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Abstract

Pericyclases are an emerging family of enzymes catalyzing pericyclic reactions. A class of
lipocalin-like enzymes recently characterized as Diels-Alderases (DAses) catalyze decalin
formation through intramolecular Diels-Alder (IMDA) reactions between electron-rich dienes and
electron-deficient dienophiles. Using this class of enzyme as a beacon for genome mining, we
discovered a biosynthetic gene cluster from Penicillium variabile and identified that it encodes for
the biosynthesis of varicidin A (1), a new antifungal natural product containing a cis-
octahydrodecalin core. Biochemical analysis reveals a carboxylative deactivation strategy used in
varicidin biosynthesis to suppress the nonenzymatic IMDA reaction of an early acyclic
intermediate that favors frans-decalin formation. A P450 oxidizes the reactive intermediate to yield
a relatively unreactive combination of an electron-deficient diene and an electron-deficient
dienophile. The DAse PvhB catalyzes the final stage IMDA on the carboxylated intermediate to
form the cis-decalin that is important for the antifungal activity.
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Pericyclic reactions such as cycloadditions are often used by synthetic chemists to
synthesize complex natural products (NPs). One of the most ubiquitous pericyclic reactions
is the Diels-Alder (DA) reaction between a 1,3-diene and a dienophile (alkene) to form an
unsaturated six-membered ring with up to four stereocenters in a regioselective and
stereoselective manner.1=3 Both normal- and inverse-electron demand DA reactions
(NEDDA and IEDDA, respectively) are known, with the former being more common in
synthetic chemistry.#-8 These reactions differ in the frontier molecular orbital (HOMO and
LUMO) energy levels of the dienes and dienophiles involved in the reactions.”~2 Thousands
of NPs have been identified to contain fused carbocycles or heterocycles, which led to
identification of pericyclases: enzymes that catalyze pericyclic reactions.1% The most
prevalent pericyclases are Diels-Alderases (DAses), such as SpnF, PyrE3, Pyrl4 and AbyU.
11-15 One emerging class of fungal DAses have sequence homology to lipocalin-like
enzymes, which bind to steroids and other hydrophobic molecules.16: 17 They are usually
encoded in biosynthetic gene clusters containing a polyketide synthase-nonribosomal
peptide synthetase (PKS-NRPS), and perform an intramolecular DA (IMDA) reaction on the
immediate product of the PKS-NRPS.18-20 To date, reactions catalyzed by this family of
enzymes, such as CghAl7, MycB?! and Fsa222, are all NEDDA and proceed via the endo
transition state to yield frans-decalin products with different facial stereoselectivities (Figure
1).

Combinatorial pairing of PKS-NRPS and DAses from different biosynthetic gene clusters
has led to new decalin compounds, demonstrating the potential of these enzymes in
diversification of NPs structures. 23: 24 A large number of cryptic biosynthetic gene clusters
can be found in sequenced fungal genomes using the lipocalin DAse such as MycB?! as the
search query. We therefore reasoned that DAses with distinct functions to generate different
core structures may be found among these gene clusters. In this work, we focused on a
compact gene cluster found in Penicillium variabile that encodes a DAse sharing low
sequence homology with the characterized ones (36% and 27% sequence identities to Fsa2
and MycB, respectively, Figure S1). The pv/ cluster also encodes a PKS-NRPS (pvAA4), a
trans-acting enoylreductase (ER) (pvhC), a putative DAse (pvhB), a predicted N-
methyltransferase (pvhD), and a cytochrome P450 (ovAE) (Figure 1B and Table S1). No
known decalin-containing NPs have been isolated from £ variabile.

The five genes (pvhA-E) were introduced into an engineered Aspergillus nidulans
expression host!” on three episomal vectors (Figure S10 and Table S2, S3). Compared to the
negative control, the extract contained a new metabolite 1 with molecular weight (MW) of
375 (Figure 2A, trace i). This compound was isolated and characterized by 1D- and 2D-
NMR spectroscopy to be a tetramate-containing decalin (Figures S15-S20, Tables S5).
Based on NOESY, the decalin ring of 1 (named varicidin A) is in the ¢is configuration and is
carboxylated at C21 (Figure 2B). The amide nitrogen in the 2,4-pyrrolidinedione ring is
methylated and is consistent with the coexpression of a A-methyltransferase PvhD.
Expression of pv/ gene cluster without pvAiD in A. nidulans led to the biosynthesis of a new
compound 2 (varicidin B), which was shown by NMR to be the N-desmethyl variant of 1
(Figure 2A, trace ii, Figure S21-S26 and Table S6). We were able to obtain an X-ray crystal
structure of 2 (Figure 2D), which allowed us to confirm the S-stereochemistry at C17 and
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the absolute stereochemistry of 2. The absolute stereochemistry of 1 was assigned based on
that of 2 (Figure 2B). The structure and stereochemistry of the C17 branched chain indicate
the incorporation of L-isoleucine by the NRPS module. Both 1 and 2 exhibited antifungal
activities against Candida albicans®® with minimum inhibitory concentrations (MICs) of 8
and 16 pg/mL, respectively (Figure S11).

Presumably, the cis-decalin structures of 1 and 2 would be formed by exo-IMDA reactions
from acyclic precursors, and PvhB represents the most likely enzyme to catalyze this
diastereoselective reaction, as no isomeric cycloadducts can be detected in the extracts. To
confirm the function of PvhB, we only expressed the PKS-NRPS PvhA and its partnering
ER PvhC in A. nidulans. Analysis of the extract showed the accumulation of 3-5 with the
same MW of 331. 3 is an acyclic tetramate (Figure S27-S31 and Table S7). Based on
previous studies on decalin-containing NPs such as equisetin?2 and Sch21097217, the
biosynthesis of 3 is expected to follow the similar logic: the PKS domains iteratively
synthesize the polyketide portion. Selective enoylreduction by the ER during different cycles
furnishes both the diene and the dienophile. The polyketide acyl chain is then condensed
with L-isoleucine, followed by a Dieckmann cyclization to afford 3.17- 21-22 Compounds 4
and 5 were purified by chiral HPLC and structurally elucidated to be frans-decalin
diastereomers (Figure S32-S43 and Table S8-S9), which are expected to be derived from the
endo-specific IMDA reactions from 3.17: 21-22 \When 3 was left in buffer at pH 7.0,
nonenzymatic formation of 4 and 5 can be observed (Figure S2A), consistent with the
heterologous expression results in Figure 2A in which 4 and 5 were co-isolated. A mixture
of other products was also detected, but the yields were too low for structural
characterization (Figure S2C). In agreement with experimental data which showed the rate
constant (k) of the nonenzymatic IMDA reaction of 3 was ~ 4.0x10~* min~1 in HEPES
buffer at 30°C (Figure S3), the density functional theory (DFT) calculations26-28 at the
M06-2X/6-311+G(d,p)/CPCM(H,0)//M06-2X/6-31G(d)/SMD(H,0) level of theory
predicted this value Ky, car to be 1.1x107 min~1 (Figure 3A, Figure S12, TS-1 AG*=26.6
kcal-mol~1 and TS-2 AG¥=26.8 kcal-mol~1 for 4 and 5, respectively). In TS-1 and TS-2,
secondary orbital interactions of the diene and tetramate carbonyl favor these endo-
cyclizations. DFT predicts the product mixture contains one exo-cycloadduct in similar yield
(Figure S12).

Coexpressing PvhAC with PvhB did not change the metabolite profile, with 3-5 remained as
the main products (Figure 2A, iv), indicating 3 is not a substrate of PvhB. PvhB was
expressed and purified from £. coli following codon optimization (Figure S9, Table S4).
Adding PvhB to 3 further confirmed that no cis-decalin products can be formed (Figure
S2A). To determine the timing and substrate of PvhB, we coexpressed PvhAC together with
P450 PvhE in A. nidulans, which produced a new metabolite 6 (Figure 2A, trace v). NMR
analysis showed it to be the carboxylated version of 3 (Figure S44-S48 and Table S10).
PvhE was then expressed in Saccharomyces cerevisiae RC01,2° and whole-cell
biotransformation was performed by feeding 5 mM of either 3 or a mixture of 4 and 5.
Whereas the acyclic 3 was oxidized to 6 readily, neither the frans-decalin compounds were
modified (Figure S4). This confirms the role of PvhE in catalyzing oxidation of the C21
methyl group in 3 to the carboxylate in 6. An additional heterologous expression construct
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was made by coexpressing the A-methyltransferase PvhD with PvhACE, yielding a new
compound 7 (Figure 2, trace vi), which was structurally determined to be the A-methylated
version of 6 (Figure S49-S53 and Table S11). Recombinant PvhD purified from E£. coli
(Figure S9) was able to completely methylate 6 to 7 in the presence of S-
adenosylmethionine (SAM), while unable to methylate 2 into 1 (Figure S5). Therefore, the
function and timing of PvhD were confirmed to act on 6 to give 7 (Figure 2B).

Notably, replacing the electron-donating methyl in 3 by the electron-withdrawing
carboxylate in 6 (and 7) significantly suppressed nonenzymatic IMDA reactions. Incubation
of 6 and 7 in various solvents, even at high temperatures, did not lead to formation of any
IMDA products (Figure S6). In solution near neutral pH, oxidized 6 and 7 are expected to
exist as dianions.3% Consequential electrostatic repulsion between the two anions increases
the reaction barrier, suppressing the nonenzymatic IMDA reaction. The poor reactivity can
also be explained by the pairing of an electron-deficient diene and an electron-deficient
dienophile. The dienylcarboxylate and the alkylidenetetramate withdraw electron-density
from the diene and dienophile, respectively, increasing the reaction barrier. Furthermore,
oxidation alters the electronic nature of the IMDA, switching the reaction type from
NEDDA to IEDDA (Figure S13). We believe that both the electrostatic anion repulsion and
the electron-deficient nature of diene and dienophile raise the barrier of 7 to the endo TS-3
and the exo TS-4 that leads to 1 to AG¥=32.5 and AG*=31.2 kcal-mol~1, respectively (Figure
3B). This is a 10,000-fold decrease in rate compared to the nonenzymatic cyclizations of 3.
These IEDDA cycloadditions are predicted to be slow (Ko, care = 4.6%x107° minL, Figure
3B) at room temperature, and experimentally no reaction is observed (Figure S6). We
hypothesize that protonation may play an important role in catalysis (Figure S14). To
investigate the potential modes of catalysis by the enzyme, we explored the possible
influence of protonation of the tetramate. Such a protonation is unusual and unlikely in
solution as the pKa of the carboxylate is greater than that of the tetramate.3% We calculated
that exo reaction of the dienylcarboxylate with the protonated alkylidene tetramic acid
lowers the activation energy to form 1 by 3.9 kcal-mol~1 via TS-6 (Figure 3C). Therefore,
depending on the protonation state of the tetramic acid in the enzyme active site, these
cyclizations could either be NEDDA or IEDDA in presence of PvhB (Figure S13).

These results indicate the DAse PvhB must lower the high barrier of the IEDDA TS in
catalyzing the cycloaddition of 6 or 7 to c/s-decalin 2 or 1, respectively (Figure 2A). This
was verified by /n vitro assay of purified PvhB, showing that more than 95% of 7 or 6 was
converted to 1 or 2 respectively when incubated with PvhB within 12 hrs (Figure 2C, trace
iv, ii). Kinetic measurements showed PvhB to have a Ky, of 571.6 + 69.3 UM and A4 of 2.6
+0.1 min~! toward 6; and Ky of 550.1 + 36.7 uM and A4 of 37.5 + 3.5 min~1 toward 7
(Figure 2B and Figure S7). The 15-fold higher specificity (Azat/ Kn) of PvhB toward 7 over 6
indicated that 7 is most likely the native substrate of PvhB. This allowed us to propose the
overall biosynthetic pathway in which PvhB-catalyzed IMDA reaction is the final step
(Figure 2B). We added a strong Lewis acid SnCl, to 6 in dichloromethane to examine
outcomes of the chemical catalysis. However, the Lewis acid gave complex mixtures with
compound 2 being a minor product (Figure S8). PvhB is therefore a strong and stereo-
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selective DAse to catalyze formation of a single exo-specific c/s-decalin product from the
acyclic precursors.

Collectively, we propose a “carboxylative deactivation” strategy used in this biosynthetic
pathway to construct the antifungal 1. Our results show that the activity of redox enzymes
can influence the course of biosynthetic pathways that involve IMDA reactions. The acyclic
PKS-NRPS product 3 is prone to nonenzymatic IMDA to yield the #rans-decalin products 4
and 5. Oxidation of the diene portion of 3 to the dienocarboxylate 6 significantly increases
the IMDA barrier and effectively suppresses the nonenzymatic reactions. This can be
overcome by the activities of the stereospecific DAse PvhB to arrive at the desired ci/s-
decalin product. The discovery of PvhB further illustrates the functional diversity of the
lipocalin-like DAses in fungi, and the prospects of using these enzymes as beacons for new
natural product discovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lipocalin-like DAses catalyzes IMDA reactions in biosynthesis of decalin-containing fungal

NPs. (A) Characterized DAses and their decalin containing products; (B) Genome mining of
a DAse (PvhB) containing cryptic gene cluster from £ variable. Abbreviations: KS,
ketosynthase; MAT, malonyl-CoA transferase; DH, dehydratase; MT, methyltransferase;
KR, ketoreductase; ACP, acyl carrier protein; C, condensation; A, adenylation; T, thiolation;
R, reductase. MFS: major facilitator superfamily; TF: transcription factor; N-MT: N-
methyltransferase; ER: enoylreductase; DAse: Diels-Alderase.
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Figure 2.
Biosynthesis of varicidin A 1. (A) Product profiles of A. nidulans transformed with

combinations of pv/1genes; (B) The proposed biosynthetic pathway of 1; (C) Biochemical
characterization of the DAse PvhB /n vitro. The traces are HPLC with A =280 nm. (D)
Crystal structure of 2 (see CIF file as supporting information).
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DFT calculated transition states of NEDDA and IEDDA. (A) Transition state structures
TS-1 and TS-2 with energies shown for nonenzymatic endo-cyclizations of 3 forming 4 and
5, respectively. (B) endo TS-3 and exo TS-4 of IEDDA reactions in solution as dianions.
TS-4 leads to formation of the cis-decalin stereochemistry for varicidin A. (C) endo TS-5
and exo TS-6 of NEDDA reactions when tetramic acid is protonated.
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