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HsPKS1 fromHuperzia serrata is a type III polyketide synthase (PKS)
with remarkable substrate tolerance and catalytic potential. Here
we present the synthesis of unnatural unique polyketide–alkaloid
hybrid molecules by exploiting the enzyme reaction using precur-
sor-directed and structure-based approaches. HsPKS1 produced
novel pyridoisoindole (or benzopyridoisoindole) with the 6.5.6-
fused (or 6.6.5.6-fused) ring system by the condensation of 2-carba-
moylbenzoyl-CoA (or 3-carbamoyl-2-naphthoyl-CoA), a synthetic
nitrogen-containing nonphysiological starter substrate, with two
molecules of malonyl-CoA. The structure-based S348G mutant not
only extended the product chain length but also altered the cycli-
zation mechanism to produce a biologically active, ring-expanded
6.7.6-fused dibenzoazepine, by the condensation of 2-carbamoyl-
benzoyl-CoA with three malonyl-CoAs. Thus, the basic nitrogen
atom and the structure-based mutagenesis enabled additional C─C
and C─N bond formation to generate the novel polyketide-alkaloid
scaffold.
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In contrast to the type I (modular type) and type II (subunit
type) polyketide synthases (PKSs) of the megaenzyme systems,

the structurally and mechanistically simpler type III PKSs cata-
lyze the complete series of decarboxylation, condensation, and
cyclization reactions with a single active-site. The enzymes
perform C─C bond forming reactions by iterative Claisen-type
condensation of CoA thioesters and cyclization of the poly-β-keto
intermediates, to produce pharmaceutically and biologically
important aromatic polyketides, such as chalcone, stilbene, and
curcumin (1–3). The members of the chalcone synthase (CHS)
superfamily of type III PKSs share a common three-dimensional
overall fold and catalytic machinery with a conserved Cys-His-
Asn catalytic triad, and a minor modification of the active-site
structure leads to the catalytic diversity of the enzymes (1–3). In-
terestingly, type III PKSs exhibit remarkable substrate tolerance,
accepting a series of nonphysiological substrate analogues to
produce chemically and structurally distinct unnatural novel poly-
ketides (4–10). Furthermore, recent structure-based engineering
of functionally divergent type III PKSs has significantly expanded
the catalytic repertoire of the enzymes and the product diversity
(11–17). Due to their remarkable substrate promiscuity and cat-
alytic potential, the structurally and mechanistically simple type
III PKS enzymes represent an excellent platform for the further
development of unnatural novel biocatalysts with unprecedented
catalytic functions (18).

The type III PKSs primarily catalyze C─C bond formation via
carbonyl chemistry (1–3). The poly-β-keto intermediates formed
by the enzymes are highly reactive and readily react with basic
nitrogen atoms to form Schiff bases, which facilitate additional
C─C or C─N bond forming chemistry to generate more complex
polyketide–alkaloid hybrid molecules. Here we report the synth-
esis of biologically active, unnatural novel polyketide–alkaloid
hybrid molecules by exploiting a type III PKS from a primitive

club mossHuperzia serrata (HsPKS1) (19) (Fig. S1), using precur-
sor-directed and structure-based approaches. As previously re-
ported, HsPKS1 is a unique type III PKS that exhibits unusually
broad substrate specificity to produce various aromatic polyke-
tides. For example, HsPKS1, which normally catalyzes the sequen-
tial condensations of 4-coumaroyl-CoA (1) with three molecules
of malonyl-CoA (2) to produce naringenin chalcone (3) (Fig. 1A),
also accepts bulky N-methylanthraniloyl-CoA (4) as a starter to
produce 1,3-dihydroxy-N-methylacridone (5), after three conden-
sations with malonyl-CoA (19) (Fig. 1B). In contrast, the regular
chalcone synthase (CHS) does not accept the bulky substrate,
suggesting that HsPKS1 has a larger substrate-binding pocket at
the active site.

Results and Discussion
Precursor-Directed Biosynthesis. We first designed and synthesized
2-carbamoylbenzoyl-CoA (6) as a starter substrate (Fig. 1C). The
CoA thioester has a similar molecular size as N-methylanthrani-
loyl-CoA and a nitrogen atom that can react with the carbonyl
group of the elongating poly-β-keto chain during the enzyme re-
action. Here we chose the less reactive carbamoyl group instead
of the primary amine to avoid the spontaneous intramolecular
cyclization to form the imide with the concomitant removal of
CoA-SH. Indeed, our molecular modeling study suggested that
the intramolecular cyclization is prevented by hydrogen-bond for-
mation between the carbamoyl proton and the thioester carbonyl
oxygen atom.

When incubated with 2-carbamoylbenzoyl-CoA (6) and malo-
nyl-CoA (2) as substrates under the standard assay condition,
HsPKS1 efficiently afforded a single product in 6.4% yield
(Figs. 1C and 2A and Fig. S2). The product, which was not de-
tected in control experiments performed with the boiled enzyme,
gave a UV spectrum (λmax 317 nm) and a parent ion peak ½Mþ
H�þ at m∕z 214 on LC-ESIMS, indicating triketide formation
by sequential condensations of 2-carbamoylbenzoyl-CoA (6) with
two molecules of malonyl-CoA (2). The 1H NMR spectrum
revealed the presence of four aromatic protons at δ 7.90 (2H,
d, J ¼ 7.6 Hz), 7.81 (1H, t, J ¼ 7.6 Hz), and 7.67 (1H, t, J ¼
7.6 Hz), and two olefinic protons (δ 6.76 and 5.53, each 1H, s).
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Furthermore, the 13C NMR and heteronuclear correlation spec-
troscopy (HMQC and HMBC) revealed 12 carbon signals, and
the key HMBC correlations fromH-10 (δ 7.90) to C-10b (δ135.9),
from H-1 (δ6.76) to C-3 (δ91.8), and from H-3 (δ5.53) to C-2
(δ173.0) and C-4 (δ166.8). A structure with the 6.5.6-fused tricyc-
lic ring system, bearing a bridgehead nitrogen atom, was uniquely
consistent with both biogenetic reasoning and the spectroscopic
data.

The structure of the enzyme reaction product was thus unam-
biguously determined to be 2-hydroxypyrido[2,1-a]isoindole-4,6-
dione (7), which is an unnatural, novel alkaloid. Although chemi-
cal syntheses of pyridoisoindole derivatives have been reported,
no further chemistry has been detailed (20–22). The pyridoisoin-
dole-forming activity was maximal at pH 6.0, with a broad optimal
pH within the range of pH 5.5–8.5. Furthermore, analyses of the
steady-state kinetics of HsPKS1 revealed a KM ¼ 7.6 μM and a
kcat ¼ 4.5 × 10−2 min−1 for 2-carbamoylbenzoyl-CoA, with re-
spect to the pyridoisoindole-forming activity, representing 7- and
453-fold increases in the kcat∕KM values of the chalcone- and
acridone-forming activities of HsPKS1, respectively (see SI Text).
Thus, the enzyme accepted the synthetic substrate much more
efficiently than the physiological 4-coumaroyl-CoA (1) and
N-methylanthraniloyl-CoA (4), to produce the unnatural novel
polyketide-alkaloid hybrid molecule. In contrast, the regular CHS
did not accept the bulky substrate. Further, octaketide synthase
(OKS) fromAloe arborescens (12), which normally catalyzes itera-
tive condensations of eight molecules of malonyl-CoA to pro-
duce the aromatic octaketides SEK4 and SEK4b, only afforded

a tetraketide pyrone as a minor product by condensation of
2-carbamoylbenzoyl-CoA with three molecules of malonyl-CoA
(Fig. S3).

Interestingly, when (2RS)-methylmalonyl-CoA (8) was used
as an extender substrate instead of malonyl-CoA (2), HsPKS1 af-
forded a dimethylated novel alkaloid, 1,3-dimethyl-2-hydroxypyr-
ido[2,1-a]isoindole-4,6-dione (9), as a single product but with less
efficiency, by sequential condensations of 2-carbamoylbenzoyl-
CoA (6) with two molecules of (2RS)-methylmalonyl-CoA (8) as
an extender, in 2.2% yield (Figs. 1D and 2B and Fig. S4). Further-
more, when pyridine-containing 3-carbamoylpicolinoyl-CoA (10)
was employed as a starter substrate, HsPKS1 afforded an unna-
tural novel alkaloid, 9-hydroxypyrido[2,3-a]indolizine-5,7-dione
(11) (Figs. 1E and 2C and Fig. S5), with much less efficiency
in 0.5% yield (see SI Text). In contrast, unexpectedly, HsPKS1
efficiently accepted the bulky naphthalene-containing 3-carba-
moyl-2-naphthoyl-CoA (12) as a starter to produce 2-hydroxy-
benzo[f ]pyrido[2,1-a]isoindole-4,6-dione (13), a novel alkaloid
scaffold with the 6.6.5.6-fused tetracyclic ring system, as a single
product in 13% yield (Figs. 1F and 2D and Fig. S6). Analyses of
the steady-state kinetics of HsPKS1 revealed a KM ¼ 6.8 μM and
a kcat ¼ 3.2 × 10−1 min−1 for 3-carbamoyl-2-naphthoyl-CoA (12)
with respect to the benzopyridoisoindole-forming activity, which
is an eightfold increase in the kcat∕KM values, as compared with

Fig. 1. Enzymatic formation of naringenin chalcone and alkaloids by type III
PKSs. (A) Naringenin chalcone by CHS or HsPKS1, (B) 1,3-dihydroxy-N-methy-
lacridone by HsPKS1 or ACS, (C) 2-hydroxypyrido[2,1-a]isoindole-4,6-dione by
HsPKS1 or its S348G mutant, (D) 2-hydroxy-1,3-dimethylpyrido[2,1-a]isoin-
dole-4,6-dione by HsPKS1 or its S348G mutant, (E) 2-hydroxybenzo[f ]pyrido
[2,1-a]isoindole-4,6-dione by HsPKS1 or its S348G mutant, and (F) 9-hydroxy-
pyrido[2,3-a]indolizine-5,7-dione by HsPKS1 or its S348G mutant.

Fig. 2. HPLC elution profiles of enzyme reaction products of the wild-type
HsPKS1 and the S348G mutant HsPKS1. The enzyme reaction products from
(A) 2-carbamoylbenzoyl-CoA and malonyl-CoA, (B) 2-carbamoylbenzoyl-CoA
and (2RS)-malonyl-CoA, (C) 3-carbamoylpicolinoyl-CoA and malonyl-CoA as
the substrates, and (D) 3-carbamoyl-2-naphthoyl-CoA and malonyl-CoA.
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the pyridoisoindole-forming activity from 2-carbamoylbenzoyl-
CoA (6) (see SI Text). The naphthalene-containing bulky
substrate thus fits better into the active-site of the enzyme, to
efficiently generate the unnatural novel alkaloid. Notably, the
structure of the 6.6.5.6-fused tetracyclic scaffold is quite similar
to that of camptothecin, a plant monoterpene indole alkaloid
and a DNA topoisomerase I inhibitor, produced by limited an-
giosperms including Camptotheca acuminata and Nothapodytes
foetida (23) (Fig. S6E). The monoterpene indole alkaloid is
biosynthesized from tryptamine (the indole-C2N unit) and seco-
loganin (the C10 unit) through the formation of strictosidine (24).
Oxidation and rearrangement of the 6.5.6-fused tetrahydro-β-
carboline moiety within strictosidine lead to formation of the
campthothecin scaffold (24).

Structure-Based Engineering. It is remarkable that HsPKS1, which
normally catalyzes chalcone formation by iterative condensations
of 4-coumaroyl-CoA with three molecules of malonyl-CoA,
efficiently accepts the bulky carbamoyl-containing synthetic sub-
strates as a starter and performs two condensations with malonyl-
CoA, to generate the unnatural novel alkaloids with the 6.5.6-
and 6.6.5.6-fused ring systems. To further clarify the structural
details of the enzyme-catalyzed alkaloid-forming reactions, we
solved the X-ray crystal structure of HsPKS1 at 2.0-Å resolution
(Fig. S7 and see also SI Text). The overall structure of HsPKS1 is
highly homologous to those of the previously reported plant type
III PKSs (1, 2) (rmsds 0.8–0.9 Å), in which the most closely re-
lated structural homologue is that of Medicago sativa CHS (25)
(Fig. S7). A comparison of the active-site of HsPKS1 with those
of the other type III PKSs revealed that the total cavity volume
of HsPKS1 is 647 Å3, which is almost as large as that of the chal-
cone-producing M. sativa CHS (754 Å3) (Fig. 3 A and B). The
active-site of HsPKS1 is thus large enough to accommodate the
tricyclic and tetracyclic novel polyketide–alkaloids.

We performed docking simulations, using the models of linear
and partially cyclized intermediates tethered at the catalytic
Cys174 (corresponding to Cys164 in M. sativa CHS), which is the
attachment site for the growing poly-β-keto intermediates. The
simulations predicted that the hydroxyl group of the neighboring
Ser348 (corresponding to Ser338 in M. sativa CHS) forms hydro-
gen bonds with the C5 carbonyl oxygen in the linear intermediate
and with the amide oxygen of the partially cyclized intermediate,
respectively (Fig. 4 A and B and Fig. S7), which would be crucial
for the enzymatic cyclization of the polyketide intermediates, as
described later. Notably, the active-site residue Ser348 is uniquely
altered in a number of functionally distinct type III PKSs and is
thought to control the polyketide chain elongation reactions and
product specificity (1, 2). Therefore, to evaluate the importance
of Ser348 in the alkaloid-forming activities of HsPKS1, we con-
structed a set of site-directed mutants (S348V, S348T, S348C, and
S348G) and investigated the effects of the mutagenesis on the
enzyme activities.

The mutant proteins were expressed in Escherichia coli at
comparable levels to the wild-type enzyme. When incubated with
2-carbamoylbenzoyl-CoA and malonyl-CoA as substrates, the
S348G mutant afforded a novel product (1.6% yield) in addition
to the 6.5.6-fused pyridoisoindole (3.7% yield) (Figs. 1G and 2A
and Fig. S8). The enzyme activity was maximal at pH 6.5–7.0, with
a broad pH optimum within the range of pH 5.5–8.5. The novel
product gave a UV spectrum (λmax 257, 313, 363, and 376 nm) and
a parent ion peak ½MþH�þ at m∕z 256 on LC-ESIMS, indicating
the formation of a tetraketide by sequential condensations of
2-carbamoylbenzoyl-CoA with three molecules of malonyl-CoA.
The 1H NMR spectrum revealed the presence of one hydroxyl
proton at δ 9.38 (1H, s), one amide proton at δ 8.27 (1H, s),
and six aromatic protons at δ 7.91 (1H, d, J ¼ 7.0 Hz), δ 7.51
(2H, m), δ 7.40 (1H, d, J ¼ 7.0 Hz), δ 6.85 (1H, d, J ¼ 1.5 Hz),
and δ 5.06 (1H, d, J ¼ 1.5 Hz). Furthermore, the 13C NMR and
heteronuclear correlation spectroscopy (HMQC and HMBC)
revealed 14 carbon signals, and the key HMBC correlations from
H-7 (δ 7.91) to C-6 (δ 165.1) and C-6a (δ 137.0), from H-5 (δ
8.27) to C-6a (δ 137.0), and from H-10 (δ 7.40) to C-11 (δ 188.5).
The structure of the novel product was thus unambiguously de-
termined to be 1,3-dihydroxy-5H-dibenzo[b,e]azepine-6,11-dione
(14), which is an unnatural, novel alkaloid with the ring-expanded
6.7.6-fused tricyclic ring system (Fig. 1G). The dibenzoazepine
scaffold was thus produced by sequential condensations of
2-carbamoylbenzoyl-CoA (6) as a starter substrate with three
molecules of malonyl-CoA, through a N/C5 and C6/C1 tandem
cyclization reactions (Fig. 4 E and F). The chemical synthesis of
dibenzo[b,e]azepine-6,11-dione (morphanthridines-6,11-dione)
has been reported (26), and the dibenzo[b,e]azepines (morphan-
thridines) are reportedly potent activators of the human transient
receptor potential ankyrin 1 (TRPA1) channel (27).

A homology model of the S348G mutant predicted that the
total cavity volume of the mutant (687 Å3) is slightly larger than
that of the wild-type enzyme (647 Å3) (Fig. 3C). Notably, the
S348G substitution opens a significant amount of space neigh-
boring the catalytic Cys174, which enables the active site to
accommodate the ring-expanded 6.7.6-fused dibenzoazepine. An
analysis of the steady-state kinetics of the HsPKS1 S348G mutant
revealed a KM ¼ 27.0 μM and a kcat ¼ 3.6 × 10−2 min−1 for 2-
carbamoylbenzoyl-CoA with respect to the 6.7.6-dibenzoazepine-
forming activity, which is a 4.5-fold decrease in the kcat∕KM
value, as compared with the 6.5.6-pyridoisoindole-forming activ-
ity of the wild-type enzyme (see SI Text). It is remarkable that the
single amino acid replacement not only increased the product
chain length but also altered the mechanism of the cyclization
reaction to generate the ring-expanded dibenzoazepine.

In contrast, the other mutations (S348V, S348T, and S348C)
did not alter the product pattern but retained the pyridoisoin-
dole-forming activity. Furthermore, despite the similar molecular
size, none of the mutants, including S348G, produced the ring-
expanded product from the pyridine-containing 3-carbamoylpico-

Fig. 3. Comparison of the active-site architecture of wild-
type HsPKS1, M. sativa CHS and the S348G mutant HsPKS1.
Crystal structures of (A) the wild-type HsPKS1, and (B) M. sa-
tiva CHS, and homology model of (C) the S348G mutant
HsPKS1. The active-site architectures are represented by sur-
face models, respectively. The substrate entrances are indi-
cated with arrows. Phe275 and Ser348 in wild-type HsPKS1
and the equivalent residues in M. sativa CHS and the S348G
mutant HsPKS1 are indicated with blue and purple stick mod-
els, respectively. The expanded wall in the S348G mutant
HsPKS1 is highlighted with a purple surface. The naringenin
molecule bound to the active-site cavity of M.sativa CHS is
shown as a green stick model. Three-dimensional models of
2-hydroxybenzo[f ]pyrido[2,1-a]isoindole-4,6-dione (7) and 1,3-
dihydroxy-5H-dibenzo[b, e]azepine-6,11-dione (14), docked
into the active-site cavities of the wild-type and S348G mutant
HsPKS1 enzymes, respectively, are shown as green stick models.
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linoyl-CoA but instead generated the 6.5.6-fused pyridoindolizine
with decreased activities (Fig. 2C). On the other hand, although
the formation of the ring-expanded product was not detected, the
S348G mutant accepted the naphthalene-containing 3-carba-
moyl-2-naphthoyl-CoA quite efficiently as a starter substrate, to

produce the 6.6.5.6-fused tetracyclic alkaloid (Fig. 2D). The yield
was 45%, which is a 3.6-fold increase as compared with that of the
wild-type enzyme. This also supports the proposal that the large-
to-small S348G substitution opens the space neighboring the cat-
alytic Cys174, the attachment site for the growing polyketide

Fig. 4. Proposed mechanism for the formation of 2-hydroxypyrido[2,1-a]isoindole-4,6-dione by wild-type HsPKS1 and 1,3-dihydroxy-5H-dibenzo[b, e]azepine-
6,11-dione by the S348G mutant HsPKS1. Three-dimensional models of (A) the triketide linear intermediate, (B) heteropentacyclized triketide intermediate,
and (C) 2-hydroxypyrido[2,1-a]isoindole-4,6-dione by wild-type HsPKS1, and (E) the tetraketide linear intermediate, (F) heterheptacyclized tetraketide inter-
mediate, and (G) 1,3-dihydroxy-5H-dibenzo[b, e]azepine-6,11-dione by the S348G mutant HsPKS1. Schematic representation of the proposed mechanism for
the formation of (D) 2-hydroxypyrido[2,1-a]isoindole-4,6-dione by wild-type HsPKS1 and (H) 1,3-dihydroxy-5H-dibenzo[b, e]azepine-6,11-dione by the S348G
mutant HsPKS1. The intermediates and products are highlighted with green stick models.
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chain, leading to the optimization of the active-site architecture
for the production of the bulky tetracyclic product. Widening of
the internal active-site pocket is thus one of the key factors for
the further engineering of the type III PKS enzymes to generate
unnatural, novel molecules.

Proposed Catalytic Mechanism. On the basis of these findings, we
propose that HsPKS1 employs novel catalytic machinery for the
production of the newly obtained polyketide-alkaloid hybrid
moleculs (Fig. 4A–D). Thus, following the iterative condensations
of the 2-carbamoylbenzoyl-CoA starter with two molecules of
malonyl-CoA, the active-site residue Ser348 plays a key role in
guiding the course of the polyketide chain elongation by the
hydrogen bonding with the C5 carbonyl oxygen of the linear in-
termediate. This facilitates the initial N/C5 cyclization to form the
γ-lactam by the nucleophilic attack of the nitrogen on the C5 car-
bonyl carbon. The hydrogen bonding with Ser348 then switches to
the amide carbonyl oxygen, and the resulting carbinolamide is
subsequently converted into the enamine by spontaneous dehy-
dration. Here, the interaction of the aromatic moiety with the
so-called gatekeeper Phe225 is likely to reinforce the psuedocyc-
lic conformation favored for the orientation of the nitrogen atom
toward the C1 carbonyl carbon, which results in the final N/C1
cyclization to produce the 6.5.6-fused ring system (Fig. 4D).

On the other hand, the large-to-small S348G substitution
facilitates the polyketide chain elongation reaction up to the tet-
raketide stage, by enlarging the space neighboring the catalytic
Cys174 to produce the ring-expanded 6.7.6-fused dibenzoazepine
(Fig. 4 E–H). In this case, it is likely that the active-site residue
Asn346, behind Gly348, guides the course of the chain elongation
by the hydrogen bonding with the C5 carbonyl oxygen of the tet-
raketide linear intermediate. This is followed by the nucleophilic
attack of the nitrogen on the C5 carbonyl carbon to produce
the ring-expanded ϵ-lactam. The interaction with Asn346 then
switches to the C7 carbonyl oxygen, and the carbinolamide is sub-
sequently converted into the enamine by spontaneous dehydra-
tion. Presumably, the gatekeeper Phe225 would again assist with
the final C6/C1 cyclization to generate the 6.7.6-fused tricyclic
ring system (Fig. 4H). Indeed, when Phe225 in the HsPKS S348G
mutant was substituted with Gly, Ala, Ser, Cys, Leu, and His,
respectively, the F225/S348 double mutants completely lost the
dibenzoazepine-forming activity and only produced a trace
amount of the pyridoisoindole. In contrast, the F225Y/S348G
and F225W/S348G double mutants retained the 6.7.6-dibenzoa-
zepine- and 6.5.6-pyridoisoindole-forming activities, suggesting
that the aromatic residues play important roles in the formation
of the tricyclic ring systems. Thus, the basic nitrogen atom and
the structure-based mutagenesis enable the additional C─C and
C─N bond forming chemistry, instead of the consecutive C─N
bond forming reactions, to generate the ring-expanded 6.7.6-
fused dibenzoazepine.

Biological Activities. Pyridoisoindole derivatives exhibit remark-
able physiological properties, such as antibacterial, anti-inflam-
matory, analgesic, and antitumor cell proliferation activities (28).
Furthermore, as previously described, dibenzo[b,e]azepine (mor-
phanthridines) are potent activators of the TRPA1 channel (27).
Here 2-hydroxypyrido[2,1-a]isoindole-4,6-dione (7) and 1,3-dihy-
droxy-5H-dibenzo[b,e]azepine-6,11-dione (14) were tested for
their antibacterial activity against methicillin-susceptible Staphy-
lococcus aureus (MSSA), E. coli, and Bacillus cereus, and their
cytotoxic activity against murine leukemia P388 cells. Interest-
ingly, although both products lacked significant antibacterial and
cytotoxic activities, the dibenzoazepine clearly inhibited biofilm
formation by MSSA (MIC ¼ 12.0 μg∕mL), which is one of the
most important etiological factors responsible for nosocomial in-
fections (29). Biofilms are known to be resistant to conventional
antibiotics and host immune responses (30). Although soporific,

antipsychotic and anticonvulsant activities have been reported
for the dibenzoazepine derivatives (31, 32), this is a previously
undescribed demonstration of the antibiofilm activity by a diben-
zoazepine alkaloid. These observations suggest that the diben-
zoazepine and its derivatives may be antibiotic candidates with
inhibitory activity against biofilm formation.

In conclusion, we demonstrated the synthesis of unnatural,
novel polyketide-alkaloid scaffolds by exploiting a type III PKS
from a primitive club moss, using precursor-directed and struc-
ture-based approaches. Thus, HsPKS1 produced the 6.5.6-fused
pyridoisoindole (or 6.6.5.6-fused benzopyridoisoindole) scaffold,
by the condensation of 2-carbamoylbenzoyl-CoA (or 3-carba-
moyl-2-naphthoyl-CoA), a nitrogen-containing nonphysiological
starter substrate, with two molecules of malonyl-CoA. Further-
more, the structure-based S348G mutant not only extended the
product chain length but also altered the cyclization mechanism
to produce a biologically active dibenzoazepine with a ring-
expanded 6.7.6-fused ring system, by the condensation of 2-car-
bamoylbenzoyl-CoA with three malonyl-CoAs. Thus, the basic ni-
trogen atom and the structure-based mutagenesis facilitated the
additional C─C and C─N bond forming chemistry to generate
the complex polyketide-alkaloid hybrid molecule. The catalytic
versatility and potential of the structurally and mechanistically
simple type III PKS enzymes provide an excellent platform for
the further development of unnatural novel biocatalysts with
unprecedented catalytic functions.

Materials and Methods
Materials and Bioassay Procedures. Please see SI Materials and Methods.

Enzyme Expression and Purification. The recombinant HsPKS1, with a GST-tag
at the N terminus, was overexpressed in E. coli BL21(DE3)pLysS and purified,
as previously reported (33). After removal of the GST-tag, the purified HsPKS1
was used for the enzyme assay and crystallization.

Site-Directed Mutagenesis and Purification of the Mutant Enzymes. All of the
plasmids expressing the S348X and F225X/S348G mutants of HsPKS1 were
constructed with a QuikChange Site-Directed Mutagenesis Kit (Stratagene),
according to the manufacturer’s protocol. The primers used are listed in SI
Materials and Methods. The mutant enzyme was expressed, extracted and
purified by the same procedure as for the wild-type HsPKS1, and was used
in the enzyme assay.

Standard Enzyme Reaction. The reaction mixture contained 54 μM of 2-carba-
moylbenzoyl-CoA, 3-carbamoylpicolinoyl-CoA, or 3-carbamoyl-2-naphthoyl-
CoA, 108 μM of malonyl-CoA or (2RS)-methymalonyl-CoA, and 20 μg of the
purified enzyme, in a final volume of 500 μL of 100 mM potassium phosphate
(KPB) buffer (pH 6.5), containing 1 mM EDTA. The reactions were incubated
at 30 °C for 4 h and stopped by the addition of 5 μL of 20% HCl. The products
were then extracted twice with 500 μL of ethyl acetate and were analyzed
by an online LC-ESIMS system. The online LC-ESIMS spectral analyses were
performed as previously described (19).

For the large-scale enzyme reaction, 20 mg of the purified enzyme was
incubated with 10 mg of malonyl-CoA and 5 mg starter CoA in 100 mL of
buffer (100 mM KPB buffer, pH 6.0 for 2-carbamoylbenzoyl-CoA reaction,
and 100 mM potassium phosphate buffer, pH 6.5 for the 3-carbamoyl-2-
naphthoyl-CoA and 3-carbamoylpicolinoyl-CoA reactions), containing 1 mM
EDTA either at 30 °C (2-carbamoylbenzoyl-CoA and 3-carbamoylpicolinoyl-
CoA reactions) or 45 °C (3-carbamoyl-2-naphthoyl-CoA reaction) for 16 h.
The reaction was quenched by the addition of 20%HCl (10 mL) and extracted
with ethyl acetate (200 mL × 3). The enzyme reaction products were purified
by reverse-phase HPLC (JASCO 880), using the same gradient elution program
as that for the standard enzyme reaction. In total, six large-scale reactions
were performed to obtain the purified enzyme reaction products. For the
LC-HRTOFMS spectral analyses, the same HPLC gradient program as that
for the online LC-ESIMS spectral analyses was used. Spectral data for the
enzyme reaction products are summarized in SI Materials and Methods.

The yield of 2-hydroxy-1,3-dimethylpyrido[2,1-a]isoindole-4,6-dione,
derived from 2-carbamoylbenzoyl-CoA and (2RS)-methylmalonyl-CoA, was
calculated by the dried weight of the purified compound obtained from
the large-scale reaction. On the other hand, other enzyme reaction
product yields were calculated by incubations with [2-14C]-malonyl-CoA
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(1.8 mCi∕mmol) as an extender substrate with the respective corresponding
starter substrates, under the enzyme reaction conditions for steady-state
kinetic analyses described below.

Enzyme Kinetics. Steady-state kinetic parameters were determined by using
[2-14C]malonyl-CoA (1.8 mCi∕mmol) as a substrate. The experiments were
performed in triplicate, using four concentrations of 2-carbamoylbenzoyl-
CoA, 3-carbamoylpicolinoyl-CoA, 3-carbamoylnaphthoyl-CoA, 4-coumaroyl-
CoA, or N-methylanthraniloyl-CoA (86.7, 54.2, 32.5, and 10.8 μM) in the assay
mixture, containing 108 μM of malonyl-CoA, 4 μg of purified enzyme, and
1 mM EDTA, in a final volume of 100 μL of 100 mM potassium phosphate
buffer, pH 6.0 for 2-carbamoylbenzoyl-CoA, pH 6.5 for 3-carbamoyl-
naphthoyl-CoA and 3-carbamoylpicolinoyl-CoA, and pH 8.0 for 4-coumaroyl-
CoA and N-methylanthraniloyl-CoA, respectively. Incubations were per-
formed for 20 min at 30 °C for 2-carbamoylbenzoyl-CoA, 3-carbamoylpicoli-
noyl-CoA, 4-coumaroyl-CoA, and N-methylanthraniloyl-CoA, and at 45 °C for
2-carbamoylnaphthaloyl-CoA. The reaction products were extracted and
separated by TLC (Merck Art. 1.11798 Silica gel 60 F254; ethyl acetate∕
hexane∕AcOH ¼ 63∶27∶5, v∕v∕v). Radioactivities were quantified by autora-
diography using a bioimaging analyzer BAS-2000II (FUJIFILM). Lineweaver–
Burk plots of the data were employed to derive the apparent KM and kcat

values (average of triplicates), using Microsoft Excel (Microsoft).

X-ray Crystallography. Crystallization and X-ray diffraction date collection
were performed, as previously reported (33). Data were indexed, integrated,
and scaled using the HKL-2000 program (34). The initial phases of the HsPKS1
structure were determined by molecular replacement, using the HsPKS1
structure generated by the SWISS-MODEL package (http://expasy.ch/spdpv/),
based on the crystal structure ofM. sativa CHS (PDB ID code 1CGK) as a search
model. The molecular replacement was performed with CNS (35). Crystallo-
graphic refinement and model building were performed with CNS and MIFit
(36), respectively. Each refinement cycle was followed by model building,

using the σA-weighted 2Fo-Fc and Fo-Fc electron density maps. The water
molecules were automatically placed into the difference electron density
maps with MIFit and were retained or rejected based on geometric criteria
as well as their refined B factors. After several rounds of model building and
refinement, the final model was obtained. The final model consists of resi-
dues 20–399 of monomer A, two molecules of glycerol, one molecule of SO4,
and 168 molecules of water. Details of the data collection, processing, and
structure refinement are summarized in Table S3. The quality of the final
model was assessed with PROCHECK (37). A total of 91.7% of the residues
in the HsPKS1 apo structure are in themost favored regions of the Ramachan-
dran plot, 8.0% in the additional allowed regions, and 0.3% in the gener-
ously allowed region. Structure-based similarity was searched by the Dali
program (38). The cavity volume and the active-site entrance area were
calculated by the CASTP program (http://cast.engr.uic.edu/cast/). All crystallo-
graphic figures were prepared with PyMOL (DeLano Scientific, http://
www.pymol.org). Crystallization and structure determination of the HsPKS1
complexed with CoA-SH are described in SI Materials and Methods.

Molecular Modeling and Docking Studies. The three-dimensional models of
the CoA thioesters and the Cys-tethered intermediates were generated by
the Chem3D Ultra 10 program (CambridgeSoft). The intermediate models
were manually swapped with the catalytic Cys174 in the HsPKS1 structure
by using MIFit, and the energy minimization calculation by simulated anneal-
ing with CNS programwas then performed. The parameters of the intermedi-
ates for the energy minimization calculation were obtained by the PRODRG
server (http://davapc1.bioch.dundee.ac.uk/prodrg/).
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