59). As with D. caryophyllus, A. thaliana is a flowering
plant that is subject to ethylene-induced programmed cell
death (60). The search identified two genes located on
chromosome I which encode nearly identical proteins whose
sequences are 62% identical with that of the carnation PDP
[GenBank accession numbers NP_173565 (336 amino acids)
and NP_56148 (339 amino acids)]. On the basis of this high
level of sequence identity, it is plausible that theseA. thaliana
proteins perform the same chemical catalysis as the carnation
PDP. TheA. thalianagenome encodes two other enzymes
of the ICL/PEPM enzyme superfamily. First, on chromosome
III, is the gene encoding the 576-amino acid ICL. This gene
shares>70% sequence identity with other known ICLs but
shares only 12% sequence identity with the carnation PDP;
hence, it is a likely ICL. Second, located on chromosome II
are four genes which encode isozymes that differ in their
C-terminal sequence [GenBank accession numbers NP_850388
(479 amino acids), NP_973676 (478 amino acids), NP_181847
(451 amino acids), and NP_973677 (466 amino acids)] and
which share 29% sequence identity with PDP. The lyase
signature motif K(K,R)C*GH of segment 4 (Figures 2 and
3) is not present in these isozymes, suggesting that they
catalyze a novel reaction, different from that of the lyase
clad.

CONCLUSION

This work has shown that PDP is a carbon-carbon lyase
that in plants targets (2R,3S)-malates, with preference for
(2R,3S)-2-ethyl-3-methyl malate and oxaloacetate [as the
C(2) gem-diol]. We speculate that PDP’s relaxed substrate
specificity contributes to its suggested role as a carbon
scavenger. However, it is not clear whether this is by design
or simply the characteristic of a poorly evolved enzyme
catalyst functioning in a secondary metabolic process in
which high specificity and optimal turnover rate are not
essential. To gain insight into the structural basis of PDP
substrate recognition and catalysis, the X-ray structure of
PDP was determined. This structure is reported and analyzed
with in the context of the structures of the other members
of the ICL/PEPM superfamily in the following paper (28).
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