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The catalytic potential of octaketide synthase (OKS), a plant-specific type Il polyketide synthase (PKS)
from Aloe arborescens, was investigated by phenylacetyl-CoA and benzoyl-CoA as starter substrates. As
a result, a novel C;¢ pentaketide coumarin was produced from phenylacetyl-CoA, whereas benzoyl-CoA
was not a good substrate of OKS. Remarkably, a structure-guided OKS N222G mutant dramatically
extended the product chain length to yield four novel polyketides including C,, aromatic octaketides

from the C¢-C, phenylacetyl starter, as well as a novel C;9 heptaketide benzophenone from the Cs—C;

benzoyl starter.

© 2009 Elsevier Ltd. All rights reserved.

The chalcone synthase (CHS) superfamily of type III polyketide
synthases (PKSs) catalyze iterative decarboxylative condensations
of malonyl-CoA with a CoA-linked thioester to perform sequential
C-C bonds formation, which generate a variety of plant secondary
metabolites with remarkable structural diversity and biological
activities.! A typical example is CHS that catalyzes sequential con-
densation of 4-coumaroyl-CoA with three molecules of malonyl-
CoA to produce a tetraketide naringenin chalcone (Scheme 1A).!2
The remarkable functional diversity of the CHS-superfamily en-
zymes derives from the differences of selection of the starter mol-
ecules, the number of the malonyl-CoA condensations, and the
mechanisms of cyclization reactions. Despite the fact that the
broad substrate tolerance and catalytic potential of type Il PKSs
have been extensively investigated,>* those compounds that have
been identified and isolated represent only the tip of the iceberg
and there is a wealth still to be mined.

Octaketide synthase (OKS) from Aloe arborescens is a plant-spe-
cific type Il PKS catalyzing sequential condensations of eight mol-
ecules of malonyl-CoA to yield SEK4 and SEK4b (Scheme 1B).> The
Cy6 aromatic octaketides are known to be the shunt products of the
minimal type II PKS for actinorhodin (act from Streptomyces coeli-
color).% Like other type III PKSs, A. arborescens OKS exhibits unusu-
ally broad, promiscuous substrate specificities. The enzyme
accepts disparate starter molecules, both aromatic and aliphatic
CoA thioesters with different chain length, and efficiently performs
sequential condensation and cyclization reactions to produce a ser-
ies of chemically and structurally different unnatural polyke-
tides.>®>¢ Here we now report a novel C;¢ pentaketide coumarin
produced by A. arborescens OKS as well as four unnatural novel
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Scheme 1. Enzymatic formation of (A) naringenin chalcone by CHS, (B) SEK4/SEK4b
by OKS, and (C) SEK15 by OKS N222G mutant.
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heptaketides and octaketides generated by a structure-guided OKS
N222G mutant from phenylacetyl-CoA as a starter substrate. In
addition, a novel C;9 heptaketide benzophenone produced by the
OKS N222G mutant from benzoyl-CoA is also described.

When recombinant wild-type A. arborescens OKS was incubated
with phenylacetyl-CoA and malonyl-CoA as substrates, the enzyme
efficiently accepted phenylacetyl-CoA as a starter to produce a no-
vel C;6 pentaketide (1) (2.3 mg, 22% yield) with a parent ion peak
[M+H]" at m/z 269 on LC-ESIMS (Fig. 1A).” By carefully analyzing
its NMR data and comparing these to those of the known natural
products such as 2,7-dihydroxy-5-methylchromone and 4,7-dihy-
droxy-5-methylcoumarin,®*® the structure of the pentaketide
product was unambiguously elucidated as 5-benzyl-4,7-dihy-
droxy-coumarin (1) (Scheme 2A). All the protons and carbons were
completely assigned with the help of 2D NMR including HMQC and
HMBC.® Thus, sequential condensation of the C4~C, phenylacetyl
starter with four molecules of malonyl-CoA afforded the novel
Cy6 pentaketide coumarin (Scheme 2A).

Coumarins as a big family of plant secondary metabolites are
widely distributed among many plant families, including Apiacea,
Asteraceae, Fabiaceae, Rutaceae, Saxifragaceae, Solanaceae, and
Umbelliferae.'® For the biosynthesis of coumarins, it is commonly
accepted that they originate from the general phenylpropanoid
pathway, and the pivotal step is the hydroxylation at the ortho-po-
sition of cinnamates which is generally presumed to be catalyzed
by a P450 enzyme.!! The present result for the first time clearly
demonstrated that type Il PKSs can also generate the coumarin
scaffold. On the other hand, base-catalyzed chemical cyclization
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Figure 1. HPLC elution profiles (A,so) of enzyme reaction products from (A)
phenylacetyl-CoA and malonyl-CoA by OKS wild-type, (B) phenylacetyl-CoA and
malonyl-CoA by OKS N222G mutant, (C) benzoyl-CoA and malonyl-CoA by OKS
wild-type, and (D) benzoyl-CoA and malonyl-CoA by OKS N222G mutant.
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Scheme 2. Enzymatic formation of (A) C;¢ pentaketide coumarin by OKS, and (B)
Cyo heptaketides and C,, octaketides by OKS N222G mutant (from the phenylacetyl
starter).

of 3,5,7,9-tetraoxo-9-phenylnonanoic acid into 5-phenyl-4,7-dihy-
droxy-coumarin via a resorcinol carboxylic acid has been
reported.!?

Previously we have reported that a structure-guided OKS
N222G mutant, in which the active-site cavity was expanded by
a large to small substitution of N222 at the bottom of the polyke-
tide chain elongation tunnel, efficiently produces a C;o decaketide
benzophenone, SEK15, by sequential condensations of 10 mole-
cules of malonyl-CoA (Scheme 1C).>¢ Remarkably, incubation of
the N222G mutant with phenylacetyl-CoA and malonyl-CoA under
the same condition afforded four novel products (2-5) with ex-
tended chain length (Fig. 1B). The LC-ESIMS spectra indicated that
products 2 (1.3 mg, 13% yield) and 3 (0.5 mg, 5% yield) possessed
the same parent ion peak [M+H]" at m/z 353 on LC-ESIMS, while
products 4 (0.9 mg, 10% yield) and 5 (0.9 mg, 10% yield) shared
[M+H]* at m/z 395. These results suggested that 2 and 3 were Cyo
heptaketides produced by condensation of six molecules of malo-
nyl-CoA with phenylacetyl-CoA, while 4 and 5 were C,, octaketides
produced by condensation of seven molecules of malonyl-CoA with
phenylacetyl-CoA (Scheme 2B). The structures of 2, 4 (benzyl-
SEK4b), and 5 (benzyl-SEK4) were unambiguously elucidated; all
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Scheme 3. Enzymatic formation of a C;9 heptaketide benzophenone and a
tetraketide pyrone by OKS N222G mutant (from the benzoyl starter).

protons and carbons were completely assigned by NMR ('H and '3C
NMR, HMQC, and HMBC) spectroscopy.'3~1°

For the product 3, its ESIMS spectrum indicated loss of a typical
ion peak 126, which is a characteristic fragment for the 4-hydroxy-
6-methylpyran-2-oxo moiety. Unfortunately, the structural eluci-
dation of 3 by NMR failed because this compound is very unstable,
and spontaneously and completely changed into a C;9 heptaketide
(3a) (0.5 mg, 5% yield), whose structure was unambiguously eluci-
dated by NMR ('H and '*C NMR, HMQC, and HMBC) and MS spec-
troscopy.'® Considering the ESIMS data and biogenetic reasoning, it
is likely that 3a was produced from the putative intermediate 3 via
opening of the terminal pyrone ring, decarboxylation, and recycli-
zation (Scheme 2B). Similar decarboxylative conversion of a keto 2-
pyrone to a 4-pyrone has been also reported in a literature.!?

In contrast, the smaller Cs-C; benzoyl-CoA did not fit well into
the active-site of wild-type A. arborescens OKS. When the enzyme
was incubated with benzoyl-CoA and malonyl-CoA as substrates,
most of the enzyme reactions were initiated by malonyl-CoA,
and the octaketides SEK4 and SEK4b were obtained as dominant
products (Fig. 1C). On the other hand, however, the structure-
guided N222G mutant with the expanded active-site cavity ac-
cepted the benzoyl starter and carried out six condensations with
malonyl-CoA to produce a novel C;9 heptaketide benzophenone (6)
(0.8 mg, 8% yield) as well as a tetraketide 4-hydroxy-6-(2-oxo-2-
phenylethyl)-2-pyrone (7)*” (0.6 mg, 7% yield) (Fig. 1D and Scheme
3). The structures were unambiguously established by NMR ('H
and '>C NMR, HMQC, and HMBC) and MS spectroscopy.!” Here it
should be noted that the structure of the C;9 heptaketide 6 showed
close similarity to that of the C,o decaketide SEK15 produced from
10 molecules of malonyl-CoA by the N222G mutant (Scheme 1C).

In summary, the present work describes the enzymatic forma-
tion of six novel polyketides from phenylacetyl-CoA and benzoyl-
CoA by a plant-specific type III PKS. It is remarkable that wild-type
OKS and the structure-guided N222G mutant afforded significantly
different product pattern; the wild-type enzyme produced C;¢ pen-
taketide coumarin, whereas the point mutant dramatically ex-
tended the product chain length up to the C;, octaketides which
are currently the longest polyketides generated by the structurally
simple type IIl PKSs. Further, the Cs—C, phenylacetyl starter better
fits into the active-site of the enzymes and more efficiently initi-
ated the sequential condensation reactions than the Cs—C; benzoyl
starter. In all the cases, the enzymes catalyzed the chain elongation
and the first aromatic ring formation at the middle of the polyke-
tide intermediates as in the case of the production of SEK4/SEK4b
and SEK15. Formation of the terminal o-pyrone ring could be an
important process for the release of the polyketide products from

the thioester-linked active-site cysteine.’® The results suggested
that manipulation of the enzyme reactions by combination of the
precursor-directed biosynthesis and structure-guided engineering
of the enzyme would lead to further production of unnatural novel
polyketide scaffolds.
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s, 1H), 4.20 (d, 1H, ] = 16.0 Hz), 4.10 (d, 1H, J = 16.0 Hz), 3.23 (d, 1H, ] = 13.6 Hz),
3.11 (d, 1H, J = 13.6 Hz), 2.75 (d, 1H, ] = 16.0 Hz), 2.44 (d, 1H, J = 16.0 Hz). 3C
NMR (100 MHz, CD30H): 6 193.3, 175.2, 166.9, 165.2 (2x), 163.8, 140.1, 136.7,
131.6 (2x),129.1 (2x), 127.8,114.9, 112.8, 104.4, 103.1, 102.6, 89.4, 49.6, 47.6,
39.2. HRMS (FAB, positive): found for [C;;H;307Na]* 417.0943; calcd 417.0950.
Product 3a: UV: /max 296 nm; 'H NMR (400 MHz, CD50D): 6 7.17-7.24 (m, 5H),
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