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Among presently used pharmaceuticals, about 60% were developed from natural products with unique
chemical diversity and biological activities. Hence, the discovery of new bioactive compounds from natural
products is still important for further drug development. In addition, breakthroughs in synthetic biology
have also begun to produce many useful compounds through manipulations of the biosynthetic genes for sec-
ondary metabolites. Theoretically, this approach can also be exploited to generate new unnatural compounds
by intermixing the genes from different biosynthetic pathways and/or engineering the secondary metabolite
enzyme(s) with expanded substrate and product specificities. A°-Tetrahydrocannabinol (A°-THC), the heat-
decarboxylated tetrahydrocannabinolic acid (A’>-THCA) produced by Cannabis sativa, is the most important
therapeutic cannabinoid due to its useful pharmacological features, such as analgesic, anti-emetic, anti-
inflammatory, and anti-epileptic activities. In the structures of cannabinoids, the resorcinyl alkyl chain is a
critical pharmacophore, and the therapeutic effects of A>~THC can be enhanced by converting the pentyl (Cy)
moiety at C-3 to other acyl moieties. Thus, the expansion of unnatural cannabinoids with different C-3 alkyl
moiety analogs might establish an excellent platform for the further development of therapeutically beneficial
cannabinoids. This article reviews the structure-based dual engineering of both enzymes responsible for the
formation of the resorcinyl core of A’>-THC and describes the effect of C-6 alkyl-length extension of olivetolic
acid, along with related analogs, on the antibacterial activities against Bacillus subtilis and Staphylococcus

aureus.
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1. Introduction

A°-Tetrahydrocannabinol (A°-THC) and cannabidiol (CBD)
are pharmacologically interesting phytocannabinoids produced
by Cannabis sativa, and are derived from tetrahydrocan-
nabinolic acid (A°-THCA) and cannabidiolic acid (CBDA)
via heat-decarboxylation'® (Figs. 1, 2). The pharmacological
activities of these cannabinoids principally occur through their
interactions with two G-protein-coupled receptors (GPCRs),
cannabinoid receptors (CBl and CB2), which mediate the
biological effects of the human endocannabinoid system for
the treatment of chronic pain, stress, anxiety, depression, and
insomnia.>’ ' A°-THC and CBD are also active at molecular
targets outside the endocannabinoid system, in which several
therapeutic targets, multiple signaling pathways, and ion chan-
nels are intricately involved.” Due to their unique pharmaco-
logical activities, cannabis strains containing A’>-THCA and
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CBDA have been approved as medicines for the treatment
of chronic pain in adults. Recently, cannabis has also been
reported to improve the symptoms associated with diseases
such as pain, spasticity, nausea, multiple sclerosis, epilepsy,
and glaucoma, thus raising expectations for the use of can-
nabis as a new medicine."™ However, because of the acute
effects of A°>-THC and CBD, such as psychoactive effects caus-
ing minor changes in psychomotor and cognitive functions,
mild euphoria, a “high” state, and a relaxed state, their use
requires great caution, which has highly restricted their me-
dicinal applications. Therefore, attention has recently turned
to other non-psychoactive cannabinoids such as cannabigerol
(1b), cannabigerolic acid (2b), CBDA, and cannabichromene
(CBC) (Fig. 1).

Among these non-psychoactive cannabinoids, CBG, the
heat-decarboxylated product of CBGA, biosynthesized via the
formation of olivetolic acid (3b) from nr-hexanoyl-CoA (5b)
and three malonyl-CoAs in Cannabis sativa, has recently re-
ceived keen attention as a promising drug candidate (Figs. 1,
2). Structurally, 1b consists of an alkylresorcinol core with a
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Fig. 1. Structures of A>-THC and Related Cannabinoids
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geranyl moiety at C-5. It lacks the psychoactive side effects
of A°-THC, and acts as a potent a2-adrenoceptor agonist and
a moderate 5-hydroxytryptamine type 1A (5-HT,,) receptor
competitive antagonist'>'® (Fig. 1). In addition, 1b and 2b re-
portedly exhibit good antibacterial activities against drug-re-
sistant Staphylococcus aureus.” More recent studies reported
that 2b and CBDA have remarkable antiviral activities against
severe acute respiratory syndrome coronavirus-2 (SARS-
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CoV-2) and its emerging variants, B.1.1.7 and B.1.351."® Al-
though they have different side chains (monoterpenyl for 2b
and cyclohexene terpene ring for CBDA), equal effectiveness
against SARS-CoV-2 and emerging mutants has been reported
for both compounds, indicating that the olivetol core might
be a crucial pharmacophore for acting on the SARS-CoV-2
spike protein. Compound 3b, the initial common biosynthetic
intermediate of cannabinoids (Fig. 2), also exhibits moderate

-
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anticonvulsant activity comparable to CBD, a known anticon-
vulsant cannabinoid, in a mouse model of Dravet syndrome,
despite its low brain penetration.'”

Meanwhile, the discovery of CBD and A’-THC analogs
with an n-heptyl moiety, from the Italian FM2 cannabis
variety, demonstrated that these new cannabinoids possess
significant binding affinity against the human CBI receptor,
with equal potency to the full CB1 agonist CP55940%” (Fig. 1),
suggesting the potential of n-pentyl side chain modifications
as biological activity modulators. In addition, investigations
of (—)-cis-perrottetinene (cis-PET), the C-3 phenylethyl de-
rivative of A’-THC produced by the liverwort Radula genus
(Fig. 1), showed that this analog penetrates the brain and in-
duces effects such catalepsy, hypothermia, and analgesia in a
CB1 receptor-dependent manner, with fewer A’-THC-related
side effects.”) Furthermore, the elongation of the C-3 side
chain of A’>-THC reportedly increased its affinity for the can-
nabinoid receptors, suggesting that the C-3 alkyl side chain is
one of the most critical pharmacophores in cannabinoids such
as A’-THC. Therefore, the creation of A°-THC and 1b and 2b
analogs with other alkyl-chains is expected to facilitate the
development of better cannabinoid medicines. However, the
complicated structure with two stereocenters has prevented
the efficient chemical production of A’-THC and its and re-
lated analogs.”?

As a different approach, a yeast expression system produc-
ing A>THCA was recently developed by incorporating four
biosynthetic genes, tetraketide synthase (TKS), olivetolic acid
cyclase (OAC), geranylpyrophosphate:olivetolate geranyl-
transferase (PT4), and tetrahydrocannabinolic acid synthase
(THCAS), into Saccharomyces cerevisiae® (Fig. 2). Thus,
by exploiting this system with some modifications, A>-THCA,
1b, and 2b analogs are expected to be efficiently produced.
Indeed, A°>THCA analogs with butyl, hexyl, 3-methylpentyl,
1-pentenyl and 1-hexynyl groups at C-6 have been success-
fully generated by supplying the corresponding fatty acids in
the culture medium of the yeast expression system®? (Fig. 3).
However, this system cannot be used to generate A°-THCA
analogs with alkyl side chains longer than an n-heptyl moiety,
as verified from the absence of the corresponding 3b ana-
logs in the products. The inability of the system to produce
A°-THCA analogs with longer alkyl side chains might be due
to issues with the ability of TKS and/or OAC to accept longer
alkyl substrates, such as n-decanoyl-CoA (5d) by TKS and a
linear n-nonyltetra-S-ketide-CoA (8d) by OAC. Accordingly,
engineered TKS and/or OAC will be required to generate
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A°-THCA and 1b and 2b analogs with longer alkyl moieties
by the yeast expression system.

This paper reviews recent advancements in the engineer-
ing of TKS and OAC, obtained during the course of our
research. The structure-guided engineering studies success-
fully expanded the substrate specificities of both enzymes
up to a dodecanoyl (C,,) substrate to generate 2,4-dihydroxy-
6-undecylbenzoic acid (3e). The antibacterial activities of 3b
and its analogs, as well as their derivatives, against S. aureus
and Bacillus subtilis will also be discussed.

2. Crystal Structure Analysis of OAC

OAC is the only known plant polyketide cyclase that
catalyzes the C7/C2 aldol cyclization of a linear n-
pentyltetra-f-ketide-CoA (8b) produced by TKS, to generate
3b®» (Fig. 2). To the best of our knowledge, the substrate
specificity of OAC for CoA thioesters with acyl moieties
longer than the pentyl moiety has never been reported. How-
ever, TKS belongs to a type III polyketide synthase (PKS)
family.?® These well-studied enzymes have broad substrate
specificity and produce diverse product analogs by condensing
various acyl-CoAs as the starter substrate with malonyl-CoA
as the extender substrate.*>” Although TKS reportedly ac-
cepts butyryl (5a)-, isovaleryl-, and octanoyl (5¢)-CoAs as
the starter substrate for condensation with two malonyl-
CoAs, to produce the corresponding triketide-a-pyrones,>”
the production of longer alkyltetra-f-ketide-CoAs, such as
n-heptyltetra-f-ketide-CoA (8¢) from Sc¢ and three malonyl-
CoAs, has never been reported. Given the previous findings
on type III PKSs, it is not surprising that CoA thioesters with
acyl moieties longer than a heptyl moiety could also be used
as substrates. Based on this hypothesis, we decided to start
this study from the engineering of OAC. However, the most
beneficial three-dimensional information, such as sterically
important neighboring amino acids, had not been reported.

We solved the crystal structure of OAC complexed with
3b at 1.70A resolution (PDB code: 5B09)**3" (Figs. 4, 5).
OAC adopts a dimeric o+ f barrel (DABB) fold by forming
an asymmetric dimer, and compound 3b was accommodated
within the interior of the o+ f barrel of each monomer. The
OAC crystal structure thus suggested that the OAC active sites
might be located in the a + f barrel of each monomer. Further
detailed analysis of the active site unveiled the presence of
a 9A-long hydrophobic pocket; namely, the pentyl-binding
pocket, in the active site cavity. The pentyl moiety of 3b was
accommodated in this pocket. Furthermore, the His78 side

6-(1-pentenyl)-THCA

Fig. 3.

6-(1-hexynyl)-THCA

A°-THC Analogs with Butyl-, Hexyl-, 3-Methylpentyl-, 1-Pentenyl-, and 1-Hexynyl Moieties Produced by the Yeast Expression System
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chain protruded toward C-1 and C-6 of 3b, which respectively
correspond to C-2 and C-7 of the aldol cyclization points
on the substrate 8b in the active site. The His78 side chain
also formed a hydrogen bonding network with the Tyr72 side
chain. Taken together, these observations strongly suggested
that the pentyl-binding pocket found in the OAC active site
cavity accommodates the pentyl moiety of the substrate, while
His78 and Tyr72 function as the catalytic residues of OAC.
These findings are further supported by mutagenesis ex-
periments, which revealed that the substitutions of Ile7, Phe24,
Tyr27, and Val59, lining the pentyl-binding pocket, with
bulkier amino acids decreased the 3b-forming activity by
15-70%, compared with that of wild type OAC. Furthermore,
the substitutions of His78 and Tyr72 with other amino acids
completely abolished the 3b-forming activity. The crystal
structures of the OAC Y27W, I7F, and V59M mutants (PDB
codes: 5BOD, 5BOB, and 5BOE, respectively) indicated that
the only significant differences between these mutants and
wild-type OAC were the reduced sizes of the pentyl-binding
pockets, which eventually led to decreased activity. In con-
trast, the crystal structures of the OAC H78S and Y72F mu-

OAC
AtHS1
SP1

OAC
AtHS1
SP1
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tants (PDB codes: SBOG and 5BOF) revealed that the only sig-
nificant differences between these mutants and wild-type OAC
were the disruptions of the hydrogen-bond network between
His78 and Tyr72, which resulted in the loss of activity. These
results implied that the pentyl-binding pocket of OAC plays a
crucial role to secure the pentyl moiety of the substrate during
the OAC catalytic reaction, while His78 and Tyr72 might act
as acid/base catalysts to produce 3b. However, the amino acid
residues responsible for the cleavage of the thioester bond of
the substrate or its product, as well as the aromatic cyclization
after the C7/C2 aldol ring-closure reaction, could not be iden-
tified in the crystal structure of OAC. These results strongly
suggested that OAC catalyzes the C7/C2 aldol cyclization by
locking the pentyl moiety of the substrate within the hydro-
phobic pocket and subsequently abstracting a proton from
C-2 of the substrate with His78 activated by Tyr72, to cyclize
the polyketide portion of the substrate, and then releases the
cyclized product. Finally, this cyclized product is presumably
converted to 3b through non-enzymatic aromatization and
thioester cleavage (Fig. 6). Thus, the OAC crystal structure
indicated that the pentyl-binding pocket is crucial for control-
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Fig. 4. Primary Sequence Comparison of OAC with Other DABB Proteins

The catalytic residues of OAC and the equivalent residues of the functionally unidentified AtHSI (48% amino acid sequence identity) and SP1 (38% amino acid
sequence identity) proteins are highlighted in blue (numbering according to OAC:3b). PECPS shares 48 and 38% amino acid sequence identities with AAtHsl and SPI,
respectively. GenBank accession numbers are as follows: OAC (JN679224), Arabidopsis thaliana AtHS1 (Uniprot code QI9LUV2), Populus tremula SP1 (POA881).
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Fig. 5. Crystal Structure of OAC Complexed with 3b
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ling the alkyl moiety preference of the substrate.

3. Effect of OAC Mutations on 3b Analog-Forming
Activity

The aim of this study was to develop OAC mutant(s) ca-
pable of producing 3b analogs with a bulkier alkyl moiety
than the pentyl moiety. This could be achieved by expanding
the size of the pentyl-binding pocket. Hence, by combining
these features, we attempted to create a pentyl-binding pocket
that can generate 3b analogs with longer alkyl moieties by
replacing the amino acid residues with similar or less bulky
hydrophobic amino acid residues.*?

The pentyl-binding pocket is composed of nine amino acid
residues: Ile7, Leu9, Phe23, Phe24, Tyr27, Val59, Phe81, Trp89,
and Leu92 (Fig. 5). Among them, Tyr27, Phe24, and Val59
form the bottom region of the pentyl-binding pocket. Two resi-
dues, Phe24 and Val59, were replaced by Leu and Met, respec-
tively, when the aforementioned crystal structure analysis of
OAC was performed, and their roles in the catalytic reaction
of OAC have already been demonstrated.’” However, in that
case, the OAC mutant enzymes, in which these amino acids
were replaced with Ala, formed inclusion bodies during het-
erologous expression in Escherichia coli, and soluble enzymes
could not be obtained even by refolding methods. Therefore,
we newly constructed the OAC F24I/V and OAC V59I/L
single mutants. Although the OAC F24V mutant formed in-
clusion bodies in E. coli, the OAC F24I and V59I/L single
mutants were obtained as soluble enzymes. Notably, Tyr27 is
involved in the formation of not only the bottom, but also the
side wall of the pentyl-binding pocket, and thus its substitu-
tion with a much less bulky amino acid may disrupt the over-
all structure of the enzyme. Thus, we decided to re-examine
the 3-forming activities of the OAC Y27F/L/M/W single
mutants that were previously prepared for the crystal structure
analysis of OAC. In addition, we performed co-incubation
assays of TKS and OACs, in which n-hexanoyl-CoA (5b), n-
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octanoyl-CoA (5c¢), n-decanoyl-CoA (5d), n-lauroyl-CoA (5e),
and n-myristoyl-CoA (5f) were added with malonyl CoA as
substrates, since an alkyltetra-f-ketide-CoA as the OAC sub-
strate is unstable and cannot be used directly in the in vitro
enzyme reaction. The enzyme products detected by this study
are summarized in Fig. 7°? among which the olivetol (4),
triketide-a-pyrone (6), and tetraketide-a-pyrone (7) types of
compounds are known by-products produced by TKS and/or
other type IIT PKSs.

First, the 3b-forming activities of the OAC mutants were
investigated. The LC-MS analysis revealed that all tested
mutants retained their 3b-forming activities (Fig. 8). However,
their activities were decreased compared with that of the wild
type, except for the OAC Y27F mutant, which showed a 62%
increase in its 3b-forming activity. The crystal structure of
the OAC Y27F mutant (PDB code: 5BOC) indicated that the
Y27F substitution disrupted the hydrogen bond between Tyr27
and Tyr72 observed in the wild-type OAC crystal structure,
but maintained all the conformations of the active-site resi-
dues in the mutant enzyme, in locations and orientations very
similar to those in the wild-type.*” Presumably, the effect of
the loss of the hydroxy group of Tyr27 on the hydrogen bond
network at the active site increased both the hydrophobicity
of the pentyl-binding pocket and the electrostatic interaction
between Tyr72 and His78, which further enhanced the 3b-
forming activity.

Next, the pholic acid (3¢)-forming activity was evaluated.
Interestingly, wild-type OAC produced 3¢, which has never
been reported, and this activity was slightly increased when
the OAC F24I mutant was co-incubated with TKS (Fig. 8).
However, the production of 2,4-dihydroxy-6-heptylbenzoic
acid (3d) was not observed in any OAC enzyme reactions, in-
cluding the wild-type OAC. These observations suggested that
further mutagenesis of OAC would be necessary to expand its
function.

To obtain useful information for further mutagenesis, the
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Fig. 7. Alkylresorcylic Acids, Alkylresorcinols, and Alkyltri- and Alkyltetraketide Pyrones Detected in the Reaction Mixtures of OACs and TKSs,

Using Linear Fatty Acyl-CoAs and Malonyl-CoA as Starter Substrates



6 Chem. Pharm. Bull.

crystal structure of OAC F24I complexed with 3¢ was solved
at 1.38A resolution (PDB: 7W6E)*® (Fig. 9). The structure
revealed that the substitution of Phe27 with Ile extended the
depth of the pentyl-binding pocket to 12 A, and this elongated
pocket could actually accommodate the heptyl moiety of 3c.
Furthermore, the structure also showed some remaining space
between the tip of the heptyl moiety of 3¢ and the bottom of
the pentyl-binding pocket, suggesting the possibility that the
OAC F241 mutant could bind 3b analogs with longer alkyl
moieties. Thus, the crystal structure of the OAC F24I mutant
complexed with 3d (PDB code: 7W6F) was solved, and the
results clearly indicated that the F24I substitution creates a
sufficiently large pentyl-binding hydrophobic pocket to accom-
modate 3d. Based on the crystal structure analyses, the OAC
F241 mutant likely accepts 8¢ produced by TKS, to generate
3d. Notably, this observation was not consistent with the ac-
tual enzyme reaction results described above, indicating that
TKS, together with OAC, might also be a limiting factor for
the formation of 3b analogs with longer alkyl moieties. Thus,
we shifted our focus to engineering studies of TKS.

4. Effects of TKS Mutations on 3b-Analog-Forming

Activity
Kearsey et al. reported the crystal structure of TKS com-
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plexed with CoA-SH (PDB ID: 6GW3)* (Figs. 10, 11), which
indicated that its active site is apparently smaller than those
of most other type III PKSs. This might be the reason why
TKS was unable to produce 8d as the OAC substrate for the
formation of 3d, when n-decanoyl-CoA (5d) and malonyl-CoA
were added to the reaction mixture. In previous studies, the
sizes and shapes of the active site cavity reportedly deter-
mined the substrate and product specificities of most type
III PKSs.26273436 In addition, the substrate specificity and
number of malonyl-CoA condensations can be increased by
expanding the active site volume. Therefore, the creation of
a functionally expanded TKS mutant that can accept CoA
thioesters with longer alkyl moieties as substrates to produce
the required OAC substrates might be possible, if the depth of
the TKS active site cavity can be extended.

The TKS engineering was performed based on the example
of Aloe arborescens octaketide synthase (OKS), a type III
PKS that produces SEK4b and SEK4 from the condensa-
tions of eight malonyl-CoAs in the in vitro enzyme reaction,
although its function in plants still remains unclear.*>*” OKS
also reportedly has the ability to catalyze the decarboxylative
condensation of n-eicosanoyl-CoA with three malonyl-CoAs,
for the formation of the corresponding 7.3” Previous engineer-
ing of OKS indicated that the substitution of the active site
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(A and B) Production of (A) 3b and (B) 3¢ from the OAC and TKS coincubation assays. Data are presented as the mean = S.D. (standard deviation, n=3). WT: wild-

type enzyme.
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The active site cavities are represented by pale blue mesh surface models. The Phe24 residue in the wild-type OAC is depicted by a black stick model and bold font. The
Ile24 residues in the OAC F241 mutants are depicted by green stick models and bold fonts.
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residue Gly207 with Met causes the loss of substrate specific-
ity for fatty acyl-CoAs longer than 5e.” The opposite case
was found in the mutational studies of A. arborescens pen-
taketide chromone synthase (PCS), in which Met207, corre-
sponding to Gly207 of OKS, was altered to Gly.”® As a result,
the five malonyl-CoA condensing- and pentaketide chromone-
producing wild type PCS was converted to a SEK4b- and
SEK4-producing enzyme like OKS. Our homology models of
wild type OKS and its OKS G207M mutant enzymes, based
on the crystal structure of the PCS M207G mutant, suggested
that this was due to an active site cavity divided into two
sections (Fig. 11). Interestingly, this newly observed pocket
behind the active site cavity of the OKS G207M mutant is
originally present in the crystal structure of TKS. Accord-
ingly, Leul90 of TKS, corresponding to Gly207 of OKS, was

TKS
OKS

Fig. 10. Primary Sequence Comparison of TKS, OKS, and PCS
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substituted with Gly with the aim of expanding the active site
cavity of the TKS L190G mutant, like the wild-type OKS. The
crystal structure of the TKS L190G mutant complexed with 5e
at 2.10 A resolution (PDB code: 7W6G) (Fig. 11) indicated that
this L190G substitution successfully connected the active site
cavity with the hidden pocket observed in wild type TKS to
generate a longer active site cavity, with a length comparable
to that of OKS.*” Thus, we further investigated the abilities of
wild-type OAC and its mutants with the use of this newly cre-
ated TKS L190G mutant.

The co-incubation of the TKS L190G mutant and the wild
type OAC or F24I mutant enzyme established that the 3b-
forming activities of both the wild-type OAC and its F241 mu-
tant were slightly increased, compared with those in the assay
with wild-type TKS*? (Fig. 12). In this case, the 3b-forming
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The catalytic residues of OAC and the equivalent residues are highlighted in green. TKS shares 53 and 52% amino acid sequence identities with OKS and PCS, respec-
tively. GenBank accession numbers are as follows: TKS (AB164375), OKS (AY567707), PCS (AY823626).
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G207M Mutant, and (D) the Crystal Structure of the TKS L190G Mutant
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Comparisons of the Active Site Architectures in (A) the Crystal Structure of TKS, (B) the Homology Models of (B) OKS and (C) the OKS

The catalytic triads involved in the substrate loading and decarboxylative malonyl-CoA condensations are shown as orange sticks. The homologous residues at Leul90
of TKS, Gly207 of OKS, Met207 of the OKS G207M mutant, and Gly190 of the TKS L190G mutant are depicted by pink stick models and bold fonts. The arrows indicate
the active site entrances. A partial structure of 5b bound in the crystal structure of the TKS L190G mutant is shown as a green stick model.
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activity of wild-type OAC was higher than that of the OAC
F241 mutant. However, the 3c-forming activity of wild-type
OAC was dramatically increased in combination with the TKS
L190G mutant, relative to the wild-type TKS, and this activity
was augmented with the OAC F24I mutant. The co-incubation
assay using the TKS L190G mutant revealed that wild-type
OAC naturally possessed weak 3d-forming activity, which
has never been reported, and this activity was further en-
hanced by about 10-fold in combination with the TKS L190G
and OAC F241 mutants (Fig. 12). Finally, the co-incubation
assay demonstrated that only the combination of the TKS
L190G and OAC F24I mutants could generate 2,4-dihydroxy-
6-undecylbenzoic acid (3e) (Fig. 12). Similar results were also
observed with the combination of the TKS L190G and OAC
F24L mutants, although the activities were weaker than those
of OAC F24I mutant (Fig. 12). As a side note, the production
of 3b analogs with longer alkyl moieties than an undecyl moi-
ety was not observed in other OAC mutants, even with the use
of the TKS L90G mutant (Fig. 12). Taken together, the engi-
neering of TKS and OAC successfully expanded the substrate
specificities of both enzymes up to dodecanoyl substrates to
generate 3e, especially with the combined use of the TKS
L190G and OAC F24I mutants.

In addition to the newly conferred 3b- to 3e-forming ac-
tivities, the LC-MS analysis revealed that the pentaketide
derivatives derived from the CoA thioesters 5b, 5¢, 5d and
5e with four malonyl-CoAs were produced as the reaction
products of OAC and/or its mutants in combination with the
TKS L190G mutant. These pentaketide derivatives were de-
duced from their molecular weights, which correspond to the
pentaketides.”” Trace amounts of their production were also
observed in the sole incubation of the TKS L190G mutant
enzyme. The structures of these compounds have not been
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determined, due to their instability. However, considering
their molecular weights, MS/MS fragments, and the catalytic
properties of TKS and OAC, these compounds are proposed
to be 3-(2',4'-dihydroxyphenyl)-3-oxopropanoic acids with an
alkyl moiety at the 6’-position (9b—e), which might be derived
from a linear alkylpenta-f-ketide-CoA (10b—e) via the C4/C9
aldol cyclization reaction by OAC and/or its Phe24Ile/Leu mu-
tant (Fig. 13). There are presently no reports on the specificity
of OAC for the length of the substrate's polyketide portion.
These observations suggested that OAC could be tolerant of
the length of the polyketide portion.

5. Antibacterial Activities of 3b-Analogs and Its Re-
lated Compounds

As mentioned above, 1b and 2b have recently shown great
promise as pharmaceutical seeds.””'® Compound 2b is a C-3
geranylated compound of 3b, and 1b is a heat-decarboxylated
product of 2b. Compounds 1b and 2b could exhibit dramati-
cally different biological activities than 3b due to the presence
of the geranyl moiety, which would enhance their hydropho-
bicity and improve their binding affinity to cells and fungi
to exert their beneficial activities for humans, as previously
reported for other prenylated compounds.*®*” In this context,
the 3b analogs with longer alkyl moieties may also potentially
be active compounds like 1b and 2b, due to their increased
hydrophobicity from the longer C-6 alkyl moieties.*”

In an attempt to identify their potential, the antibacterial
activities of 3b—3e against S. aureus were evaluated as a pre-
liminary investigation.*” To this end, the antibacterial activi-
ties of varinolic acid (3a) and 2,4-dihydroxy-6-tridecylbenzoic
acid (3f), the 3b analogs with butyl and tridecyl moieties at
C-6, respectively (Fig. 14), were also assessed to further eval-
uate the chain-length effects. The antibacterial potentials of all
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Production of 3 by Combinations of OACs and the TKS L197G Mutant

(A-D) Production of (A) 3b, (B) 3¢, (C) 3d, and (D) 3e from the coincubation assays of OACs and the TKS L197G mutant. Data are presented as the mean* S.D.

(standard deviation, n=3). WT: wild type enzyme.
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compounds were also tested against B. subtilis in this study,
since 1b reportedly showed antibacterial activity against this
Gram-positive bacterium.*? Since the use of in vitro reactions
to obtain sufficient amounts of the compounds for the anti-
bacterial assay is cumbersome, given the substrate costs and
the lack of the enzymes to generate 3f, all the 3b analogs were
chemically synthesized*” according to the previously reported
method.*? The corresponding 2-series (2a—f), 1-series (1a—f),
and 4-series (4a—f), as summarized in Fig. 14, were also
chemically synthesized, to evaluate the chain-lengths effects
of the synthesized 3-series on the antibacterial activities.*”
As a side note, the syntheses of the 2-series were achieved
by semi-syntheses, in which the NphB G286S/Y288N double
mutant* was used for the regiospecific geranylation of the
4-series as mother compounds.

The antibacterial activities of the tested compounds are
summarized in Table 1. The assay revealed that 3a and 3b
lacked antibacterial activities against B. subtilis and S. aureus,
while 3c¢—f newly acquired antibacterial activities against both
bacteria. The antibacterial activity of the 3-series increased
in an alkyl-chain length-dependent manner. Remarkably, the
antibacterial activities of 3e and 3f against B. subtilis were
enhanced to levels comparable with that of 2b. In addition,
the activities of the 3-series tended to be as strong or stron-
ger than those of the 4-series. This analysis indicated that 2¢
has the most potential against B. subtilis among the tested
compounds, while 1b and 1¢ were the strongest compounds
against S. aureus. Unlike the case of the 3-series, where the
chain-length-dependent activity was observed, the approxi-
mate chain-lengths of the alkyl moieties were observed in the
1- and 2-series (C4- and Cg-lengths for the 1-series and Cg
length for the 2-series). An excessive increase of the hydro-
phobicity by the elongated alkyl moiety could have resulted
in a lower intracellular concentration due to poor aqueous
solubility, leading to the decreased antibacterial potentials

OH OH
S Ry H R,
| HO Ry HO Ry
R, R, Ry R,
1a H n-propyl (C3) 3a COOH n-propyl (C3)
ib H n-pentyl (Cs) 3b  COOH n-pentyl (Cs)
1c H n-heptyl (C;) 3c COOH n-heptyl (C;)
1d H n-nonyl (Cy) 3d COOH n-nonyl (Cg)
1e H n-undecyl (C4q) 3e COOH n-undecyl (C4¢)
1f H n-tridecyl (Cy3) 3f  COOH n-tridecyl (Cy3)
2a  COOH  n-propyl (Cs) 4a H n-propyl (Cs)
2b  COOH n-pentyl (Cs) 4 H n-pentyl (Cs)
2c COOH n-heptyl (C) 4c H n-heptyl (C;)
2d COOH n-nonyl (Cg) 4d H n-nonyl (Cg)
2e COOH n-undecyl (C4) de H n-undecyl (Cyq)
2f COOH n-tridecyl (C43) af H n-tridecyl (Cy3)

Fig. 14. Structures of Compounds 1a—f, 2a—f, 3a—f, and 4a—f Tested for
the Antibacterial Activities
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observed in 2e and 1d. The modulation of the hydrophobic
balance of the hydrophobic alkyl chains at C-3 and C-6 in 1b
and 2b may be one of the key strategies to enhance the bioac-
tivities of 2b derivatives.

6. Conclusion

This review has discussed our recent advances in engineer-
ing studies of TKS and OAC, as well as the chain-length
effects of the 1-4-series. The introduction of these engineered
biosynthetic enzymes into the A’-THCA-producing yeast
expression system might expand the repertoire of cannabi-
noids with pharmaceutical potential, which could be further
developed into useful medicines. In addition, the use of a
biological system to produce cannabinoid analogs might pro-
vide a solution to the complex problem of obtaining various
cannabinoids with unique side chains by chemical synthesis.
The antibacterial results in this study also proved that, despite
being intermediates in cannabinoid biosynthesis and even with
simple structures, the addition of long alkyl moieties to 3b
indeed conferred some biological activity to the compounds.
It will be particularly interesting to further evaluate these
compounds with various alkyl-chain lengths for their neuron-
related therapeutic potential, since the final cannabinoid prod-
ucts exert various biological actions in the central nervous
system. The results obtained in this study have also provided
insight into the biological activities of the 3-series and the re-
lated analogs of the 1-, 2-, and 4-series at the molecular level,
which might ultimately lead to the development of pharmaceu-
tical products. Considering the pharmacological activities of
cis-PET, the C-3 phenylethyl derivative of A*-THC with fewer

Table 1. Antibacterial Activities of 1a—f, 2a—f, 3a—f, and 4a—f
MIC (uM)
Compounds
S. aureus B. subtilis

la 25 25

1b 2.5 3.13

1c 2.5 6.25
1d 6.25 >200
le 25 >200
1f >200 >200

2a 12.5 12.5

2b 3.13 2.5

2¢ 3.13 1.25

2d 12.5 3.13

2e 25 6.25

2f >200 50
3a >200 >200
3b >200 >200

3¢ 100 200

3d 12.5 25

3e 6.25 2.5

3f 6.25 2.5
4a >200 >200
4b >200 >200

4c 100 100

4d 12.5 12.5
4e 6.25 3.125

4f 200 12.5
Ampicillin® 0.15 0.15

a) Positive control. MIC: minimum inhibitory concentration.
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psychological side effects, the creation of similar 3b deriva-
tives may also be fruitful. However, we have not succeeded
in producing 3b analogs with aromatic rings at C-6. This is
due to the lack of a type III PKS capable of forming a linear
aromatic tetra-f-ketide-CoA as the OAC substrate. We hope
that such analogs can be enzymatically generated in the near
future, with the discovery of type III PKSs that can generate
aromatic products.
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