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Benzalacetone synthase from  Rheum palmatum efficiently catalyzed condensation of  N-methylanthraniloyl-CoA (or anthraniloyl-CoA) with
malonyl-CoA (or methylmalonyl-CoA) to produce 4-hydroxy-2(1  H)-quinolones, a novel alkaloidal scaffold produced by a type IIl polyketide
synthase (PKS). Manipulation of the functionally divergent type Ill PKSs by a nonphysiological substrate thus provides an efficient method for
production of pharmaceutically important quinolone alkaloids.

The functional diversity and catalytic potential of the We now report that the diketide-produciRg palmatunBAS
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Scheme 1. Formation of Polyketides and Acridone/Quinolone Alkaloids by Plant Type Il PKSs
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aYield (%) of quinolone production under the standard assay conditions (see Supporting Information).

novel alkaloidal scaffold produced by a CHS superfamily
type lll PKS (Scheme 1D). The quinolone alkaldidsve
been investigated all-methylp-aspartateé (NMDA) and
serotonin 5-HT receptor antagonists. Moreover, they are

produce 1,3-dihydroxyN-methylacridone (a tetraketide)
(Scheme 1C}* however, the enzyme involved in the
biosynthesis of quinolone alkaloids has not been identified
yet. Interestingly, the chalcone-forming CHS and other type

also important intermediates in the chemical synthesis of Ill PKSs, except ACS, do not accept the shorter and the

alkaloids?
Anthranilic acid has been postulated to be a key inter-

bulkier N-methylanthraniloyl-CoA as a starter unit despite
their promiscuous substrate specificity. Although khedi-

mediate in the biosynthesis of quinolone and acridone cago satva CHS F215S mutant has been shown to accept
alkaloids, which occur in the greatest abundance in plants N-methylanthraniloyl-CoA to produce an unnatural novel

from the family of Rutaceae (Figure 19In fact, acridone
synthase (ACS) forrRuta gra=olenss a plant-specific type

Il PKS that selectdN-methylanthraniloyl-CoA as a starter
and performs three condensations with malonyl-CoA to
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tetraketide lactone after three condensations with malonyl-
CoA’¢ enzymatic formation of a quinolone alkaloid (a
diketide) by type 11l PKSs including mutants Bf graveolens
ACS!" has not been reported so far.

R. palmatunBAS is the enzyme that catalyzes one-step
condensation with malonyl-CoA to produce a diketide
benzalaceton&When recombinarR. palmatunBAS func-
tionally expressed irfEscherichia coliwas incubated with

(9) (a) Watters, W. H.; Ramachandran, V.NChem. Res. Synap97,
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Tetrahedron Lett1983 24, 2359-2360. (e) Reisch, J.; Mueller, M.; Mester,
I. Z. Naturforsch. B: Anorg. Chem., Org. Cheh®81,36B, 1176—1179.
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Figure 1. Naturally occurring quinoline alkaloids derived from
4-hydroxy-2(1H)-quinolones from Rutaceae plafits.

N-methylanthraniloyl-CoA (or anthraniloyl-CoA) and ma-
lonyl-CoA (or methylmalonyl-CoA) as substrates, the en-
zyme efficiently afforded 4-hydroxy-2H)-quinolones (1—

for the formation of benzalacetone was reported to be at
maximum within a range of pH 8:68.5. It should be noted
that R. palmatumBAS exhibited a dramatic change from
benzalacetone to triketide pyrone production at acidié¢pH.

For the quinolone production, the best yield (86% under
the standard assay conditions) was obtained with the
combination of N-methylanthraniloyl-CoA and methyl-
malonyl-CoA. Notably, both esters are nonphysiological
substrates foR. palmatumBAS. On the other hand, a
combination of anthraniloyl-CoA and malonyl-CoA afforded
only 4% yield. Steady-state enzyme kinetics for the formation
of 4-hydroxy-1,3-dimethyl-2(#)-quinolone 4) revealedKyu
= 23.7uM andkgy = 1.48 mirr* for N-methylanthraniloyl-
CoA, which was comparable with those for the formation
of benzalacetone, the normal product of the enzykae=
10.0uM andkes = 1.79 mirr? for 4-coumaroyl-CoA. This
strongly suggests the presence of a not yet identified novel
type Il PKS that produces quinolone alkaloitifrom the
CoA thioester of anthranilic acid (Figure 1).

In R. graveolensACS, the residues Ser132, Alal33, and
Val265 (numbering irM. sativaCHS) have been proposed
to play a critical role for the selection di-methylanthra-
niloyl-CoA as a starter substrate and for the formation of
the acridone alkaloiét? Indeed, an ACS triple mutant
(S132T/A133S/V265F) has been shown to yield an enzyme
that was functionally identical with CH8Y However,
interestingly, two of the residues are not conservedRin
palmatumBAS (S132L/V265F) that accepted the anthra-

4) as a single product (Scheme 1D). The condensationniloyl starter. On the other hand, the diketide-forming activity
products were not detected in control experiments performedof the BAS enzyme is derived from the characteristic
with a boiled enzyme preparation. The spectroscopic datasubstitution of the active-site gatekeeper Phe215; the con-
(LC-ESIMS, UV, and*H NMR) of the compounds were formationally flexible residue conserved in all the known
characteristic of those of the quinolone alkaloids and type Ill PKSsis uniquely replaced with nonaromatic Leu in
completely identical with those of authentic compoufEisr BAS 3 Although the BAS L215F mutant has been shown to
example, the LC-ESIMS spectrum of 4-hydroxy-1-methyl- recover chalcone-forming activity to produce chalcone after

2(1H)-quinolone (3) gave a parent ion peak fMH]* at
m/z176, indicating the structure of a diketide. Th&¢ NMR

three condensations with malonyl-C82the mutant did not
produce the tetraketide acridone from the anthraniloyl starter

of 3 obtained from a large-scale enzyme reaction (0.4 mg but instead just yielded the diketide quinolone. These results

from 2 mg of N-methylanthraniloyl-CoA and 4 mg of
malonyl-CoA) showed one methyl singlét 8.52) in addition
to one vinyl proton ¢ 5.86) and four aromatic protons (

suggest subtle differences of the active-site structure between
R. palmatunBAS andR. graveolensACS.
In summary, the present work describes the first enzymatic

7.89—7.17), supporting that the heterocyclic system adoptssynthesis of 4-hydroxy-2{)-quinolones. Manipulation of

the more stable 4-hydroxy-Z)-quinolone form. Confirma-
tion of the structure was finally obtained by direct compari-
son with the commercially available authentic compound.
These quinolone alkaloids have never been isolated Rom
palmatum(Polygonaceae).

Interestingly, the enzyme reaction with the anthraniloyl-
CoA proceeds without the “decarboxylation” step, and the
amide formation immediately follows the condensation
reactions oN-methylanthraniloyl-CoA (or anthraniloyl-CoA)
and malonyl-CoA (or methylmalonyl-CoA) (Scheme 1D).

the functionally divergent CHS superfamily type Ill PKSs
by nonphysiological substrates thus provides an efficient
method for production of pharmaceutically important plant
alkaloids.
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(i.e., without the methylamino group dfi-methylanthra-
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