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A heterologous expression platform in Aspergillus
nidulans for the elucidation of cryptic secondary
metabolism biosynthetic gene clusters: discovery
of the Aspergillus fumigatus sartorypyrone
biosynthetic pathway+

Shu-Yi Lin, 2 C. Elizabeth Oakley,” Cory B. Jenkinson, Yi-Ming Chiang,?
Ching-Kuo Lee, €2 € Christopher G. Jones,® Paul M. Seidler,? Hosea M. Nelson,?
Richard B. Todd, €2 ¢ Clay C. C. Wang{*3" and Berl R. Oakley (2 *°

Aspergillus fumigatus is a serious human pathogen causing life-threatening Aspergillosis in
immunocompromised patients. Secondary metabolites (SMs) play an important role in pathogenesis, but
the products of many SM biosynthetic gene clusters (BGCs) remain unknown. In this study, we have
developed a heterologous expression platform in Aspergillus nidulans, using a newly created genetic
dereplication strain, to express a previously unknown BGC from A. fumigatus and determine its products.
The BGC produces sartorypyrones, and we have named it the spy BGC. Analysis of targeted gene
deletions by HRESIMS, NMR, and microcrystal electron diffraction (MicroED) enabled us to identify 12
products from the spy BGC. Seven of the compounds have not been isolated previously. We also
individually expressed the polyketide synthase (PKS) gene spyA and demonstrated that it produces the
polyketide triacetic acid lactone (TAL), a potentially important biorenewable platform chemical. Our data
have allowed us to propose a biosynthetic pathway for sartorypyrones and related natural products. This
work highlights the potential of using the A. nidulans heterologous expression platform to uncover
cryptic BGCs from A. fumigatus and other species, despite the complexity of their secondary metabolomes.

Introduction

Aspergillosis is the spectrum of diseases caused by Aspergillus
species that colonize the bronchial trees of patients." It is esti-
mated that there are over 300000 cases of life-threatening
Aspergillosis in humans annually, with a mortality rate of 30-
80%.> Invasive Aspergillosis (IA) is one of the most common
causes of death in severely immunocompromised patients, with
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mortality rates up to 40% to 50% in patients with acute
leukemia and recipients of hematopoietic stem cell
transplantations.

Aspergillus fumigatus is by far the most common species
causing IA (70%).® The World Health Organization “WHO
fungal priority pathogens list to guide research, development
and public health action 2022” classified A. fumigatus as one of
four species in the critical priority group, the most urgent need
category.® Secondary metabolites (SMs) in A. fumigatus
contribute to its unique ability to survive in the environment
and establish itself in human hosts.”® SMs are small molecules
produced by fungi, prokaryotes and plants that are not strictly
required for growth or reproduction, but they confer a selective
advantage to the producing organism. In A. fumigatus, SMs play
important roles in iron and copper uptake and homeostasis, for
example.®® A. fumigatus also produces SMs that kill or inhibit
competitors and these activities are often important to patho-
genesis. Gliotoxin, for one example of several, protects A.
fumigatus against amoebae in the environment and against T
lymphocytes and the macrophage immune response in patho-
genesis. Genetic elimination of gliotoxin production results in
attenuation of virulence.'**?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SMs in filamentous fungi are synthesized by enzymes enco-
ded by genes organized in contiguous biosynthetic gene clusters
(BGCs).** The genes of the BGCs are coordinately regulated, and
the BGCs often contain genes encoding transcription factors
that drive the expression of the other genes of the BGC. SM
BGCs vary significantly across species and strains of Asper-
gillus.™ The two most studied isolates of A. fumigatus are Af293
and CEA10."'® Bioinformatics indicate that the A. fumigatus
Af293 strain contains 34 predicted SM BGCs, and the CEA10
derivative strain A1163 has 33 predicted SM BGCs. The SM
BGCs of the two strains are largely but not completely over-
lapping, with three BGCs unique to Af293 and two unique to
CEA10 making a total of 36 BGCs. The products of only 19 of
these BGCs have been determined, leaving, prior to this study,
17 to be determined.'”"

In fungi, many SM BGCs are not expressed under normal
laboratory growth conditions, whereas others are expressed at
high levels, resulting in a “forest” of SM peaks in LC/MS traces.
To determine the SMs produced by cryptic BGCs, one needs to
find a way to activate their expression. Once they are expressed,
the SMs they produce must be identified and purified from
among the forest of metabolites produced by the fungus.
Various approaches have been developed in the model fungus
Aspergillus nidulans to activate SM production.”*?' In principle,
some of these approaches could be transferred to A. fumigatus to
elucidate its secondary metabolome, but it would require
a great deal of time and effort to develop them. Perhaps more
seriously, metabolite profiles from A. fumigatus grown under
laboratory conditions are quite complex due to high levels of
production of many compounds such as fumigaclavine C,
fumiquinazoline, and monomethyl-sulochrin and their
pathway intermediates.*® Therefore, identifying minor
compounds is difficult due to the interference of these major
metabolites, and determining the BGC responsible for any
minor compound is equally difficult. In A. nidulans, we have
developed a strategy we call “genetic dereplication” that facili-
tates new compound discovery. We have deleted eight BGCs, in
their entirety, that produce abundant SMs (>244000 bp
deleted), thereby reducing the complexity of SM profiles such
that novel compounds are more easily detected.>® Eliminating
highly expressed biosynthetic pathways may also increase pools
of SM precursors such as acetyl-CoA and malonyl-CoA for
pathways expressed at low levels. Because developing the
genetic dereplication approach for A. fumigatus would be
a lengthy process, we are developing methods to express A.
fumigatus BGCs in A. nidulans and determine their products.

In this study, we report the expression of a heretofore cryptic
A. fumigatus secondary metabolite biosynthesis pathway in A.
nidulans and the determination of the products of the BGC.
Using a genetic dereplication strain to reduce the SM back-
ground, we refactored the target BGC genes into A. nidulans,
placing each gene under the control of an inducible promoter.
The heterologously expressed SMs were purified, and the
structures were determined by NMR and electron cryo-
microscopy (cryoEM) microcrystal electron diffraction (Mic-
roED). We found that the BGC encodes a family of mer-
oterpenoids called sartorypyrones that have never been
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reported in A. fumigatus. Two of the compounds are novel while
two have been found in the closely related nonpathogenic
fungus Neosartorya fischeri (KUFC 6344 and FO-5897).*** We
generated deletant strains that were each missing one gene of
the biosynthetic pathway. Some of these strains accumulated
chemically stable intermediates and shunt products in suffi-
cient amounts for complete structural characterization, result-
ing in the identification of a total of eight additional, related
compounds. We also individually expressed the non-reducing
polyketide synthase (NR-PKS) gene of the BGC and demon-
strated that triacetic acid lactone (TAL) is the product of the
PKS. TAL is a potentially important biorenewable platform
chemical.** Combining these data with further bioinformatic
analysis, we propose a biosynthetic pathway for sartorypyrones.
Importantly, the approach reported in this study, and variations
thereof, can be used to elucidate other A. fumigatus cryptic
secondary metabolism BGCs.

Results

Analysis of a potential gene cluster for production of
polyketide diterpenoids (PK-DT) in A. fumigatus

One of the A. fumigatus Af293 SM BGCs with unknown products
attracted our interest because it contains a non-reducing poly-
ketide synthase (NR-PKS) gene (Afu8g02350), a prenyltransfer-
ase gene (Afu8g02410) and a terpene cyclase (TC) gene
(Afu8g02390), suggesting that the SM product of this gene
cluster is an unidentified meroterpenoid. As annotated by Inglis
et al, this BGC also contains an acetyltransferase gene
(Afu8g02360), a flavin-containing monooxygenase (FMO) gene
(Afu8g02380), a geranylgeranyl pyrophosphate synthase
(GGPPS) gene (Afu8g02400), a hypothetical protein
(Afu8g02420), and an alcohol dehydrogenase (Afu8g02430).*> A
C-4 methyl sterol oxidase (Afu8g02440) is adjacent. In all, the
putative BGC is greater than 24 kbp in length. Synteny analysis
in FungiDB reveals that the genes within the putative BGC are
conserved and collinear between A. fumigatus isolates Af293
(Afu8g02350-Afu8g02440) and  A1163  (AFUB_084240-
AFUB_084150).* Bioinformatic analysis of this BGC using
BLASTp showed that genes Afu8g02350-Afu8g02410 are
homologous to genes in the sre cluster, which encodes the
biosynthetic pathway for sartorypyrone A and D in Aspergillus
felis 0260, and the cle cluster, which encodes the biosynthetic
pathway for chevalone E in Aspergillus versicolor 0312 (Table 1).**

Heterologous expression strategy of the Afu8g02350 BGC in A.
nidulans

Our heterologous expression platform has two major elements.
One is the use of an updated genetic dereplication strain we
have developed, LO11098, and related strains for expression.
We have engineered this strain for heterologous SM expression
by removing eight of the most highly expressed BGCs which
lowers the SM background, making expressed metabolites
easier to identify and purify. We have also incorporated seven
selectable markers in the strain to facilitate multiple sequential
gene transfers. The strain also carries a deletion of the nkuA
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Table 1 Putative function of genes within the A. fumigatus spy cluster (the percentages represent the aligned regions in BLASTp searches)

A. felis Similarity/identity A. versicolor Similarity/identity
A. fumigatus spy cluster sre cluster (%) cle cluster (%) Putative function
Afu8g02350 (spyA) sre6 89/82 cle1 59/43 Polyketide synthase
Afu8g02360 (spyB) sre5 86/79 — — Acetyltransferase
Afu8g02380 (spyC) sred 90/83 cle3 73/59 FAD-dependent monooxygenase
Afu8g02390 (spyD) sre3 77/63 cle7 56/37 Terpene cyclase
Afu8g02400 (spyE) sre2 91/87 cle6 81/70 Geranylgeranyl pyrophosphate synthase
Afu8g02410 (spyF) srel 83/76 cles 68/57 Prenyltransferase
Afu8g02420 — — — — Hypothetical protein
Afu8g02430 — — — — Alcohol dehydrogenase
Afu8g02440 — — — — C-4 methyl sterol oxidase
No homolog — — cle2 — P450 monooxygenase
No homolog — — cle4 — P450 monooxygenase

gene which dramatically reduces non-homologous recombina-
tion. The second element is an elaboration of multiplex fusion
PCR procedures we have developed* to rapidly create large
linear molecules for transformation with multiple genes under
control of inducible promoters.

To express our target BGC we used two approaches. In the
first approach, we refactored the entire target BGC in A. nidu-
lans, placing each gene under control of the inducible alcA or
aldA promoter (Fig. 1A, B and S17). The alcA and aldA promoters
are short (300-400 bp), strongly induced by a variety of alcohols,
aldehydes and ketones, and repressed by glucose and certain
other carbon sources.**** Their shortness and relatively low
homology reduce the probability of recombination of these
promoters with each other or the native alcA or aldA loci during
transformation. Our second approach was to reconstruct the
entire BGC intact in A. nidulans and use global regulators of
secondary metabolism to activate expression of the BGC. The
BGC as predicted by Inglis et al. consisted of Afu8g2350-
Afu8g02430. We also included Afu8g02440 in case the BGC
was larger than predicted (Fig. 1A).

Heterologous expression of the Afu8g02350 (spy) BGC in A.
nidulans reveals that it produces sartorypyrones

A key in correctly refactoring BGCs is identification of the
correct start codon for each gene. BLASTp searches with the
amino acid sequence of the putative acetyl transferase,
Afu8g02360, as predicted from the FungiDB annotation (https://
fungidb.org/fungidb/app),* suggested that the annotation of
this gene might be incorrect, and the correct start site might
be 593 base pairs downstream. The second start site also had
a better Kozak consensus sequence. We, therefore, refactored
this gene in two ways inserting the alcA promoter upstream of
the FungiDB annotated start codon (start site 1) and,
separately, in front of the downstream putative start codon
(start site 2).

The putative BGC genes were refactored in two steps. Five
genes were refactored at the yA locus (Fig. 1B). Three trans-
forming fragments were first created by fusion PCR. A fragment
carrying ~1 kb of DNA flanking the yA gene as well as the pyrG
gene from A. fumigatus (AfpyrG) was fused to the alcA promoter
[alcA(p)] and a portion of the Afu8g02350 gene from A.

1024 | Chem. Sci, 2023, 14, 11022-11032

fumigatus. A second fragment constructed by fusion PCR con-
tained an overlapping region of Afu8g02350 as well as two
additional genes under control of the aldA promoter [aldA(p)]
and alcA(p) and a portion of the Aspergillus terreus pabaA gene
(AtpabaA), which was used as a selectable marker. The third
fragment contained an overlapping fragment of Atpabad, two
additional genes under control of alcA(p) and aldA(p) and ~1 kb
of yA 3’ flank. Upon transformation with the three fragments,
homologous recombination resulted in the replacement of the
yA locus with five genes, each under control of alcA(p) or aldA(p).
Note that a functional copy of AtpabaA is not formed unless
fragments 2 and 3 recombine correctly. Four additional genes
were placed under control of alcA or aldA promoters and
inserted at the wA locus using essentially the same procedure
(Fig. S1t). Using fusion PCR to make transforming fragments,
we were, thus, able to refactor the entire >24 kb BGC in two
transformations.

Refactored strains were cultivated in lactose minimal
medium (LMM), which is non-repressing for the alcA and aldA
promoters and induced with methyl-ethyl-ketone (MEK).
Extracts from the culture medium and mycelia were analyzed
separately by LC/MS for the presence of new metabolites. In
comparison with the A. nidulans control strain, which lacked the
A. fumigatus BGC genes, compounds 1-4 were detected specifi-
cally in the refactored strains (Fig. 1C). The strains in which
Afu8g02360 was refactored by fusing alcA(p) at start site 1
(LO11784-L011793), were not able to produce compounds 3
and 4, however, in comparison with the start site 2 refactored
strains (LO11794-L011803) (Fig. S2t). This indicated to us that
the FungiDB annotation of the acetyl transferase is incorrect.
Refactoring Afu8g02360 at start site 2 results in a functional
acetyl transferase and production of 3 and 4, the acetylated final
products of the BGC. Data with deletion strains (below) support
this conclusion.

Yields of compounds from the initial strains were inade-
quate to allow determination of the structures of 1-4. To
increase yields, we deleted the A. nidulans agsB gene. agsB
encodes a-1,3-glucan synthase and agsB deletants cause hyphae
to disperse in liquid culture.” We hypothesized that deleting
agsB would allow denser growth and increased metabolite
yields, and this proved to be the case. An agsBA, Afu8g02360

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) The spy BGC from A. fumigatus. (B) Refactoring the spyA, spyE, spyC, Afu8g02430 and Afu8g02440 genes at the yA locus in A. nidulans.

(C) HPLC profiles of culture medium and mycelium extracts from A. nidulans transformants. (D) Structures of compounds 1-4. Afu8g02440
(putative C-4 methyl sterol oxidase) and Afu8g02430 (putative alcohol dehydrogenase) were also refactored at yA as shown, but deletion

experiments proved them not to be components of the spy BGC.

start site 2 refactored strain (LO11839) was subjected to large-
scale cultivation and compounds 1-4 were isolated by flash
chromatography and semi-preparative HPLC. Spectroscopic
analysis (NMR, MS, and UV-Vis data) allowed us to determine
that compounds 2 and 3 are sartorypyrone D and sartorypyrone
A, respectively, which were previously identified in Neosartorya
fischeri strains KUFC-6344 and FO-5897 (Fig. 1D and Tables S3

© 2023 The Author(s). Published by the Royal Society of Chemistry

and S47).*>* (Note: N. fischeri is a homotypic synonym of
Aspergillus fischeri and both designations are used in the
scientific literature.) Sartorypyrone D has also been produced
synthetically in Aspergillus oryzae by expressing chevalone E
BGC genes from A. versicolor along with a terpene cyclase from
A. felis.** Because it produces sartorypyrones we have designated
the Afu8g02350 SM BGC as the spy BGC. Compounds 1 and 4 are

Chem. Sci., 2023, 14, N1022-11032 | 11025
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new to science and were structurally elucidated by 1D and 2D
NMR spectra (Fig. 1D, for detailed structural elucidation, see
ESIT - detailed structural characterizations of new compounds).
Furthermore, the relative configuration was confirmed by Mic-
roED analysis on compound 1 (Fig. 2, S53 and Table S137).
Taking the above spectroscopic analyses together, compounds 1
and 4 are new bicyclic meroditerpenoids, which we have named
sartorypyrone F and sartorypyrone G, respectively.

In our second heterologous expression approach, we
reconstructed the entire target BGC in A. nidulans and
attempted to use global regulators of secondary metabolism to
activate its expression. We amplified portions of the target BGC
and used PCR to fuse them to sequences flanking the yA
(yellow spore color) gene and to selectable markers (4. terreus
pyrG [AtpyrG] and A. fumigatus pyroA [AfpyroA]) (Fig. S371). This
created two fragments carrying a total of six genes. Afu8g02420
was on both fragments. Upon co-transformation (Fig. S3A-DT¥),
the two fragments recombined homologously with the yA
flanking sequences and the Afu8g02420 sequence on the two
fragments recombined homologously with each other. The
result is a replacement of the yA coding sequence with six
genes from the target cluster. A second transformation with
two additional fragments (Fig. S3A and E-GT¥) resulted in the
reconstruction of the entire target BGC in A. nidulans. The
second transformation also removes the AfpyroA selectable
marker. Including primers, the entire sequence transferred
into A. nidulans was 25 832 bp.

To potentially upregulate expression of the BGC in the
reconstructed BCG strain, we separately deleted mcrA, a nega-
tive regulator of secondary metabolism,* and we placed two
positive regulators of secondary metabolism, laeA and [ImG
under control of the inducible alcA promoter [alcA(p)laeA and
alcA(p)llmG].*>** We also created pairwise combinations of the
mcrA deletion (mcrAA), alcA(p)laeA and alcA(p)lImG. Initial
metabolite profiles (not shown) revealed that while deletion of
mcrA upregulated secondary metabolite production, it created
a sufficiently high background that identification of products of
the target BGC wasn't feasible. Overexpression of laeA or limG,
however, did not create an excessive background, nor did
overexpression of these two positive regulators in tandem. Co-
overexpression of laeA and lImG did not yield strong new
peaks that could easily be ascribed to the reconstructed BGC.

Fig. 2 MicroED structure of compound 1. The relative stereochem-
istry of compound 1 was confirmed by MicroED.

1026 | Chem. Sci,, 2023, 14, N022-11032
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However, knowing the masses of the sartorypyrones produced
by the refactored cluster allowed us to unambiguously detect
sartorypyrone A (3) and sartorypyrone G (4) in the laeA, ImG
overexpressing strain by mass spectrometry in extracted ion
chromatogram (EIC) mode (Fig. S3Bt), while they were not
detectable in control strains. This result provides a useful
confirmation that 3 and 4 are the final products of the BGC.

Identification, purification, and structural elucidation of the
intermediates and shunt products from single-gene-deleted
mutant strains

In order to determine the roles of the individual genes in the
BGC, we generated a series of single gene deletion strains (Table
S1t) from the completely refactored strain LO11911. LO11911 is
LO11839 engineered to give even higher yields by replacing the
promoter of the alcR gene with the strong constitutive gpdA
promoter.”> The deletant strains were verified by multiple
diagnostic PCR reactions. They were cultivated under the same
conditions as were used to produce sartorypyrones in the
refactored strain (i.e., under inducing conditions) and their SM
profiles were examined by LC/MS. The results showed that the
final products, 3 and 4, were not produced in the spyA-F single
gene deletion strains (Fig. 3). Detectable intermediates or shunt
products accumulated, however, in spyB-E single gene deletion
strains (Fig. 3). The metabolite profiles of mutants missing
Afu8g02420, Afu8g02430, or Afu8g02440 did not show signifi-
cant differences from their parent strain indicating that they
were not involved in the biosynthesis of sartorypyrones (Fig.
S41). These data are consistent with transcription data available
at FungiDB indicating that these three genes are regulated
independently of the spy genes.

Deleting the PKS gene, spyA (Afu8g02350), which is expected
to catalyze the first metabolic step in the pathway, dramatically
reduced production of the products of the pathway. However,
compounds 3 and 4 were produced in very small amounts (more
than a 100-fold reduction relative to the strain with spyA
present, as determined by EIC), suggesting that an alternative
mechanism exists in A. nidulans for the production of small
amounts of the polyketide produced by SpyA (Fig. S51). Based
on their domain structures, two A. nidulans PKS genes were
candidates for producing the same compound as SpyA, AN6448,
the PKS in the cichorine BGC and AN12440, the product of
which is unknown.*® However, deletion of these genes along
with spyA left a very small residuum of 3 and 4. These PKSs,
therefore are not responsible for the production of trace
amounts of 3 and 4 in the absence of spyA (Fig. S57).

The spyB (Afu8g02360) gene is predicted to encode an ace-
tyltransferase, and the mutant missing the spyB gene was
unable to produce the acetylated compounds 3 and 4. Instead,
the unacetylated derivatives, compounds 2 and 1, respectively,
accumulated in the culture medium and, at lower concentra-
tions, in mycelia. We detected substantially more of compounds
1 and 2 than in the parental strain with the intact refactored
BGC (more than a 100-fold increase as determined by EIC).
These data confirm that the protein encoded by spyB is an acetyl
transferase and, as indicated above, that start site 2 is correct.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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7
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Fig.3 (A) HPLC profiles of culture medium and mycelium extracts from A. nidulans transformants, which carry individual gene deletions from the

completely refactored spy strain LO11911 (Afu8g02420, Afu8g02430, Afu8g02440 were included). (B) Structures of compounds 5-11.

In the mutant missing the spyC (Afu8g02380) gene, we iso-
lated two prenylated polyketides 5 and 6, suggesting that the
spyC gene codes for an FAD-dependent monooxygenase as the
terminal olefin in the diterpene moiety was incapable of epox-
idation. The analysis of 'H, ’C, and 2D NMR confirm
compound 6 is a known intermediate, geranylgeranyl-triacetate
lactone (Table S7t),** while compound 5 is a new carboxylate
shunt product of 6 (Fig. 3B, for detailed structural elucidation
see ESIT).

The spyD (Afu8g02390) gene is predicted to encode a terpene
cyclase. In the mutant lacking the spyD gene, we detected two
uncyclized prenylated polyketides 7 and 8. The 'H, **C, and 2D

© 2023 The Author(s). Published by the Royal Society of Chemistry

NMR analysis confirmed compound 7 is sartorypyrone E, which
has been previously characterized in the literature (Table S87),>*
while compound 8 is the epoxide-containing intermediate in
the biosynthetic pathway of sartorypyrones (Table S9 and Fig.
S33-S377). Although other studies have proposed the hypo-
thetical biosynthetic intermediate structure of compound 8,**>
our study provides the first evidence of its existence as
a metabolite of the producing fungus. We named this new
compound epoxygeranylgeranyl-triacetate lactone. The epoxide
in compound 8 is relatively unstable and thus significantly
more of the hydroxylated shunt product compound 7 is
generated.
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Acidified culture medium extract

Control

—____,\__MA—&—H._A__.‘
SpyA

JLM
spyABCDE
_d_j’f__,_,A.fJ\AM—_

Authentic TAL

5 10 15 20 25 30 35

Fig. 4 HPLC profiles of acidified induced culture medium extracts
from an A. nidulans strain lacking spyA, and transformants which carry
inducible spyA alone or carry the entire inducible spy BGC with spyF
deleted (spyABCDE). An authentic TAL standard HPLC profile was
included for comparison.

SpyF+SpyC
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Compound 9 was present at low levels in the culture medium
of the strain with the full refactored BGC and in the spyB and
spyD deletants, but it accumulated at much higher levels in the
SpyE (Afu8g02400) deletant. 10 and 11 also accumulated in the
SpyE deletant but were not detected by LC/MS in other strains.
Large scale isolation and characterization via NMR spectros-
copy showed that metabolites 9-11 were produced by utilizing
farnesyl pyrophosphate (FPP) instead of geranylgeranyl pyro-
phosphate (GGPP) (Table S10-S12 and Fig. S38-S527), consis-
tent with spyE encoding a GGPS that converts FPP to GGPP. The
production of these compounds suggests that the prenyl-
transferase and FMO have a broad substrate tolerance and can
utilize both GGPP and FPP as substrates. Furthermore, the
relative configurations of these compounds were deduced to be
identical to their analogs with the GGPP moiety because of their
biosynthetic relationships. We named these new compounds
dihydroxyfarnesyl-triacetate  lactone (9), 17-methoxy-16-

HO

Fig.5 Proposed biosynthetic pathway for 3, 4, and related shunt products. The pathway bifurcates to 3—4 and related shunt products, which are
separated by a dashed line. Brackets indicate hypothetical parts of the pathway. The following domains in the NR-PKS SpyA are indicated: SAT:
starter unit-ACP transacylase; KS: ketosynthase; AT: acyl transferase; PT: product template; ACP: acyl carrier protein. SpyA is shown with acetyl-

CoA conjugated to the SAT domain.
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hydroxyfarnesyl-triacetate lactone
triacetate lactone (11).

In the mutant missing the spyF (Afu8g02410) gene, which
encodes a putative prenyltransferase, all the peaks were abol-
ished, as expected if SpyF is required for prenylation of triacetic
acid lactone (TAL) for production of compounds 6 and 11, but
we did not detect the polyketide products. Matsuda et al
showed that co-expression in A. oryzae of the A. felis sre3 terpene
cyclase with the A. versicolor chevalone E BGC genes encoding
the PKS, prenyl transferase, geranylgeranyl pyrophosphate
synthase and FAD-dependent monooxygenase produced sar-
torypyrone D. The proposed biosynthetic pathway suggested
that the polyketide TAL was the likely product of the chevalone
E BGC PKS. TAL was not detected, however, when the chevalone
E BGC NR-PKS Clel was expressed in A. oryzae.** Similarly, we
deduced that TAL is the likely polyketide product of the SpyA
NR-PKS, because compound 6 is a geranylgeranylated derivative
of TAL. Our proposed biosynthetic pathway predicts that TAL
should accumulate in the spyF deletion strain, but we did not
initially detect TAL in this deletant. We therefore constructed an
A. nidulans strain (LO12091) in which the SpyA NR-PKS, alone, is
expressed under control of the inducible alcA promoter. Culti-
vation and direct analysis of the induced culture medium of the
spyA-expressing strain compared with that of a control strain
lacking spyA did not initially reveal any polyketide products of
SpyA. In order to extract acidic phenolic polyketide compounds,
we lowered the pH value of the culture medium filtrate and
subsequently extracted the acidified medium by ethyl acetate.
Acidification of the culture medium from the sypA-expressing
strain, but not the control strain lacking spyA, revealed a new
peak, and we were able to confirm that the peak is TAL (12) by
comparing it to a TAL standard (Fig. 4). Therefore, SpyA is a TAL
synthase. Armed with this information, we acidified culture
medium from a spyF deletant and were able to detect 12. The
deletant strains in addition to the complete refactored strain
allowed us to isolate, and characterize by NMR, all the inter-
mediates in the sartorypyrone biosynthetic pathway (Fig. 5).

(10) and epoxyfarnesyl-

Discussion

Secondary metabolites contribute to the reproductive success
and pathogenicity of fungi, but many of the secondary metab-
olites produced by the BGCs of the serious fungal pathogen A.
fumigatus are unknown. We have used a combination of heter-
ologous expression and natural products chemistry to deter-
mine the products of a heretofore cryptic A. fumigatus
meroterpenoid BGC, which we have named the spy BGC. The spy
BGC harbors homologs of all the genes in the sartorypyrone A
(sre) BGC in A. felis. Several sartorypyrones have been isolated
from Aspergillus species, but this study is, to our knowledge, the
first to show the biosynthesis of this class of compounds from
an A. fumigatus BGC. The isolation of compounds 1-4 from the
refactored strain and the cluster reconstructed strain suggested
that a single terpene cyclase in the pathway is able to produce
both trans-decalin meroterpenoids and monocyclic mer-
oterpenoids. Promiscuous behaviors of terpene cyclases have
been reported in other studies.***”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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We created a set of targeted gene deletions that have allowed
us to elucidate roles of the spy genes in the biosynthesis of
compounds 3 and 4. Cultivation of deletant strains allowed us to
identify and fully characterize twelve compounds from the
pathway, seven of which have not been reported previously. Based
on the intermediates and shunt products isolated from the
mutant strains, we were able to propose a biosynthetic pathway
for the sartorypyrones produced by the spy BGC (Fig. 5). First,
compound 12 is generated by the NR-PKS SpyA using one mole-
cule of acetyl-CoA and two molecules of malonyl-CoA. As SpyA
lacks a thioesterase (TE) domain, 12 is likely generated through
self-release from SpyA by spontaneous lactonization. The pre-
nyltransferase SpyF then conjugates GGPP to 12 to form
compound 6, for which the pathway-specific GGPS SpyE is
required to provide GGPP. Subsequently, compound 6 is epoxi-
dized at the terminal olefin by the FMO SpyC, followed by cycli-
zation of the terpenoid component catalyzed by the terpene
cyclase SpyD. SpyD exhibits promiscuous activity, resulting in the
formation of bicyclic sartorypyrone F (1) and monocyclic sartor-
ypyrone D (2). While both compounds are generated by direct
terminating deprotonation, the degrees of polyene cyclization are
different (path a and b). Finally, the last step of the biosynthesis
involves the acetylation of the meroterpenoids by the acetyl-
transferase SpyB to produce compound 3 and compound 4. In the
absence of GGPP (i.e. in the mutant lacking spyE), SpyF is able to
catalyze addition of FPP to 12 to produce shunt products 9-11. If
SpYE is intact, GGPP is produced, and we hypothesize that SpyF
favors the addition of GGPP over addition of FPP such that little
of the shunt products accumulate (although a small amount of 9
was detected). In addition, by driving conversion of FPP to GGPP,
SpyE may reduce the available levels of FPP, thereby further
reducing production of 9-11. As to why 9 is detected in strains
with SpyE but 10 and 11 are not, 11 is likely to be somewhat
unstable which may reduce its levels and 11 appears to break
down to 9 in preference to 10 such that little 10 is produced even
in spyE deletants. A very small amount of 3 and 4 are produced in
the spyA deletant, which indicates that 12 is also produced by an
unknown minor mechanism. Note, however, that 12 is one of four
products produced when the A. terreus PKS gene ATEG_00145.1 is
expressed in A. nidulans.>® The major product of ATEG_00145.1 is
a pentaketide, but some triketide (12) and tetraketide is
produced. It is likely that the PT domain in ATEG_00145.1 that
controls product length is not stringent, allowing release of
shorter products in addition to the main product. It is possible
that an endogenous A. nidulans PKS produces a small amount of
12 as an early release product similar to ATEG_00145.1.

Several additional points are worth making. First, we were able
to refactor the entire A. fumigatus BGC as annotated by Inglis
et al,** and an additional gene, in two transformations using
transforming fragments created by fusion PCR, and we were
easily able to detect metabolites produced by the BGC in our
reduced SM background A. nidulans genetic dereplication strain.
This demonstrates the efficiency and practicality of our heterol-
ogous expression system for elucidating the products of cryptic
BGCs from A. fumigatus and potentially from other fungi. Second,
in the native BGC, promoters are likely of different strengths,
optimized by evolution to produce the final products of the
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biosynthetic pathway. In our refactored BGC, all promoters are
strong and this likely results in the accumulation of intermediate
compounds such as 1 and 2. This can be advantageous in eluci-
dating the biosynthetic pathway. Furthermore, we demonstrated
the feasibility of MicroED for elucidating structures of SMs
produced in our heterologous expression system. Our strategy of
reconstructing the target BGC in A. nidulans and up-regulating by
manipulating global regulators of secondary metabolism, while
very feasible, was of minor value with the sartorypyrone BGC, only
providing a confirmation of the final products of the BGC.
However, nearly all of the remaining cryptic BGCs of A. fumigatus
harbor putative transcription factors that are predicted to drive
expression of the genes of the BGCs. Reconstructing A. fumigatus
BGCs in A. nidulans and upregulating the transcription factors of
the BGCs could prove to be a very efficient approach toward
elucidating the remaining A. fumigatus BGCs.

Finally, TAL is a potentially very valuable biorenewable plat-
form chemical, and efforts are underway to produce it efficiently
by a number of routes. The most well-known route is via type III
PKSs, such as 2-pyrone synthase (2-PS), which catalyze decar-
boxylative Claisen condensation with one acetyl-CoA molecule as
the initial unit and two malonyl-CoA molecules as extension
units, followed by spontaneous lactonization to generate TAL.>**
Some research has employed heterologous expression of 2-PS in
various organisms, such as Escherichia coli, Yarrowia lipolytica,
and Saccharomyces cerevisiae to achieve a higher production
yield.®*** Alternatively, polyketoacyl-CoA thiolases (PKTs) were
shown to be capable of producing TAL using acetyl-CoA as both
initial and extension units.®* In this study, we have now
demonstrated that the NR-PKS SpyA is also able to form TAL.
Although our yields of TAL are not large, our system has not been
optimized for TAL production, and there are many routes to
much higher yields. Unambiguous identification of a type I NR-
PKS that makes TAL herein potentially opens the way to more
efficient and commercially viable TAL production.

Conclusions

In summary, we have deciphered an unknown SM BGC in the
human pathogen A. fumigatus using a heterologous expression
approach. The spy BGC consists of six contiguous genes involved
in the biosynthesis of the sartorypyrones. By integrating data
obtained from bioinformatic analysis and intermediates or
shunt products isolated from the individual gene deletion
mutants, we were able to propose a biosynthetic pathway for this
family of compounds. Our approach of refactoring the entire
gene cluster in the dereplicated A. nidulans host system provides
us with a straightforward way to dissect the biosynthetic
pathway. This work provides an appealing demonstration that
the A. nidulans heterologous expression platform can be used for
the elucidation of cryptic BGCs in A. fumigatus and other species.

Data availability

All experimental procedures and characterization data are
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