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ABSTRACT. A new class of compounds, the 2-oxo-3-alkynoic acids with a phenyl substituent at carbon 4
was reported by the authors as potent irreversible and mechanism-based inhibitors of the thiamin
diphosphate- (ThDP-) dependent enzyme pyruvate decarboxylase [Chiu, C.-F., & Jordan, F.J(1994)
Org. Chem. 595763-5766]. The method has been successfully extended to the synthesis of the 4-, 5-,
and 7-carbon aliphatic members of this family of compounds. These three compounds were then tested
on three ThDP-dependent pyruvate decarboxylases: Eeherichia coli pyruvate dehydrogenase
multienzyme complex (PDHc) and its E1 (ThDP-dependent) component, pyruvate oxidase (POX,
phosphorylating; fronbactobacillus plantaruryy and pyruvate decarboxylase (PDC) fr@accharomyces
cerevisiae. All three enzymes were irreversibly inhibited by the new compounds. The 4-carbon acid is
the best substrate-analog inactivator known to date for PDHc, more potent than either fluoropyruvate or
bromopyruvate. The following conclusions were drawn from extensive studies with PDHc: (a) The kinetics
of inactivation of PDH complexes and of resolved E1 by 2-oxo-3-alkynoic acids is time- and concentration-
dependent. (b) The 4-carbon acid has; 2 orders of magnitude stronger than the 5-carbon acid, clearly
demonstrating the substrate specificity of PDHc. (c) The rate of inactivation of PDH complexes and of
resolved E1 by 2-oxo-3-alkynoic acids is enhanced by the addition of ThDP and,M{f}| Pyruvate
completely protects E1 and partially protects PDHc from inactivation by 2-oxo-3-butynoic acid. (e) E1
but not E2-E3 is the target of inactivation by 2-oxo-3-butynoic acid. (f) Inactivation of E1 by 2-oxo-
3-butynoic acid is accompanied by modification of 1.3 cysteines/E1 monomer. The order of reactivity
with the 4-carbon acid was PDHe POX > PDC. While the order of reactivity with PDHc and POX

was 2-0x0-3-butynoic acid 2-oxo-3-pentynoic acid> 2-0x0-3-heptynoic acid, the order of reactivity

was reversed with PDC.

Among the enzymes that utilize thiamin diphosphate phate inLactobacillus plantarumand the prokaryotic and
(ThDPY to facilitate the decarboxylation of 2-oxo acids are eukaryotic pyruvate dehydrogenase multienzyme complexes
found, in order of increasing complexity: pyruvate decar- (PDHc), which produce acetyl-CoA. PDHc catalyzes the
boxylase (PDC, EC 4.1.1.1), which performs a nonoxidative oxidative decarboxylation of pyruvate in the following
decarboxylation yielding acetaldehyde; pyruvate oxidase overall reaction (Koike et al., 1960):

(POX, EC 1.2.3.3), which requires FAD as an additional
cofactor and yields acetate iischerichia coland acetylphos-  pyruvate+ CoA + NAD" —

acetyl-CoA+ CO, + NADH + H™ (1)
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1 Abbreviations: ThDP, thiamin diphosphate; PDHc, the pyruvate complex performs the following series of reactions (Gun-
dehydrogenase multienzyme complex; E1, pyruvate dehydrogenasesg|us, 1954; Massey, 1963; Reed, 1974):
(decarboxylating subunit, EC 1.2.4.1); SBBAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; 1-lip PDHc, the complex +
with a single lipoyl domain per E2 chain; 3-lip PDHc, the wild-type ~PYyruvate+ E1-ThDP-Md" —
complex with three lipoyl domains per E2 chain; C259S and C259N, _ ; _ _
variant 1-lip PDH complexes with substitutions in the E1 subunits; E1-hydroxyethylidene-ThDP M§ + C02 @)
PCMB, p-chloromercuribenzoate; PDC, pyruvate decarboxylase from
Saccharomyces cerisiae (EC 4.1.1.1.); POX, pyruvate oxidase from - i - - _li i
Lactobacillus plantarunfEC 1.2.3.3); DTNB, 5,5dithiobis(2-nitroben- El hydroxyethylldeile ThDP M§+ E2 Ilp.oamld.e—>
zoic acid); DCPIP, 2,6-dichlorophenolindophenal. E1-ThDP-Md" + E2-acetyldihydrolipoamide (3)
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E2-acetyldihydrolipoamide- CoA —
E2-dihydrolipoamidet acetyl-CoA (4)

E2-dihydrolipoamidet E3-FAD —
E2-lipoamide+ E3-FADH, (5)
E3-FADH, + NAD" — E3-FAD+ NADH  (6)
The E. coli complex consists of multiple copies of each

component, an ideal polypeptide stoichiometry being 24 E1,
molecular weight 99 474 (Stephens et al., 1983a); 24 E2,

Brown et al.

When 2-ox0-4-phenyl-3-butynoic acid was incubated with
PDHc fromE. coli, no inhibition resulted. In order to test
whether such 2-oxo-3-alkynoic acids hold promise as inhibi-
tors of other ThDP-dependent decarboxylases, 4-, 5-, and
7-carbon aliphatic analogs were synthesized. The 4-carbon
compound is the shortest, parent compound. Herein is
reported the synthesis of, and preliminary kinetic studies
with, these compounds. Although 2-oxo-3-butynoic acid is
rather unstable, it persists long enough to establish that PDC
from Saccharomyces cerisiag POX from Lactobacillus
plantarum and PDHc fromE. coli are all irreversibly

molecular weight 65 959 (Stephens et al., 1983b); and 12inactivated. The 5- and 7-carbon analogs also inhibit PDC

E3, molecular weight 50 554 (Stephens et al, 1983c); which
corresponds to a total calculated molecular weight of 4.57
x 1CP.

Metabolic inhibitors of PDHc include reduced nicotina-
mide adenine dinucleotide (NADH), acetyl-CoA, and gua-
nosine triphosphate (GTP) (Bremer, 1969; Schwartz et al.,
1968; Schwartz & Reed, 1970; Bisswanger & Henning,
1971). Mammalian PDHc is regulated in a more complex
fashion by phosphorylation and dephosphorylation (Reed,
1974) of thea subunit of the tetrameric E1 component
(az62). PDHc from E. coli is also inhibited by various
substrate analogs including bromopyruvate (Lowe & Perham,
1984), fluoropyruvate (Bisswanger, 1980; Flournoy & Frey,
1989), the phosphonate (Kluger & Pike, 1977) and phos-
phinate analogs of pyruvate (Schonbrunn-Hanebeck et al.
1990), mono- and bifunctional arsenoxides (Stevenson et al.
1978; Adamson & Stevenson, 1981; Adamson et al., 1984),

branched-chain 2-oxo acids (Jackson & Singer, 1983), and
the coenzyme analogs tetrahydrothiamin diphosphate (Mal-

donado et al., 1972; Apfel et al., 1984; Lowe et al., 1983)
and the 2-thiazolone and 2-thiothiazolone analogs of ThDP
(Gutowski & Lienhard, 1976). In this lab, McNally gener-
ated a panel of monoclonal antibodies to PDHc fientoli,

one of which gave better than 98% inhibition of both holo-
PDHc and of the resolved E1 subunit (McNally et al., 1995;
unpublished results). PDC is only weakly inhibited by

halopyruvates, and acetylphosphinate is also a weak inhibitor

(Spinka & Hibner, 1996). Inhibition of PDC by thiamin
analogs is difficult to study, since the coenzyme is tightly
bound and can only be fully substituted with virtual destruc-
tion of the tetrameric structure.

In earlier studies, we had reported that 2-oxo-4-phenyl-
3-butenoic acids with a variety of substituents on the phenyl
ring inhibit PDC (Kuo & Jordan, 1983; Jordan et al., 1986;
Annan et al., 1989; Zeng et al., 1991; Menon-Rudolph et
al., 1992), while others attempted unsuccessfully to inhibit
POX and PDHc with this group of compounds. Recently,
Chiu developed a method for the synthesis of 2-oxo-4-

and POX.

EXPERIMENTAL PROCEDURES
Synthesis and Structure Proof

General. Solutions were concentratéd vacuousing a
rotary evaporator. Organic solvents were dried. The organic
layers were dried over MgSO NMR spectra were obtained
on a Varian VXR 400 MHz instrument. Infrared spectra
were obtained using a Mattson Polaris spectrometer. El-
emental analyses were done at Robertson Microlit, Madison,

Synthesis: Monoethyl Oxalic Acid N-Methoxy-N-methyl-
amide. To a stirred solution oN,O-dimethylhydroxylamine
hydrochloride (3.00 g, 30.9 mmol) and ethyl oxalyl chloride

'(1.2 equiv, 5.07 g, 37.1 mmol) in dry GBI, (60 mL) was

added ENN (2.0 equiv, 6.21 g) dropwise at 8C. The
reaction mixture was stirred at room temperature for 30 min,
and then methanol (10 mL) was added to quench the reaction.
After concentration to dryness, precipitation was induced by
the addition of dry THF (20 mL) and the white salt was
filtered and washed with dry THF (10 mL). The combined
THF layer was then concentrated to a yellow oil that was
purified by vacuum distillation to furnish 4.08 g (82%) of
the amide as a yellow oil!H NMR (CDCL/TMS) ¢ 1.34

(t, 3H,J =7 Hz), 3.48 (s, 3 H), 3.78 (s, 3 H), and 4.31
(quartet, 2 HJ = 7 Hz); 13C NMR (CDCKL/TMS) ¢ 14.0,
31.4, 62.1, 62.3, 162.2, and 162.6.

Ethyl 2-Oxo0-3-heptynoateA solution of 1-pentyne (341
g, 0.5 mL, 5.0 mmol) in dry THF (15 mL) at78 °C was
treated dropwise with-BuLi (1.6 M, 3.12 mL). The mixture
was stirred for 60 min and then added to a solution of
monoethyl oxalic acidN-methoxyN-methylamide (0.805 g,
5.0 mmol) in 30 mL of dry THF that had been cooled to
—78°C. After 45 min, the reaction mixture was poured into
cold 20% HPOy/ether (50 mL/50 mL). The aqueous layer
was separated and extracted with ether. The combined ether

phenyl-3-butynoic acid and showed that the compound is alayer was next washed with 10%PIO, and then dried and
mechanism-based inactivator of PDC, that is converted to concentrated. Flash chromatography (petroleum ether/ EtOAc

cis- and trans-cinnamic acids, rather than to 3-phenyl-2-
propynal, the expected product of decarboxylation (Chiu &
Jordan, 1994). On the basis of Zeng's discovery of the
“misprotonation” of the allylic enamine/@-carbanion de-
rived from the decarboxylation of 2-oxo-4-phenyl-3-butenoic

95:5) yielded the pure 2-oxo ester (0.601 g, 72%) as a pale
yellow oil. 'H NMR (CDCI/TMS) ¢ 4.36 (quartet, 2 HJ

=7 Hz), 1.06 (t, 3HJ =7 Hz), 1.39 (t, 3 HJ = 7 Hz),
1.67 (m, 2 HJ =7 Hz), and 2.47 (t, 2 H) = 7 Hz); 13C
NMR (CDCI/TMS) 6 170, 159.5, 102.4, 80.3, 64.0, 21.5,

acids, the results could be explained in a parallel fashion, s022.0, 13.3, and 14.0; IR (neat) 2968, 2877, 2212, 1763, and

that a 2-acyl-ThDP is produced that is not readily released
from the active center of the enzyme.

[RC=CC(O)COOH, where R= H-, CHs-, CH;CH,CHj,-,
and GHs- are 2-0x0-3-butynoic, 2-0x0-3-pentynoic, 2-oxo-
3-heptynoic, and 2-oxo-4-phenyl-3-butynoic acids, respec-
tively.]

1685 cmtl. Elemental analysis: Calcd C 64.27, H 7.19;
Found C 65.08, H 7.28.

Ethyl 2-Oxo-3-pentynoateTo a solution of monoethyl
oxalic acidN-methoxyN-methylamide (0.805 g, 5.0 mmol)
in THF (20 mL) at—78 °C was added dropwise 1-propy-
nylmagnesium bromide (10 mL, 0.5 M in THF from
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Aldrich). The mixture was stirred fo3 h while the
temperature rose to 2. The reaction mixture was then
poured into an ice-cold solution of 20%POy/ether (2:1).
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(Roche Diagnostics, Somerville, NJ) automated centrifugal
analyzer. The assay reaction mixture (total volume 0.25 mL)
contained 40 mM sodium pyruvate; 50 mM potassium

The aqueous layer was separated and extracted with ethemphosphate buffer, pH 6.5 with 10% (v/v) glycerol, 6.8 mM

The combined ether layers were washed with 1098®,

3,5-dichlorophenolsulfonic acid, 0.03% 4-aminoantipyrine,

then dried and concentrated. Flash chromatography (petro-and 5 units/mL horseradish peroxidase. The reaction was
leum ether/EtOAc 9:1) yielded the pure 2-oxo ester as a paleinitiated by adding POX.

yellow liquid. *H NMR (CDCL/TMS) 6 1.39 (t, 3 H,J =
7 Hz), 2.17 (s, 3 H), and 4.36 (quartet, 2 H= 7 Hz); 13C
NMR (CDCI/TMS) 6 170.0, 160.4, 101.2, 81.0, 64.8, 14.3,
and 4.3; IR (neat) 2982, 2878, 2218, 1786, and 1678cm

Bacterial Strains and Plasmids for PDHcDerivatives
of the PDHc null strainE. coli JRG1342 containedP:,c
expression plasmids encoding PDHc with E2 chains bearing
three lipoyl domains (3-lip PDHc; pGS523, the wild-type

Elemental analysis: Calcd C 59.98, H 5.76; Found C 60.35, parental complex), or a single lipoyl domain in each E2

H 5.77.

Ethyl 2-Oxo-3-butynoate.To a solution of monoethyl
oxalic acidN-methoxyN-methylamide (0.805 g, 5.0 mmol)
in THF (20 mL) at—78 °C was added dropwise ethynyl-
magnesium bromide (10 mL, 0.5 M in THF from Aldrich).
The mixture was stirred fo3 h while the temperature rose

subunit (1-lip PDHc; pGS501), and variant 1-lip PDH
complexes with mutations in the E1 gene leading to C259S
(pGS457) and C259N (pGS596) substitutions (Machado et
al., 1992; Machado, 1993).

Purification of PDHc Cultures for purification of 1-lip
and 3-lip PDH complexes were grown at 3T in LB

to 25°C. The reaction mixture was then poured into an medium containing glucose (0.2%) and ampicillin (o

ice-cold solution of 20% kPQy/ether (2:1). The aqueous

mL). The PDH complexes were induced by adding IPTG

layer was separated and extracted with ether. The combinedo 60uM as described by Russell et al. (1992). Cells were

ether layers were washed with 10%R0, and then dried

disrupted by ultrasonic treatment after preincubation with

and concentrated. Flash chromatography (petroleum etherdysozyme (0.6 mg/mL final concentration) for 15 min. The
EtOAc 9:1) yielded the pure 2-oxo ester as a colorless liquid. PDHc was sedimented by ultracentrifugation (10Gédr

IH NMR (CDCIK/TMS) 6 1.39 (t, 3 H,J = 7 Hz), 3.64 (s,
1 H), and 4.36 (quartet, 2 H,= 7 Hz); 13C NMR (CDCk/

3 h) and further purified by chromatography on a Sephacryl
S-400 HR column. Fractions containing PDHc were pooled

TMS) 6 169.4, 158.7, 85.4, 79.8, 64.3, and 14.9; IR (neat) and treated with ammonium sulfate to 70% saturation. The

2962, 2876, 2220, 1726, and 1602 ¢m Elemental analy-
sis: Calcd C 57.16, H 4.80; Found C 56.19, H 5.10.
2-Ox0-3-heptynoic Acid.To a solution containing ethyl

2-0xo-3-heptynoate (0.500 g, 3.02 mmol) and THF:MeOH:

enzyme was dissolved in buffer A (20 mM potassium
phosphate, pH 7.8, 2 mM NMaDTA, 1 mM PMSF, and 1
mM benzamidine hydrochloride) and then dialyzed against
the same buffer. The PDH complexes were stored in buffer

H,O (1:1:2, 15 mL) at room temperature, aqueous NaOH A at —20 °C.

(0.5 M) was added dropwise while stirring. The pH was

Resolution of the E1 Component from PDHEL1 was

never allowed to exceed pH 8. The addition of NaOH was resolved from the PDHc on a Sepharose CL-6B (4.500
stopped after an equivalent amount had been added or whe¢m) column under alkaline conditions. PDHc was dialyzed
the increase in pH became very slow. The organic solventsagainst 50 mM Tris buffer, pH 9.0, containing 0.1 mM
were removedh vacuoand the pH of the aqueous remainder benzamidine hydrochloride, 0.15 M NaCl, and 0.1 mM

was adjusted to 1.0 with concentrategdS, and extracted
with ether (3x 15 mL). The combined ether layers were

PMSF for 2 h, before application to a column equilibrated
and eluted with the same buffer. Analysis by SEFFAGE

dried and concentrated to yield the acid (0.312 g, 74%) as arevealed that the first peak to emerge is the—E3

dark yellow liquid. *H NMR (CDCIl/TMS) 6 1.06 (t, 3 H,
J=7Hz), 170 (m, 2HJ=7Hz)and 2.28 (t, 2 HJ) =
7 Hz).
2-Oxo-3-pentynoic aci(bynthesized as the 7-carbon acid)
gaveH NMR (CDCl/TMS) ¢ 2.20 (s, 3 H);**C NMR
(CDCI/TMS) 6 170.0, 159.6, 102.0, 79.8, and 14.8.
2-0Ox0-3-butynoic acidsynthesized as the 7-carbon acid)
gave 'H NMR (CDCL/TMS) 6 3.5 (s, 1 H);*C NMR
(CDCI/TMS) 6 171.5, 160.0, 86.8, and 80.0; IR (GY3500,
3279, 2098, 1734, and 1695 chn

Enzyme Purification and Assays

Pyruvate decarboxylas&éom Saccharomyces cerisiae
was overexpressed B coli (Baburina et al., 1994) and then

subcomplex, followed by E1 containing a trace amount of
E3. E1 from the parental 3-lip and 1-lip PDH complexes
was also separated from the other subunits using a thiol-
Sepharose 4B affinity column (2.5 20 cm) under condi-
tions described for resolution of E1 from PDHc isolated from
Azotobacterinelandii (de Graaf-Hess & de Kok, 1982).
Activity and Related Measurements on PDHEhe overall
enzymatic reaction of the PDH complex was assayed using
a Varian DMS 300 spectrophotometer or the Cobas Bio
(Roche Diagnostics, Somerville, NJ) automated centrifugal
analyzer, monitoring the pyruvate-dependent reduction of
NAD™ at 340 nm. The reaction medium contained in 1 mL
(DMS 300) or 0.25 mL (Cobas-Bio) test volume 0.1 M Tris-
HCI, pH 8.0, 1 mM MgC}, 2 mM sodium pyruvate, 2.5 mM
NAD*, 0.052-0.2 mM coenzyme A; 0.2 mM ThDP, and

purified according to Farrenkopf and Jordan (1992). Itwas 2.6 mM DTT at 27°C. The reaction was initiated either by
assayed spectrophotometrically by coupling to alcohol de- adding enzyme to a mixture of all other components or by

hydrogenase (Holzer et al., 1956).
Pyruvate oxidasdrom Lactobacillus plantarumwvas a gift

adding CoA. One unit of activity is defined as the amount
of NADH produced (micromoles) per minute per milligram

from Boehringer Mannheim and was assayed according toof protein. The activity of resolved E1 was measured after

the manufacturer’s instructions at 26 by measuring the
rate of 4-quinonimine production from ,8B,, 3,5-dichlo-

reconstitution with excess EZE3 subcomplex using the
NADH assay for PDHc activity.

rophenolsulfonic acid, and 4-aminoantipyrine in the presence Assay for the Nonoxida® Formation of Acetoin and
of horseradish peroxidase, at 546 nm, using a Cobas-BioAcetolactate by Res@d E1. The reaction mixture contained
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Ficure 1: (A) Inactivation of 1-lip PDHc by 2-oxo-3-butynoic acid. 1-Lip PDHc (0.157 mg/mL) was incubated in the dark at room
temperature in 20 mM KKPO, buffer, pH 7.5, containing 1 mM ThDP and 5 mM MgGiith the indicated concentrations of 2-oxo-3-
butynoic acid in a total volume of 0.5 mL. At different times, aliquots of&0Owere withdrawn and diluted into 1 mL of a reaction mixture

containing all components required for assaying the overall reaction (see Experimental Procedures). The reaction was initiated by adding
CoA. (B) Inactivation of resolved E1 by 2-oxo0-3-butynoic acid. Resolved E1 (0.083 mg/mL) was incubated at room temperature in the dark

in 20 mM KH,PQ, buffer, pH 7.5, containing 1 mM ThDP and 5 mM Mg@Vith various concentration of 2-oxo-3-butynoic acid in a total
volume of 0.5 mL. At different times aliquots of 3@ were withdrawn and diluted into 1 mL of a reaction mixture containing all components
required for assaying the overall reaction and-HE3 subcomplex (see Experimental Procedures). The reaction was initiated by adding

CoA. (C, D) Double-reciprocal plots of the first-order rate constants and corresponding inhibitor concentrations in A and B, respectively.

in 0.8 mL of 50 mM KH,PQ, buffer, pH 7.5, ThDP (1 mM),
MgCl; (2 mM), pyruvate (2 mM), and resolved E1 (0:064
0.1 mg). Afte 2 h at 37°C the reaction was stopped by the
addition of either 0.1 mL of 2.5 N NaOH (acetoin assay) or
0.02 mL d 6 N HCI (acetolactate assay), according to

components necessary for assay of the overall activity. The
activity of untreated enzyme was stable during the time of
inactivation.

Quantification of the Fraction of Sulfhydryl Groups in E1
Modified by 2-Oxo-3-butynoic AcidThe concentration of

Kuwana et al. (1968). Tubes for acetolactate measurementitratable sulfhydryl groups was determined by treating

were incubated for an additioh2z h at 37°C to decarboxy-

samples (1 mL) containing E1 (3.02 10°® M) in 0.05 M

late the acetolactate to acetoin. Acetoin was determinedkH,PQ, buffer, pH 8.0, ad 8 M urea, with small aliquots

according to Westerfeld (1945). The activity is defined as
nanomoles of acetoin formed per minute per milligram of
protein.

Inactivation of 1-Lip and 3-Lip PDH Complexes and
Resoled E1 Component by 2-Oxo-3-alkynoic Acidstact
1-lip or 3-lip PDH complexes (0.0560.1 mg) or resolved
E1 component (0.050.09 mg) were incubated in the dark
with 5 mM MgCl,, 1 mM ThDP, and different concentrations
of 2-oxo-3-alkynoic acids in 20 mM KHPQO, buffer, pH 7.5,
at room temperature in a total volume of 0.5 mL. The initial
activity (100%) was assayed prior to the addition of 2-oxo-
3-alkynoic acids. Samples (5Q.) were withdrawn periodi-
cally and diluted into 1 mL of assay solution, containing all

of 5,5-dithiobis(2-nitrobenzoic acid) fra a 1 mM stock
solution and comparing the absorbencies at 412 nm with
those obtained with freshly prepared cysteine solutions in
the range (1650) x 10°® M. Protein concentrations were
determined by the Bio-Rad method with bovine serum
albumin as standard.

Fluorescence Measurements on the Binding of 2-Oxo-3-
butynoic Acid to E1 The fluorescence spectrum of apo-E1
(enzyme having no activity in the absence of ThDP) was
measured using the SLM8100 spectrofluorometer a&t@5
The excitation wavelength was 295 nm and the emission
spectrum, presumably due to tryptophan, was recorded in
the 306-450 nm rangeri a 1 or 3 mLquartz cuvette. The
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Table 1: Kinetic Data for the Inhibition of PDHc and Resolved E1
by 2-Oxo-3-Alkynoic Acids Relative to Fluoropyruvéte

ki/Ki
ki (min—1) Ki (mM) (mM-min)~*
compound PDHc E1 PDHc E1 PDHc E1
2-0x0-3-heptynoic acid 0.487 2.850 0.17
2-0x0-3-pentynoic acid 0.420 0.276 1.52

2-ox0-3-butynoic acid 0.819 1.79 0.0079 0.0085 104.0 210.0
fluoropyruvic acid 0.331 0.36 0.033 0.028 10.0 13.0

2k is the rate constant for conversion of reversible complex to
irreversibly inactivated enzyme at saturating inhibitor concentrations;
Ki is the dissociation constant for initial reversible complRX; is
the second-order rate constant for inactivatfb@alculated from data
reported by Flournoy and Frey (1989).

concentration of apo-E1 was 0:68.175 mg/mL in 20 mM
KH.PO, buffer, pH 7.5. The excitation and emission
monochromator slit widths were 4 nm. The v 3.0 software

and KaleidaGraph computer program were used for data

processing. The emission maximum for tryptophan=
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activity. In contrast, the PDHc activity continued to decline
at a low rate when fresh 1-lip PDHc was added to the sample
that had already declined to 30% (data not shown). These
experiments suggest that the concentration of 2-oxo-3-
butynoic acid falls during the inactivation, possibly due to
nonspecific interaction with the enzyme or to enzyme-
catalyzed decomposition, although none of the pyruvate
analogs generated NADH in the overall assay.

The efficacies of the three inhibitors were compared by
calculating the apparent rate constaifitgy for inactivation
from the initial linear slopes of the relationship between the
residual activity [log A/Ao)] against timet). A plot of Kapp
vs [inhibitor] was hyperbolic, suggesting that the enzyme is
saturated with the inhibitor, ardy,= ki/{ 1 + (Ki/[l]) } (Kitz
& Wilson, 1962) according to

3
E+|==E—E* ©)

where E*l is inactive enzymek; is the first-order rate

335 nm) was determined by fitting the points from the peak constant for conversion of the reversibly formed complex

using the KaleidaGraph computer program.
The Michaelis-Menten constantX, ) for native PDHc

E-l to irreversibly inactivated enzyme at saturating inhibitor
concentrationK; is the dissociation constant for the initial

and PDHc treated with 2-oxo-3-butynoic acid and 2-0x0-3- reversibly formed complex, aridK; is the second-order rate
heptynoic acid were obtained by fitting steady-state rates atconstant for inactivation, a convenient measure of the relative

different pyruvate concentrations to the Hill equation and
the logarithmic form of the Hill equation using the Delta
Graph (Pro4) computer program.

RESULTS

Kinetics of Inactiation of 1-Lip and 3-Lip PDH Com-
plexes and Resadd E1 in the Presence of 2-Oxo-3-alkynoic

inhibitory efficacy of different compounds.

A total of 5—10 different concentrations of each compound
were used to obtaik.,,, The kinetic parameters calculated
on the basis of eq 7 are presented in Table 1. Itis clear that
2-0x0-3-butynoic acid is by far the most effective inhibitor
tested, the second-order inactivation rate constifk;)
being 104 mM?! min~1, compared to 1.52 and 0.17 mi¥

Acids. Three analogs of pyruvate were tested as potential min~ for alkyl chains with 5 and 7 carbons (respectively).

inhibitors of the PDHc and resolved E1: 2-o0xo0-3-butynoic

acid, 2-oxo-3-pentynoic acid, and 2-oxo-3-heptynoic acid.

The K; obtained for 2-oxo-3-butynoic acid is 7.8M,
compared to th&,, = 0.22 mM for pyruvate, suggesting

Incubation in the presence of saturating ThDP (1 mM) and that the inhibitor forms a stable adduct with the enzyme.

MgCl, (5 mM) with any of the three compounds led to the

In the presence of high concentrations of 2-oxo-3-butynoic

loss of overall activity in a time- and concentration-dependent acid, after a rapid, initial kinetic phase for inactivation there
fashion. The plots of remaining activitys time were followed a second, slower phase (Figure 1A,B), rather than
biphasic: a rapid phase of inactivation was followed either the plateau levels observed at low inhibitor concentrations,
by a slow phase at high concentrations of inhibitor or a suggesting that the mechanism of inactivation is perhaps
plateau at low concentrations of inhibitor, as shown for 1-lip more complex than that presented by eq 7 for the first fast
PDHc and resolved E1 with 2-oxo0-3-butynoic acid in Figure phase of inactivation and includes some additional step(s)
1A,B. The biphasic kinetics may be due to chemical prior to the formation of the inactive EF complex. The
instability of the inhibitors, especially 2-oxo-3-butynoic acid. ks, calculated for the slow phase of inactivation of 1-lip
This possibility was excluded because incubating 2-oxo-3- PDHc and resolved E1 by 2-oxo-3-butynoic acid (Figure
butynoic acid (1 mM) at room temperature in 20 mM kH  1A,B) did not significantly vary with the concentration of
PO, buffer, pH 7.5, in the presence of 1 mM ThDP and 5 inhibitor, as illustrated with the following rate constants (in
mM MgCl, for different periods up to 28 min had no parentheses is shown the concentration of 2-oxo-3-butynoic
significant effect on its ability to inactivate 1-lip PDHc. When acid): 0.062 mirr? (0.1 mM); 0.053 min* (0.5 mM), and

a fresh portion of 2-oxo-3-butynoic acid was added to PDHc 0.056 min~! (1.0 mM) for the 1-lip PDHc, with 0.039 min
whose activity had plateaued at about 30%, the activity ~* (0.11 mM) and 0.078 min? (1.1 mM) for resolved E1.
rapidly declined to a new plateau at-8% of the original Therefore, it is unlikely that the biphasic kinetics of

Table 2: Effects of 2-Oxo-3-butynoic acid on Acetoin and Acetolactate Production by Resolved E1

acetolactate production
[nmol min~1
(mg of protein) ]
E1 (A = 100%) 2.980t 0.420 5.174+ 0.17 (100%) 1.43 0.083 (100%)
E1 (A= 11.5%p 0.343+0.023 1.52+ 0.08 (30%) 0.5H 0.083 ( 36%)

aThe E1 activity was measured in the overall reaction after reconstitution with an excess BBE2bcomplex? E1 (1.5 mg/mL) in 20 mM
KH2PQO, buffer, pH 7.5, containing 0.1 mM ThDP and 1 mM MgG@it room temperature in a total volume of 0.8 mL was reacted with 3.7 mM
2-ox0-3-butynoic acid. Once the activity diminished to 16%, the enzyme was chromatographed on a G-25 column (PD-2, Pharmacia) to exclude
excess inhibitor. Resolved E1 with a residual activity in the overall reaction of 11.5% was used to measure the nonoxidative activity.

pyruvate:NAD' oxidoreductase
reactior? [umol min~!
(mg of protein)]

acetoin production
[nmol min—t
(mg of protein)]

extent of
inhibition
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inactivation is a result of two types of residues reacting at
different rates with the inhibitor. For inactivation of 3-lip
PDHc by 2-oxo-3-heptynoic acid in the concentration range
of 0.35-2.0 mM, the rapid phase of inactivation was
followed by a plateau level, whereas with 2-oxo-3-pentynoic
acid the slow phase of inactivation was not in evidence in
the 0.015-1.5 mM concentration range. At higher concen-
trations of inhibitor the slower phase was in evidence,
yielding kapp Of inactivation of 0.048 min! (at 3 mM) and
0.022 min~! (at 4 mM), independent of inhibitor concentra-
tion, as found with 2-oxo-3-butynoic acid, and suggesting
that the slow phase of inactivation may reflect a more
complex fate of the inhibitor.

When the E2-E3 subcomplex (see Experimental Proce-
dures) was preincubated for different times (up to 20 min)
with 2-oxo-3-butynoic acid, followed by dilution into a
reaction mixture containing all components of the PDHc
assay including unmodified E1 component, 100% of the
activity could be reconstituted. In contrast, when resolved
E1l was treated with inhibitors for different time periods
before reconstitution with unmodified EE3 complex, a
time-dependent decrease in the overall activity was observed
(see Figure 1B for resolved E1 reaction with 2-oxo-3-
butynoic acid). Comparing the kinetic constants for inac-
tivation of PDHc and resolved E1 with 2-oxo-3-butynoic acid
suggests that the E1 component is even more sensitive to
inactivation than the PDH complex (Table 1).

2-0Ox0-3-butynoic acid also significantly reduced the
formation of nonoxidative decarboxylation products, acetoin
and acetolactate, by resolved E1 (Table 2). The resolved
E1 with 11.5% overall activity remaining produced 30% of
the acetoin and 36% of the acetolactate compared to the
amounts formed without inactivation. This experiment
further confirms that all the inhibitory effects are due to
inactivation of the E1 component.

Influence of Pyrwate and ThDP on the Kinetics of
Inactivation by 2-Oxo-3-alkynoic Acids.With 2-oxo0-3- 10
heptynoic acid, the presence of 1 mM ThDP and 5 mM Time (min)
MgCl, stimulated inactivation of 3-lip PDHc and resolved  gigyre 2: (A) Effects of ThDP and pyruvate on the inactivation
E1. However, in the absence of ThDP, 3-lip PDHc was still of 3-lip PDHc by 2-oxo-3-heptynoic acid. 3-Lip PDHc (0.122 mg/
inactivated to the same extent, but at a slower rate (FiguremL) was incubated at room temperature in the dark with 2 mM
2A). Pyruvate (5 mM) in the presence of 1 mM ThDP and 2-0%0-3-heptynoic acid in 20 mM K#Q, buffer, pH 7.5,
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5 mM MgCl, failed to protect the 3-lip PDHc from
inactivation. The value of [3} for pyruvate with 3-lip
PDHc in the presence of different concentrations of 2-oxo-
3-heptynoic acid was 0.23# 0.025 mM, not significantly
different from that obtained in the absence of reagent {S]
= 0.22 mM). These results suggest that 2-oxo-3-heptynoic
acid is covalently bound to an amino acid in or near the
active site, rather than forming a covalent adduct with ThDP
in the active center.

With 2-oxo-3-pentynoic acid at 3 mM concentration,
addition of 5 mM pyruvate afforded partial protection on
the slow phase of inactivation of 1-lip PDHc (21%) in the
presence of 1 mM ThDP and 5 mM Mg(l.e., the residual
activity after 26 min of inactivation was 14% in the absence
and 35% in the presence of pyruvate).

With 2-oxo-3-butynoic acid, the inactivation of 1-lip PDHc

containing 1 mM ThDP and 5 mM Mgg(curve 1); as in curve 1
but no ThDP (curve 2); and as in curve 1 with 5 mM pyruvate
(curve 3). At different times, 5@L aliquots were withdrawn and
diluted into 1 mL of reaction medium for assaying the overall
reaction as described in Figure 1A. (B) Effects of ThDP and
pyruvate on the inactivation of resolved E1 by 2-oxo-3-butynoic
acid. Resolved E1 (0.179 mg/mL) was incubated at room temper-
ature in the dark with 0.12 mM 2-oxo0-3-butynoic acid in 20 mM
KH2,PQO, buffer, pH 7.5, containing 1 mM ThDP and 5 mM MgCl
(curve 1); as in curve 1 but no ThDP (curve 2); and as in curve 1
with 5 mM pyruvate (curve 3). Reaction conditions were the same
as in Figure 1A.

subcomplex, but in the absence of excess ThDP and Mg(ll)
in the incubation medium, were in the range ef15% of

the activity measured in the presence of 0.2 mM ThDP and
1 mM Mg(ll). Pyruvate (5 mM) in the presence of 1 mM
ThDP and 5 mM MgG completely protected the E1
component from modification by 2-oxo-3-butynoic acid and

and resolved E1 was ThDP-dependent, but even in thepartially protected 1-lip PDHcA; was 20% in the absence
absence of ThDP, a partial inactivation of 1-lip PDHc, and of pyruvate and 60% in the presence of 5 mM pyruvate),
to a lesser extent resolved E1, was observed (Figure 2Bsuggesting that pyruvate and 2-oxo-3-butynoic acid are bound
presents results with E1). This could be due to the presenceat the same or proximal sites. The effects of different
of some tightly bound ThDP in the active site of E1. The concentrations of pyruvate and 2-oxo-3-butynoic acid on the
E1l activities measured after reconstitution with 23 steady-state kinetics of the 1-lip and 3-lip PDHc-catalyzed
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Ficure 3: Effect of ThDP on the fluorescence emission spectrum 0
of resolved E1. The fluorescence emission spectrum of E1 (0.05 320 340 360 380 400
mg/mL) in 3 mL of 20 mM KHPQ, buffer, pH 7.5, containing 1 Wavelenath

mM MgClI; (curve 1) and the following micromolar concentrations avelength, nm

of ThDP (curve number in parentheses): 4 (2), 8 (3), 16 (4), 24 100
(5), 32 (6), 40 (7), 60 (8), 100 (9), and 200 (10). The inset shows

the dependence of the fluorescence decrelege-(F) at 335 nm 400 1
on ThDP concentration, whefg is the fluorescence intensity of
E1 in the absence of ThDP aifdis the fluorescence intensity in
the presence of the indicated concentration of ThDP. 350 -

(Fti Fo) x 100

reactions were analogous to those observed with 2-oxo-3-
heptynoic acid: th&/maxfor 3-lip PDHc decreased, but the
[S]os for pyruvate was almost unchanged after treatment with
2-oxo-3-butynoic acid (0.262 0.069 mM) relative to 0.22
mM. This suggests that 2-oxo-3-butynoic acid is either a
noncompetitive (reversible) or irreversible inhibitor of PDHc.
Tests for Reersibility of Inactivation. It was shown for
all three 2-oxo-3-alkynoic acids that, once inactivated, the
1-lip and 3-lip PDH complexes did not regain any activity,
even after extensive dialysis for 15 h against 20 mM,KH
PO, buffer, pH 7.5 (data not shown). Nor was activity
regained with totally inactive 3-lip PDH®&({= 0) or partially
inactivated enzyme&; = 59%), after gel filtration through
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a Sephadex G-25 column (PD-2, Pharmacia). Finally, there 320 340 360 380 400
was no restoration of activity to 99.62% inactivated (with Wavelenah
2-ox0-3-butynoic acid) 3-lip PDHc after 20-fold dilution and avelength, nm

incubation for 50 min in a mixture containing all components FIGURE4: (A) Effect of 2-oxo-3-butynoic acid on the fluorescence

necessary for the overall reaction. All of these experiments Mission spectrum of resolved E1. The fluorescence emission
hat th | . ible i S spectra were recorded for resolved E1 (0.173 mg/mL) in 3 mL of
suggest that the analogs cause irreversible inactivation. 50 M KH,PQ, buffer, pH 7.5, containing 1 mM Mg@lcurve 1)

Fluorescence Studies on the Binding of 2-Oxo-3-butynoic or 1 mM MgCh and 0.2 mM ThDP (curve 2) and at the indicated
Acid to E1 The PDHc of E. coli has an intrinsic times in minutes after adding 0.11 mM 2-oxo-3-butynoic acid to
fluorescence, probably due to tryptophan, which diminishes curve 2 (curve number in parentheses): 1 (3), 4 (4), 7 (5), 10 (6),

- h : 20 (7), and 32 (8). The excitation wavelength was 295 nm. (B)
upon reconstitution with ThDP in the presence and absenceEffect of 2-oxo0-3-butynoic acid on the fluorescence emission

of pyruvate (Henning et al., 1996). Here it was shown for spectrum of resolved apo-E1 in the absence of ThDP and MgCl
the first time with resolved E1 that ThDP decreased the The fluorescence emission spectra were recorded for resolved E1
intrinsic fluorescence intensity at 335 nm (Figure 3). The (0.173 mg/mL) in 3 mL of 20 mM KHPO, buffer, pH 7.5 (curve
degree of fluorescence quenching was related to the Thppl) and at the indicated time in minutes after adding 0.11 mM of

. s . . 2-0x0-3-butynoic acid (curve number in parentheses): 4 (2), 7 (3),
concentration and the behavior indicates saturation (F|gure15 (4), 20 (5, 6), and 30 (5, 6). The excitation wavelength was 295

3, inset), analogous to that reported for the PDH complex nm. The inset shows the dependence of relative fluorescéice (
(Henning et al.,, 1996). The extent of quenching was Fy) x 100 at 335 nm on time of incubation, whefg is the
independent of the time of preincubation with E1. Addition flu%reSnCdanCie tiﬂte][}Sitxr/ of Enl inirﬁ?enai?serf]CEeloiL %H0X0;3-btﬁltyﬂ0i?
of pyruvate (2 mM) to E1 in the presence of ThD.P (0_2_mM) 8?11 amM t osf Z?OXE?S?ESS/I’]%?C a((a:idS z)i/tothe indiCz(aetepde?i(raneceo(13
and MgC} (1 mM) decreased the fluorescence intensity by ;. hation.

about 15%, compared to a 21% decrease in the absence of

ThDP, indicating that pyruvate by itself, or in the presence the presence of ThDP (0.2 mM) and MgCll mM)

of ThDP, does not induce any significant changes in the decreased the fluorescence intensity of E1 at 335 nm about
fluorescence intensity of E1 (data not shown). Adding 66% (Figure 4A; the relative fluorescence in the presence
2-oxo-3-butynoic acid (0.11 mM) to E1 (0.173 mg/mL) in of 2-oxo-3-butynoic acid was calculated with respect to curve
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2 in Figure 4A). It was shown that the 66% decrease of the 100
intrinsic fluorescence in the presence of 2-oxo-3-butynoic
acid is achieved during the first 5 min of incubation and
does not change significantly after prolonged incubation with
the inhibitor (Figure 4A). This behavior is consistent with
the kinetic data shown in Figure 1A,B. The decrease in
fluorescence intensity depends on the concentration of 2-oxo-
3-butynoic acid added (about 35% decrease in the presence
of 0.033 mM inhibitor and 66% in the presence of 0.1 mM
inhibitor, respectively). In the absence of added ThDP, time-
dependent changes in fluorescence intensity were observed
(Figure 4B and inset). The curve presented in the inset
(Figure 4B) shows a biphasic decrease of the fluorescence
intensity: the short fast phase may be due to tightly bound
ThDP, and the slower phase might be due to nonspecific
binding of 2-oxo-3-butynoic acid near the active site. The
first-order rate constant of fluorescence intensity decrease
was 0.042 min! for the slow phase, as compared with

0.69 mirr?! for inactivation of PDHc and 1.73 mih for
inactivation of E1 in the presence of 0.11 mM 2-oxo-3-
butynoic acid. A parallel experiment in which the E1 activity
was measured under conditions closely resembling those used
for fluorescence analysis revealed that significant inactivation
of the enzyme by 2-oxo0-3-butynoic acid only occurs in the
presence of ThDP (residual activity was 40%). This cor-
relates with a 66% quenching of the fluorescence of E1 in
the presence of ThDP. In the absence of added ThDP, the
residual activity of E1 was 7890%. These results suggest
that changes in fluorescence intensity induced by 2-oxo-3-
butynoic acid in the absence of ThDP reflect nonspecific
binding of the inhibitor near the active site.

Protection from Inactiation by DTT and Attempted
Reactvation by Hydroxylamine.DTT at 5 mM concentra-
tion afforded partial protection from inactivation of E1 by
2-oxo-3-butynoic acid (Figure 5A) and of 3-lip PDHc by
2-oxo-3-heptynoic acid (data not presented). The residual
activity of E1 treated for 15 min with 0.5 mM 2-oxo-3-
butynoic acid was about 30% in the absence and 63% in the
presence of 5 mM DTT. However, addition of 5 mM DTT
to previously inactivated E1A = 30%) caused a modest

S — 00 -
reactivation of enzymefy = 40% after 60 min (data not mM KH,PO, buffer, pH 7.5, containing 1 mM ThDP and 5 mM

shown). This suggests that DTT reacts With, 2'0),(0'3' MgCl, at room temperature was incubated with 0.5 mM of 2-oxo-
butynoic acid but can also rescue some of the inactivated 3-putynoic acid in the dark in a total volume of 0.5 mL in the

enzyme. This further implies that SH groups on the enzyme absence (curve 1) or in the presence (curve 2) of 5 mM DTT. At
might be involved in the inactivation process. Hydroxy- different times of incubation, aliquots were withdrawn and the
lamine added to partially inactivated enzyme at concentra- activity was measured in the overall reaction as described in Figure
. . 1B. (B) Attempted rescue with hydroxylamine of resolved E1
t'or?s, of 0.2, 0.5, ad' 1 _M at neutral pH failed to restore inactivated by 2-oxo-3-butynoic acid. The resolved E1 (0.173 mg/
activity after 100 min (Figure 5B) or even after 15 h, thereby mL) in 20 mM KH,PO, buffer, pH 7.5, containing 1 mM ThDP
excluding the formation of an acyl thioester linkage during and 5 mM MgC} was incubated for 20 min with 0.5 mM 2-oxo-
the inactivation. 3-butynoic acid in a volume of 0.5 mL in the dark. After about
P . 68% inhibition was reached, 0.5 M hydroxylamine was added and
Quantlflcatlon of Sulfhydryl G'roups of E1 R.eact.ed .W'th the activity was measured during the next 100 min as described in
2-Ox0-3-butynoic Acid.To investigate whether inactivation
of E1 is accompanied by modification of SH groups, the
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Ficure 5: (A) Effect of DTT on the inactivation of resolved E1
by 2-oxo-3-butynoic acid. The resolved E1 (0.173 mg/mL) in 20

Figure 1B.
sulfhydryl contents of active E1 and E1 treated with 2-oxo-
3-butynoic acid were determined. Under denaturing but
nonreducing conditions (8 M urea), 5.13 SH groups/E1

repurified by G-25 chromatography (PD-2, Pharmacia) to
remove excess reagent, DTNB titration showed that 3:83
0.18 SH groups remain per monomer. This indicates that

monomer were titrated with DTNB. This agrees very closely inactivation of E1 by 2-oxo-3-butynoic acid is accompanied
with published values, 5.1 (Vogel, 1971), 6.2 (Flournoy & by specific modification of 1.3 SH groups/monomer (5.1
Frey, 1989), and 5.6 (Lowe & Perham, 1984), and with the 3.8).

presence of 6 cysteine residues in the DNA-derived primary  Inactivation of C259N and C259S Variants of 1-Lip PDHc
structure (Stephens et al., 1983a) and on the basis of amindoy 2-Oxo-3-butynoic Acid It was previously shown (Yi et
acid composition (Dennert & Eaker, 1970) of the E1 subunit al., 1996) that substituting Cys259 in the ThDP-binding fold
(molecular weight= 99 474). When E1 was reacted with by asparagine (C259N) or serine (C259S) yields proteins with
2-oxo-3-butynoic acid to a residual activity of 10% and 58% and 27% of parental 1-lip PDHc activity, respectively.
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from Table 3 that, of the enzymes tested, pyruvate decar-
boxylase is least sensitive to inactivation with 2-oxo-3-
butynoic acid.

DISCUSSION

2-Oxo-3-alkynoic acids with 4-, 5-, and 7-carbon chains
were synthesized as potential inhibitors for pyruvate decar-
boxylating enzymes. The inhibitory properties of these
compounds were investigated Vis#ia three ThDP-depend-
ent enzymes: PDHc and resolved E1 fr&rcoli; PDC from
Saccharomyces cerisiag and POX fromLactobacillus
plantarum The 4-carbon parent compound 2-oxo-3-butynoic
acid exhibited the greatest potency toward PDHc. The
preference for the shorter carbon chain is consistent with
results of Bisswanger (1981) who showed that the affinity
of 2-oxo acids forE. coli PDHc decreases with increasing
0 5 10 15 20 carbon chain length, 2-oxobutanoic acid being the only

Time (min) homologue to serve as a substrakg, (= 3 mM). The

FiGURE 6: Inactivation of 1-lip PDHc and its C259N and c259s  following conclusions were drawn from detailed studies on
variants by 2-oxo-3-butynoic acid. 1-Lip PDHc (0.162 mg/mL) or the inactivation of this complex and its E1 component by
t2he rg'\ZASiNH Ia;nd CZf?QrS variinsts Cocfmlt;:ﬁiEDTcm('(\)A.1_[(_5hZDrgggr111cli_)5in the three compounds.
mOM MgCl, 2We(z)rdebiﬁcﬁb’a?ed in the absencge (curve 1, 1-lip PDHc . (1) 2-Oxo-3-butynoic acid acts as an active-site-directed
and C259N variant) or in the presence (curve 2, the C259N variant; inhibitor of PDHc because (a) the inactivation is ThDP-
curve 3, 1-lip PDHc and the C259S variant) of 1 mM of 2-oxo- dependent, (b) pyruvate protects the enzyme from inactiva-
3-butynoic acid in a total volume of 0.5 mL in the dark. At different  tion, and (c) the value oK; is 7.9 uM for PDHc and 8.5

times, aliquots of 5QL were withdrawn and the overall activity uM for E1, significantly smaller than thi, for pyruvate
was measured as described in Figure 1A. (0.22 mM)’

However, it would appear that Cys259 is not required for ~ (2) The binding of 2-oxo-3-butynoic acid near the active
inactivation by 2-oxo-3-butynoic acid because both variants Site of E1 was confirmed by fluorescence spectroscopy. Only
were inactivated by this compound (Figure 6). Fluoropy- in the presence of saturating concentrations of ThDP and
ruvate likewise inactivated both variants, as well as the MgCl> were specific changes induced in the fluorescence
parental complexes and resolved E1 (data not shown). intensity of E1. However, additional nonspecific binding
Reaction of 2-Oxo-3-alkynoic Acids with Pyate Oxi- of the compound near the active center is also possible. These
dase. The interaction between the three pyruvate analogs data do not contradict earlier data indicating that pyruvate
and pyruvate oxidase frofractobacillus plantarunshowed can bind in the absence of ThDP but at site(s) different from
that thekapp vs [I] plots with 2-oxo-3-heptynoic acid and the catalytic site (Shepherd & Hammes, 1976; Moe &
2-0x0-3-pentynoic acid curved upward at higher inhibitor Hammes, 1984; Bantel-Schaal & Bisswanger, 1980). Like-
concentration, indicating that the enzyme was not being Wise, it has been reported that the reactiofto€oli PDHc
saturated by the inhibitor. Rather, it appears that there areWith the pyruvate analog acetylphosphinate in the presence
two reactive sites, such that reaction at the first site makes©of ThDP and MgC{ decreases the fluorescence intensity by
the second more accessible. On the other hand, inhibition30% in a time-dependent manner compared with only 6%
by 2-oxo0-3-butynoic acid appeared to proceed with satura- for 2 mM pyruvate (Schonbrunn-Hanebeck et al., 1990). The
tion, indicating that this compound behaves like a substrate acetylphosphinate-induced decrease in fluorescence was
(see Table 3). Of the three compounds, 2-oxo-3-butynoic dependent on ThDP and MgCreflecting the slow trans-
acid is therefore the most effective inhibitor of POX, PDHc, formation of the El complex to inactive enzyme.
and resolved E1. (3) The kinetics of inactivation of PDHc and E1 by 2-oxo-
Reaction of 2-Oxo-3-alkynoic Acids with Pyaie De- 3-butynoic acid is complex. The plots of activity remaining
carboxylase 2-Oxo-3-butynoic acid and 2-oxo-3-heptynoic vs time were biphasic. In the presence of high concentrations
acid behaved very differently with PDC (Table 3). The of 2-ox0-3-butynoic acid, a second slower phase of inactiva-
4-carbon compound gave relatively weak inactivatikf<( tion was found not to vary significantly with inhibitor
= 0.04 mM* min~Y) and did not appear to saturate the concentration, suggesting that the additional step(s) may be
enzyme. However, the 7-carbon acid appeared to be a poteninvolved in the inactivation of enzyme. In the presence of
inhibitor (k/K; = 1.35 mM? min~! ), and its effect was  small concentrations of inhibitor the fast inactivation phase
significantly increased on addition of 50 mM pyruvamide was followed by a plateau level, suggesting that the inhibitor
(k/Ki = 5.26 mMt min~!), a substrate surrogate that cannot concentration decreased due to substrate-like turnover;
be decarboxylated but converts PDC to its activated form however, additional experiments would be required to prove
(Hubner et al., 1978). Another peculiar feature observed only this. These results differ from data presented by Flournoy
with the 7-carbon analog was the biphasic nature of the and Frey (1989) for inactivation of PDHc and E1 by
double-reciprocal plots fokp, Vs [I]. This was previously  fluoropyruvate. In that case, increasing the concentration
observed with compounds in the 2-oxo0-4-phenyl-3-butenoic of fluoropyruvate from 0.03 to 0.6 mM decreased the rate
acid class, where it was interpreted as evidence for two-site constants of inactivation and the enzyme was protected from
inactivation (Kuo & Jordan, 1983); the data presented in inactivation. The results were explained by invoking a
Table 3 were calculated using the same analysis. It is clearbenzoin-type condensation, which was observed when the

Activity (%)
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Table 3: Kinetic Constants for the Inactivation of PDC and POX by 2-Oxo-3-alkynoic Acids

enzyme inhibitors ki (min™)  Kic(mMM)  Ki;(mM) kd/Kic(min*mM~1)  saturation by inhibitor
PDC 2-0x0-3-butynoic acid 0.0844 2.11 0.0400 no
PDC 2-0x0-3-heptynoic acidd  0.603 0.447 0.921 1.35 yes
PDC (+50 mM pyruvamide)  2-oxo-3-heptynoic aéid 0.314 0.0597 0.382 5.26 yes
POX 2-0x0-3-butynoic acid 0.268 0.951 0.282 yes
POX 2-o0x0-3-pentynoic achd 0.00284 no
0.0124
POX 2-0x0-3-heptynoic achd 0.00369 no
0.0192

a Exhibits biphasic double-reciprocal plots okdVvs 1/ [I] and can be treated with equations assuming two-site inhibition as in Kuo and Jordan
(1983). K. andk; refer to one siteKi, to the second site; ¢ and r mean catalytic and regulatdgxhibit upward curvature dfap, Vs [I] plots and
the data are obtained from linear portioAfata obtained at low inhibitor concentratiod€ata obtained at high inhibitor concentrations.

E1 component was incubated with pyruvate in the absence It is also unlikely that inactivation is due to formation of

of CoA and NAD" or other electron acceptors. Similar a hemithioketal between a cysteine sulfhydryl group and the
behavior was noted for the inactivation of E1 by bromopy- ketone functionality, since such reactions are highly revers-
ruvate (Lowe & Perham, 1984). ible (Torchinsky, 1977). Furthermore, it was shown that the

(4) The respective second-order rate constants for inactiva-catalytic activity of E1 is not significantly affected by

tion of PDHc and resolved E1 (Table 1) are 104.0° M~! reaction with 5,5dithiobis(2-nitrobenzoic acid) or methyl
min~! and 210x 10 M~1 min~? for 2-oxo-3-butynoic acid methanethiolsulfonate (data not shown). A 300-fold molar

compared to 16« 10 M~ min~tand 13x 10° M1 min! excess op-chloromercuribenzoate was required to inactivate

for fluoropyruvate [presented in Table 1 and calculated from E1, suggesting that the reactive cysteine is deeply buried. It
data of Flournoy and Frey (1989)]. Thevalues for 2-oxo- seems more likely that a Michael-type adduct is formed by
3-butynoic acid are 7.e4M with 1-lip PDHc and 8.5uM adding a cysteine SH across the triple bond. Further
with resolved E1, compared to 9915 uM for the reversible ~ experiments with labeled 2-oxo-3-butynoic acid would be
inhibition of resolved E1 by bromopyruvate [detected using required to confirm this possibility. There is evidence for
the dichorophenolindophenol assay; see Lowe and Perharfuch an interaction between PDC afi)-g-(4- chlorophen-
(1984)]. The kinetic data suggest that 2-oxo-3-butynoic acid Y!)-2-0xo-3-butenoic acid and related compounds (Kuo &
is the most powerful inhibitor of the three substrate analogs. Jordan, 1983; Jordan et al., 1986; Zeng et al., 1991; Menon-
(5) Inactivation of E1 by 2-oxo-3-butynoic acid is ac- Rudolph et al., 1992). Indeed, protein chemical methods
companied by the specific modification of 1.300.35 SH ~ Were used to identify such a Michael adduct between Cys221,
groups/subunit, compared to 1.370.03 with fluoropyruvate & residue that is responsible for substrate activation of PDC

and 1.2+ 0.3 with bromopyruvate. These results unambigu- (£€ng et al., 1993; Baburina et al., 1994, 1996; Baburina,
ously show that a reactive SH group of E1 is involved in all 1996), andp-chlorocinnamaldehyde [derived from decar-

three inactivation reactions. Inactivation of PDHc and Poxylation of €)-4-(4-chlorophenyl)-2-oxo-3-butenoic acid;
resolved E1 by fluoropyruvate is accompanied by the S€€ Dikdan (1994). In addition, 2-oxo-4-phenyl-3-butynoic
acetylation of a reactive cysteine by 2-acetyl-ThDP, which &cid was shown to inhibit brewers’ yeast PDC and to undergo
is formed in the active site of E1 during the decarboxylation €nZymatic conversion tois- and trans-cinnamic acids. It
of fluoropyruvate and elimination of fluoride ion (Flournoy ~Would appear likely that both double- and triple-bonded
& Frey, 1989). A similar inactivation mechanism was pyruvate analogs_ readily underg_o Michael additions in the
proposed for bromopyruvate with resolved E1 (Lowe & Presence of a suitable nucleophile on the enzyme.
Perham, 1984). (6) The greater sensitivity of the overall reaction relative
However, the mechanism of inhibiton of PDHc by O the nonoxidative formation of the acetoin and acetolactate

bromopyruvate is different from that with fluoropyruvate. It ~Side products in the inactivated enzyme could mean that
was proposed that bromopyruvate is decarboxylated at the@lkylation of a single E1 monomer has less effect on the
active site of E1, followed by reductive bromoacetylation Nonoxidative reaction than on oxidative acyl transfer. This
of E2 (Lowe & Perham , 1984). Bromopyruvate then reacts further supports a crucial role of a cysteine different from
with the free remaining thiol groups of the lipoic acid Cys259 on E1 and further confirms that the inactivation takes
residues, resulting in the inactivation of PDHc. For the Place on EL.

following reasons, it seems unlikely that inhibition of 1-lip Although 2-oxo-4-phenyl-3-butenoic acid and 2-oxo-4-
PDHc by 2-oxo0-3-butynoic acid is accompanied by inactiva- phenyl-3-butynoic acid (Chiu & Jordan, 1994) inhibited
tion of E2 as with bromopyruvate: (a) The rate of inhibition brewers’ yeast PDC, they had no effect Bncoli PDHc

by bromopyruvate was significantly increased in the presencedue to its high substrate specificity (Bisswanger, 1981). In
of pyruvate. However, in the case of 2-o0xo-3-butynoic acid, contrast, PDC is less sensitive to inhibition by the 2-oxo-
pyruvate partially protected the 1-lip PDHc against the 3-alkynoic acids than PDHc (cf. Tables 1 and 3). The
inactivation. (b) The failure to reactivate 2-oxo-3-butynoic preference of PDC for larger, more hydrophobic inhibitors
acid-treated E1 (Figure 5B) and 3-lip PDHc treated by 2-oxo- is also evident from its greater susceptibility to inhibition
3-heptynoic acid (data not shown) by prolonged incubation by (E)-4-(4- chlorophenyl)-2-oxo-3-butenoic acid than 2-oxo-
with hydroxylamine excludes the formation of a thioester 3-butynoic acid: the respective first-order rate constant of
bond. (c) The values df; presented in Table 1 for PDHc inactivation k), Ki, andk/K; values were 0.054 min, 1.1
(0.0079 mM) and resolved E1 (0.0085 mM) are very similar mM, and 0.049 mM! min~! for 2-oxo-3-butynoic acid

to each other and suggest that inhibition of PDHc activity is compared to 0.38 mir, 0.7 mM, and 0.54 mM min~!
accompanied primarily by inactivation of E1. for (E)-4-(4- chlorophenyl)-2-oxo-3-butenoic acid. It is
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interesting to note that comparable data have been publisheddenning, J., Kern G., Neef, H., Bisswanger H., &lter G. (1996)

for another pyruvate analog, acetylphosphinate £CH
COPQHy) (Schonbrunn-Hanebeck et.al., 1990; Spinka &
Hilbner, 1996). Here a first-order rate constant of 0.6 hin
andK; = 0.15uM were observed with PDHc fror&. coli
compared withK; = 50 uM for POX from L. plantarum
andK; = 0.47 mM for PDC fromS. cereisiae, suggesting
that acetylphosphinate is a poor inhibitor of PDC (Spinka
& Huibner, 1996).

The rapid drop-off in inactivation efficacy with increased
carbon chain length is not surprising for POX, since even
2-oxobutanoic acid fails to show substrate like activity with
this enzyme according to the manufacturer’'s information.

In conclusion, several new 2-oxo-3-alkynoic acids were

in Biochemistry and Physiology of Thiamin Diphosphate Enzymes
(Bisswanger, H., & Schellenberger, A., Eds.) pp 2243, A.
u. C. Intemann, Prien, Germany.

Holzer, H., Shultz, G., Villar-Palasi, C., & Juntgen-Sell, J. (1956)
Biochem. 2327, 331-344.

Hiubner, G., Weidhase, R., & Schellenberger, A. (19E8y. J.
Biochem. 92175-181.

Jackson, P. H., & Singer, T. P. (1983)Biol. Chem. 253857
1865.

Jordan, F., Adams, J., Farzami, B., & Kudzin, Z. H. (1986)
Enzyme Inhib. 1139-149.

Kitz, R., & Wilson, I. B. (1962)J. Biol. Chem. 2373245-3249.

Kluger, R., & Pike, D. C. (1977). Am. Chem. Soc. 99504~

Koike, M Reed, L., & Carroll, W. R. (1960). Biol. Chem. 235
1924-1930.

synthesized and shown to be potent irreversible inhibitors Kuo, D. J., & Jordan, F. (1983Biochemistry 223735-3740.
of three ThDP-dependent pyruvate decarboxylating enzymes Kuwana, H., Caroline, D. F., Harding, R. W., & Wagner, R. P.

The rate constants for inactivation were particularly impres-
sive for 2-0x0-3-butynoic acid acting on the E1 component

of PDHc. Indeed, this inhibitor appears to be the most potent

irreversible inactivator of PDHc known. It appears to

(1968) Arch. Biochem. Biophys. 12884-193.
Lowe, P. N., & Perham, R. N. (198&iochemistry 2391-97.
Lowe, P. N., Leeper, F. J., & Perham, R. N. (19&9chemistry
22, 150-157.
Machado, R. S. (1993) Ph.D. Thesis, University of Sheffield,

alkylate a cysteine residue close to the active center, but not Sheffield, U.K.

Cys259 in the ThDP fold.
ACKNOWLEDGMENT

We are grateful to Boehringer Mannheim, especially Dr.
Christoph Hergersberg for supplying the wild-type pyruvate
oxidase used in these studies.

REFERENCES

Adamson, S. R., & Stevenson, K. J. (19&liypchemistry 203418-
3424,

Adamson, S. R., Robinson, J. A., & Stevenson, K. J. (1984)
Biochemistry 231269-1274.

Annan, N., Paris, R., & Jordan, F (1989) Am. Chem. Soc. 111
8895-8901.

Apfel, M. A,, Ikeda, B. H., Speckhard, D. C., & Frey, P. A. (1984)
J. Biol. Chem. 2592905-2909.

Baburina, I. (1996) Ph.D. Dissertation, Rutgers University Graduate
Faculty, Newark, NJ.

Baburina, I., Gao, Y., Hu, Z., Hohmann, S., Furey, W., & Jordan,
F. (1994)Biochemistry 335630-5635.

Baburina, I., Moore, D. J., Volkov, A., Kahyaoglu, A., Jordan, F.,
& Mendelsohn, R. (1996Biochemistry 3510249-10255.

Bantel-Schaal, U., & Bisswanger H. (198Blopper-Seyler's Z.
Physiol. Chem. 3611265-1266.

Bisswanger, H. (198@iochem. Biophys. Res. Commun, 853—
519.

Bisswanger, H. (1981). Biol. Chem. 256815-822.

Bisswanger, H., & Henning, U. (1978ur. J. Biochem. 24376—
384.

Bremer, J. (1969Fur. J. Biochem. 8535-540.

Chiu, C. C., & Jordan, F. (1994). Org. Chem. 595763-5766.

de Graaf-Hess & de Kok, A. (198BEBS Lett 143 261-264.

Dennert, G., & Eaker, D. (197®EBS Lett. 6257-261.

Dikdan, G. (1994) Ph.D. Dissertation, Rutgers University Graduate
Faculty, Newark, NJ.

Farrenkopf, B., & Jordan, F. (199Brotein Expression Purif. 3
101-107.

Flournoy, D. S., & Frey, P. A. (1989%Biochemistry 289594—
9602.

Gunsalus, I. C. (1954) inThe Mechanism of Enzyme Action
(McElvoy, W. D., & Glass, B., Eds.) pp 54%80, Johns
Hopkins, Baltimore, MD.

Gutowski, J. A., & Lienhard, G. E. (1976). Biol. Chem. 251
2863-2866.

Machado, R. S., Clark, D. P., & Guest, J. R. (199MS
Microbiol. Lett. 100,243—248.

Maldonado, M. E., Oh, K., & Frey, P. A.(1972). Biol. Chem.
247, 2711-2716.

Massey, V. (1963) inThe Enzyme¢Boyer, P. D., Lardy, H., &
Myrbaeck, K., Eds.) 2nd ed., Vol. 7, pp 2#805, Academic
Press, New York.

McNally, A. J., Motter, K., & Jordan, F. (1995). Biol. Chem.
270, 19736-19743.

Menon-Rudolph, S., Nishikawa, S., Zeng, X., Jordan, F. (1992)
114, 10110-10112.

Moe, O. A., & Hammes, G. G. (1978iochemistry 132547
2552,

Reed, L. J. (19747cc. Chem. Res., A0—47.

Russell, G. C., Machado, R. S., & Guest, J. R. (19B@chem. J.
287, 611-619.

Schwartz, E. R., & Reed, L. J. (197B)ochemistry 91434—1439.

Schwartz, E. R., Old, L. O., & Reed, L.(196B)ochem. Biophys.
Res. Commun. 3495-500.

Schonbrunn-Hanebeck, E., Laber, B., & Amrhein, N. (1990)
Biochemistry 294880-4885.

Shepherd, G. B., & Hammes, G. G. (19'Apchemistry 15311~
317.

Spinka, M., & Hibner, G. (1996) irBiochemistry and Physiology
of Thiamin Diphosphate EnzyméBisswanger, H., & Schellen-
berger, A., Eds.) pp 186194, A. u. C. Intemann, Prien,
Germany.

Stephens, P. E., Darlison, M. G., Lewis, H. M., & Guest, J. R.-
(1983a)Eur. J. Biochem. 133155-162.

Stephens, P. E., Darlison, M. G., Lewis, H. M., & Guest, J. R.-
(1983b)Eur. J. Biochem. 133481—-489.

Stephens, P. E., Lewis, H. M., Darlison, M. G., & Guest, J. R.
(1983c)Eur. J. Biochem. 135519-527.

Stevenson, K. J., Hale, G., & Perham, R. N. (19B&chemistry
17, 2189-2192.

Torchinsky (1977) inSulfur in Proteins(Metzler, D., Ed.) p 17,
Pergamon Press, Oxford, U.K.

Vogel, O., & Henning, U. (1971fur. J. Biochem. 133155-162.

Westerfeld, N. W. (1945). Biol. Chem 161, 495-502.

Yi, J., Nemeria, N., McNally, A., Jordan, F., Machado, R. S., &
Guest, J. R. (1996). Biol. Chem. 27133192-33200.

Zeng, X., Chung, A., Haran, M., & Jordan, F. (1991)Am. Chem.
Soc. 1135842-5849.

Zeng, X., Farrenkopf, B., Hohmann, S., Dyda, F., Furey, W., &
Jordan, F. (1993Biochemistry 322704-2709.

BI970094Y



