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Octaketide synthase (OKS) from Aloe arborescens is a plant-specific type III polyketide synthase (PKS) that
catalyzes iterative condensations of eight molecules of malonyl-CoA to produce the C;s aromatic octake-
tides SEK4 and SEK4b. On the basis of the crystal structures of OKS, the F66L/N222G double mutant was
constructed and shown to produce an unnatural dodecaketide TW95a by sequential condensations of 12
molecules of malonyl-CoA. The C,4 naphthophenone TW95a is a product of the minimal type Il PKS (whiE
from Streptomyces coelicolor), and is structurally related to the C,o decaketide benzophenone SEK15, the
product of the OKS N222G point mutant. The C,4 dodecaketide naphthophenone TW95a is the first and
the longest polyketide scaffold generated by a structurally simple type III PKS. A homology model pre-
dicted that the active-site cavity volume of the F66L/N222G mutant is increased to 748 A3, from
652 A2 of the wild-type OKS. The structure-based engineering thus greatly expanded the catalytic reper-

toire of the simple type III PKS to further produce larger and more complex polyketide molecules.

© 2011 Elsevier Ltd. All rights reserved.

The chalcone synthase (CHS) (EC 2.3.1.74) superfamily of type
Il polyketide synthases (PKSs) are structurally and mechanistically
simple enzymes.' In contrast to the type I (modular type) and
type Il (subunit type) PKSs of the megaenzyme systems, the struc-
turally simple type III PKSs accept free CoA thioesters as substrates
without the involvement of an acyl carrier protein, and perform
iterative condensation and cyclization reactions to produce an ar-
ray of chemically and structurally divergent polyphenol scaffolds.
As we previously reported, octaketide synthase (OKS) from Aloe
arborescens is a plant-specific type IlI PKS that catalyzes iterative
condensations of eight molecules of malonyl-CoA to yield a 1:4
mixture of the aromatic octaketides SEK4 and SEK4b (Scheme 1A
and Fig. 1A).* The Cy¢ aromatic octaketides are the products of
the minimal type II PKS for the benzoisochromanequinone actino-
rhodin (act from Streptomyces coelicolor).>® Furthermore, we re-
ported that the substitution of the active-site Asn222 of OKS
with Gly yielded a mutant that catalyzes the formation of the Cyq
decaketide benzophenone SEK15, by the condensation of ten mol-
ecules of malonyl-CoA (Scheme 1B and Fig. 1B).” The decaketide
benzophenone was previously reported as a product of genetically
engineered type I PKSs.> The octaketide-forming OKS thus gained
the decaketide synthase activity by the simple steric modulation of

Abbreviations: OKS, Octaketide synthase; PCS, Pentaketide chromone synthase;
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a single, chemically inert, residue lining the active-site cavity. In-
deed, the crystal structures of the wild-type and N222G mutant en-
zymes revealed that the large-to-small substitution increased the
volume of the active-site cavity to 693 A3, from 652 A of the
wild-type OKS (Fig. 2A and B).!®

To further manipulate the OKS enzyme reaction, we expanded
the polyketide elongation tunnel of the N222G mutant by simulta-
neously substituting the neighboring Phe66 residue, at the bottom
of the tunnel, with less bulky amino acids. Thus, we constructed a
set of A. arborescens OKS double mutants (F66G/N222G, F66A/
N222G, F66V/N222G, F66S/N222G, and F66L/N222G), and
investigated the mechanistic consequences of the mutations.® A
homology model based on the N222G mutant predicted that the
active-site cavity volume is increased to 748 A%in the F66L/
N222G double mutant (Fig. 2C).

The double mutants were heterologously expressed in Esche-
richia coli as His-tagged fusion proteins, at similar levels to the
wild-type enzyme, and were purified to homogeneity, as previ-
ously reported for the wild-type and N222G mutant enzymes.'°
When incubated with malonyl-CoA as a substrate, the F66V/
N222G and F66S/N222G mutants displayed enzyme activities sim-
ilar to that of the N222G point mutant, and efficiently produced the
decaketide benzophenone SEK15, whereas the F66G/N222G and
F66A/N222G mutants completely lost the enzyme activity.!! Nota-
bly, the OKS F66G point mutant also lacked the enzyme activity,
and the F66A mutant showed a notable decrease of the activity.
These results suggested that the substitution of Phe66 with the
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Scheme 1. Proposed mechanism for the formation of (A) SEK4 and SEK4b by the wild-type OKS, (B) SEK 15 by the N222G mutant OKS, and (C) TW95a by the F66L/N222G

mutant OKS.

small Gly or Ala residue causes significant conformational changes
in the folding of the enzyme, which lead to the loss of the enzyme
activity.

On the other hand, the major product generated by the F66L/
N222G double mutant was obtained in 6% yield (calculated by an
incubation with [2-'*C]malonyl-CoA!? as the substrate under the
standard assay conditions), in addition to the decaketide SEK15
as a minor product (Fig. 1C). The major product gave a UV spec-
trum (Amax 234, 284, 340, and 402 nm) and a parent ion peak
[M+H]" at m/z 451 on LC-ESIMS, indicating the formation of a prod-
uct of 12 condensations of malonyl-CoA. The spectroscopic data
(LC-ESIMS, UV, and 'H NMR) of the product obtained from a large
scale incubation were quite similar to those of the C;9 benzophe-
none SEK15, with the 4-hydroxy-2-pyrone and 2,4-hydroxy-6-
methylphenyl ketone functionalities.”® However, the 'H NMR
spectrum revealed the presence of five aromatic protons (5 7.01,
6.59, 6.40, 6.18, and 6.14), indicating the presence of a naphth-
ophenone, instead of the benzophenone moiety. Thus, the spectro-
scopic data were identical to those of the previously reported Cy4
dodecaketide naphthophenone TW95a, which is a product of the
minimal type II PKS (whiE from S. coelicolor),'* and is structurally
related to the C,y decaketide benzophenone SEK15, the product
of the OKS N222G point mutant.” This is the first demonstration
of Cy4 dodecaketide production by a structurally simple type III
PKS.

A steady-state kinetics analysis revealed a Ky;=32 uM and a
keat=4.7 x 1072 min~! for malonyl-CoA by the OKS F66L/N222G
double mutant with respect to the TW95a-forming activity, with

a pH optimum at 6.5.'° On the other hand, the previously reported
SEK15-forming OKS N222G mutant exhibited a Ky =55 uM and a
kear=2.7 x 102 min~!, and the SEK4b-forming wild-type OKS
showed a Ky =94 uM and a ke, = 9.4 x 1072 min~!. Notably, the
enzyme activities of the N222G and F66L/N222G mutants are com-
parable to that of the wild-type OKS, and the Ky values suggest
even higher affinity for the substrate binding to the active-site, de-
spite the lower k¢, values.

It is remarkable that the OKS F66L/N222G mutant not only cat-
alyzed the condensation of 12 molecules of malonyl-CoA but also
attained the naphthalene ring forming activity to produce the Cy4
dodecaketide naphthophenone TW95a, which is the first and the
longest polyketide scaffold generated by a structurally simple type
Il PKS. As mentioned above, a homology model predicted that the
active-site cavity volume of the dodecaketide-producing N222G/
F66L double mutant is increased to 748 A* from 693 A® of the
decaketide-producing N222G point mutant, and from 652 A3 of
the octaketide-producing wild-type OKS. Thus, the replacement
of the two residues, Phe66 and Asn222, expanded the active-site
cavity, thus extending the number of condensation reactions and
the resulting polyketide chain length. It is remarkable that the
functional conversion appeared to be caused by the simple steric
modulation of the active-site, accompanied by the conservation
of the Cys-His-Asn catalytic triad. This was also the case for the
previously reported A. arborescens pentaketide chromone synthase
(PCS), which produces 5,7-dihydroxy-2-methylchromone from five
molecules of malonyl-CoA.'®17 The structure-based PCS F80A/
Y82A/M207G triple mutant, with an expanded active-site cavity,



K. Wanibuchi et al./Bioorg. Med. Chem. Lett. 21 (2011) 2083-2086 2085

HyC_ OH
A : CHy O
o) OH
HO O
HO B Ao
mAU o i o - / HO™ X o
40 ] Ho © SEK4b
SEK4

20 A
0 k—‘—* 280 nm

0 10 20 30 min
B OH O OH
HO CHy H
Z>0 -
N
mAU | HO o \
40 ] SEK15
20 ]
01
\r 280 nm
—r T T
0 10 20 30 min
OH O OH OH OH O OH
O O HO OH
HO CHy OH CHg
Z>0 - Z "0
- X
mAU - HO” "0 HO 0
40 _ TW95a
] SEK15
20
01
-——/] 280 nm
— T T T T T T T LI R | — T T T T
0 10 20 30 min

Figure 1. HPLC elution profiles of the enzyme reaction products of (A) the wild-type OKS, (B) the N222G mutant OKS, and (C) the F66L/N222G mutant OKS.
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Figure 2. Surface and schematic representations of the active-site architectures of the wild-type and mutant OKSs. Crystal structure of (A) the wild-type OKS, and (B) the
N222G mutant OKS, and homology model of (C) the F66L/N222G mutant OKS. The substrate entrances are indicated with arrows. The bottoms of the active-site are indicated
by purple surfaces. The Cys-His-Asn catalytic triads are shown as yellow stick models. The mutated residues Asn222 (Gly222) and Phe66 (Leu66) are highlighted as blue and

purple stick models, respectively.
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was shown to produce the unnatural novel nonaketide naphthopy-
rone by sequential condensations of nine molecules of malonyl-
CoA."®

The proposed mechanism for the formation of the dodecaketide
naphthophenone TW95a by the F66L/N222G mutant closely paral-
lels the case of the decaketide SEK15 produced by the N222G mu-
tant, and involves consecutive intramolecular aldol-type
condensations and terminal a-pyrone ring formation (Scheme 1B
and C). Presumably, the enzyme catalyzes the first aromatic ring
formation reaction at the middle of the polyketide intermediate
during the sequential decarboxylative condensations of 12 mole-
cules of malonyl-CoA. Thus, dual C-C bond formation at C-16/C-7
and C-14/C-9 generates the naphthalene ring system of the dode-
caketide TW95a, whereas a single aldol-type cyclization produces
the benzene ring of the decaketide SEK15. Alternatively, the aro-
matic ring formation is possibly initiated at the methyl end of
the elongating polyketide intermediate, as in the case for the for-
mation of the octaketide SEK4b by the wild-type OKS. The partially
cyclized aromatic intermediates would then be released from the
active-site by the formation of the terminal a-pyrone ring, which
could be an important process for the release of the polyketide
products from the thioester-linked active-site Cys residue. Finally,
it should be noted that the formation of the dodecaketide naphth-
ophenone by the A. arborescens OKS mutant suggests further
involvement of the CHS-superfamily type III PKSs in the biogenesis
of the anthrone and anthraquinone scaffolds in the aloe plant.*

In summary, this is the first demonstration of the formation of a
dodecaketide by a structurally simple type IIl PKS. The structure-
based engineering thus greatly expanded the catalytic repertoire
of the simple CHS superfamily type III PKS, to produce larger, more
complex polyketide molecules.
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