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Type III polyketide synthases (PKSs) produce an incredibly
diverse group of plant specialized metabolites with medical
importance despite their structural simplicity compared with
the modular type I and II PKS systems. The type III PKSs use
homodimeric proteins to construct the molecular scaffolds of
plant polyketides by iterative condensations of starter and
extender CoA thioesters. Ever since the structure of chalcone
synthase (CHS) was disclosed in 1999, crystallographic and
mutational studies of the type III PKSs have explored the inti-
mate structural features of these enzyme reactions, revealing
that seemingly minor alterations in the active site can drastically
change the catalytic functions and product profiles. New struc-
tures described in this review further build on this knowledge,
elucidating the detailed catalytic mechanism of enzymes that
make curcuminoids, use extender substrates without the canon-
ical CoA activator, and use noncanonical starter substrates,
among others. These insights have been critical in identifying
structural features that can serve as a platform for enzyme
engineering via structure-guided and precursor-directed engi-
neered biosynthesis of plant polyketides. In addition, we
describe the unique properties of the recently discovered “sec-
ond-generation” type III PKSs that catalyzes the one-pot forma-
tion of complex molecular scaffolds from three distinct CoA
thioesters or from “CoA-free” substrates, which are also provid-
ing exciting new opportunities for synthetic biology approaches.
Finally, we consider post-type III PKS tailoring enzymes, which
can also serve as useful tools for combinatorial biosynthesis of
further unnatural novel molecules. Recent progress in the field
has led to an exciting time of understanding and manipulating
these fascinating enzymes.

Plant polyketides are medicinally important plant specialized
metabolites that have been used as medicines, foods, pigments,
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and so on. Very interestingly, the core structures of these struc-
turally and chemically diverse plant polyketides (flavonoids,
chromones, stilbenes, phloroglucinols, xanthones, acridones,
quinolones, diarylheptanoids, etc.) are produced by type III
PKS?-superfamily enzymes by iterative condensations of
starter and extender acyl-CoA thioesters. Thus, in contrast to
bacterial modular type I and dissociated type II PKS megaen-
zyme systems with multiple catalytic domains, such as ketoacyl
synthase, acyltransferase, and acyl carrier protein (1, 2), the
structurally simple type III PKSs are homodimeric proteins of
~40-kDa subunits, which play a pivotal role in the remarkable
structural diversification of polyketide backbone assemblies
(3—12). Each independent ketoacyl synthase domain in the type
III PKS commonly maintains a “Cys-His-Asn” catalytic triad to
catalyze the tethering of a CoA-linked starter substrate to the
active-site Cys, which is followed by carbon-carbon (C-C)
bond formation via decarboxylative Claisen-type condensation
with an extender substrate (normally malonyl-CoA). The
resulting poly-3-ketide intermediate usually undergoes further
linear carbon chain extensions through iterative thioester bond
cleavage and new C—C bond formation. Most of the enzyme-
tethered linear polyketide intermediates are then cyclized by
intramolecular Claisen and/or aldol condensation(s) and/or
lactonization to yield various molecular scaffolds within the
single active site of the enzyme.

The primary sequences and substrate and product specifici-
ties of the selected type III PKSs are summarized in Figs. S1 and
1. Since the discovery in 1983 of the chalcone synthase (chs)
gene from parsley (Petroselinum hortense) that encodes the
enzyme responsible for the biosynthesis of flavonoids (13),
more than 20 functionally different plant type III PKSs, which
share 30-95% amino acid sequence identity with each other,
have been cloned and characterized (3-12, 14-17). This
includes stilbene synthase (STS) (18-21), biphenyl synthase
(BIS) (22, 23), benzophenone synthase (BPS) (23-27), 2-pyrone

3 The abbreviations used are: PKS, polyketide synthase; Ab, A. belladonna;
ADS, alkyldiketide-CoA synthase; ACS, acridone synthase; Am, A. marme-
los; AQS, alkylquinolone synthase; BAS, benzalacetone synthase; BIS,
biphenyl synthase; BPS, benzophenone synthase; CHS, chalcone synthase;
CHSL, chalcone synthase-like; Cm, C. microcarpa; CTAL, coumaroyl tri-
acetic acid lactone; CURS, curcumin synthase; CUS, curcuminoid synthase;
DCS, diketide-CoA synthase; HsPKS, H. serrata type lll polyketide synthase;
Ha, H. androsaemum; Md, M. domestica; Mp, M. paleacea; OAC, olivetolic
acid cyclase; PYKS, pyrrolidine ketide synthase; QNS, quinolone synthase;
STS, stilbene synthase.
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Figure 1. Typical reactions catalyzed by plant type Ill PKSs. 2-PS, 2-pyrone synthase; PCS, pentaketide synthase; OKS, octaketide synthase.
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Figure 2. Formations of curcumin by DCS and CURS, bisdemethoxycurcumin by CUS, 2-heptyl-N-methyl-4-quinolone by HsPKS3, and 2-heptyl-N-

methyl-4-quinolone by ADS and AQS.

synthase (28, 29), pentaketide synthase (30), octaketide syn-
thase (31-33), and benzalacetone synthase (BAS) (34, 35). The
diverse functions of the plant type III PKSs result from the dif-
ferences in (i) the selection of the substrates, (ii) the number of
condensations, and (iii) the cyclization reactions.

In certain cases, multiple functionally distinct type III PKS
enzymes are involved in the biosynthesis, as exemplified by the
collaboration between diketide-CoA synthase (DCS) and cur-
cumin synthase (CURS) for the formation of curcumin in Cur-
cuma longa (36, 37). In other cases, a single enzyme catalyzes
the one-pot synthesis of curcumin and 2-alkylquinolone, as
exemplified by curcuminoid synthase (CUS) from Oryza sativa
(38) and PKS3 from Huperzia serrata (HsPKS3) (16), respec-
tively (Fig. 2).

SASBMB

The type III PKSs share a common aBafa structural fold,
and each monomer contains a functionally independent active
site in the cleft between the lower and upper domains (Fig. 3)
(10, 17, 23, 39-57). The Cys-His-Asn catalytic triad sits
between the active-site cavity and the “CoA-binding tunnel”
that is connected to the protein surface. Structural compari-
sons of the active site have revealed the various features that
contribute to the diverse catalytic functions of the type III PKS
enzymes. Specifically, the dissimilarities in the volumes and ori-
entations of residues 197, 256, 338, 215, and 265 (numbering
according to Medicago sativa CHS2 (39), with the first solved
crystal structure among these enzymes) (Fig. S1) are thought to
control the polyketide chain length, substrate selectivity, and
ring construction reactions. The “aldol-switch” hydrogen bond
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CoA-SH

Figure 3. Crystal structure of M. sativa CHS. A, overall structure. Each mono-
mer is colored white or blue. The catalytic Cys'®* is represented by a black
sphere. The Met"*” residues, which form a partial wall of the active-site cavity
in the opposing monomer, are represented by cyan stick models. Black arrows
denote the entrance of the CoA-binding tunnel of each monomer. B, close-up
view of the catalytic triad. Cys'®4, His*°3, and Asn>32 are represented by black
sticks. The CoA-SH molecules are depicted by green stick models.

network of Ser®**~H,O-Thr'*?~Glu'®?, observed in the crystal
structures of the STSs from Pinus sylvestris and Arachis hypo-
gaea, guides the course of the decarboxylative aldol-type cycli-
zation of the enzyme-bound tetraketide intermediate to gener-
ate the stilbene scaffold instead of the chalcone-forming
Claisen-type cyclization in the CHSs (42, 43).

Because plant type III PKS-superfamily enzymes share such
high sequence identity, it is extremely difficult to predict their
catalytic functions from the amino acid sequences. Indeed, we
have often seen that only a small modification of the active site,
even single amino acid substitutions, drastically changes the
catalytic functions of the enzymes and their product profiles.
Elucidations of the structural bases for the functionally distinct
plant type III PKSs are thus prerequisite for understanding the
structure—function relationships of the enzymes and for fur-
ther manipulation of their catalytic machineries (5, 8, 58).

At present, the crystal structures of 16 functionally distinct
plant type III PKSs have been experimentally defined. This
shortarticle is an update for the previous review in 2010 (5) and
highlights the structural characteristics of CUS (51), CURS1
(53), BIS3 from Malus domestica (23), BPS from Hypericum
androsaemum (23), acridone synthase (ACS) and quinolone

15124 J Biol Chem. (2019) 294(41) 15121-15136

synthase (QNS) from Citrus microcarpa (56), alkyldiketide-
CoA synthase (ADS) and alkylquinolone synthase (AQS) from
Evodia rutaecarpa (10), HsPKS1 (55), and CHSL1 from March-
antia paleacea (MpCHSL1) (57). The active-site architectures
of M. sativa CHS, BAS, CUS, CURS1, CmACS, CmQNS, ADS,
AQS, M. domestica BIS3 (MdBIS3), H.androsaemum BPS
(HaBPS), HsPKS1, and CHSL1 are summarized in Fig. 4. These
type III PKS structures provided important information on how
these enzymes regulate their substrates specificities. In partic-
ular, the structures of CUS provided insight into the mecha-
nism of the unique one-pot formation of curcuminoids (51),
whereas those of CURS1 and AQS revealed their unusual pref-
erence for “CoA-free” diketide acids as extender substrates (10,
53). Moreover, this review also introduces recently reported
“second-generation” type III PKSs, such as HsPKS3 and Atropa
belladonna pyrrolidine ketide synthase (AbPYKS), which cata-
lyze a one-pot formation of alkylquinolone scaffolds from three
distinct CoA thioesters (16) and construction of tropane alka-
loid scaffolds from CoA-free substrates (12), respectively.
These enzymes not only significantly expanded the catalytic
repertoire of the type III PKS enzymes but also provided further
opportunities for the engineered biosynthesis to create new
molecules that are structurally different from those of the
canonical type III PKS products.

Finally, this review also covers the structural features of post-
type I1I PKS tailoring enzymes, such as a novel plant polyketide
cyclase from Cannabis sativa, olivetolic acid cyclase (OAC).
This is so far the only known plant polyketide cyclase that
directly accepts a linear poly-B-ketide intermediate, which is
expected to be a useful tool for combinatorial biosynthesis for
further production of unnatural novel molecules for drug
discovery.

Curcuminoid synthase

CUS was discovered in the O. sativa genome as an unusual
type III PKS that catalyzes the one-pot formation of the
C4-C,-C, diarylheptanoid scaffold of bisdemethoxycurcumin.
CUS first condenses one molecule of p-coumaroyl-CoA with
one malonyl-CoA to produce the C,-C; p-coumaroyldiketide-
CoA intermediate, which is followed by hydrolysis to yield the
corresponding B-keto acid. Finally, condensation of the -keto
acid with the second p-coumaroyl-CoA affords the C4-C,-C,
diarylheptanoid (38) (Fig. 2). In CUS, the active-site residues
Thr'?2, Thr'®?, Gly**°, and Phe?®® in CHS are characteristically
replaced with Asn'*?, Tyr*%?, Met**®, and Gly*’*, respectively
(Fig. S1). Asreported previously, the first three residues differ in
a number of functionally divergent type III PKSs and are
thought to control the substrate and product specificities of the
enzyme reactions (4, 5, 41). The gatekeeper Phe®®®, positioned
at the junction between the active-site cavity and the CoA-
binding tunnel, guides the substrate loaded within the active-
site cavity (39).

The crystal structure of CUS revealed that the overall struc-
ture is analogous to those of other type III PKSs, whereas the
aforementioned residues in CUS form a large and unique
downward expansion of the active site (Fig. 4) (51). Thus, in
the CUS active site, the Asn'** and Tyr*°” substitutions cause
the loss of the “coumaroyl-binding pocket” of CHS, whereas the
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large-to-small replacement of Phe’®® in CHS with Gly>’* in  the active-site architecture. Docking simulations predicted that
CUS not only enlarges the active-site entrance but also forms the active site of CUS is sufficient to accommodate both the

the unusual downward expanding pocket. The Met

265 side  p-coumaroyldiketide acid and the second coumaroyl unit (Fig.

chain protrudes toward the catalytic center and partially alters  54). The wide active-site entrance of CUS may facilitate the
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reorientation of the coumaroyl unit tethered at the catalytic
Cys'”* from the active-site cavity to the CoA-binding tunnel
(Fig. 5B). Another noticeable structural feature is the presence
of the unique Ser’*'—Asn'**~H,O-Tyr**’-Glu***> hydrogen
bond network adjacent to the catalytic Cys'”*, which is similar
to the aldol switch observed in the active sites of STSs (Fig. 5, C
and D) (42, 43).

These structural data suggested that CUS utilizes unique cat-
alytic machinery for the one-pot formation of the C,-C,-Cg
diarylheptanoid scaffold of bisdemethoxycurcumin. Thus, the
synthesis likely involves (i) thioester bond cleavage of the
enzyme-bound diketide via nucleophilic attack of a water mol-
ecule activated by the hydrogen bond network, (ii) the conver-
sion of the diketide acid into an anion by proton abstraction by
Cys'”%, (iii) the subsequent loading of the second p-coumaroyl-
CoA to the catalytic Cys followed by reorientation into the
CoA-binding tunnel, and (iv) a final decarboxylative condensa-
tion of the diketide acid kept in the active-site cavity with the
second coumaroyl unit (Fig. 5E). Interestingly, the CUS M265L
and G274F mutants accepted 4-hydroxyphenylpropionyl-CoA
as a starter substrate to produce an unnatural novel product,
tetrahydrobisdemethoxycurcumin (51). Homology models
predicted that the M265L and G274F substitutions narrow the
active-site entrance, thereby altering the substrate preference
to accept the more flexible 4-hydroxyphenylpropionyl-CoA
over p-coumaroyl-CoA to yield the new product. These find-
ings suggested not only the importance of the downward
expanding active-site architecture for the unique one-pot
enzyme reaction but also a strategy to expand the substrate
scope for further generation of unnatural novel molecules.

Diketide synthase and curcumin synthase

In some cases, the collaboration of two functionally distinct
type III PKSs generates one natural product scaffold. DCS and
CURS from C. longa are the first reported type III PKSs that
collaborate to produce curcumin (36, 37) (Fig. 2). Thus, DCS
first condenses feruloyl-CoA with malonyl-CoA to yield feru-
loyldiketide-CoA. After hydrolysis, CURS]1 catalyzes the cou-
pling of the C,-C; feruloyldiketide acid with another feruloyl-
CoA to construct the C,-C,-C, diarylheptanoid scaffold.
Interestingly, the C.longa plant also expresses CURS2 and
CURS3, which accept both feruloyl-CoA and p-coumaroyl-
CoA as substrates.

The crystal structure of CURSI revealed that the active-site
cavity is much narrower than that of M. sativa CHS because of
the characteristic GIn®**® and the reorientation of the gate-
keeper Phe®®® (Fig. 6). As a result, CURS] creates a unique
hydrophobic pocket with Gly*'!, Phe?'®, Phe**®, and Phe**” in

the CoA-binding tunnel. Furthermore, analyses of the G211F
and G211W mutants, which drastically decreased the curcumi-
noid-forming activity in vitro, and docking studies supported
the proposal that this pocket allows the bulky hydrophobic
feruloyldiketide acid to be loaded into the catalytic center,
thereby forming the C,-C,-Cg curcuminoid scaffold by the
decarboxylative condensation with feruloyl-CoA. In contrast,
the three-dimensional structure of DCS has yet to be solved.
Notably, in DCS, the conserved Ser®*® next to the catalytic
Cys'®*is replaced with the bulky and negatively charged Glu**’,
which may explain the substrate and product specificities of
DCS.

Biphenyl synthase and benzophenone synthase

BIS and BPS are type III PKSs that select CoA thioesters of
benzoate as the starter substrate to catalyze three condensa-
tions with malonyl-CoA (Fig. 1). As a result of the decarboxy-
lative C2-C7 aldol-type cyclization, BIS produces 3,5-dihy-
droxybiphenyl, which is the core scaffold of the biphenyl and
dibenzofuran phytoalexins (22-23) (Fig. 1). BIS has been char-
acterized in Sorbus aucuparia and M. domestica (22) and
exploited for the precursor-directed biosynthesis of 4-hydroxy-
coumarin, which is the immediate precursor of the synthetic
anticoagulants (59, 60). In contrast, BPS catalyzes C1-C6
Claisen-type cyclization to yield 2,4,6-trihydroxybenzophe-
none, which becomes the backbone of the xanthones, guttifer-
ones, and sampsoniones that are predominantly found in the
closely related Hypericaceae and Clusiaceae families (Fig. 1)
(23-27). BPS has been identified in H. androsaemum, H. perfo-
ratum, and Garcinia mangostana (26, 27). In BPS, Thr'® in the
active-site cavity is thought to control the Claisen-type cycliza-
tion, as supported by the dominant production of phenylpyrone
by the T135L mutant of H. androsaemum BPS (61). The triple
L263M/F265Y/S338V mutant of H. androsaemum CHS, which
shares 60% amino acid sequence identity with BPS, preferen-
tially accepted benzoyl-CoA over p-coumaroyl-CoA as the
starter substrate (25). Notably, in all known benzoate-specific
type I11 PKSs, the CHS active-site residues Phe®*® and Ser®*® are
uniquely substituted with Tyr and Gly, respectively.

The crystal structures of MdBIS3 and HaBPS have been
solved by Noel and co-workers (23) along with that of
M. domestica CHS2. MdBIS3 and HaBPS utilize an alternate,
novel active-site pocket behind the catalytic Cys, instead of the
coumaroyl-binding pocket in CHS, which facilitates the selec-
tive binding of the smaller benzoate starter (Fig. 4). The benzo-
ate-binding pocket in MdBIS3 is formed by Cys'?°, Ala'*’,
Ala', Gly'®8, Glu'®, Gly**°, and Ala®*°. Correspondingly,
Thr'??, Gly'®®, Glu'®®, Gly**?, and Ser®*? form a similar pocket

Figure 4. Active-site cavities observed in the crystal structures of M. sativa CHS (PDB entry 1BI5), Rheum palmatum BAS (PDB entry 3A5Q), O. sativa
CUS (PDB entry 30IT), C. longa CURS1 (PDB entry 30V2), MdBIS3 (PDB entry 5W8Q), HaBPS (PDB entry 5UCO), CmACS (PDB entry 3WD7), CmQNS
(PDB entry 3WD8), E. rutaecarpa ADS (PDB entry 5WX3), E. rutaecarpa AQS (PDB entry 5WX4), and HsPKS1 (PDB entry 3AWK) and in the model
structure of the HsPKS1 S348G mutant enzyme. The sizes and shapes of the active-site cavities are represented by surface models. The catalytic triads are
represented by black stick models. The bottoms of the coumaroyl-binding pocket in M. sativa CHS, the corresponding pockets in HsPKS1 and its mutant, and
the alternative coumaroyl-binding pocket in R. palmatum BAS are highlighted by cyan surfaces. The bottom of the downward-expanding pocket in CUS is
indicated by a yellow surface. The expanded wall of the HsPKS1 S348G mutant is highlighted by a pink surface. The entrances to the active-site cavities are shown
by blue arrows. In the M. sativa CHS and R. palmatum BAS crystal structures, the complexed naringenin and coumaroyl unit, respectively, are shown with green
stick models. Three-dimensional structures of pyridoisoindole (2-hydroxybenzol[flpyrido[2,1-alisoindole-4,6-dione) and dibenzoazepine (1,3-dihydroxy-5H-
dibenzo[b,elazepine-6,11-dione), shown as green stick models, are docked into the active-site cavities of the WT and S348G mutant HsPKS1 enzymes, respec-

tively. All active-site cavities in this figures were rendered using PyMOL.
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and those within the CoA-binding tunnel and the active-site cavity (B), respectively. C and D, the hydrogen bond networks of O. sativa CUS (C) and P. sylvestris
STS (D). The catalytic triads are represented by black stick models. The water molecules and hydrogen bonds are represented by cyan spheres and green dotted
lines, respectively. E, proposed catalytic mechanism for the formation of bisdemethoxycurcumin by CUS.

SASBMB J. Biol. Chem. (2019) 294(41) 15121-15136 15127



JBC REVIEWS: Plant polyketide biosynthesis

H303
C164; f

F267

CURS1

Y

1132  Eoge o A210
F265 G211
W263 D192 > 1 ]
|} \ o
N CoA-binding tunnel
S133 S197 T194
CmQNS
H303
C164( G306
/ ©
P375 L265
y 5

AQS
H309
C170 .
| £,

Y215
| oF220

CoA-binding tunnel

AQS Y215V

/;\312 ¢ o )

F220

CoA-binding tunnel

Figure 6. Comparison of the active sites of C. longa CURS1, E. rutaecarpa AQS, E. rutaecarpa QNS, and the AQS Y215V mutant. The catalytic triads are
represented by black stick models. The junctions between the CoA-binding tunnel and the active-site cavity are highlighted with green surfaces. The entrances
to the CoA-binding tunnels are shown with gray arrows. Tyr?'® and the mutated Val®'* are highlighted with red designations.

in HaBPS. These substantial changes are mainly caused by the
single substitution of Thr'*” in M. domestica CHS with Phe'*?
in MdBIS3 and by the replacement of Ser®*® of M. domestica
CHS2 with Gly*** in HaBPS. As a result, BIS and BPS create a
hydrophobic surface for the interaction with the small hydro-
phobic CoA thioesters of benzoates. Interestingly, the size of
the active-site cavity of MdBIS3 is dramatically reduced by the
replacement of Thr'®” in CHS with Phe'®?, as compared with
that of HaBPS (Fig. 4). Thus, these structural features were sug-
gested to be the decisive factors for the substrate and product
specificities of the BIS and BPS enzyme reactions. Notably,
MdBIS3 lacks the aldol-switch hydrogen bond network under-
lying the aldol-type cyclization reaction. Although water mole-
cules that may function as the nucleophile were observed in the
MdBIS3 active site, further detailed analyses of the enzyme
reaction are required.

Acridone synthase

Type III PKSs that catalyze the C—N bond-forming reaction
have also been isolated from Rutaceae plants, which are rich
producers of acridone and quinolone alkaloids. The ACSs from
C. microcarpa (56) and Ruta graveolens (62, 63) catalyze the
iterative condensations of three malonyl-CoAs with N-methy-
lanthraniloyl-CoA followed by Claisen-type and C-N bond-

15128 J Biol Chem. (2019) 294(41) 15121-15136

forming cyclization reactions to generate 1,3-dihydroxy-N-
methylacridone, which is the core skeleton of the acridone
alkaloids (Fig. 1). Interestingly, ACSs can also accept p-couma-
royl-CoA as the starter substrate to produce naringenin chal-
cone in vitro (56, 63—67).

In the ACSs, the active-site residues in CHS, Thr'??, Ser'??,
and Phe®®’, are substituted with Ser, Ala, and Val, respectively
(Fig. S1). These residues determine the selection of N-methy-
lanthraniloyl-CoA as the starter substrate, which was con-
firmed by the full conversion of the R. graveolens ACS S1327T/
A133S/V265F mutant activity to that of CHS (64). Furthermore,
our structural studies of C. microcarpa ACS (CmACS) revealed
that the F265V substitution, together with the conformational
changes of Phe*'® and Leu®*’, forms a wider active-site en-
trance, which accounts for the bulky starter substrate prefer-
ence of ACS (Fig. 4) (56). Interestingly, the crystal structures of
BAS (49) and the M. sativa CHS F215S mutant (65), which both
also accept the bulky N-methylanthraniloyl-CoA and anthra-
niloyl-CoA as starters, revealed similar expanded active-site
entrances. The large-to-small T132S/S133A substitutions in
CmACS also alter the shape and size of the active site. The
structural studies thus suggested that the ACSs utilize a cata-
lytic mechanism similar to those of the CHSs, but due to the

SASBMB


http://www.jbc.org/cgi/content/full/REV119.006129/DC1

wider active-site entrance, the ACSs prefer the N-methylan-
thraniloyl-CoA starter to generate the acridone scaffold.

Quinolone synthase

The QNSs from Aegle marmelos (AmQNS) and C. micro-
carpa (CmQNS) generate the core skeletons of the quinolone
alkaloids (56, 68). Both enzymes catalyze the decarboxylative
condensation of malonyl-CoA with N-methylanthraniloyl-
CoA and the C-N bond-forming cyclization to yield 4-hy-
droxy-2(1H)-quinolone (Fig. 2). AmQNS also produces acri-
done and benzalacetone from N-methylanthraniloyl-CoA and
p-coumaroyl-CoA, respectively (Fig. 2). The characteristic
Ser'®?/Ala'??/Val**® replacements in ACS are also maintained
in AmQNS (Fig. S1). In contrast, CmQNS specifically produces
4-hydroxy-N-methylquinolone from N-methylanthraniloyl-
CoA starter and malonyl-CoA extender. Furthermore, CmQNS
does not accept p-coumaroyl-CoA as a substrate but accepts ben-
zoyl-CoA and hexanoyl-CoA starters to produce the correspond-
ing triketide lactones (56). Interestingly, half of the conserved
active-site residues, such as Thr'®2, Met'®”, Ser'®3, Thr'®%, Thr'*’,
Gly**®, Phe?®®, and Ser®®® in M. sativa CHS, are uniquely altered
with Met, lle, Ala, Met, Tyr, Ala, Leu, and Gly in CmQNS, respec-
tively (Fig. S1).

The crystal structure of CmQNS revealed that the F265L
replacement and the conformational changes of Phe*'® and
Leu®®” result in the formation of an unusually wide active-site
entrance that favors the N-methylanthraniloyl-CoA substrate
(Fig. 4) (56). Furthermore, these characteristic residues make
the active-site cavity of CmQNS significantly smaller than that
of ACS, thus preventing the binding of a long and large sub-
strate, such as p-coumaroyl-CoA (Fig. 4) (49). The unique
active-site architecture of CmQNS is mostly attributed to
Met'??, Met'**, and Tyr'®’. Indeed, the CmQNS Y197A mutant
was able to accept the p-coumaroyl-CoA starter to produce a
triketide lactone, along with benzalacetone (Fig. 2) (56). Inter-
estingly, the CmACS S132M, T194M, and T197Y mutants lost
the acridone-forming activity and afforded 4-hydroxy-N-meth-
yl-2(1H)-quinolones as the single product from N-methylan-
thraniloyl-CoA (56). Moreover, these mutants no longer
accepted p-coumaroyl-CoA to produce chalcone, tetraketide,
and triketide lactones.

Alkyldiketide-CoA synthase and alkylquinolone
synthase

In contrast to QNS, ADS and AQS are functionally distinct
type III PKSs that collaboratively generate the core skeleton of
2-alkylquinolone alkaloids in the Rutaceae medicinal plant
E. rutaecarpa (10), in a manner similar to those described for
DCS and CURS in curcumin biosynthesis. Steady-state kinetics
analyses suggested that ADS could efficiently catalyze the
condensation of malonyl-CoA with decanoyl-CoA to yield
decanoylalkyldiketide-CoA, whereas AQS preferentially cata-
lyzes the coupling of a decanoyldiketide acid with N-methylan-
thraniloyl-CoA to produce 2-nonylquinolone via C-N bond
formation (Fig. 2). In vitro analyses revealed that ADS also
accepts octanoyl-CoA and lauroyl-CoA as starter substrates,
whereas AQS accepts alkyldiketide acids with alkyl lengths
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ranging from hexanoyl to hexadecanoyl as the extender
substrates.

In E. rutaecarpa ADS, the CHS active-site residues, Thr'??,
Thr'®%, Thr'®7, Leu®®, Phe265, and Ser®3®, are altered to Ser,
Met, Cys, Met, Tyr, and Trp, respectively (Fig. S1). Further-
more, the crystal structure of ADS revealed that the bulky side
chains of Trp®** and Met®*” form the narrow and shallow
active-site cavity, as compared with that of the functionally
closest BAS (Fig. 4) (10). In addition, Trp*** dramatically nar-
rows the active-site entrance. Mutation experiments suggested
that Trp*** and Cys'®" are important for the preference of the
fatty acyl-CoA starter substrate. The active-site cavity volume
allows the accommodation of up to a 10-carbon-length
enzyme-bound monoketide intermediate.

In contrast, the active site of E. rutaecarpa AQS is quite sim-
ilar to that of the quinolone-forming CmQNS (10), although
AQS has a much narrower CoA-binding tunnel as compared
with that of CmQNS (Fig. 6). This unique architecture is caused
by the substitution of Val in CmQNS with Tyr*'® in AQS. As a
result, AQS selects an alkyldiketide acid as the preferred
extender substrate, in sharp contrast to the functionally closest
CURS1 (53), which has a characteristic hydrophobic pocket
formed by Glyzll, Phe?'®, Phe°®, and Phe?*” in the CoA-bind-
ing tunnel for the accommodation of the aromatic diketide
extender (Fig. 6). Indeed, unlike the WT AQS, the Y215V
mutant efficiently accepts benzoyl-CoA and p-coumaroyl-CoA
as starter substrates (8). The crystal structure confirmed the
expanded CoA-binding tunnel of the AQS Y215V mutant (Fig.
6). Hence, the highly homologous active-site architecture to
that of CmQNS and the presence of the narrow CoA-binding
tunnel control the substrate and product specificities of the
AQS enzyme reaction, in a manner similar to that of CURSI.
These findings have clarified the structural basis for the versa-
tile catalytic repertoires of the type III PKSs in the biogenesis of
various plant metabolites.

Notably, in the Gram-negative bacterium Pseudomonas
aeruginosa, three [-ketoacyl carrier protein synthase III
(FabH)-like enzymes, PgsB, -C, and -D, which share 19% amino
acid sequence similarities with ADS and AQS, and an addi-
tional thioesterase, PqsE, are involved in the 2-alkylquinolone
biosynthesis. This is different from the synthesis in plants and
proceeds in the following order: (i) the condensation of anthra-
niloyl-CoA and malonyl-CoA to produce 2-aminobenzo-
yldiketide-CoA, (ii) the hydrolysis of 2-aminobenzoyldiketide-
CoA to yield 2-aminobenzoyldiketide acid, and (iii) finally the
tail-to-tail condensation of 2-aminobenzoyldiketide acid with a
fatty acyl-CoA to generate 2-heptyl-4-quinolone (69-71).
Thus, the comparative studies also provide new insight into the
functional and evolutionary implications of the biosynthesis of
2-alkylquinolones in plants and bacteria.

PKS1 from H. serrata

HsPKS1, from the medicinal moss H. serrata, exhibits
extraordinarily promiscuous substrate specificity and catalytic
versatility to produce numerous aromatic polyketides in vitro
(55, 67). For example, HsPKS1 efficiently catalyzes the forma-
tion of naringenin chalcone and 1,3-dihydroxy-N-methylacri-
done from p-coumaroyl-CoA and N-methylanthraniloyl-CoA,
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Figure 7. Enzymatic formation of pyridoisoindole and benzoazepine alkaloids by WT HsPKS1 and its S348G mutant.

respectively. A precursor-directed biosynthesis using N-con-
taining nonphysiological synthetic substrates successfully
generated unnatural novel alkaloids, such as 2-hydroxypyrido-
[2,1-alisoindole-4,6-dione, 1,3-dimethyl-2-hydroxypyrido[2,1-a]-
isoindole-4,6-dione, and 9-hydroxypyrido[2,3-a]indolizine-5,7-
dione, with the 6.5.6-fused ring system (Fig. 7). HsPKS1 also
accepted the bulky naphthalene-containing 3-carbamoyl-2-
naphthoyl-CoA as a starter substrate with good efficiency to
yield 2-hydroxybenzo[f]pyrido[2,1-alisoindole-4,6-dione, with
the 6.6.5.6-fused tetracyclic ring system. Notably, this product
has a structure similar to that of camptothecin, a well-known
DNA topoisomerase I inhibitor from Camptotheca acuminata
and Nothapodytes foetida (72).

The crystal structure of HsPKS1 complexed with CoA-SH
revealed that the cavity volume of the active site is comparable
with that of M. sativa CHS, but the active-site entrance is wider
due to the conformational change of the gatekeeper Phe®”> (Fig.
4) (55). The promiscuous substrate specificity and catalytic ver-
satility of HsPKS1 are thus principally attributed to this widen-
ing of the active-site entrance. Docking studies with linear and
partially cyclized triketide intermediates tethered to the cata-
lytic Cys'”* suggested that the hydroxyl group of Ser®*%, next to
the catalytic Cys, first forms a hydrogen bond with the C5 car-
bonyl oxygen of the linear intermediate and then bonds with
the amide oxygen of the partially cyclized intermediate (Fig. 8,
A and B). These findings suggested that Ser®*® could be the
crucial residue governing the mechanisms of the polyketide
chain elongation and both N-C5 and N-C1 cyclizations to gen-
erate the pyridoisoindole scaffolds (Fig. 8, C and D).

The structure-guided HsPKS1 $S348G mutant further pro-
duced the B-ring—expanded, unnatural 6.7.6-fused tricyclic
novel dibenzoazepine alkaloid 1,3-dihydroxy-5H-dibenzo-
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[b,e]azepine-6,11-dione from 2-carbamoylbenzoyl-CoA by
three condensations with malonyl-CoA (Fig. 7) (55). The
$348G substitution is thought to increase the space adjacent
to the catalytic Cys'’* for the polyketide chain elongation,
leading to N-C5 and C6 —C1 tandem cyclizations of the lin-
ear intermediate to afford the bulkier tetracyclic product
with the 6.7.6-fused tricyclic ring system (Fig. 8, E-H). The
incorporation of the basic nitrogen atom and the structure-
based mutagenesis thus dramatically expanded the catalytic
repertoire of the type III PKS enzyme reactions.

Chalcone synthase L1 from M. paleacea

Four type III PKSs, MpCHSL1, MpCHSL2, MpCHSL3, and
MpCHS, were identified from the liverwort M. paleacea, which
is arich source of phenolic compounds, including bibenzyls and
flavonoids (57). An in vitro analysis utilizing p-coumaroyl-CoA
and dihydro-p-coumaroyl-CoA as starter substrates revealed
that MpCHS efficiently catalyzes the formation of naringenin
chalcone and phloretin. In contrast, the MpCHSLs preferen-
tially produced lactonized a-pyrones, coumaroyl triacetic acid
lactone (CTAL), and dihydro-CTAL. These assays also indi-
cated that the MpCHSLs have the same catalytic functions. The
crystal structure of MpCHSL1 confirmed the high homology to
other CHS enzymes. MpCHSL1 shares not only the regular
catalytic triad but also the other residues lining the catalytic
cavity, Thr'32, Ser'®3, Met'®”, Thr'®%, Gly216, e Gly256,
Ser®®®, and Pro®”®, in MsCHS (Fig. S1) (57). In MpCHSLI1, the
nonsequence-conserved a-helix (residues 278 -295) leads to
the formation of a larger active site that affords more space
for the cyclization reaction. The lack of the aldol switch in
MpCHSL1 further suggested that it is catalytically closer to
CHS than STS.
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PKS3 from H. serrata

Onadifferent note, the HsPKS3 from H. serrata is another
unique type III PKS that can generate a series of unnatural
2-alkylquinolones and 1,3-diketones, including curcumin,
via the formation of a diketide acid from acyl-CoA and mal-
onyl-CoA followed by the tail-to-tail coupling of a second
acyl-CoA and the diketide acid (Fig. 2). For example, the
one-pot formation of 2-heptyl-N-methyl-4-quinolone was
achieved by the condensation of octanoyl-CoA, malonyl-
CoA, and N-methylanthraniloyl-CoA (16). The conspicuous
substrate promiscuity of HsPKS3 also facilitated the synthe-
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sis of a more diverse group of 2-substituted quinolones and
1,3-diketones.

Considering the product profile of the enzyme reactions,
HsPKS3 is likely to employ a catalytic mechanism similar to
that of CUS. A primary sequence comparison of HsPKS3 with
those of the other type III PKSs indicates that most of the
active-site residues of CHS are well-conserved in this enzyme,
except for only three residues, Thr'®?, Ser'*?, and Leu®®?, in
CHS, which are characteristically substituted with Ser, Asn, and
Met in HsPKS3. To fully understand the catalytic mechanism of
HsPKS3, further crystallographic studies are required.
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Pyrrolidine ketide synthase

Tropane alkaloids, such as scopolamine, are pharmaceuti-
cally important natural products. The biosynthesis of tropane
alkaloids has not been entirely elucidated and thus has re-
mained enigmatic for a long time. However, in 2018, it was
demonstrated that a novel type III PKS, AbPYKS, is involved in
the biosynthesis of tropinone, which is the core skeleton of the
tropane alkaloids (12). Remarkably, AbPYKS is able to utilize a
CoA-free substrate, N-methyl-A'-pyrrolinium cation, as the
starter substrate with two malonyl-CoAs to form 4-(1-methyl-
2-pyrrolidinyl)-3-oxobutanoic acid, which is then cyclized by
the cytochrome P450 monooxygenase AbCYP82M3 to gener-
ate the tropinone scaffold (Fig. 9). A sequence analysis indi-
cated that the catalytic triad common to all type III PKSs is also
conserved, as Cys'®®, His?*?°, and Asn®*%, Thus, it is likely that
AbPYKS forms 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic
acid in a manner similar to those of the other type III PKSs.

However, many questions still remain to be answered. Is the
N-methyl-A'-pyrrolinium cation also tethered to the catalytic
Cys? When and how is the pyrrolinium cation loaded onto the
catalytic center? Does the loading of the pyrrolinium cation
affect the decarboxylative condensation with malonyl-CoA to
form the proposed 2-(1-methylpyrrolidinyl)-acetyl-CoA? Is
AbPYKS able to control the absolute configuration of the prod-
uct, and if so, what is the mechanism? To fully understand the
noncanonical catalytic mechanism of AbPYKS, further func-
tional and structural analyses are required. The discovery of
ADbPYKS greatly expanded the catalytic repertoire of the type I1I
PKS enzymes and provided further opportunities for the engi-
neered biosynthesis of plant polyketides.

Triketide synthase and olivetolic acid cyclase

The ring construction is one of the crucial diversification
steps in plant polyketide biosynthesis. Although polyketide
chain elongation and cyclization generally proceed within a sin-
gle active site of a type III PKS enzyme, the formation of olive-
tolic acid, the biosynthetic precursor of cannabinoids in
C. sativa, requires OAC for the cyclization of the linear poly- -
keto intermediate provided by a type III PKS (73-75). Thus,
tetraketide synthase first produces the linear pentyltetra-g-
ketide-CoA from the hexanoyl-CoA starter, and then OAC cat-
alyzes the C2—C7 aldol cyclization of this linear tetraketide to
form the aromatic ring of olivetolic acid. This is similar to the
chalcone reductase enzyme reaction, and the OAC does not
require any cofactors (Fig. 104).

Structurally, OAC is a dimeric protein composed of 101-
amino-acid-residue monomers, with the dimeric « + (8 barrel
(DABB) fold (Fig. 10B) (73). OAC shares 17% identity with tet-
racenomycin F2 cyclase (Tcml), a bacterial polyketide cyclase
from Streptomyces glaucescens (76). The OAC crystal struc-
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tures revealed a unique active-site architecture with a 9-A-long
pentyl-binding pocket, which is a narrow hydrophobic pocket
in the interior of each monomer (Fig. 10, Band C) that binds the
pentyl moiety of the olivetolic acid (77, 78). Furthermore, His”?,
which forms a hydrogen network with Tyr”?, protrudes toward
the C1 and C6 positions of the olivetolic acid molecule, thus
facilitating the C2—C7 aldol-type cyclization of the substrate.
Structure-based site-directed mutagenesis studies confirmed
the crucial roles of the pentyl-binding pocket, for locking the
pentyl moiety of the substrate, and the Tyr’>~His”® catalytic
dyad, located near the active-site entrance, which functions as
an acid/base catalyst. Indeed, docking studies suggested that
His”® is located in the proximity of the C2 carbon and the C7
carbonyl oxygen for the aldol-type cyclization, whereas Tyr’>
recognizes the side chain of His’® and the thioester carbonyl
oxygen of the substrate (Fig. 10, D and E).

However, the OAC structure lacks the pockets or tunnels
that are usually associated with the binding of the CoA moiety
of the substrate. This suggested that the CoA moiety is exposed
to the solvent or bound on the protein surface. Furthermore,
the absence of water molecules, candidate residues, and metal
ions suggested that OAC lacks thioesterase and aromatase
activities. Nonetheless, these analyses confirmed that OAC
employs a unique catalytic mechanism that utilizes acid/base
chemistry for the biogenesis of olivetolic acid (Fig. 10F).

Perspective

Due to the unusually versatile catalytic potential to accept a
wide range of substrates to generate incredibly structurally
diverse and chemically different molecular scaffolds, the type
IIT PKS-superfamily enzymes have served as an excellent plat-
form for synthetic biology. Recent progress on the structural
studies of functionally diverse type III PKSs has further opened
the door toward understanding their detailed catalytic mecha-
nisms and engineering to modify their functions. As exempli-
fied by the synthesis of the 6.7.6-fused tricyclic dibenzoazepine
alkaloid (55), combination of the precursor-directed biosynthe-
sis with rationally designed synthetic substrate analogues,
including CoA-free substrates such as N-methyl-A'-pyrro-
linium cation, and the structure-guided reconstruction of the
active-site architecture will further significantly expand the cat-
alytic repertoire of the type III PKS enzymes.

One of the future directions is extender unit engineering.
Although most of the structure-guided engineering of the type
III PKSs has been achieved by focusing on size and shape of
the active-site central cavity, the fact that the extender sub-
strate specificity is controlled by the CoA-binding tunnel archi-
tecture in AQS and CURS provides another strategy for further
development of novel biocatalysts. In addition, CUS and
HsPKS3, which catalyze the noncanonical one-pot formation of
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Figure 10. Proposed biosynthetic pathway for the formation of olivetolic acid and structure of OAC. A, the formation of olivetolic acid by tetraketide
synthase (TKS) and OAC. B, overall binary structure of OAC complexed with olivetolic acid. Each monomer is colored white or purple. Olivetolic acid molecules
are shown as green stick models. Hydrogen bonds forming the dimer interface between two monomers are represented with cyan dotted lines. C, close-up view
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curcumin and 2-alkylquinolone scaffold, respectively, are also
attractive targets. In particular, it is remarkable that the latter
enzyme couples two different acyl units with one malonate-
derived carbon unit in between, thus coupling three distinct
acyl-CoA thioesters.

SASBMB

Significant progress has been made during the past 10 years.
With the growing number of the three-dimensional structures
of the type III PKSs, it is now possible to manipulate the starter
substrate specificity and the number of the malonyl-CoA con-
densations. The next question is how to control the cyclization
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reactions of the enzyme-tethered poly-B-keto intermediates to
generate the desired molecular scaffold. The interactions with
modification enzymes, such as the novel plant polyketide
cyclase OAC, will also present further opportunities for engi-
neering. However, there are many questions that still remain
unanswered. What is the timing of the thioester bond cleavage
during cyclization reactions of the poly-f-ketide intermediate?
How does the active-site chaperone the highly reactive poly-3-
keto intermediates and guide the course of the enzyme reaction
to afford specific products? In some cases, cyclization might
even occur spontaneously without elaborate enzymic assis-
tance. Detailed structural analyses of these enzymes will cer-
tainly answer these questions and provide strategies for the fur-
ther manipulation of the type III PKS enzyme reactions for
future engineered biosynthesis to create novel unnatural mol-
ecules for drug discovery.
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