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a b s t r a c t

Fungal alkylresorcinols are a class of polyketides, which are commonly synthesized by the hybridization

of highly reducing polyketide synthase (hrPKS) with non-reducing polyketide synthase (nrPKS). In this

study, we identified and demonstrated a new assembly model for synthesizing alkylresorcinol (scirpilin

A, 1), which was accomplished by collaboration of a hrPKS (FscA) and a type III PKS (FscB). Furthermore,

three post-tailoring enzymes (FscC, FscD, and FscE) act iteratively on 1 skeleton, including successive

14e− oxidation of inert carbons, di-halogenation, and di-methylation, to form highly oxidized and multi-

substituted alkylresorcinols. Our work presents an unusual synthesis manner of alkylresorcinols, sheds

light on the collaborative mechanism between hrPKS and type III PKS and provides three valuable enzy-

matic catalysts for the tailoring of alkylresorcinol family natural products in future.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fungal polyketides are a group of natural products that exhibit

structural diversity and display a wide range of pharmaceuti-

cal activities [1–5]. They are usually synthesized by standalone

polyketide megasynthases, such as highly reducing polyketide

synthases (hrPKSs) for the formation of macrocyclic or acyclic

highly reduced family compounds [6–8], or non-reducing polyke-

tide synthases (nrPKSs) for the yield of aromatic products [9]. To

increase the structural complexity and diversity, a general strategy

is to introduce different functional groups on the polyketide

skeleton, which is usually installed by a variety of post-tailoring

enzymes like cyclase [10], oxidoreductase [11,12], free radical

enzyme [13,14] and so on.

Apart from the above-mentioned subsequent tailoring steps, an

alternative structural derivation of the polyketides, especially fo-

cusing on the variation of skeletons of highly reducing polyketides,

mainly depends on the collaboration of hrPKSs with different

synthases, for instance: (1) combination of hrPKS with nrPKS

leads to the formation of alkylresorcinol radicicol, or azaphilones

chaetoviridins and asperfuranone, which contain both reduced and

aromatic polyketide features (Fig. 1A and Fig. S2A in Supporting

information) [15–18]; (2) two hrPKSs can prepare polyketide

parts independently, and integrate them together to generate the

product finally, which illustrates lovastatin and gregatin A as the
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example (Fig. 1B and Fig. S2B in Supporting information) [19–21];

(3) collaboration of hrPKS and nonribosomal peptide synthetase

(NRPS) can synthesize hybrid compounds, which incorporates

amino acid moiety into polyketide such as pyrrocidines, equisetin,

and thermolides (Fig. 1C and Fig. S2C in Supporting information)

[22–24]; (4) hybridization of hrPKS and terpene cyclase (TC) can

produce meroterpenoids as calidoustenes or fumagillin (Fig. 1D

and Fig. S2D in Supporting information) [25,26].

Aside from the well-known collaborations of hrPKS with other

skeleton core synthases, a new mode of partnership that hrPKS

cooperating with the type III PKS was recently discovered from

fungus Penicillium soppi [27]. Heterologous expression of the

psp cluster in Aspergillus oryzae in vivo demonstrated that it is

responsible for the synthesis of alkylresorcinols soppilines A–C

(Fig. 1E) [27]. In this process, hrPKS PspA and type III PKS PspB

work together first to form soppiline B, cytochrome P450 (CYP450)

PspC subsequently catalyses a 6e− oxidation at C-4 of soppiline

B to give soppiline C. However, it should be mentioning that the

separate PspA yields soppiline A. A β–hydroxyl carboxylic acid

indicating that, if the hrPK chain does not transfer into PspB, PspA

likely carries out one more extension and reduction during the

catalytic cycle. Therefore, although the bridge between psp cluster

and soppilines has been established, the catalytic mechanism,

collaborative manner, as well as the timing of the chain transfer

between hrPKS and type III PKS, remains unknown.

We identified three hrPKS and type III PKS hybrid clusters

from the genome database of Fusarium sp. in our lab (Fig. S3

in Supporting information), the representative fsc cluster from
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Fig. 1. Representative hybrid strategies expand the structural diversity of fungal polyketides. (A) Combination of hrPKS and nrPKS. (B) Distinct hrPKSs. (C) hrPKS and NRPS.

(D) hrPKS and terpene cyclase. (E) Collaboration of hrPKS and type III PKS leading to the generation of soppillines in vivo, where PspA initiates and elongates the highly

reducing polyketide chain, which is then transferred to PspB for additional extension, followed by 6e− oxidation by PspC.

Fig. 2. Confirmation of the function of fsc gene cluster. (A) Organization and proposed functions of genes in fsc cluster. (B) Overexpression of fscF resulted in the production

of multi-substituted alkylresorcinols, and gene inactivation elucidated the function of each gene. (C) Compounds 1–7 were obtained from OE::fscF or mutant strains.

Fusarium scirpi CGMCC 3.3656 was shown in Fig. 2A (accession

number OR551244). Since FscA and FscB showed 53% and 52%

identities with PspA and PspB, respectively, strongly suggesting

that the products of fsc cluster are also possible alkylresorcinol

family compounds, although this type compounds catalysed by

hrPKS and type III PKS have not been identified from Fusarium sp.

to date [28–30]. In contrast to psp cluster, the tailoring enzymes

of fsc cluster are more abundant including a CYP450 FscC, a

flavin-dependent halogenase FscD, and a methyltransferase FscE,

which might install a variety of functional groups towards the

putative alkylresorcinol backbone.

To identify the products of fsc cluster, especially clarifying the

individual function of each gene, we first investigated the metabo-

lite profiles of F. scirpi using various media. Unfortunately, F. scirpi

could not produce any compounds containing the absorption fea-

tures of alkylresorcinols under different culture conditions (Fig. S4

in Supporting information), which indicates that the fsc cluster is

silent. Alternatively, we turned our attention to FscF, a Zn(II)2Cys6
type transcriptional regulator, the family of which usually upregu-

lates the expression of gene clusters [31,32]. When gene fscF was

cloned under gpdA promoter (Supporting information), the result-

ing transformant Fs-OE::fscF was cultured on solid CYA medium

and three major compounds scirpilins A-C (1–3) were detected by

liquid chromatograph mass spectrometer (LC-MS) analysis (Fig. 2B,

i, ii, and Fig. S5 in Supporting information).

These three compounds were isolated from the large-scale

cultivation and their structures were subsequently confirmed by

high resolution mass spectrometry (HR-MS) and nuclear magnetic
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resonance (NMR) analyses (Tables S4–S6 and S11, Figs. S17–S19

and S24–S42 in Supporting information). As shown in Fig. 2C, (1)

compounds 1–3 all feature a resorcinol skeleton with a C20 alkyl

side chain attached at C-1, where 1 is likely the precursor of 2 and

3; (2) the terminal carbons of alkyl chain in 2 and 3 are highly ox-

idized to form the rare succinic acid or malic acid moiety [33–35];

(3) symmetrical di-methylation and di-halogenation are observed

to occur on the resorcinol skeleton in 2 and 3. Further gene

knock-out of fscA in Fs-OE::fscF, production of 1–3 were all abol-

ished in Fs-OE::fscF�fscA (Fig. 2B, iii). These results fully confirmed

that fsc cluster is responsible for the synthesis of 1–3 in F. scirpi,

importantly showing Fusarium species fungi is also the dependable

source for mining of alkylresorcinol type compounds. It is worth

mentioning that the post-modification degrees from 1 to 2 and 3

indicating the all-tailoring enzymes (FscC–E) can work iteratively.

To investigate the collaborative manner of hrPKS FscA with

type III PKS FscB, these two genes were cloned and introduced

into A. nidulans individually (Supporting information), where the

transformant AN-fscA or AN-fscB did not produce any compounds

(Fig. 3A, i–iii). However, when fscA and fscB were co-expressed, the

production of 1 was successfully detected by AN-fscAB (Fig. 3A, iv).

Subsequently, the conjoint role of FscA and FscB responsible for

1 formation was fully established by in vitro biochemical assays

using purified enzymes (Fig. S8 in Supporting information). These

results (1) showed the first biochemical evidence that a hrPKS and

a type III PKS can collaboratively synthesize alkylresorcinol family

compound; (2) confirmed that both FscA and FscB are required to

form 1, after the complete catalytic cycles of FscA, the following

steps including chain transfer, extension and release might be

accomplished by FscB. Different from the hrPKS-nrPKS mediated

strategy (Fig. 1A), formation of alkylresorcinols via the manner of

hrPKS-type III PKS usually employs a decarboxylation step after

cyclization and release of the polyketide chain (Figs. 3C and 1E)

[17,36,37].

Successful refactoring of the activity of FscA and FscB in vitro

provides a good chance to clarify the catalytic mechanism of them,

especial on the accurate timing of chain transfer from FscA to FscB.

We proposed two possible routes for 1 synthesis by FscA and FscB

(Fig. 3C): [7+ 3] or [8+ 2] mode, FscA carries out the first 7 or

8 cycles to yield the acyl carrier protein (ACP)-tethered polyketide

chain, which is then transferred to FscB for 3 or 2 more cycles.

To distinguish these two collaborative modes, we first chemically

synthesized pyrene-Cys (Supporting information), which can nu-

cleophilic attack the thioester using the sulfydryl group, followed

by an intramolecular rearrangement to form a stable amide bond

compound [38]. Therefore, pyrene-Cys could be used as an efficient

hunter to capture the ACP-tethered polyketide intermediate [38].

After FscA-catalysed reaction, addition of pyrene-Cys captures the

corresponding 7 cycle polyketide intermediate (Fig. S9 in Support-

ing information), which confirmed the catalytic program of FscA

and showed the [7+ 3] mode should be the optimal route for 1

formation by FscA and FscB (Fig. 3C). Based on these results, the

six carbon atoms of the resorcinol skeleton in 1–3, five carbons (C-

2–C-6) are contributed by type III PKS, while one carbon (C-1) is

provided by hrPKS.

We next attempted to investigate the tailoring steps from 1 to

2 and 3, these transformation reactions are accomplished by the

rest three enzymes, but at least installing six functional groups.

Gene knock-out experiments confirmed that the production of 2

and 3 was indeed abolished by individual fscC, fscD and fscE mu-

tant, however, as shown in Fig. 2B, iv–vi, (1) Fs-OE::fscF�fscC accu-

mulates 1; (2) Fs-OE::fscF�fscD generates scirpilins D and E (4 and

5); and (3) Fs-OE::fscF�fscE produces scirpilins F and G (6 and 7).

Subsequent purification and structural determination showed that

(1) 4 and 5 retain the terminal malic acid (or its methyl ester)

moiety, while the symmetrical di-methylation and di-halogenation

are absent (Fig. 2C, Tables S7, S8, and S11, Figs. S20, S21, and S43–

S55 in Supporting information); (2) 6 and 7 are the di-halogenated

products of 4 and 5 on resorcinol skeleton, respectively (Fig. 2C,

Tables S9–S11, Figs. S22, S23, and S56–S68 in Supporting informa-

tion).

Accumulation of 1 in Fs-OE::fscF�fscC highly indicates that

CYP450 FscC may catalyse the successive oxidation steps, towards

the inert carbons (C-20, C-21, and C-22) of the terminal alkyl chain

of 1, to form the rare malic acid moiety. In this process, FscC

is likely responsible for the 14e− oxidation (two carboxylations

and one hydroxylation, Fig. 3C). Therefore, FscC is a more multi-

functional CYP450 for the oxidized modification of polyketide side

chain of resorcinol family compounds relative to the homologue

enzyme PspC that carries out 6e− oxidation for one carboxylation

(Fig. 1E) [27,39].

To validate the function of FscC, we first constructed the bio-

conversion system by expressing fscC in A. nidulans (AN-fscC). How-

ever, when 1 was fed into AN-fscC, the expected corresponding

product 4 was not detected (Fig. S10 in Supporting information).

Considering the polarity feature of 1, we proposed that it might

be difficult in penetrating the cell membrane to react with FscC.

Therefore, we generate the AN-fscABC transformant, which could

efficiently provide intracellular 1 in situ for FscC-catalysed oxida-

tion. Unfortunately, except for 1, compound 4 has not been de-

tected yet (Fig. 3B, i and ii). This result highly indicated that the

cytochrome P450 reductase (CPR) of A. nidulans might not support

for the multistep oxidative function of FscC, thus the native CPR of

F. scirpi should be essential for FscC.

Based on this hypothesis, we subsequently cloned the native

CPR of F. scirpi (CPR-Fs) and combined it with fscABC to construct

the AN-fscABC+CPR-Fs. As expected, the production of 4 was suc-

cessfully detected (Fig. 3B, ii and iv). Elimination of fscC, the for-

mation of 4 was also abolished (Fig. 3B, iii). These results (1) es-

tablished the iteratively oxidative function of FscC on catalysing 1

to form 4, which highlights an unexpected 14e− oxidation on three

inert carbons by CYP450 to synthesize a rare malic acid functional

group; (2) clarified the irreplaceable paring relationship of FscC

with its native CPR-Fs, a representative example, which exhibits

the CPR is also key for multifunctional CYP450s towards their cat-

alytic roles [40,41].

We next investigated the last two steps in the formation

of 2 and 3. These two steps are furnished by FscD and FscE,

which catalyse iterative halogenation and methylation on resor-

cinol skeleton, respectively. Based on the gene knock-out results

(Fig. 2B, v and vi) as well as the electrophilic substitution mecha-

nism of flavin-dependent halogenase, we proposed that the FscD-

catalysed di-halogenation should occur prior to FscE-catalysed di-

methylation [42–45]. To validate the function of FscD, the intron-

free fscD was cloned, expressed, and purified from E. coli (Fig. S7

in Supporting information). With the assistance of flavin reductase

(Fre) from the E. coli (Fig. S7), when 4 or 5 was incubated with

FscD, the di-halogenated product 6 or 7 as well as the correspond-

ing mono-halogenated intermediate 4a or 5a was successfully de-

tected, respectively (Fig. 3D, Figs. S11, S13, and S14 in Supporting

information). These biochemical results fully confirm the unusual

function of FscD, it not only features an ability to use Cl− to attack

Fl-C4a-OOH distal oxygen atom to generate Fl-C4a-OH and HClO,

but also can iteratively use HClO as the electrophilic halogenation

agent to install chlorine atoms at C-2 and C-6 of resorcinol skele-

ton (Fig. 3C). Therefore, FscD is a new resorcinol di-halogenase, it

is distinguished from Rdc2 and RadH, a C-2 mono-halogenase in

resorcinol radicicol biosynthesis (Fig. 1A) [15].

To investigate the final methylation step, FscE was also ex-

pressed and purified from E. coli (Fig. S7). As shown in Fig. 3E and

Figs. S12 and S15 (Supporting information), when FscE was incu-

bated with 6 or 7, product 3 or di-methylated 7a was effiently
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Fig. 3. Characterization of the functions of FscA–FscE. (A) Heterologous expression of fscA and fscB in A. nidulans. (B) Heterologous expression of fscABC and CPR-Fs in

A. nidulans. (C) The proposed pathway of 3 unveils a [7+ 3] collaborative model between FscA and FscB, and following iterative tailoring steps. (D) FscD catalyses the

halogenation of 4. (E) FscE recognizes 6 to form di-methylated product 3.

generated, respectively. These results confirm that FscE is indeed

a iterative methytransferase, it is along with FscC and FscD, mak-

ing an unexpected iterative tailoring assembly for the synthesis of

multi-substituted alkylresorcinols.

In this work, we discovered a hybrid hrPKS and type III PKS

cluster in F. scirpi by genome mining, which leads to the discovery

of three new multi-substituted alkylresorcinols (1–3). Biosynthe-

sis of 1–3 represents an unexpected assembly machinery for re-

sorcinol family compounds, mainly including (1) the hrPKS FscA

and type III PKS FscB collaborate in a [7+ 3] biosynthetic model

to form the alkylresorcinol skeleton; (2) a 14e− oxidation is em-

ployed by a CYP450 FscC, converting the terminal of the alkyl chain

to a rare malic acid moiety; (3) FscD and FscE iteratively catalyse

symmetrical di-halogenation and di-methylation on the resorcinol

moiety. Our study sets up the understanding of the collaboration

mechanism between hrPKS and type III PKS in polyketide synthe-

sis and expands the arsenal of three iterative enzymes (CYP450,

halogenase and methytransferase) for the tailoring of alkylresorci-

nol family natural products in future.
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