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Dual engineering of olivetolic acid cyclase and tetraketide synthase

for the formation of longer alkyl-chain olivetolic acid analogs and
their antibacterial activities
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formation of longer alkyl-chain olivetolic acid analogs and their antibacterial activities
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A°-Tetrahydrocannabinol (A°-THC) and cannabidiol (CBD) are the two most studied, and
pharmacologically interesting phytocannabinoids that are prospective treatments for chronic pain,
stress, anxiety, depression, and insomnia (Fig. 1). Furthermore, cannabigerol (CBG) (1b), which
is the decarboxylated derivative of cannabigerolic acid (CBGA) (2b) (Figs. 1 and 2), a common
precursor of A°-THC and CBD, is a recently remarkable phytocannabinoid, due to its potency
towards several ligand-gated cation channels of the transient receptor potential (TRP) superfamily
and the 5-hydroxytryptamine receptor subtype 1A (5-HTia) for serotonin stimulation. Compound
1b was also reported to be a promising antibacterial agent, due to its strong activities against Gram-
positive bacteria. Interestingly, recent study revealed that variation of the n-pentyl group of natural
cannabinoids is shown to modulate their pharmacological potencies. For examples, the elongation
of the side-chain at C-3 of A°-THC increases its receptor-binding affinity and a structural analog
with a phenylethyl moiety at the C-3 position of A’-THC readily penetrates the brain and shows
reduced A°-THC-related side effects. These observations suggest that the C-3 alkyl side-chain is
one of the most critical pharmacophores and it is therefore interesting to create A°-THC and 1b-
analogs with different alkyl-chain length for the development of better medicines. However,
complicated structure with two stereocenters prevented effective chemical production of A°>-THC
and its analogs. In contrast, a yeast expression system producing A°-tetrahydrocannabinolic acid
(A°-THCA) was recently developed by incorporating four biosynthetic genes, tetraketide synthase
(TKS), olivetolic acid cyclase (OAC), geranylpyrophosphate:olivetolate geranyltransferase (PT4),
and tetrahydrocannabinolic acid synthase (THCAS) into Saccharomyces cerevisia. Among them,
TKS is the type III polyketide synthase (PKS) that catalyzes the sequential condensations of three
malonyl-CoAs with hexanoyl-CoA to produce a linear pentyltetra-f-ketide intermediate, while
OAC is the polyketide cyclase that catalyzes C2-C7 aldol-type cyclization of the linear pentyltetra-
[-ketide intermediate to form olivetolic acid (3b), the initial core of A°>-THC with a pentyl moiety
(Fig. 1). However, previous study demonstrated that this system cannot be utilized to generate
CBGA and A°-THCA analogs with alkyl side-chain more than n-octyl moiety. This observation
suggested that OAC and/or TKS are the limiting factors for further production of alkyl side-chain
analogs of CBG and A’-THC. Thus, this study aims to create mutant enzymes, which can give rise
to longer alkyl-chain 3b-analogs, as well as to evaluate the antibacterial activities of the generated
3b-analogs (3c—e) and their derivatives (3a, 3f, la—f, 2a—f, and 4a—f) (Fig. 2) against
Staphylococcus aureus and Bacillus subtilis as a preliminary investigation of their biological

activities.



1. Engineering of OAC and TKS'"

OAC is the only known plant polyketide that accepts the polyketide-CoAs to generate olivetolic
acid. In view of the important role of OAC to generate 3b in the biosynthesis of cannabinoids, I
firstly conducted the mutagenesis study on OAC. The engineering of OAC is focused on the pentyl
binding pocket, which reportedly showed to accommodate the alkyl moiety of olivetolic acid (Fig.
3). Residues F24, Y27, and V59 lining the side and the bottom of OAC pentyl-binding pocket were
substituted with sets of I/L/V, F/L/M/W, and I/L/M, respectively. The OACs were heterologously
expressed in Escherichia coli M15 (pREP4) as N-terminally GST-tagged fused proteins and purified
by a glutathione-affinity column and size-exclusion chromatography and used for the enzyme
reaction. The LC-MS analyses revealed that wild-type OAC also has an ability to produce 3¢ and
this activity is slightly increased when OAC F241 was used for the reaction (Fig. 4). However, the
production of 3d was not observed, suggesting that further engineering of the OAC mutant may be
required. To obtain information for further engineering, crystal structure of OAC F24I complexed
with 3¢ was solved. The crystal structure indicated that the F241 substitution significantly expanded
the pentyl-binding pocket to accommodate the 3¢ molecule (Fig. 3). Furthermore, the crystal
structure also indicated a remaining space that can accommodate alkyl-moiety longer than Cs.
Indeed, further structure analysis unveiled that OAC F24I mutant can bind 3d, indicating that this
mutant enzyme has an ability to produce 3d (Fig. 3). However, this is not consistent with the
previous results obtained from the in vitro enzyme reaction, where no production of 3d was
observed (Fig. 4). It thus shed a light that TKS was also the limiting factor, which prevented the
formation of 3d. Thus, I shifted my focus on the engineering of TKS. In the previous study, the
residue corresponding to L190 in TKS was suggested to control the starter substrate chain length
in various type III PKS. Accordingly, the large-to-small L190G substitution in TKS was conducted.
Crystal structure analysis of the TKS L190G mutant complexed with lauroyl-CoA (Se) clearly
indicated that the substitution indeed opened up the space to a hidden pocket, thus significantly
expanding its active-site cavity (Fig. 5).

The co-incubation assay of TKS L190G with wild-type OAC showed the production of 3d, and
its production was dramatically increased with the use of TKS L190G in the combination with
OAC F241. Remarkably, the co-incubation of TKS L190G and OAC F24I resulted in generating
3e, suggesting that the engineering approach successfully expanded the substrate
promiscuity of both enzymes for the alkyl chain of the substrates up to Cii. Interestingly,
the engineering of TKS also led to production of the pentaketides 9b—e in the co-incubation
reaction of TKS L190G and OAC wild-type or its F24I mutant (Fig. 6). Structure elucidations of
9b—e may unveil further catalytic properties of OAC to accept penta-f-ketide substrates.

2. Antibacterial properties of 3b and its derivatives®

Compound 1b reportedly shows strong antibacterial activity against Gram-positive
bacteria, especially S. aureus. It is of particular interesting to find out if the 3b as well
as other cannabinoid biosynthetic intermediates also possess antibacterial properties. As

such, 3b, olivetol (4b), 1b, and 2b, along with their analogs with n-propyl (Cs), n-pentyl



(Cs), n-heptyl (C7), n-nonyl (Co), n-undecyl (Ci1), and n-tridecyl (Ci3) moieties (Fig. 2)
were evaluated on their antibacterial activities against two Gram-positive bacteria: S. aureus
and B. subtilis. In this part of the study, compound 1b, 3b, and 4b and their analogs were
synthesized to obtain sufficient amount for the antibacterial assay. On the other hand, 2b and its
analogs were obtained by exploiting NphB G286S/Y288N mutant enzyme, which catalyzes the
regiospecific prenylation of 3a—f to yield 2a—f, respectively. This study demonstrated for the first
time the ability of NphB G286S/Y288N to accept 3c—f for the formation of corresponding 2¢—f.
The assay revealed that although 3a and 3b lacked antibacterial activities, 3c—f newly conferred
the ability to inhibit the growth of S. aureus and B. subtilis in the chain-length dependent manner
(Fig. 2). Furthermore, 4c—f showed the same chain-length dependent patterns of antibacterial
activity against S. aureus as those of the 3-series. The prenylated form of the 3- and 4-series also
demonstrated antibacterial activities against S. aureus and B. subtilis. Compounds 1b/c and 2b/c
showed most and second most potent antibacterial activities against S. aureus in all the tested
compounds. In the case of B. subtilis, the highest antibacterial activities were observed at 2¢ in all
tested compounds. Remarkably, the activities of 3e and 3f were the second highest and were
comparable to that of 2b against B. subtilis. Thus, despite the lack of the geranyl moiety, 3e and
3f could be possible candidates for further development of antibacterial agents. Furthermore, 1-
and 2-series showed optimized alkyl chain length, suggesting that the optimization of the balance
between the lengths of prenyl and alkyl moieties might be also beneficial for further drug

development.

Conclusion

The present engineering approach successfully created OAC and TKS mutants that can
facilitate the formation of the cannabinoid core with a linear fatty acyl moiety up to Cy;.
Furthermore, the antibacterial activities described here have corroborated that the incorporation
of a longer alkyl chain at the C-6 position in the resorcylic acid structure confers antibacterial
properties against S. aureus and B. subtilis to the resultant 3b derivatives, even if the hydrophobic
geranyl moiety was absent from the C-3 position. Thus, the findings provide beneficial insights
into not only the further development of various alkylcannabinoid analogs by synthetic

biological approaches, but also the antibacterial activities of 3b derivatives.
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Figure 1. Biosynthesis of A°-THCA and CBDA and decarboxylative productions of 1b, 4b, A°-THC,
and CBD.

OH OH
X Ry R4
| HO Rz HO Rz
MIC, uM MIC, uM MIC, uM MIC, uM
R, R, (S. aureus) (B. subtilis) R, R, (S. aureus) (B. subtilis)
1a H n-propyl (C3) 25 25 3a COOH n-propyl (C3) 25 25
1b H n-pentyl (Cs) 2.5 3.13 3b COOH n-pentyl (Cs) 25 3.13
ic H n-heptyl (C7) 25 6.25 3¢ COOH n-heptyl (C7) 25 6.25
1d H n-nonyl (Cg) 6.25 >200 3d COOH n-nonyl (Cg) 6.25 >200
1e H n-undecyl (C4;) 25 >200 3e COOH n-undecyl (C41) 25 >200
1f H n-tridecyl (C13) >200 >200 3f  COOH n-tridecyl (C13) >200 >200
2a COOH n-propyl (Cs) 12.5 125 4a H n-propyl (Cs) 12.5 12.5
2b COOH  n-pentyl (Cs) 3.13 25 b H n-pentyl (Cs) 3.13 2.5
2c COOH n-heptyl (C;) 3.13 1.25 4c H n-heptyl (C;) 3.13 1.25
2d COOH n-nonyl (Cg) 125 3.13 4d H n-nonyl (Cg) 125 3.13
2e COOH n-undecyl (C4;) 25 6.25 4e H n-undecyl (C4;) 25 6.25
2f COOH n-tridecyl (Cy3) >200 50 4f H n-tridecyl (Cy3) >200 50

Figure 2. Structures of 1la—f, 2a—f, 3a—f, and 4a—f and their antibacterial activities.
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Figure 3. Structure-based mutagenesis study of OAC and TKS.
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Figure 4. Relative activities for the formation of 3b—e by co-incubation of wild-type OAC
or its F24I mutants with wild-type TKS or its L190G mutant relative to that of wild-type OAC and

wild-type TKS.
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Figure 5. Active-site architectures of TKS and its L190G mutant.
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Figure 6. Plausible structures of 9b—e and the proposed pathway for their formation by TKS
L190G and wild-type OAC or its OAC F241 mutant. (A) HPLC elution profiles of the products
obtained from co-incubation of OAC F24I and wild-type TKS or its L190G mutant, and proposed
pathway for the formation of 3b, 4b, 6b, 7b, and 9b. (B) Proposed pathway for the formation of
9b—e.
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Dual engineering of olivetolic acid cyclase and tetraketide

synthase for the formation of longer alkyl-chain olivetolic acid CRi

analogs and their antibacterial activities
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A7 hZ e Rahrre s —v (A-THC) 1F, THNREET LT FT7e Kab v/ —u
iz (AS-THCA) DL I VIR FEBURERFEM CH D, AT A RIL, $08, $HiH, HiRIE&
OPURER SO 72 BEE 2R3 2 E MG SN TS, LrL, OEWEROD, BAE
THEHEEMLE LTHOORDIZIEE S T, —F, FiEiZ72 57T, AS-THCADAA RATHRA
71> e — Lk (CBGA) DOBURFEHEY T % T v —/L (CBG) 23, A-THC TR & 7
DLVRAE 2R S TUCASTHC EHERIOSBIEVE 2R L, 72, 7T ABVERE ISR LT
EMEERT Z ERNRENT, 207, &I TlE, CBGMAS-THCIZE b 2 #Hi7- /e R MBS v —
RELTHEEINTWD, BIBRENZ L1, 2HE TOMFRIZE N T, AS-THCON-~X2 FLVEE (fR
FHE) OMEIIZEEA~DREE N EEMEED Z ERENTWD, £72, &ITTIE, TOn-2
VFNEEE T 2o V2 F VI TERT S &, AS-THC TR LN D XIRIERZEORIER BT 5
ZLEWRENTWD, ko T, A-THCRCBGD 7 /L /LIEEFHEAR DAL, EELE L TAHYE
T I A RORIMA~EBR D Z EBRWIR SN D, £ 2T, HiEHEIE, AAR LI,
R8T VXNV EZ AT HA-THCT 71 7V OAFEZ ATREICT S Z L &FRH L, AS-THCADASR
FRIZEBWT, ZOFTHDLA Y RN —VBOKICME 2O LGSR, T 7724 K
ARk (TKS) &4 U h—)LERHERESE (OAC) ICARAZEATHZ LT, REKILE TD
TIVXNEEEAT DA VR N—VBT Fu FOEELATREIC LTz, 512, TOT VX /VEHIRSHE
BnTLL Iz 72 % & Staphylococcus aureusds & OBacillus subtilistZ 54~ 2 HUETENE & /- 1215
HZ L, KOEOT VXIVEHIRFEHDL 1112725 &, B.subtilisiZ &k} L TCBGA & [RIZE O HL e
o2 EE LN Lz, AFRICET D2NEDE 1 L FBEMEIL, Trllrnd B0 Tho,

1. OACETKSD 4 RERE

OACIE, TKSH~FH /A LCoAL IS T D~ = /LCoANDLAEKRT AT N T XA R g
E LT, AUNR D UR~DOLEH A S 2 —DOREMR ) 77 % 4 REAREZE THY, TORE
DX FNVEOFREGIITIEEFR O Y ET 4 —RNIZH LN FIAREER Ty SO EE R %




HoTWD Z ENHFEEFIBFERICTHRESINTWD, —J, TKSITME LW E R RIE A2 A9
L2 EPMBIVTWOEMIIARY 7 2 4 REKEESRE (PKS) O—D>Th b, HiHEIL, £,
OACDH Ry FIFEE R b Ol & K Z a9 % Phe24, Tyr27, & UOWVals9%, EhZil
lle/Leu/Val, Phe/Leu/Met/Trp, lle/Leu/MetlZ & #a L 728 B8R 2 ER L, LC-MS% T4 B3
FOEE R B LT T BRI OW TR L7z, ZOREE, BAMOACIZEWTY, KFEHTD
FUNRS— BT T S ahET LN EAETDHI EBRRALNI -T2, Lhb, EOIEMET,
OAC Phe24leuZs #l%ESE % W TZBREED RN S R 2 ENHBA L=, UL, REEIDA
UARKN—VEET a7 OEFEITBERINR o772, TKSOMENEIZET Lz, ZNETD
MRIPKSDAFFEIZ N T, TKSOLeul90IZFH Y 3~ 5 7RSS NIRIPKS D IEE 7 L F VHERICET 5
FRRMEZHIH L TV Z ERHEIN TS, £2 T, HiFEIL, TKSOLeul90% GlylZZ&H#i L
7o EORER, OACPhe24leu & TKS Leul90GIyZA BRI 5 &, IRFEEILLE TO T /LF/LEH
EHTHFVRXN— VBT T alETOAEENRARETHL Z NP LNITRY, A-THCRCBG
DET VX VFHERDOEER G R HT T R RE 25T,

2 AVR = LEBT7FOJRUZOEBZBEOREFEYE

R L7 X 912, CBGIZ DWW TIE, S.aureussPB. subtilisZs:d 7 AREMEEE IS 6 L CIRWVHLETE
PEEHELTHDZ ERRE SN TS, ZNETICA U A b — VRIS ITIEE 22 EiETET R s &
TRV, TAFAEHOMEIZL Y BUKMEZEE T 2 & T, HORE~OFE 128 TEY
TEEA ST 5 Z ERIfFSLD, 22T, HEEHIL, RELZPHIBETOT VX VEHE R
THFAVRN—= BT I 7 EOELESOT VX LVIEEZHT 5CBGKR 'CBGAT T 1
T wER L, % ®S. aureus & B. subtilisiZ k- A HLETEMEIC OW TR L7z, £ OfER, 07
LR VEHRFERNTLL I/ 5 &, CBGRRCBGAD L HIC# T =V EE A L732< Th, S.aureus&
B. subtilisiZ %I A PLEIEM 2 #7212 EETH 2 L, Ly, TOT IV /VEERFERNE 117
% &, B.subtilisiZxf L TCBGA & R DOHLHTEMEZ ~T Z E R LN o7, SHIT, Thb
DFFHTIZ LV, CBGAD 7 /L F V% [RFHTITMHET 2 Z & T, B.subtilisiZx 3 2 i@ iEtE% |
ATHZENTEDLZEZHONCTHELEBIL, TAFAHOREIE T Lo VORI DNRT
Y RAEEGEIGT D Z LI K o T, S%OEAIBAFEITA L LV IROEMEZ R CBGRCBGAD T
FTu 7 ERAINTE D AEEERTICE ST,

PLE®D X 512, LEE-YUAN-EXIE, OACETKSOMEREZ LIRS 5 Z & T, BT VXL EH
THAYVR = RT Fa s ORBEZARICHT-2m e 5 277, 512, TAXFNVEDORELRE
R LAY XM= VBT o ZFRHICHREEE L EGT5 28, KUY, RRALL Y & IRFK
Z2f R L7ZCBGAT 7 1/ M RKARTIDCBGAL U b WFLETEEZH T2 2 L ZH LN LT,
T I T SRR AR T, A-THCR,CBGT T u 7 OAIHIC b REETH Y, Zh b DfEHR
BN FIREIZ D Z e WIFr S D, £70, Fil-REHEL Y — ROBRIZEWT, Rk, £
DEEEOIERKIZHE L2 EF X5,

FEKORIEE, MR mERREZE LT, HiE# LEE-YUAN-EKIZ, f#i+ (GREE)
DFNLZ T DT3B T 5 L fE LT,

(FALRLDO S LR DL EE4, w8 B, B#lEE4, &, O H L REOH, F 4 70H)
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