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ABSTRACT

The chemical logic associated with assembly of many bacterial terpenoids remains poorly understood. We
focused our efforts on the early-stage biosynthesis of the phenalinolactone diterpenoids, demonstrating
that the anti/anti/syn-perhydrophenanthrene core is constructed by sequential prenylation, epoxidation, and
cyclization. The functions and timing of PlaT1-PlaT4 were assigned by comprehensive heterologous
reconstitution. We illustrated that the UbiA prenyltransferase PlaT3 acts on geranylgeranyl diphosphate
(GGPP) in the first step of phenalinolactone biosynthesis, prior to epoxidation and cyclization. Finally, we
isolated eight new-to-nature terpenoids, expanding the scope of the bacterial terpenome. The biosynthetic
strategy employed in the assembly of the phenalinolactone core, with cyclization occurring after prenylation,
is rare in bacteria and resembles fungal meroterpenoid biosynthesis. The findings presented here set the

stage for future discovery, engineering, and enzymology efforts in bacterial meroterpenoids.

INTRODUCTION

Terpenoids are the largest family of natural products (NPs) with over 90,000 known members wielding a
vast array of biological activities’?. Their activities against bacteria, fungi, viruses, and cancer cell lines
have driven natural products discovery efforts to identify novel terpenoids for applications in human health.
Bacteria are commonly regarded as a trivial source of terpenoids; <2% of all known terpenoids are of
bacterial origin?. However, there is a vast diversity of bacterial terpenoids and meroterpenoids and
advances in genome sequencing and bioinformatics continue to reveal the immense biosynthetic potential
encoded within bacterial genomes®-5. While terpenoid discoveries in bacteria are rapidly advancing in the
genomic era, substantial knowledge gaps remain in how many of these complex small molecules are

biosynthesized.
The phenalinolactones, diterpenoid glycosides isolated from Streptomyces sp. Tl 60716, are highly

functionalized meroterpenoids with moderate antibacterial activities (Fig. 1A). The phenalinolactones bear

an antil/anti/lsyn-perhydrophenanthrene core and several peripheral decorations including y-butyrolactone,
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L-amicetose and 5-methylpyrrole-2-carboxylic acid moieties?®. Extensive work has been carried out to
elucidate many of the late-stage tailoring and functionalization steps;’~'" however, the biosynthesis of the
diterpenoid scaffold, i.e., the perhydrophenanthrene core, remains elusive. Bioinformatic analysis of the pla
BGC (Fig. 1B) led to an initial biosynthetic proposal (Fig. 1C). Geranylgeranyl diphosphate (GGPP), formed
by the polyprenyl synthase PlaT4, is first epoxidized at the terminal alkene by the putative flavin-dependent
monooxygenase, PlaT1, to yield 14,15-epoxy-GGPP’. The oxidosqualene cyclase-like (Fig. S1) type I
terpene cyclase (TC)'?>'3, PlaT2, was then proposed to catalyze cyclization via epoxide ring opening of
epoxy-GGPP to afford the tricyclic core. The diphosphate moiety at C-15 of the cyclized product is
presumed to be retained for the UbiA-like prenyltransferase, PlaT3, to subsequently add a three carbon a-
keto acid;’ the origin of this moiety is still unknown”?2. Inactivation of plaT71, p/laT2, and p/aT3 in the native
producer abolished production of the phenalinolactones and no intermediates were detected, supporting
that these genes play crucial roles in formation of the diterpenoid core’. Since this initial proposal, similar
hypotheses were made for the structurally related brasilicardins', tiancilactones'®, and atolypenes'® (Fig
1A); each of these BGCs have homologs of PlaT1-PlaT4. The tetraterpenoid longestin (KS-505a) is also
proposed to undergo the same three reactions, although a different timing was suggested'”'8. There is
currently no direct evidence for the functions of PlaT1-PlaT4, or their homologs, the timing in which they

act, or their respective substrates and products.

Here, we report a revised proposal for the biosynthesis of the phenalinolactone diterpenoid core. Using
heterologous expression, we (i) confirmed that the assembly of the diterpenoid core requires the four key
enzymes PlaT1-PlaT4, (ii) demonstrated that prenylation by PlaT3 and epoxidation by PlaT1 occur prior to
cyclization by PlaT2, and (iii) isolated eight novel phenalinolactone congeners. These findings support that
each member of this family of bacterial terpenoids, as well as hundreds of their related BGCs'3, likely follow
a similar biosynthetic strategy, but with distinct enzymes and modifications to achieve chemical diversity.

This study also lays the foundation for investigating the mechanistic details of each of these enzymes.

https://doi.org/10.26434/chemrxiv-2024-5fbcg ORCID: https://orcid.org/0000-0003-2718-9651 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-5fbcg
https://orcid.org/0000-0003-2718-9651
https://creativecommons.org/licenses/by-nc-nd/4.0/

A ! this study

atolypene A

R1 A1 A3 M1 O1 T2 H M2 P1 P3 P5 T5 U 04 A6 A8 M3 z
R2 A2 A4 P6 T1 T3 02 03 P2 P4 T4 T6 \% A5 A7 05 R3
2.5kb [] Regulation [] Sugar biosynthesis [_] Terpene core biosynthesis  [Jll Pyrrole biosynthesis

[l Tailoring [ Resistance  [I Terpene precursor biosynthesis

on  PlaT1

Figure 1. The phenalinolactone family of bacterial terpenoids and their proposed early-stage biosynthesis.
(A) Phenalinolactone A and related terpenoids from bacteria®'4-161°. (B) Phenalinolactone biosynthetic
gene cluster (pla) from Streptomyces sp. Tu 6071. The roles, either confirmed or putative, of each gene
are annotated according to the legend. The four core genes studied here, PlaT1-PlaT4, which are
conserved throughout this family of terpenoids, are colored in yellow. (C) Previously proposed biosynthetic
scheme suggesting the timing of PlaT1-PlaT4” (dashed lines) and biosynthetic scheme proposed in this

study (solid lines).

RESULTS AND DISCUSSION

Formation of the diterpenoid core requires four enzymes

We first set out to determine if PlaT1-PlaT4 were required and sufficient for assembly of the diterpene
scaffold. The four-gene cassette was reconstituted in the heterologous hosts Streptomyces albus J1074
and Streptomyces venezuelae under the control of the constitutive sp44 promoter (Figure S2)%°. LC-MS
analysis of the extracts revealed the production of two new metabolites 1 (m/z 374, [M — H]") and 2 (m/z
376, [M - H]") in S. albus::plaT4321; only 1 was produced in S. venezuelae::plaT4321 (Figure 2A and 2B).
Large-scale (18 L) fermentation of S. albus::;plaT4321 was carried out to isolate the metabolites for
structural characterization. High-resolution ESIMS (HRESIMS) of 1 gave an [M + H]" ion at m/z 376.2852,
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consistent with a molecular formula of C23H3sNOs (calc. [M + H]" at 376.2851); 2 had a molecular formula
of C23H40NOs3 based on an observed [M + H]" ion at m/z 378.3010 (calc. [M + H]" at 378.3008) (Figure S3).
The structure of 1 was determined, by extensive 1D and 2D NMR spectroscopy (Table S4 and Figures S4—
S9), to be a Cazs tricyclic terpenoid bearing an amino acid tail and a ketone at C-3 (Figure 2C). The 3C NMR
data of 2 was almost identical to that of 1, with the exception of the presence of a signal at 79.70 ppm
instead of the ketone signal at 221.07 ppm (Table S5 and Figures S10-S15), supporting that 2 was the C-
3 hydroxy analog of 1. Oxidation of the hydroxyl of 2 to the ketone of 1 is plausibly carried out by a host
oxidative enzyme and not the result of PlaT1-PlaT4. Key NOESY correlations of H-5/H-9, H-9/H3-22, Hs-
22/H2-15, H-14/H3-21 for both compounds supported their relative stereochemical assignments and the
anti/anti/syn system of phenalinolactone A (Figures 2D, S9, and S15). The C-3 hydroxyl of 2 was supported
as S-configured based on NOESY correlations between H-3/Hax-2 and H-3/Meax-20 along with the
correlations of Hax-2/H3-21, Heq-1/-21, H-14/H3-21. This assignment is consistent with the previous
biosynthetic proposal that epimerization at the C-3 position, to the R-configured C-3 hydroxyl of PL CD6

(Fig. 2C), is catalyzed by an unidentified enzyme in the native producer enroute to the final natural product’.
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Figure 2. Reconstitution of the first four steps in phenalinolactone biosynthesis. (A and B) LCMS-EIC
analysis of extracts obtained from S. albus (A) and S. venezuelae (B) hosts. (C) Cyclized diterpenoids (1
and 2) isolated in this study and previously isolated phenalinolactones PL CD6 and PL CD7 (ref. ”.) (D) Key
HMBC, COSY, and NOESY correlations of 1 and 2.

The tricyclic scaffolds of 1 and 2 are akin to those of the phenalinolactone intermediates PL CD6 and PL
CD7, albeit with two key differences. Most notably, the amino acid moiety on 1 and 2 is different than the
o-keto acid tail seen in PL CD6 and PL CD7 (Figure 2C). The presence of the amino acid moiety was
surprising given that no phenalinolactones nor their known on-pathway intermediates, e.g., PL CD6 and PL

CD7, possess this functional group. The tetronic acid moiety in the phenalinolactones is built from an a-
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keto acid tail (Figure 1)’. The acyclic tail of 1 and 2, however, resembles the immunosuppressive
brasilicardins and the sesterterpenoid atolypenes (Figure 1A), whose BGCs both harbor aminotransferases
that are proposed to convert the o-keto acid into the a-amino acid'®2'22, As no genes encoding an
aminotransferase were included in the plaT1-plaT4 construct, we surmised that the amino acid tails of 1
and 2 arise from an endogenous aminotransferase in the heterologous hosts. However, we cannot rule out
that the prenyl acceptor in the UbiA reaction is an amino acid. Isolated products 1 and 2 also lack the double
bond at C-15/C-16, thus none of the four PlaT1-PlaT4 enzymes are responsible for this oxidation.
Furthermore, no related diterpenoids with this olefin were detected in either heterologous host indicating

that they lack the proper machinery to perform this oxidation.

Epoxidation and prenylation precede cyclization

To determine the timing of the three key steps, epoxidation, prenylation, and cyclization, in the biosynthesis
of the terpene core of phenalinolactone, we reconstituted combinations of plaT1—plaT4 in S. albus and S.
venezuelae (Figure S16). As anticipated, removing plaT2 (i.e., plaT431), the gene encoding the terpene
cyclase, abolished production of 1, 2, or any other tricyclic terpenoids in S. albus::plaT431 and S.
venezuelae:.plaT431 (Figure 3A and 3B). Instead, a number of new metabolites, 3-10, with m/z (M — H]")
values ranging between 339 and 394 were detected in both strains. Metabolites 3—10 were observed in the
extracts of S. venezuelae::plaT431 while only 8-10 were seen in S. albus::plaT431 (Figure 3A and 3B). A
large-scale fermentation (18 L) of S. venezuelae:;plaT431 was carried out to isolate 3—7 for structural
elucidation. Compounds 3-5 were determined to have 23, 22, and 20 carbons, respectively, based on
HRESIMS and "*C NMR analyses (Tables S6-S8, Figures S17—-S32). The "*C NMR spectra for 3—-5 also
revealed two signals between 70 and 80 ppm suggesting the presence of a pair of hydroxyl groups in each
of the molecules. For 5, key HMBC correlations of H3-18 with C-10, C-11, and C-12, along with H-10 with
C-9 and C-11 confirmed oxidation of the C-10/C-11 olefin; similar HMBC correlations were also observed
for 3 and 4 (Figure 3C). HRESIMS and comprehensive NMR supported 3 to be an a-amino acid as observed
in the tails of the cyclized terpenoids (1 and 2), whereas *C NMR resonances at 177.36 and 178.19 ppm,
respectively, established 4 and 5 as carboxylic acids. Similarly, the molecular formulas of 6 (C20H3s0s) and
7 (C22H3s0s) were deduced by HRESIMS (Figure S33). The *C NMR spectra of 6 and 7 supported the
presence of 20 and 22 carbons, respectively, with each showing four signals (70-90 ppm) for oxygenated
carbons and a single signal consistent with the carboxylic acid seen in 4 and 5 (Tables S9 and S10, Figures
S$34-343). A distinct spin system was observed in the 'H-'H COSY spectra of 6 (H2-12/H2-13/H-14) and 7
(H2-14/H2-15/H-16) and taken together with corroborative HMBC correlations, the presence of a

tetrahydrofuran ring was determined (Figure 3C).
Compounds 8-10 had m/z values identical to 3-5 but with slightly different retention times (Figure 3A). A

large-scale fermentation (18 L) of S. albus::plaT431 was conducted to isolate 10, which gave the chemical
formula of C20H3s04 by HRESIMS (Figure S44). The 'H and "*C NMR spectra of 10 were similar to that of
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5, with a doublet methyl (51 0.96 ppm) for C-20 and '3C resonances at 73.34 ppm, 78.48 ppm, and 177.36
ppm, consistent with the diol and carboxylic acid functionalities in 5 (Table S11, Figures S45-S49). Analysis
of the 2D NMR data of 10 confirmed the position of the diol at C-14/C-15, with key 'H-"*C HMBC correlations
of H3-19 with C-14 and C-15 and H3-20 with C-14 and C-15. The structures of 8 and 9 were proposed to be
the C23 and C22 equivalents of 3 and 4, respectively, based on HRESIMS (Figure S44) and comparisons
of their retention times and relative yields to those of 3—5 (Figure 3). The presence of diols at C-10/C-11 of
5 (and the corresponding positions in 3 and 4) and at C-14/C-15 in 10 suggests epoxidation of either an
internal or terminal alkene of the prenyl tail. The terminal position is required for the biosynthesis of 1 and
2 via cyclization by PlaT2. The presence of C23 (3 and 8), C22 (4, 7, and 9), and C20 (5, 6, and 10) oxidized
metabolites hints towards oxidative degradation of the carboxylic acid end of the metabolites, similar to

what was previously seen for bacterial isoprenoid and fatty acid degradation (Figure S50).23-24
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Figure 3. Reconstitution of various combinations of genes involved in biosynthesis of the phenalinolactone
diterpenoid core. LCMS-EIC analysis of extracts obtained from S. albus (A and D) and S. venezuelae (B)

hosts. (C) Isolated and structurally determined terpenoid metabolites.
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Prenylation by PlaT3 is the first step in phenalinolactone biosynthesis

We next set out to determine the order of epoxidation and prenylation by PlaT1 and PlaT3, respectively.
LC-MS analysis of our pla constructs revealed that plaT3 is required for production of 3-10. Hosts
expressing plaT43, plaT432, or plaT431 produced several diterpenoids, whereas hosts expressing plaT4,
plaT41, or plaT421, i.e., those without p/aT3, did not produce any detectable diterpenoids (Figure 3A and
3B). The presence of several oxidized terpenoids seen in hosts expressing plaT43 (or plaT432), when no
oxidase was included, complicated our study of the timing of epoxidation and prenylation. Oxidation was
seen at two different positions, the middle alkene (3-5), terminal alkene (8—10), or both (6 and 7; Fig. S51),
particularly in S. venezuelae and even in the absence of plaT1. We suspected that an endogenous
enzyme(s) in the host Streptomyces was oxidizing the C23 prenylated intermediate. This idea was
supported by the presence of 3—7 only in S. venezuelae, which must have an endogenous enzyme that
oxidizes the internal alkene but is absent in S. albus. However, we could not rule out these oxidations were
occurring prior to prenylation. Thus, we generated the construct plaT43(D67A), which contained a mutation
in PlaT3 rendering it inactive, to ensure that PlaT3 was not acting as an oxidase and to support that its
prenylation activity was required to produce 3—10. We targeted an Asp residue that was previously shown
to be essential for catalyzing prenylation in characterized UbiA family prenyltransferases?>26. Gratifyingly,
the expression of p/laT43(D67A) in both hosts did not yield any of the metabolites 3—10 (Figure 3A and 3B).

Further examination of the LC-MS data from S. albus hosts harboring plaT3 uncovered three additional
metabolites, 11-13, with m/z (M — H]™) values of 359, 361, and 360, respectively (Figure 3D). Unfortunately,
very low yields of these metabolites in large-scale fermentation prevented isolation and structure elucidation
by NMR. However, HRESIMS gave an [M — H]™ value of m/z 360.2907 (calc. [M — H] at 360.2903) for 11,
indicating a molecular formula of C23H3sNO2 (Figure S52). Consistent with the production of 3-10,
metabolites 11-13 were not produced in any constructs lacking p/aT3 or the inactive mutant plaT43(D67A)
(Figure 3D). The presence of 11-13 further supports that prenylation occurs prior to both oxidation and
cyclization, implicating that PlaT3 acts on GGPP in the first step of phenalinolactone biosynthesis (Figure
4). Since the active sites of functionally characterized UbiA prenyltransferases accommodate the
diphosphate of a prenyl donor and a small, often aromatic, prenyl acceptor, it is logical that PlaT3 catalyzes
the condensation of GGPP and a three-carbon a-keto acid prenyl acceptor?®2’. Overall, an updated
proposal for the early-stage biosynthesis of the phenalinolactones involves sequential prenylation by PlaT3,

epoxidation by PlaT1, and cyclization by PlaT2 (Figure 4).
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Figure 4. Proposed pathway for the biosynthesis of the phenalinolactone diterpenoid core.

(A) Proposed biosynthesis of prenylated intermediates 12 and 13 from IPP and DMAPP. (B) Proposed
biosynthetic scheme from the common intermediate 12 for amino acid and keto acid pathways. Dashed
arrows labeled only with [H] or [O] denote off-pathway enzymatic reduction or oxidation steps in the
heterologous hosts, or undetermined enzymatic steps in the native producer (towards PL CD7 and PL
CDB). In the heterologous hosts amino transfer may also occur after oxidation (3 and 8) or cyclization (1
and 2).

CONCLUSIONS

Bacteria represent a treasure trove of biosynthetic potential. While genomic data has driven a reinvigorated
effort in the discovery of novel natural products, many biosynthetic pathways have yet to be fully elucidated.
By employing heterologous expression, we uncovered new insights into early-stage biosynthesis of the
phenalinolactone diterpenoids, demonstrating that assembly of the anti/anti/syn-perhydrophenanthrene
core is accomplished via sequential prenylation, epoxidation, and cyclization. These findings are in stark
contrast to the previously proposed pathway, where PlaT1 was thought to epoxidize GGPP prior to
prenylation by PlaT3. Epoxidation of prenyl diphosphates has not been previously observed in terpenoid
pathways; epoxidation typically occurs on substrates lacking the diphosphate group (e.g., squalene or

prenylated meroterpenoids). In fact, modification of prenyl diphosphates is rare, with only methylation and
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hydroxylation known?®2°, Structurally and mechanistically, PlaT2 is akin to oxidosqualene cyclases (OSCs)
involved in steroid biosynthesis. Both OSC and PlaT2 accommodate an epoxy substrate lacking the
diphosphate head group and initiate cyclization via protonation of the epoxide ring to yield terpenoid
scaffolds with C-3 hydroxy functionalities. Interestingly, early-stage biosynthesis of the phenalinolactones
follows a similar biosynthetic logic as often described in fungal meroterpenoid pathways (Figure S53),
where prenylation and epoxidation occur prior to cyclization. Overall, we propose that the phenalinolactones
and related family members (i.e. brasilicardins, tiancilactones, and atolypenes) likely follow a shared
biosynthetic rationale, although definitive evidence via in vitro data is still required to confirm that possibility.
In parallel to this study, an analogous biosynthetic investigation was performed on the atolypene
sesterterpenoids, indicating that prenylation and epoxidation also precede cyclization in ato biosynthesis.*®
However, the timing of prenylation and epoxidation in the atolypenes may be different. No products were
seen in the construct containing the ato polyprenyl synthase (AtoC) and UbiA prenyltransferase (AtoD) and
a hydrolyzed derivative of 14,15-epoxygeranylgeraniol was isolated from a construct without AtoD.*° In
conclusion, our findings underline Nature’s highly evolved strategies for terpenoid scaffold assembly,
providing new insights into terpene biochemistry and establishing the foundation for future discovery,
engineering, and enzymology efforts. We envision that a thorough biosynthetic understanding of this family
of bacterial terpenoids will help to guide genome mining of novel natural products and facilitate engineering

of enzymes and pathways for the production of bioactive metabolites.

EXPERIMENTAL PROCEDURES

All experimental procedures are described in detail in the supplemental information.

Resource availability

Further information and requests for resources should be directed to and will be fulfilled by the lead
contact, Jeffrey D. Rudolf (jrudolf@chem.ufl.edu).

Materials availability

Plasmids generated in this study will be made available on request. All other materials are commercially
available or can be prepared as indicated.

Data and code availability

All data are included in the main text and supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online.
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