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Abstract

The paraherquamides are potent anthelmintic natural products with complex heptacyclic scaffolds.
One key feature of these molecules is the spiro-oxindole moiety that lends a strained three-
dimensional architecture to these structures. The flavin monooxygenase PhgK was found to
catalyze spirocycle formation through two parallel pathways in the biosynthesis of
paraherquamides A and G. Two new paraherquamides (K and L) were isolated from a AphgK
strain of Penicillium simplicissimum, and subsequent enzymatic reactions with these compounds
generated two additional metabolites paraherquamides M and N. Crystal structures of PhgK in
complex with various substrates provided a foundation for mechanistic analyses and
computational studies. While it is evident that PhgK can react with various substrates, reaction
kinetics and molecular dynamics simulations indicated that the dioxepin-containing
paraherquamide L was the favored substrate. Through this effort, we have elucidated a key step in
the biosynthesis of the paraherquamides, and provided a rationale for the selective spirocyclization
of these powerful anthelmintic agents.
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INTRODUCTION

The paraherquamide family of natural products contains metabolites isolated from various
species of Penicillium including P. paraherqueil P. charlesii? P. cluniae? P. fellutanum,*
and P. IMI 332995.% These molecules are of particular interest due to their anthelmintic
therapeutic potential, and various analogs have been developed to improve their
pharmacological properties.5— Derquantel, or 2-deoxyparaherquamide A, is currently used
in combination with the established anthelmintic abamectin to combat gastrointestinal
nematode infections in sheep.19 The significant biological activity of this family of
molecules is complemented by the intriguing biosynthetic chemistry including
intramolecular Diels-Alder cyclization, unusual oxidative substitutions, and spfro-oxindole
formation.

Paraherquamide-type molecules belong to a family of fungal indole alkaloids containing a
unique bicyclo[2.2.2]diazaoctane ring, which is formed through a [4+2] intramolecular
Diels-Alder (IMDA) reaction.! The spirocycle is a common functionality of many
molecules within this family including the marcfortines,12: 13 brevianamides, 14 15
antiinsectan sclerotiamide,1® and cytotoxic notoamides.1” The respective enzymes involved
in spirocycle formation are proposed to generate an initial C2=C3 indole epoxide with facial
selectivity, and controlled collapse of the epoxide giving rise to the observed spiro-
oxindoles. Very few enzymes responsible for this type of reaction within the bicyclo-ring
containing family have been characterized.1® NotB catalyzes the 2,3-B-face epoxidation of
notoamide E (1) to generate the non-spiro-cyclized terminal metabolites notoamides C (2)
and D (3), which are not IMDA substrates. In this pathway, another flavin-dependent
monooxygenase Notl performs a presumed 2,3-a-face epoxidation of stephacidin A (4) in
the process of generating the bioactive natural product notoamide B (5) (Figure 1a). These
flavin-dependent monooxygenases have evolved to perform facially selective epoxidation
either before or after the IMDA cyclization, resulting in a divergence in the notoamide
biosynthetic pathway.
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Biocatalytic epoxidation typically occurs through reactions with molecular oxygen which is
activated either by a metal ion or flavin adenine dinucleotide (FAD) cofactor.1® The enzyme
active site orients the substrate for facial selectivity of the epoxidation, and in some cases,
subsequent collapse of the epoxide in a stereocontrolled manner to generate complex
molecular structures (Figure 1b). Enantioselective oxidation is a common step in the
syntheses of many natural products and bioactive molecules, including complex alkaloids.
20,21 | particular, indole-2,3-epoxidation serves as a synthetic intermediate to
rearrangements that generate a variety of products. The collapse of this intermediate can be
directed by the inherent reactivity of the substrate or through a catalyst-controlled
mechanism. For example, synthetic methods have been developed to favor
spirocyclization?2-25 or other oxidized products? in the total syntheses of select fungal
indole alkaloids.

While synthetic methods for enantioselective epoxidation and spirocyclization are rapidly
improving, the role of biocatalysis for solving synthetic challenges is also gaining greater
visibility. The inherent selectivity of enzymes is unparalleled in synthetic chemistry and with
each enzymatic discovery, the biocatalytic toolbox is broadening. In particular, there is
evidence that oxygenases can be successfully employed in the generation of
enantiomerically pure starting materials for total syntheses.2” To this end, a few enzymes
that catalyze epoxidation and subsequent spirocyclization have been identified.

Of the currently characterized natural products that include spiro-centers, most structures
fall outside of the bicyclo[2.2.2]diazaoctane ring-containing family, and the predicted
biosynthetic enzymes utilize either metal-dependent radical-based mechanisms28:29 or
flavin-dependent redox chemistry (Figure 1).30 In some cases, the spirocyclic scaffold is
known to be critical for biological activity.29 Studies detailing spirocycle formation in the
spirotryprostatins revealed intricate enzymatic details for this conversion.3! Two distinct
routes for the formation of this spirocyclic moiety involve either a flavin monooxygenase
(with homology to NotB18), which employs an indole epoxidation route to generate
spirotryprostatin A (6), or a cytochrome P450 that involves a radical route to generate
spirotryprostatin G (7), both starting from fumitremorgin C (8). Cross talk between the
flavin-dependent monooxygenase from the fumiquinazoline biosynthetic pathway and
enzymes from the fumitremorgin biosynthetic pathway have led to the generation of unique
diketopiperazine-containing spirocyclic metabolites in Aspergillus fumigatus. While these
functional studies provided important insights regarding the various mechanisms of
formation for the spirocyclized natural products, stmctural data for the key biocatalysts has
remained elusive.

The paraherquamide class of natural products contains a spiro-oxindole center within a
complex heptacyclic ring system. The biosynthesis of these molecules starts with the
condensation of L-tryptophan and L-B-methyl-proline,32-34 followed by spontaneous
oxidation to generate zwitterion 9 (Scheme 1). 3% 36 Reverse prenylation at the indole C2
position provides the prenylated zwitterion substrate 10, which is reduced to azadiene 11 and
cyclized by the Diels-Alderase!! to produce preparaherquamide (12). While precursor
incorporation studies demonstrated that 12 is incorporated into the final product (-)-
paraherquamide A (13),36 it was unclear whether the spirocyclization occurred before or
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after the formation of the pyran and dioxepin rings. Through disruption of phgKin
Penicillium simplicissimum using a CRISPR-Cas9 system, we identified that 12 undergoes a
series of oxidation and prenylation reactions to generate paraherquamides K and L (14 and
15) prior to spiro-cyclization by PhqK.4 3% 36 This enzyme was characterized /in vitroas a
flavin-dependent monooxygenase, which acts on native substrates 14 and 15 to generate the
corresponding spirocyclized products. Crystal structures of PhgK in complex with its native
substrates revealed precise substrate orientation to promote selective epoxidation thereby
enabling stereospecific formation of the spirc-oxindole moiety.

Consistent with previous hypotheses, we have proposed a mechanism based on indole a-
epoxidation and collapse of the putative epoxide at C3 to generate a C2 hydroxyl
carbocation.28 Subsequent migration of the reverse prenyl group from C2 to C3 would
generate the 2-oxindole product. The work described here provides the first structural data
for this unique class of spirocycle forming flavin monooxygenases, and sheds light on
biocatalytic control of epoxide formation and mode of Pinacol rearrangement.

RESULTS

Parallel efforts were pursued /n vitro and /n vivo to identify the enzyme responsible for the
spirocyclization reaction in paraherquamide biosynthesis. Paraherquamide K (14) and
paraherquamide L (15) accumulated from the AphgK strain of Penicillium simplicissimum
(Supplemental Figures 32 and 33), indicating that both molecules are natural substrates of
the enzyme. The /n vitro reactions of 14 and 15 with PhgK confirmed their conversion into
the respective spirocyclized products paraherquamide M (16) and paraherquamide N (17).
This information provided evidence to support a branched biosynthetic scheme where the
pyran and dioxepin rings are both formed prior to the spirocyclization (Scheme 1). The
identification of two natural substrates for PhgK indicates that functionalization of 12 is the
divergent step between two parallel pathways leading to paraherquamides G (18) and A (13).
In the first case, a putative prenyltransferase and oxidative enzyme build the pyran ring,
whereas the latter involves generation of the dioxepin ring by a poorly understood process.3°
PhgK accepts both substrates, thus the downstream A~methyltransferase and p-methyl
proline hydroxylase must also display the same level of substrate flexibility.

To obtain further information about the selectivity of PhgK, we employed Michaelis-Menten
kinetic analysis (Supplemental Figures 34 and 35). Although the pyran-containing 14
displayed a higher turnover number (4,2, the K, for 15 (19.4 + 5.2 uM) was significantly
lower compared to 14 (92.1 £+ 29.4 uM). This resulted in nearly equivalent catalytic
efficiencies (k. K, for both substrates (0.05 + 0.01 pM~Imin~1 for 15 and 0.04 + 0.01 uM
~Imin~1 for 14), however based on the low probability that these secondary metabolites are
present at saturating concentrations /n vivo, we reasoned that 15 is likely the favored
substrate.

The high yields and activity of PhgK indicated its potential as a biocatalyst, thus the
substrate scope was analyzed on a series of structurally related malbrancheamide analogs.
The halogenated malbrancheamides are produced by two fungal species, including the
terrestrial strain Malbranchea aurantiaca®” and the marine-derived Malbranchea graminicola.

JAm Chem Soc. Author manuscript; available in PMC 2021 February 05.
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38 The corresponding biosynthetic gene clusters for malbrancheamide (19) and
spiromalbramide (20) from these two fungi possess 99% amino acid sequence identity.3°
Intriguingly, the spirocyclized malbrancheamide analog spiromalbramide has only been
isolated from the marine fungus.38 Therefore, we tested the reactivity of PhqK on the
halogenated malbrancheamide and analogs malbrancheamides B (21), C (22), E (23), and
isomalbrancheamide D (24).39 The reactions generated a variety of spirocyclized
malbrancheamides (20, 25-28) including the natural product spiromalbramide (20),
indicating that a PhgK homolog in M. graminicola may be involved in spiromalbramide
biosynthesis (Figure 2, Supplemental Figures 11-31, and Supplemental Tables 7-16).38
PhgK catalyzes formation of products with a relative stereochemical outcome matching that
identified in the natural metabolites (5aR, 6aS, 12a5, 13aS) and demonstrated its ability to
accept non-native substrates such as the malbrancheamides. While efficient conversion of
the malbrancheamides was achieved, the conversion of smaller, less structurally complex
substrates was not observed (Figures S47-S49). This indicates an evolutionary distinction
between early- and late-stage Pinacolase enzymes, as previously demonstrated in the
notoamide biosynthetic pathway.18

In an effort to improve the efficiency of PhgK, we analyzed reactions in the presence of a
cofactor regeneration system (glucose-6-phosphate dehydrogenase) and catalase to eliminate
the detrimental effects of hydrogen peroxide resulting from the flavin redox chemistry. In
the presence of stoichiometric FAD concentrations, the use of the regeneration system
(Figure S45) and catalase (Figure S44) significantly increased the conversion of non-native
substrates, while conversions of 14 and 15 remained unaffected (Figures S40-S43). This
system may mimic the enzyme’s natural environment in the producing organism, and we
expect that with the aid of other enzymes commonly found in fungi, PhgK may be more
efficient.

With this foundational knowledge, we proceeded to elucidate the molecular basis for
stereospecificity by analyzing the structure of the enzyme. PhgK was cocrystallized as four
distinct substrate complexes, bearing the natural pyran-containing 14 (1.89 A) and dioxepin-
containing 15 (2.09 A), and non-native substrates monochlorinated malbrancheamide B (21)
(1.69 A), and monobrominated malbrancheamide C (22) (1.25 A). A ligand-free structure
was also obtained (1.71 A), aiding the visualization of how the active site changes to
accommodate the hexa- and heptacyclic alkaloids (Figure 3). The FAD binding pocket and
substrate binding pocket are connected by a long tunnel that appears to put significant
distance between the cofactor and the substrate. This can be explained by the well-
characterized flavin dynamics described in previous work.4041 Flavin monooxygenases
commonly display a dynamic cofactor with an orientation that is dependent on discrete
parameters, including substrate binding or cofactor oxidation state. In both substrate bound
and unbound PhgK structures, the flavin was observed in the “out” conformation. It is
hypothesized that the “in” conformation may be induced by reduction of the FAD cofactor,
but our attempts to obtain a structure bound to reduced flavin using sodium dithionite and
NADH were unsuccessful. As an alternative, we modelled the “in” conformation of the
cofactor from HpxO“2 into the PhgK structure (Figures 4 and 5). HpxO is a FAD-dependent
urate oxidase from Klebsiella pneumoniae and its secondary structure overlays well with
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PhgK (26% sequence identity, RMSD 1.54 A), with the major differences attributed to FAD
conformation. Divergence in the FAD monooxygenase family is based on evolutionary
domain fusion events leading to differences in the substrate binding pocket and reactivity,*3
thus this structural similarity in the cofactor binding region is expected.

When inspecting the overlay of PhgK with HpxO, we observed that the main changes are
localized to the substratebinding region where two loops, one near the cofactor and one near
the substrate, are altered in HpxO. Whereas the FAD cofactor in the PhgK structure reveals
the “out” position, the FAD in HpxO is found as the “in” position, making it a suitable
model for generating a visual representation of this phenomenon in PhgK. The “in” flavin
from HpxO was modelled into the PhgK structure and fit well in the active site tunnel. In
this orientation, the C4a-OOH-FAD would reside sufficiently close to the substrate (6.5 A
between C4a and indole C2/C3) to catalyze epoxidation at the indole C2=C3 position
(Figures 4 and 5). Inspection of the substrates in PhgK structural complexes revealed that
each one binds in the same manner except for 15, which is oriented for direct a-epoxidation.
It is possible that the individual substrates sample both conformations in solution. Since 15
appears to be the favored substrate, it may preferentially bind in the active conformation,
explaining performed 1,500 ns MD simulations which demonstrated that 15 maintains a
more rigid binding pose with better facial selectivity for epoxidation. By contrast, 14 is more
flexible within the binding pocket and adopts less productive conformations for epoxidation
(Supplemental Figure 54). Site-directed mutagenesis experiments revealed the importance of
specific amino acid residues in the active site. Most of the mutants led to significant losses in
flavin incorporation within the protein (indicated as %FAD in Supplemental Table 17) and a
decrease in enzyme stability (indicated as [PhgK] in Supplemental Table 17). Mutation of
certain active site residues abolished enzyme activity, indicating that they may perform
essential catalytic roles. For example, GIn232, which interacts with the indole N-H, is
necessary for conversion of both 14 and 15 to the corresponding spiro-oxindole forms.
Substitutions of alanine and glutamate at this site abrogated catalytic activity toward 15,
while 14 exhibited about 2% conversion. Additionally, Arg192 and Asp47 are two essential
amino acid residues within the tunnel between the substrate and cofactor. When Arg192 was
substituted with alanine and lysine, 15 was not converted to product, while 14 showed
5-10% conversion.

The substitutions of alanine and asparagine for Asp47 also led to a complete loss of activity.
All of these residues are located on the indole N-H side of the substrate and thus could play
arole in directing the collapse of the epoxide and why we captured that pose in the crystal
structure. We semi-Pinacol rearrangement to this side of the molecule. Arg192 clashes with
the modeled “in” flavin, indicating that it must move in concert with the swing of the
cofactor. We hypothesize that Arg192 moves closer to the substrate upon epoxidation and
can serve as a general acid to catalyze epoxide opening (Figure 6). The distance between
Arg192 and the indole C2 is around 7 A. With a full extension of Arg192, it would be close
enough to the substrate to facilitate general acid catalysis (Figure 6 and Scheme 2). An
analysis of Arg192 using PROPKA on the PDB2PQR server** indicated that the p&; of this
general acid decreased as the conformation of the enzyme approached the catalytically
competent pose (Table S20). The well-established conformational flexibility of arginine and
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dynamics of these flavin-dependent enzymes are indicative of a drastic change in the active
site during catalysis. As we observed the pKj; value decreasing upon binding 15 in a more
catalytically competent pose, we hypothesize that once the FAD cofactor moves to the “in”
position, the environment of this hydrophobic pocket would be adequate for lowering the
pK; of Arg192 for the protonation event.

Next, we performed density functional theory (DFT) calculations to explore different
mechanisms and indole substituent effects on epoxide ring opening for the generation of the
spiro-oxindole products. Our calculations involved the truncated indole fragment 29, as a
model substrate with varying methoxy substitutions to model the electronic effects of
substrates 14 and 15 (Scheme 2). Under general acid catalysis by Arg192 (modelled by a
guanidinium moiety), the epoxide opening step in Route 1 is preferred over Route 2 when
there is a C6 methoxy substituent due to the additional electronic stabilization of C2
hydroxyl carbocation 31, whereas in the alternative pathway C3 hydroxyl carbocation 34
does not benefit from this stabilization.

While this substitution plays a role, the subsequent carbon bond migration is the rate-
limiting step. We evaluated the effect of the general acid and the indole substitutions on the
Gibbs energy of the transition state (Figure 7). The general acid, Arg192, significantly
lowers the barrier by 6.5 kcal/mol for Route 1 and 3.9 kcal/mol for Route 2. While both
Routes 1 and 2 have lower barriers, Route 1 always has a lower transition state Gibbs energy
regardless of the substitution pattern due to the ground state stabilization of C3 hydroxyl
carbocation 34 in Route 2. This indicates that the formation of the experimentally observed
spiro-oxindoles is intrinsically preferred and PhgK lowers the transition state energy for this
1,2 shift through a general acid catalyzed mechanism.

DISCUSSION

The spiro-oxindole moiety occurs in a variety of natural products and its biosynthesis is of
significant interest due to the therapeutic potential of these metabolites.2® The spirocyclic
scaffold has increasingly been utilized in the drug development process due to its unique
structural attributes.*> Additionally , the chemistry of the reaction is intriguing from a
biochemical standpoint due to the numerous factors contributing to the selectivity. A variety
of enzymes have been found to catalyze spirocycle forming reactions including copper-
dependent oxidases, cytochromes P450, and FAD-dependent monooxygenases. In the metal-
dependent enzymes, the reaction is proposed to proceed through a radical-based mechanism,
while the flavin-dependent enzymes proceed through FAD redox chemistry.

We have characterized the FAD-dependent monooxygenase PhgK as the spirocycle
generating enzyme within the paraherquamide biosynthetic pathway. Through elucidation of
this key step, we have developed a revised biosynthetic scheme for the production of
paraherquamides A and G in which spirocyclization occurs after formation of the pyran and
dioxepin moieties. We demonstrated that PhgK accepts both 14 and 15, confirming the
existence of two parallel pathways (branching from 12) within the paraherquamide-
producing Penicillium strains. While both substrates are accepted by the enzyme, the kinetic
data and molecular dynamics simulations indicate that 15, bearing the dioxepin, is likely the
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favored substrate /7 vivo. This provides evidence that the difference in the orientation of 15
observed in the PhgK cocrystal structure is due to its persistence in the catalytically
competent pose, whereas the less favored substrates might occupy a resting state until the
flavin redox chemistry is initiated. The orientation of the molecule within the active site sets
selectivity for a-epoxidation as demonstrated by the 15-bound structure.

Moreover, directed collapse of the initial 2,3-indole epoxide is likely mediated through
general acid catalysis via Arg192 and has an energetic preference for migration of the prenyl
group to C3 with oxidation at C2 of the indole. This is in excellent agreement with results
from a similar system in the brevianamide family where the authors observed exclusive
formation of the indoxyl product 36 resulting from the C3 hydroxyl carbocation.*®> From
DFT calculations, they concluded that the enzyme should favor a general base mechanism
via a glutamate residue. This makes the transition state barrier lower for the 1,2 shift
involving the C3 hydroxyl intermediate 34, over the general acid mechanism which favors
the product from C2 hydroxyl intermediate 31. These results indicate that stereocontrol of
the spiro-oxindole product results from the mechanistic mode dictated by the particular
enzyme rather than a substituent effect on the indole ring.

The current study has provided new insights into the structure and mechanism of flavin-
dependent spirocycle-generating enzymes, and the evidence supports a selective epoxidation
of the indole C2=C3 followed by a stereoselective collapse of the epoxide. While PhgK
catalyzes spirocyclization at a late-stage in paraherquamide biosynthesis, homologous
enzymes within the brevianamide, notoamide, and other indole alkaloid pathways can
generate Pinacol-rearrangement products with varying stereochemistry, or bearing non-
spirocyclic functionality. Some of these transformations even require multiple enzymes,
while PhgK operates as a dual function oxidase/Pinacolase to generate the spirocyclized
paraherquamides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a.

2,3-epoxy-(4)

a-face
Epoxidation

(a.) Indole alkaloid products resulting from the various enzyme selectivities for the indole
epoxide collapse. (b.) Representation of the biocatalyst-controlled facial selectivity of the
presumed epoxidation of stephacidin A (4) to generate (-)-notoamide B (5) through a-face
epoxidation and the unnatural diastereomer of 5 through p-face epoxidation.
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19 X'=CI, X2=Cl 20 X'=CI, X2=Cl

21 X'=ClI, X2=H 25 X'=CI, X2=H

22 X'=Br, X2=H 26 X1=Br, X2=H

23 X' = Br, X2=Br 27 X1 =Br, X2=Br

24 X' =Br, X2=Cl 28 X' = Br, X2=Cl
Figure2.

Spirocyclization of malbrancheamides.
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Figure 3.
Changes in the active site pocket from no ligand (a.), to accommodate substrates

paraherquamide K (14) (b.), and L (15) (c.).
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Figure 4.
Modeled cofactor dynamics in PhgK. Flavin dynamics were modeled from HpxO crystal

structure (FAD and substrate in lavender) (PDB: 3rp7) to depict the “in” conformation of the
flavin relative to the substrate position. The surface representation of PhgK is shown along
with the substrate and FAD from the PhgK structure (orange). Substrates 14 (a.) and 15 (b.)
are shown in green and teal.
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Figure5.
(a.) Overlay of PhgK cocrystal structures. The structures are complexed with 14 (green) and

15 (teal). (b.) The “in” FAD cofactor was modeled from the HpxO structure (PDB: 3rp7)
into the PhgK cocrystal structure with 15, where the FAD-C4a is perfectly aligned to
perform the epoxidation of the indole C2=C3.
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Figure®6.
Essential amino acids in PhgK active site. Cocrystal structure of PhgK with paraherquamide

L (15) displaying the active site residues that are pertinent to the activity. The FAD is
modeled in the “in” orientation.
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Figure7.

C3 hydroxyl 1,2 shift

NHz ]
HN—(
N—

H

AGY=187
AGY=148
AGY=125
AGt=135

o H,N

General acid catalyzed transition states for 1,2 shift on C2 hydroxyl carbocation and C3

hydroxyl carbocation on a paraherquamide model system. Various indole substituents are
modeled (red, blue, green) as compared to a model without general acid (black). Energies
are given in kcal/mol and distances in A.
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Scheme 1.
Proposed paraherquamide A (13) and G (18) biosynthetic pathways. The functions of

enzymes highlighted in red have been confirmed.1!
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Scheme 2.
Free energies (calculated at the M06-2X/6-311++G(d,p)-ECFPCM(water)//M06-2X/

6-31G(d)-IEFPCM (water) level) for various models (red, blue, green) with the Arg192
general acid (modeled by a guanidinium moiety) catalyzed epoxide ring-opening
mechanism; initial protonation of the epoxide leads to ring opening to form a hydroxy cation
(31 and 34), and deprotonation accompanies the 1,2 shift to generate the final spirocycle
product.
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