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Abstract

Filamentous fungi produce numerous uncharacterized natural products (NPs) that are often
challenging to characterize due to cryptic expression in laboratory conditions. Previously, we have
successfully isolated novel NPs by expressing fungal artificial chromosomes (FACs) from a variety
of fungal species into Aspergillus nidulans. Here, we demonstrate a new twist to FAC utility
wherein heterologous expression of a Pseudogymnoascus destructans FAC in A. nidulans altered
endogenous terpene biosynthetic pathways. In contrast to wildtype, the FAC transformant produced
increased levels of squalene and aspernidine type compounds, including three new nidulenes (1-2,
5), and lost nearly all ability to synthesize the major A. nidulans characteristic terpene, austinol.
Deletion of a squalene synthase gene in the FAC restored wildtype chemical profiles. The altered
squalene to farnesyl pyrophosphate ratio leading to synthesis of nidulenes and aspernidines at the
expense of farnesyl pyrophosphate derived austinols provides unexpected insight into routes of
terpene synthesis in fungi.

Teaser
Reshaping terpenes: Heterologous FAC expression reroutes terpene pathways.
Introduction

Fungi produce a wide variety of natural products (NPs, also called secondary metabolites), some of
which have important medicinal properties as drug candidates (/—3). Among these metabolites,
meroterpenoids have emerged as a class of secondary metabolites that possess complex structures
and diverse bioactivities (4, 5). Meroterpenoids are formed through the mixing of terpene
biosynthetic pathways with other biosynthetic origins such as polyketide or non-ribosomal peptide
pathways resulting in a high degree of structural diversity (4, 6). These compounds have attracted
significant attention in drug discovery and development due to promising pharmacological
activities, including antifungal, antibacterial, antiviral, anti-inflammatory, and anticancer properties
(7). More than 1,500 novel fungi-derived meroterpenoids have been isolated and published since
2009 (8). As such, understanding the biosynthesis, structure, and biological activities of fungal
meroterpenoids is of great interest to the field of drug discovery.


mailto:jwbok@wisc.edu
mailto:npkeller@wisc.edu
https://doi.org/10.1101/2023.10.20.563295
http://creativecommons.org/licenses/by-nc/4.0/

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563295; this version posted October 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

One limitation of current drug discovery in fungi is the difficulty in expressing silent fungal
biosynthetic gene clusters (BGCs) under laboratory conditions to produce NPs for drug candidate
screening (9). Fungal artificial chromosomes (FACs) represent a genetic tool to produce unknown
fungal NPs by transforming randomly sheared genomic DNA containing fungal BGCs in
heterologous hosts, such as Aspergillus nidulans (10). FACs offer the advantages of the easy
association of mass spectrometry (MS) detectable metabolites with their transformed BGCs (10).
Many FAC-derived NPs are cryptic metabolites not typically produced by the endogenous species,
resulting in an increased potential to discover novel fungal metabolites and related BGCs (/7). For
example, benzomalvins A/D (/1), valactamide A (/1), and terreazepine (/2) and their BGCs were
newly identified by applying FACs transformation into A. nidulans.

A. nidulans is a renowned heterologous expression host due to the ease of genetic manipulation
first established in the late 1940s (/3) and easily adapted to new genetic tools in the subsequent
decades (/4). Further, studies in this fungus in the last 30 years have linked over 30 BGCs to
specific NPs (15) which simplifies the identification of heterologous NPs such as those expressed
from FACs. Yet, A. nidulans contains over 70 BGCs (/6) suggesting that many new compounds
still remain to be identified in this fungus. As a twist in the use of FAC technology, here we present
a new utility of this technology to induce new endogenous NPs in the expression host. By
expressing a Pseudogymnoascus destructans squalene synthase (SqsA) containing FAC in A.
nidulans, we were able to induce biosynthesis of novel endogenous NPs in this host. Instead of
producing P. destructans-derived metabolites, expression of sgsA in A. nidulans served as a terpene
regulating tool amplifying and redirecting host-derived meroterpenoid pathways. A. nidulans
contains two known meroterpenoid BGCs encoding the dominant austinol family (8) and the silent
aspernidine family (/7) of metabolites. Heterologous expression of P. destructans sqsA FAC
redirects the A. nidulans biosynthetic output from austinol synthesis to aspernidine synthesis
concomitant with the production of three new and six known compounds, four possessing
immunomodulatory properties (Fig. 1). We suggest leveraging P. destructans sqsA FAC as a new
tool to increase pools of fungal meroterpenoids and a new method to investigate unidentified fungal
meroterpenoids such as the nidulenes A—E (1-5).

Results
A Pseudogymnoascus destructans FAC induces squalene production in A. nidulans.

During our search for novel bioactive compounds generated from the FAC transformation of A.
nidulans, we identified a FAC, PAFACI, from the fungal bat pathogen P. destructans containing
the gene VC83_00068 (genebank#: XM_024463765.1) encoding a putative squalene synthase
gene, sqsA, whose encoded product showed 50% identity to Saccharomyces cerevisiae SqsA (18)
and a 61% identity to the A. nidulans SqsA (AN10396). Squalene synthase, also known as farnesyl-
diphosphate farnesyltransferase, is a key enzyme in the isoprenoid pathway (/9) and is required for
the synthesis of ergosterol in fungi (20) and cholesterol in animals (27) (Fig. 2). The primary
product of squalene synthase is squalene, which is formed from dimerization of two molecules of
farnesyl pyrophosphate.

To determine if the sgsA gene from P. destructans affected production of squalene in A. nidulans,
we compared the squalene production level of a control strain (TJIW167), an A. nidulans
transformant with a PAFAC1 (TJW336), and an A. nidulans transformant with PAFAC1 deleted for
sqgsA (TIJW337) (Table S1). Metabolite extracts were analyzed by high-resolution UHPLC-
MS/MS, and the resulting datasets were compared using the Maven ver.2.0.3 and MZmine ver.3
software, which facilitates comparative analysis of UHPLC-MS/MS data from multiple different
strains. The production of squalene was increased ten-fold in TYW336 compared to the control and


https://doi.org/10.1101/2023.10.20.563295
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563295; this version posted October 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

99  TIW337, both of which barely produced detectable squalene (Fig. 3). Thus, the squalene synthase
100 gene in PAFACI boosted the production level of squalene in A. nidulans.
101
102 PdFACI1 redirects host meroterpenoid production.
103
104 Although the role of squalene as an ergosterol precursor is well known (22), recent papers have
105 shown that alternative functions of SqsA and SqsA-like enzymes and subsequent squalene synthesis
106  are involved in induction of terpenoids in plants (23, 24) and bacteria (25). We thus hypothesized
107 that A. nidulans transformants expressing PAFAC1 could be altered in terpenoid production. To
108  investigate the effect of SqsA on the chemical composition of host strains, a full range of UHPLC-
109  MS/MS spectra of each strain (control TIW167, TIW336 PAFACI1, and TIW337 PdFAC1AsgsA)
110  were compared (Fig. 4). While the control strain produced austinol, a cyclized sesquiterpene, as a
111 major A. nidulans terpene product, the TTW336 instead produced aspernidine-type meroterpenoids
112 with a linear sesquiterpene attached to the aromatic ring (Fig. 4). From the sgsA deleted strain
113 (TJW337), austinol was produced again while the production of aspernidine-type meroterpenoids
114 was gone. Normally the wildtype A. nidulans strain used in this study does not produce aspernidines
115  and its BGC was only discovered by screening a protein kinase mutation library where one mutant
116  (Ampk) produced aspernidines allowing for BGC discovery (/7). Interestingly both PAFACI1 and
117 Ampk are greatly diminished in ability to produce austinol while overproducing aspernidines,
118  suggesting a possible shift in the precursor shunt pathways common to both strains. Previous studies
119 have indicated that austinol is derived from farnesyl pyrophosphate (FPP) and 3,5-dimethyl orsellic
120 acid (I7). Here, it appears that SqsA activity directs FPP into high amounts of squalene in TYW336.
121 We hypothesize that this redirection reduces available farnesyl pyrophosphate pools for austinol
122 synthesis and instead increases squalene pools utilized in synthesis of aspernidine-like metabolites
123 (Fig. 4). Although it has been speculated that the aspernidine terpene tail is derived from farnesyl
124 pyrophosphate (26), our data suggests that squalene could be the source of the farnesyl tail, possibly
125  through degradation through oxygenase activity reminiscent to degradation pathways reported in
126  bacteria (27, 28).
127

128  Structure determination of prenylated compounds isolated from TJW336.
129

130 To determine the structural analysis of the many terpenoids produced in TIW336, each compound
131 was isolated with HPLC. The molecular formula of compound 1 was deduced to be C27H37NO¢
132 with 10 degrees of unsaturation by HR-ESI-MS analysis. The '*C NMR and DEPT-135 data of this
133 compound displayed 27 C-atoms, which were assigned to two carbonyl carbons (8¢ 173.8 and
134 167.3), twelve sp2 carbons (dc 153.8-120.8), six methyl carbons (6c 55.8—15.7), and seven aliphatic
135 carbons (Table 1). Among the seven aliphatic carbons, four carbons were assigned to methylene
136 carbons (dc 38.9, 38.8, 26.2, and 25.9). The carbon and proton chemical shifts indicated the
137 presence of an oxymethylene (8c/0n 68.2/4.46), a nitrogenous methylene (8c/0n 44.5/4.59 and
138 4.17), and a sp® methine (8c/8u 51.2/4.49), which bear nitrogen (Tables 1 and 2). Overall, 1 was
139 found to possess two rings based on the combinational analysis of the NMR data (Figs. S1-S6) and
140  the degrees of unsaturation inherent in the mass data, implying that this compound belongs to the
141 prenylated isoindolinone class.

142 The COSY and HMBC correlations revealed the characteristic connections within the farnesyl
143 side chain. (Fig. 5). The COSY signals of H>-1'-H-2' (u 4.46 and 5.48), H»-4'-H-6' (6u 1.97, 2.02,
144 and 5.08), and H>-8'-H-10" (6 1.93, 2.00, and 5.06) and the HMBC correlations of these protons
145 and four methyl protons at du 1.63, 1.55, 1.55, and 1.59 (H3-12'-Hs-15', respectively) with
146 neighboring carbons revealed the presence of the farnesyl side chain. The HMBC coupling of the
147 methylene protons Hz-1' (8x 4.46) to a quaternary carbon at 6c 137.6 indicated O-prenylation of the
148 aromatic system. HMBC couplings of H»-3 (8u 4.59 and 4.17) with C-1 (6¢ 167.3), C-3a (8¢ 122.4),
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1499 C-4 (8¢ 146.7) and C-7a (6c 128.2) and H-7 (6n 6.99) with C-1 (8¢ 167.3), C-3a (6c 122.4), and C-
150 5 (8¢ 137.6) revealed the isoindolinone substructure. HMBC coupling of 1 3.90 and C-6 (6¢ 156.0)
151  established the position of the methoxy substituent. The COSY correlations of H-2" (6u 4.49) and
152 H3-3" (6u 1.31) and the HMBC correlations of these protons with C -1" (¢ 173.8) revealed the
153  alanine moiety. The direct linkage between alanine moiety to the isoindolinone moiety was
154  suggested by a crucial HMBC correlation of a-proton of alanine at H-2" (3 4.49) and a nitrogenous
155  methylene carbon of isoindolinone at C-3 (8¢ 44.5). The planar structure of 1 was found to be
156  similar to aspernidine A, a recently reported prenylated isoindolinone from the fungus A. nidulans.
157  Thus, compound 1, designated nidulene A, was determined to be a new aspernidine-type prenylated
158  isoindolinone attached with an alanine.

159 In order to determine the absolute configuration at C-2" of 1, a comparison of the experimental
160  and calculated ECD spectra was carried out. Initially, the calculated ECD results of (R)-nidulene A
161  and (S)-nidulene A did not show the opposite signs possibly due to the presence of significantly
162  different number of conformers. Total three conformers were obtained from (R)-nidulene A while
163 nine conformers were obtained from (S)-nidulene A based on a density functional theory (DFT)-
164  based computation. As shown in Fig. 6, the experimental CD data of 1 was almost identical to ECD
165 spectrum of (R)-nidulene A. Thus, the absolute configuration at C-2" was assigned to R
166  configuration and the structural similarity with an amino acid alanine suggest that the amino acid
167  side chain of 1 could be derived from d-alanine.

168 Compound 2 was isolated as a yellow amorphous solid with a formula of C22H3003 based on HR-
169  ESI-MS analysis. The *C NMR data of this compound displayed 22 C-atoms, which were assigned
170 to one aldehyde carbon (8c 192.2), twelve sp? carbons (8¢ 151.3—111.4), four methyl carbons (8¢
171 25.9-16.2), and five aliphatic carbons (&¢c 66.2-26.3) (Table 1, Figs. S7-S11). Same as compound
172 1, the COSY and HMBC correlations revealed the farnesyl side chain with 15 C-atoms. Among the
173 remaining seven unassigned carbon atoms, six sp2 carbons (8¢ 130.7, 114.2, 146.5, 151.3, 114.2,
174 and 124.6; C-2—C-7, respectively) revealed an aromatic ring based on the combination of COSY
175  and HMBC data (Fig. 5). The HMBC correlations from H-1 (du 9.84) to C-3 (8¢ 114.2) and C-7
176 (dc 124.6) showed the evidence of direct attachment at C-2 position of the aromatic ring. The
177  aromatic ring was constructed by the COSY signal between H-6 (6n 6.97) and H-7 (0n 7.41) with
178  acoupling constant of 8.0—8.5 Hz and the HMBC correlations from H-6 (dn 6.97) to C-2 (d¢ 130.7)
179 and C-4 (dc 146.5), H-7 (6u 7.41) to C-5 (8¢ 151.3) and H-3 (8u 7.44) to C-5 (8¢ 151.3) and C-7
180 (d¢ 127.6). The HMBC coupling of the methylene protons Hz-1' (8u 4.70) to a quaternary carbon
181 at C-5 (8¢ 151.3) indicated O-prenylation of the aromatic ring. Thus, compound 2, designated
182 nidulene B, was determined to be a new asperugin-type prenylated aromatic derivative.

183 The '*C and 'H NMR data (Figs. S12-S13) of compound 3, which is a known compound (29)
184  and has the same molecular formula with 2, were similar to those obtained for 2. Both compounds
185 2 and 3 had the identical carbon and proton chemical shifts for the structure of the farnesyl side
186 chain. The most noticeable difference between 2 and 3 was the replacement of the attachment of a
187  farnesyl chain. For compound 2, the terpene tail was attached to the para position, while compound
188 3 has a tail at the meta position of the aromatic system. Compound 3 was a known compound
189 without proper name (29). Thus, compound 3 was named as nidulene C.

1{90 The molecular formula of 5§ was established as C24H3403 by HR-ESI-MS analysis. Based on a
191  combination of spectroscopic analyses and a literature survey, compound 5 was identified as a
192 methoxy adduct of the ovinal (Figs S16-S17) (30). Although the spectroscopic data of this
193  compound were reminiscent of those of 1-4, several differences were found in the structure of 5.
194  First, it was found that there is no oxygen bridge between the farnesyl tail and the aromatic head.
195  Also, there was one extra methyl group in the aromatic system than 1-4. Unlike the other four
196  compounds, compound S had a direct attachment of methyl to the aromatic head. The planar
197 structure of the compound is the same as ovinal, isolated from Albatrellus ovinus, with an extra
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198  methoxy group. Thus, the structure of §, designated nidulene E, was determined to be a new ovinal
199  derivative (30).

200 In addition to 1-3 and 5, 5 known compounds, prenylated isoindolinone alkaloids (4, 6, 7) and
201  linear sesquiterpenes (8, 9), were also isolated. Based on a combination of spectroscopic analyses
202 and literature investigations (Figs. S14-S15, S18-S25); these compounds were identified as an
203  aspernidine derivative (4) (29), aspernidine A (6) (26), aspernidine F (7) (31), methyl farnesoate
204 (8) (32), and JH-diol (9) (33). The spectroscopic data of these compounds were in good agreement
205  with the reported values. Among these compounds, 4 had not been previously named; therefore, it
206  was named as nidulene D (29).

207

208  Human neutrophil chemotaxis is induced by nidulene E (5) and inhibited by nidulene A (1),
209  nidulene C (3), and aspernidine F (7).

210

211 As a preliminary examination of crude extracts from TJW336 showed impacts on neutrophil
212 mobility and several studies have identified chemotactic properties of other terpenoids (34, 35), we
213 examined all purified metabolites for any effects on neutrophil migration. Upon screening all
214 compounds, nidulene E (5) was the only chemoattractive compound. In comparison to the vehicle
215 control (DMSO), we saw increased neutrophil movement to concentrations 0.1, 10, and 100 pg/mL
216 of nidulene E (5) (p = 0.0134, 0.0081, <0.0001 respectively). Nidulene E (§) at 100 pg/mL showed
217  the greatest impact on neutrophil chemotaxis, though less than our positive control fMLP
218 (p<0.0001) (Fig. 7A). Inhibition of fMLP-driven neutrophil chemotaxis occurred with the
219 following compounds: nidulene A (1) (100 pg/mL, p = 0.0009), nidulene C (3) (100 pg/mL, p =
220 0.0222), and aspernidine F (7) (100 pg/mL, p = 0.0001) (Fig. 7B-D). Compounds 2, 4, 8, and 9
221 resulted in no chemotaxis or inhibition of chemotaxis across the concentrations tested (Figs. S26
222 and S27). Aspernidine A (6) was tested for both chemotaxis and inhibition but the data was
223 inconclusive due to its high toxicity (data not shown).

224

225  Discussion

226

227  The activation of silent gene clusters in fungi for production of uncharacterized secondary
228  metabolites has garnered significant attention in recent years (36). Genetic tools play a crucial role
229  in this pursuit by providing means to unlock the hidden potential of fungal genomes (37). One such
230  tool is the implementation of fungal artificial chromosome (FAC) technology that can specifically
231  target and activate silent BGCs in heterologous hosts (1/0). By applying FAC method inversely, we
232 present a twist to FAC utility where we demonstrate that heterologous expression of a P.
233 destructans FAC containing a squalene synthase induced cryptic A. nidulans aspernidine family
234 compounds including uncharacterized novel immunomodulatory compounds (1-2, §; Fig. 1). This
235  activation of aspernidines was accompanied by near loss of austinol, which is considered the
236  primary terpene product in A. nidulans (Figs. 2 and 4). The shift of the terpene profile was correlated
237  with shunting of farnesyl pyrophosphate into squalene, thus presenting the potential of terpene
238 manipulation via overexpression of primary metabolite enzymes to redirect flow of the isoprene
239 precursor to different products.

240 Both farnesyl pyrophosphate and squalene are incorporated into numerous terpenes. Canonical
241  classes include sesquiterpenoids derived from the farnesyl pyrophosphate precursor and
242 triterpenoids derived from squalene (38, 39). Logic based on aspernidine structure, therefore,
243 suggested that the linear tail was derived from farnesyl pyrophosphate, but our results suggest the
244 sesquiterpene tail is more likely derived from the triterpene squalene (Fig. 2). Traditionally,
245  terpenes were categorized by the number of isoprenyl units they contained and the origin of terpenes
246 was assumed based on the linear form of isoprenyl units (40). However, more recent studies have
247  characterized a variety of terpenes that do not follow the traditional isoprenyl unit rational. For
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248  example, triterpenes talaropentaene, macrophomene, and colleterpenol are identified as non-
249  squalene triterpene compounds (4/). Oxidative degradation of squalene into smaller terpenes has
250  been reported in several publications (27, 28, 42). Our work also supports a non-canonical
251  incorporation of squalene into a sesquiterpenoid containing family of metabolites.

252 The terpenoid potential of A. nidulans is only partially defined. Of the ca. 35 terpene synthesis
253 related genes including terpene synthases, terpene cyclases, and/or prenyl transferases, found in the
254  sequenced A. nidulans FGSC A4 genome (the isolate used in this study), only nine have been
255  genetically linked to their product: AN1592 and AN1594 (PbcA) to ent-pimara-8(14),15-diene,
256 AN9259 (AusN) and AN9257 (AusL) to austinol, AN3228 (PkfE) to aspernidines, AN8514 (tidB)
257  to terrequinone, AN11080 (nptA) to nidulanin A, and AN6784 (xptA) and AN12402 (xptB) to
258  prenylated xanthones (Fig. 2). Products of AN3252, AN6810 and AN9314 are yet to be determined
259  (43). Further, there is variation in the genomes of different A. nidulans isolates where, for example,
260  isolate SP260548 is missing the austinol clusters (/6). The results of this study suggest a close
261  relationship between the production of two different Aspergillus nidulans-derived sesquiterpenes,
262  austinol and aspernidines, and also implicate the involvement of squalene in the synthesis of
263 aspernidine. By manipulating genes in the host strain, we can gain insights into the correlations of
264  host-derived terpenes and their biosynthetic pathways. Gene manipulation has been instrumental in
265  elucidating terpene discovery in fungi, allowing researchers to gain a deeper understanding of the
266  biosynthetic pathways and regulation of terpene production. For instance, the biosynthetic pathway
267  of the fungal meroterpenoid anditomin, along with its precursors, was clearly identified by
268  heterologous expression of related BGCs from A. variecolor in A. oryzae (44). Moreover, by
269  manipulating potential terpene cyclases in the host strain Fusarium fujikuroi, researchers
270  successfully produced and isolated new fungal terpenes, koraiol, and a.-acorenol (45).

271 The biological activities of aspernidines are not well characterized with only two studies to-date
272 demonstrating moderate antiproliferative activities of aspernidines A and B (26) and anti-tumor
273 properties of aspernidine H in A-594 and SW-480 cell lines (37). Based on initial activities of crude
274 extracts of TIW336, we focused on examining any impact of the 9 purified compounds on
275  neutrophil migration. The human neutrophil chemotaxis results supported this initial observation
276 and presented a first look into structure activity relationships of these compounds (Table S2). The
277  aromatic head of these compounds can have immense structural variations, such as isoindolinone,
278  phthalimidine, and phenol and we found the majority of differences in bioactivities attributable to
279 these structural distinctions. Nidulene A (1), nidulene C (3) and aspernidine F (7) inhibited
280  neutrophil chemotaxis whereas nidulene E (5) promoted migration. Based on the structural
281  differences matched with the neutrophil migration results, there are several clues that may explain
282 where the activity comes from. For example, Nidulene A (1), aspernidine A (6), and aspernidine F
283 (7) shared the same moiety, which is an isoindolinone but showed different activity. The additional
284  functional groups on the nitrogen from the isoindolinone moiety (compounds 1, 7) may present
285  inhibition activity toward human neutrophil cells while an NH-proton of the same moiety
286  (compound 6) may present the cytotoxicity. Unlike other isolated meroterpenes, nidulene E (5)
287  showed some chemotaxis activity possibly caused by either the different aromatic head moiety or
288  direct attachment of a linear terpene to the aromatic system without an oxygen bridge. Since the
289  differences from the aromatic head of each terpene showed different activities, we hypothesized
290  that the aromatic head of the terpene may differentiate the inhibition activity on human neutrophil
291 cells.

292 In conclusion, a tool that shifts the flux of precursors into multiple SM biosynthetic pathways and
293 induce production of novel cryptic compounds has significant potential to drive discovery of novel
294  bioactive compounds. Terpenes encompass a broad class of natural compounds that hold substantial
295  promise for therapeutic applications (46, 47). Gaining mastery over the biosynthesis of fungal
296  terpenes opens up new avenues in drug development. Thus, developing methods of controlling
297 and/or altering the production of various terpenes in fungal strains through terpene gene
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298  manipulation will add to our understanding of the biosynthetic pathway and biological role of
299  fungal terpenoids (48). In this research, we took a different approach using FAC and demonstrated
300  that when a PAFACI including sgsA was expressed heterologously in A. nidulans, it led to changes
301 in the host biosynthesis of endogenous terpene pathways. Compared to the control strain (TJW167),
302 the PAFACI transformant (TJW336) exhibited increased production of squalene and compounds
303  belonging to the aspernidine family. We identified three novel and six known fungal terpenes (1—
304  9). We propose a mechanism in which the conversion of FPP to squalene by sgsA leads to increased
305  synthesis of aspernidine type compounds, which may be derived from the squalene at the expense
306  of FPP-derived austinol. We speculate that this method could be employed to successfully modify
307  terpene profiles in other fungi. This research highlights the potential utility of FACs in altering
308  fungal metabolite production and sheds light on the interplay between terpene biosynthetic
309  pathways in filamentous fungi.

310

311  Materials and Methods
312

313 P. destructans FAC library
314

315  The fungal strains (Table S1) used in this study are A. nidulans RIW256 and P. destructans 20631-
316  21. A. nidulans RIW?256 is used as the heterologous host for FAC transformation. For the high
317 molecular weight (HMW) genomic DNA isolation and FAC library construction, P. destructans
318  was inoculated from a concentrated spore stock in liquid glucose minimal media (GMM) (49).
319  Cultures were incubated at 15 °C for 2 days and HMW genomic DNA were prepared and FAC
320  library constructed according to the method described previously (/0). All FAC clones and FAC
321  library are cloned in Escherichia coli strain: igMax™ DH10B electrocompetent cells.

322

323 PdFACI1 identification, re-sequencing and key gene deletion via FAC recombineering

324

325  Similar to BAC pooling and sequencing (50), P. destructans FAC library was pooled according to
326  Column_Row_Plate, their pooled DNAs were sequenced by using dual-indexing Illumina
327  sequencing, and DNA assembly, annotation and BGC prediction, and BGC-containing FAC
328  1identification with an in-house bioinformatics pipeline. PAFACI1 contained the gene VC83_00068
329  (genebank#: XM_024463765.1) encoding a putative squalene synthase, SqsA. The sgsA was
330  deleted in PAFACI using a pair of primers (Table S3) to create the FAC deletant: TJW337 via E.
331 coli SW101 using Red/ET tools as previously mentioned (Table S3) (57, 52). PAFACI was
332 confirmed by re-sequencing and re-annotated.

333

334  Transformation of FACs into the heterologous host strain and construction of TJW336 and
335 TJW337.

336

337  Transformation in A. nidulans was followed as described in a previous study (53). Briefly, 2 [Jg of
338  FAC DNA was mixed with protoplasts (107 protoplasts/mL) in presence of 30% PEG-4,000 with
339 50 mM CaCl for fungal transformation and transformed protoplast was regenerated on solid GMM
340  with 1.2 M sorbitol and pyridoxine (1 mL of a 0.1% stock solution) as a supplement and incubated
341 it for 3 days at 37 °C in an incubator to obtain transformants. All transformants were confirmed by
342 PCR using a pair of primer listed in Table S3 (data not shown). We constructed the fungal
343 heterologous expression strains: A. nidulans/PdFAC1 as TIW336 and A. nidulans/PdFAC1AsgsA
344 as TIW337, respectively.

345

346  Fungal culture and extraction of secondary metabolites.

347
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348 A control strain TIW167, TIW336 and TIW337 were inoculated on triplicated GMM plates and
349  incubated for 7 days at 37 °C according as previously reported (/7). Subsequently, the entire
350  contents of the plates were collected and lyophilized for 48 h. Samples were then pulverized with
351  a mortar and pestle, and methanol was added. Air-dried methanol extracts were prepared with a
352 SpeedVac system (Savant SpeedVac Concentrator, SC250EXP-115) and then further extracted
353  with organic solvent (chloroform:methanol:ethylacetate, 8:1:1). Organic extracts were evaporated
354  to dryness in a SpeedVac and stored at —20 °C until analysis. For the metabolite isolation and
355  purification, 15 g of crude extract of TIW336 was obtained from 600 plates of solid GMM
356  incubated for 7 days at 37 °C.

357

358  UHPLC-HRMS/MS analysis.

359

360  Ultra-high pressure liquid chromatography—high resolution mass spectrometry (UHPLC-HRMS)
361  data were acquired using a Thermo Scientific Q Exactive Orbitrap mass spectrometer (Waltham,
362  MA, USA) coupled to a Vanquish UHPLC (Waltham, MA, USA) operated in positive ionization
363  mode. All solvents used were of spectroscopic grade. Extracts from the conditions described below
364  were diluted into 1 mg/mL and used as samples for UHPLC— HRMS/MS. For the general screening
365  including terpenes, a Waters XBridge BEH-C18 column (2.1 x 100 mm, 1.7 um) was used with
366  acetonitrile (0.05% formic acid) and water (0.05% formic acid) as solvents at a flow rate of 0.2
367  mL/min. The screening gradient method for the samples is as follow: Starting at 10% organic for 5
368  min, followed by a linear increase to 90% organic over 20 min, another linear increase to 98%
369  organic for 2 min, holding at 98% organic for 5 min, decreasing back to 10% organic for 3 min,
370  and holding at 10% organic for the final 2 min, for a total of 37 min. For the squalene detection, the
371  same Waters XBridge BEH-C18 column (2.1 x 100 mm, 1.7 pm) was used with methanol and
372 water as solvents at a flow rate of 0.2 mL/min. The screening gradient method for the samples is as
373 follow: Starting at 75% organic followed by a linear increase to 98% organic over 2 min, holding
374 at 98% organic for 15 min, decreasing back to 75% organic for 0.2 min, and holding at 75% organic
375  for the final 2.8 min, for a total of 20 min. A quantity of 10 uL of each sample was injected into the
376  system for the analysis. Each extract was diluted in 1 mg/mL in methanol and 100 ppm of squalene
377  was used as standard.

378

379  General experimental procedures.

380

381 UV spectra were acquired using a Cary Bio400 UV/Vis spectrophotometer (Varian Inc., Palo Alto,
382 CA, USA). CD spectra were recorded on an AVIV model 420 circular dichroism spectrometer (Hod
383 Hasharon, Israel). IR spectra were recorded on a JASCO 4200 FT-IR spectrometer (Easton, MD,
384  USA) using a ZnSe cell. NMR spectra were recorded in MeOD-ds, DMSO-ds or CDCl3 solutions
385  on Bruker Avance III HD, 500 MHz instrument (Billerica, MA, USA) equipped with a 5 mm
386  cryoprobe. NMR spectra were processed, and baseline corrected using MestReNova software.
387  UHPLC-HRMS and UHPLC-MS/MS data were acquired using a Thermo Scientific Vanquish
388  UHPLC system (Waltham, MA, USA) connected to a Thermo Scientific Q Exactive Hybrid
389 Quadrupole-Orbitrap mass spectrometer (Waltham, MA, USA) operated in positive and/or negative
390  ionization modes using an m/z range of 190 to 2,000. HPLC separations were performed on a Gilson
391 332 pump and a Gilson 171 DAD detector (Middleton, WI, USA). All solvents used were of
392 spectroscopic grade.

393

394  Compound isolation and purification.

395

396  The terpene-type compounds from half of the crude extract of TJW336 were initially isolated by
397  preparative reversed-phase HPLC (Waters Xbridge PREP C18 OBD column, 5 pm, 19 x 250 mm)
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398 using a gradient solvent system (50% CH3CN—-H»O to 90% CH3CN-H>O over 35 min, UV
399  detection at 210 nm, and flow rate = 16 mL/min) and afforded compounds 1 (fgr = 21.8 min), 5§ (r
400 =28.4min), 6 (tr =20.2 min), 7 (fr = 17.3 min), 8 (frr = 33.3 min), and 9 (rr = 17.1 min). Another
401  half of the crude extract was loaded onto the same column using a different gradient solvent system
402 (20% CH3CN—H>0 to 95% CH3CN—H>0 over 24 min, UV detection at 210 nm, and flow rate = 16
403  mL/min). The fifth fraction (51.2 mg) that eluted with 95% CH3CN—-H>O was separated by
404  preparative reversed-phase HPLC (68% CH3CN—H-0 over 30 min, UV detection at 210 nm, and
405  flow rate = 16 mL/min) and afforded compounds 2 (fr = 24.0 min), 3 (fr = 26.1 min), and 4 (tr =
406  27.5 min). Compounds 1 was purified by an analytical HPLC (68% CH3CN—H20 over 30 min; UV
407  detection at 210 nm, and flow rate = 2.0 mL/min; YMC-ODS-A column, 4.6 x 250 mm; r =22.1
408  min, respectively). The purified metabolites were isolated in the following amounts: 2.3, 5.6, 5.5,
409  7.7,7.6,3.4,1.5,4.4, and 3.3 mg of 1-9, respectively.

410

411 Nidulene A (1): yellow, amorphous solid; UV (MeOH) Amax (log €) 208 (4.24), 263 (1.26) nm; IR
412 (ZnSe) Vimax 3247 (br), 1758, 1671 cm’!; 'H and '>C NMR data, Table 1 and 2; HR-ESI-MS m/z
413 472.2684 [M+H]" (calcd for C27H33NOs, 472.2694).

414

415  Nidulene B (2): yellow, amorphous solid; UV (MeOH) Amax (log €) 194 (5.84), 229 (2.34), 276
416 (1.84), 311 (1.45) nm; IR (ZnSe) Viax 3250 (br), 1734, 1629 cm’'; 'H and '*C NMR data, Table 1
417 and 2; HR—ESI-MS m/z 343.2112 [M+H]" (calcd for C22H3103, 343.2112).

418

419 Nidulene E (5): yellow, amorphous solid; UV (MeOH) Amax (log €) 205 (5.39), 265 (1.33) nm; IR
420  (ZnSe) Vimax 3224 (br), 1729, 1608 cm’!; 'H and '>C NMR data, Table 1 and 2; HR-ESI-MS m/z
421 371.2572 [M+H]" (calcd for C24H3503, 371.2581).

422

423 ECD calculations.

424

425  The conformational search for the C-2" position of compound 1 was performed using Spartan 14
426 (v.1.1.7 Wavefunction Inc., Irvine, CA, USA) to identify all possible conformers for each isomer.
427  Through Gaussian 16 software (Wallingford, CT, USA), the equilibrium geometries were
428  optimized to the ground-state level based on the density functional theory (DFT) calculations. The
429  basis parameter set used was B3LYP. Conformers within 15 kJ/mol of each global minimum for R
430 and S form of 1 were used for gauge-independent atomic orbital (GIAO) shielding constant
431  calculations without geometry optimization at the B3LYP level.

432

433  Human neutrophil chemotaxis to purified compounds (1-9).

434

435  Human blood was donated by healthy volunteers based on protocols reviewed and approved by the
436 Institutional Review Board at the University of Wisconsin-Madison. Using a MACSpress
437  neutrophil isolation kit (#130-104-434, Mlltenyi) and the erythrocyte depletion kit (#130-098-196,
438  Miltenyi), we isolated human neutrophils from whole blood and stained cells with Calcein AM
439  (C1430, Thermofisher Scientific) at 4 °C for 1h in the dark. Cells were rinsed with PBS and
440  resuspended to 5 x 10° cells/mL. Using a previously established protocol (54) with some
441  modifications, a transwell plate (96-well) is prepared 24 h prior to the assay by incubating the upper
442 and lower wells with 10 pg/mL of fibrinogen for 1 h at 37 °C with gentle shaking. Wells are washed
443 with PBS and blocked with 2% bovine serum albumin (BSA) for 30 min at 37 °C before aspiration
444 and drying overnight. On the day of the assay, compounds diluted in mHBSS (1x HBSS, 0.1%
445  human serum albumin, 20 mM HEPES) and added to the respective lower wells at 100 pL/well.
446  Additionally, vehicle controls and fMLP (10 nM) are also prepared in mHBSS and added to
447  requisite wells. Neutrophils are added to the upper chamber at 5 x 10* cells/well and a loading
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control is used to ensure equal numbers of cells were loaded. Plates are incubated for one hour at
37 °C. Following incubation, we release cells by adding 45 mM EDTA pH 8.0 to lower wells for
15 min. at 4 °C. Samples are transferred to a u-bottom 96-well plate and run on the plate reader of
the attune for enumeration following setup of the machine with single-stained samples. The attune
is set to mix once prior to drawing up and reading 120 pL of fluid/well. Data is analyzed using
FlowJo (10.8.1) software. Percent cell movement is determined by assessing the number of live
cells in the treatment well and dividing by the total number of cells recorded in the loading controls.
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656  Fig. 1. Structure of compounds (1-9). The structure of isolated terpenes from PdFACI.
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661  Fig. 2. The hypothesized scheme of A. nidulans derived terpenes and prenylated metabolites
662  pathways.
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665  Fig. 3. Squalene production is dependent on presence of P. destructans derived squalene
666  synthase gene (sgsA). (A) squalene standard (100 ppm) (B) squalene detected from the control
667  strain (TJIW167) (C) squalene detected from the PAFACI transformed A. nidulans (TIW336) (D)
668  squalene detected from the PAFACI transformed A. nidulans with deletion of sgsA gene (TJW337)
669  (E) relative intensities of squalene production from each strain.
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673
674  Fig.4. Terpene production is dependent on presence of P. destructans derived squalene

675  synthase gene (sqsA). (A—C) Full scan spectra of TIW167 (red), TIW336 (yellow), and TIW337
676  (blue), respectively. (D—G) Production of austinol decreased to 2% compared to the control strain
677  and recovered after the deletion of sgsA. Austinol ((M+H]" = 459.2006) was detected at 15.74 min.
678  (H-K) Production of aspernidine A increased to 58-fold compared to the control strain and dropped
679  to the same level with the control strain after the deletion of sgsA. Aspernidine A ([M+H]" =
680  400.2482) was detected at 22.42 min.
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682  Table 1. 3C NMR (ppm, type) assignments for compounds 1-5.

Position 12 2b 3b 4 5¢
1 167.3 191.2 191.1 171.5 192.6
2 130.7 130.0 117.4
3 44.5 114.2 110.1 67.6 163.5
3a 122.4 121.4

4 146.7 146.5 146.6 144.9 97.0
5 137.6 151.3 152.1 139.0 165.5
6 153.8 111.4 114.5 154.3 125.6
7 96.5 124.6 127.6 100.0 135.3
Ta 128.2 126.0

8 16.9
I' 68.2 66.2 66.2 69.9 25.1
2 120.8 118.3 118.4 119.0 122.4
3 139.7 143.3 143.2 144.4 143.3
4 38.8 39.9 39.9 39.8 40.9
5 25.9 26.3 26.3 26.4 27.3
6' 123.7 123.6 123.6 123.6 124.5
T 134.5 135.9 135.8 135.9 136.0
8 38.9 39.7 39.7 39.9 40.8
9 26.2 26.9 26.9 26.9 27.9
10' 124.1 124.4 124.4 124.4 125.3
11 130.6 131.6 131.6 131.6 132.1
12' 25.5 25.9 25.9 259 26.0
13' 17.5 17.9 17.9 17.9 17.8
14' 15.7 16.2 16.2 16.2 16.3
15' 16.1 17.0 16.9 16.6 16.4

1" 173.8

2" 51.2

3" 17.2
5-OMe 56.2
6-OMe 55.8 56.5

683  “b¢ Data were obtained in DMSO-ds, CDCl3, and MeOD-ds respectively.
684
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685  Table 2. 'H NMR [§, mult, (/ in Hz)] Assignments for Compounds 1-5.

Position 12 2b 3b 4 5¢
1 984 s 982 s 10.36 s
3 459 d 173 744 d 20 743 s 522 s
417 d 17.3
4 6.38 s
6 697 d 85 7.04 d 8.0
8.0, 8.0,
7 6.69 s 741 dd 20 741 dd L5 7.01 s
8 247 s
' 446 4 69 470 4 60 468 d 65 471 d 7.5 333 m
2" 548 t 70 549 t 75 549 t 65 548 t 7.0 503 m
4" 197 dt 2? 1.98 m 197 m 198 m 1.88 m
5 202 m 2.14 m 214 m 205 m 207 m
6 508 m 508 dt 65 510 dt 6.5 508 m 503 m
8 1.93 dt 23 213 m 212 m 2.06 m 1.99 m
9 200 m 205 m 205 m 205 m 1.94 m
10" 5.06 m 510 dt 6.5 5.10 dt 6.5 507 m 499 m
12" 1.63 s 1.68 s 1.68 s 1.68 s 1.64 s
13" 1.55 s 1.60 s 1.60 s 1.59 s 1.55 s
14" 1.55 s 1.61 s 1.61 s 1.66 s 1.55 s
15" 1.59 s 1.77 s 1.76 s 1.60 s 1.76 s
1”
2" 449 4 173
3" 131 d 7.1
5-OMe 3.84 s
6-OMe 3.79 s 393 s

686  “b¢ Data were obtained in DMSO-ds, CDCl3, and MeOD-ds respectively.
687
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697

698  Fig. 7. Neutrophil movement is impacted by compounds 1, 3, 5 and 7. (A) Nidulene E (§) is a
699  chemoattractant for human neutrophils. Using a Boyden chamber, neutrophils stained with calcein
700  AM were seeded in the upper chamber at 5 x 10* cells/well and incubated at 37 °C for 1 h with the
701 vehicle (DMSO; light grey bar), positive control (fMLP, 10 nM; dark grey bar) or the nidulene E
702 (5) at four different concentrations (0.1, 1, 10, or 100 pug/mL; blue bars) found in the lower chamber.
703 The media control is indicated as a dotted line across the graph. (B—D) Inhibition of fMLP-driven
704  neutrophil chemotaxis by nidulene A (1), nidulene C (3), and aspernidine F (7). As described above,
705  neutrophils stained with calcein AM were seeded in the upper chamber at 5 x 10* cells/well and
706  incubated at 37 °C for 1 h with the vehicle (DMSO, light grey bar), the DMSO vehicle with fMLP
707 (fMLP at 10 nM; medium grey bar), positive control (fMLP, 10 nM; dark grey bar) or the respective
708  compounds at four different concentrations (0.1, 1, 10, or 100 pg/mL; red bars) found in the lower
709  chamber. The media control is indicated as a dotted line across the graph. For all graphs (A-D),
710  cells that migrated into the lower chamber were quantified using flow cytometry and the percent
711 live cells that migrated were determined by calculating the percent live neutrophils from the loading
712 control. Samples are listed as average + SEM and assays have been repeated to assure
713 reproducibility. Statistical differences were assessed using a one-way ANOVA. Different letters
714 denote statistical differences.
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