Radical tropolone biosynthesis
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Abstract

Non-heme iron (NHI) enzymes perform a variety of oxidative rearrangements to advance simple building blocks toward
complex molecular scaffolds within secondary metabolite pathways. Many of these transformations occur with selectivity
that is unprecedented in small molecule catalysis, spurring an interest in the enzymatic processes which lead to a particular
rearrangement. In-depth investigations of NHI mechanisms examine the source of this selectivity and can offer inspiration
for the development of novel synthetic transformations. However, the mechanistic details of many NHI-catalyzed
rearrangements remain underexplored, hindering full characterization of the chemistry accessible to this functionally diverse
class of enzymes. For NHI-catalyzed rearrangements which have been investigated, mechanistic proposals often describe
one-electron processes, followed by single electron oxidation from the substrate to the iron(lll)-hydroxyl active site species.
Here, we examine the ring expansion mechanism employed in fungal tropolone biosynthesis. TropC, an a-ketoglutarate-
dependent NHI dioxygenase, catalyzes a ring expansion in the biosynthesis of tropolone natural product stipitatic acid
through an under-studied mechanism. Investigation of both polar and radical mechanistic proposals suggests tropolones
are constructed through a radical ring expansion. This biosynthetic route to tropolones is supported by X-ray crystal structure
data combined with molecular dynamics simulations, alanine-scanning of active site residues, assessed reactivity of putative
biosynthetic intermediates, and quantum mechanical (QM) calculations. These studies support a radical ring expansion in
fungal tropolone biosynthesis.

Introduction

Enzymes catalyze challenging transformations with exquisite control over chemo-, site- and stereoselectivity,
directing the synthesis of structurally-complex products from bioavailable starting materials. These transformations often
take advantage of the three-dimensional architecture of the enzyme active site to guide reactive intermediates toward
formation of the desired product.! Biocatalytic control over the fate of reactive intermediates is a common mechanistic
architype in a variety of enzymes such as cyclases, which leverage active site geometries to induce selective cyclization
reactions, polyketide synthases that deliver specific products from large, structurally-complex intermediates, Diels-
Alderases, which choreograph the relative position of two reactive components to form a stereo-enriched product, and non-
heme iron (NHI) dioxygenases, an enzyme class known to catalyze numerous skeletal rearrangements through radical or
polar mechanisms.># In many cases, reactions of identical intermediates generated outside of the enzyme active site
proceed in an uncontrolled fashion, leading to racemic products or fundamentally divergent reactivity.1-2

In contrast to the selectivity demonstrated by enzyme-mediated transformations, small molecule-enabled
transformations often require careful substrate design to achieve a desired rearrangement, adding synthetic steps and
reducing the efficiency and sustainability of the resulting synthesis.>® Radical-based rearrangements are particularly
impacted by selectivity challenges, as competing radical pathways often complicate anticipated reaction outcomes.>% As a
result, selectivity can be achieved only through optimization of substrate design and reaction conditions to favor the desired
reaction pathway.56 In comparison, biocatalysts operate with precise control over the reaction outcome, enabling highly
selective and direct synthesis of natural product scaffolds.”® Therefore, thorough examination of the mechanistic details of
enzyme-catalyzed rearrangements is critically important to the development of novel, selective approaches to complex
molecule synthesis.

Non-heme iron (NHI) enzymes perform an array of oxidative transformations and rearrangements in secondary
metabolism.* 1011 Members of the a-ketoglutarate-dependent family of NHI dioxygenases couple the oxidative
decarboxylation of a-ketoglutarate (a-KG) to the activation of molecular oxygen, generating an iron(IV)-oxo species (17,
Fig. 1D).*213 Through this common mechanism of oxygen activation, NHI enzymes catalyze a variety of selective
transformations that are often initiated by hydrogen atom abstraction, followed by a variety of processes including
hydroxylation, desaturation, halogenation, endoperoxidation, epimerization, ring expansion and ring contraction, among
others.* 11-13 Understanding how the fate of a radical intermediate is controlled by each catalyst has motivated structural,
spectroscopic and computational studies of NHI enzymes. In-depth interrogation of NHI-catalyzed reaction mechanisms
has revealed critical enzyme-substrate interactions that dictate the reaction outcome in several cases.”® These studies
provide mechanistic detail for several NHI-catalyzed rearrangements, including ring contractions and ring expansions.4-%7
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Figure 1. A. Ring rearrangement reactions catalyzed by NHI enzymes. B. Radical tropolone synthesis from
dearomatized ortho-phenols. C. Biosynthesis of stipitaldehyde (11) on path to fungal tropolone natural products. D. This

work: Mechanistic studies of ring expansion in NHI enzyme TropC.

Ring-modifying transformations often proceed through an initial C-H atom abstraction, followed by radical rearrangement
and termination by single electron oxidation or hydroxylation to yield product.”® 1417 The NHI active site architecture dictates
the reaction outcome by exerting fine control over events downstream from hydrogen atom abstraction, enabling highly
selective transformations.”? 1417 For example, AusE and PrhA are highly related NHI enzymes (78% sequence ID) that
catalyze divergent transformations on a common substrate to generate preaustinoid A3 (1) and berkeleydione (2),
respectively.”® Structural and computational studies have shown that minor differences in their active site architecture play
a critical role in determining the outcome of the initial enzyme-catalyzed desaturation, ultimately leading to the formation of
two distinct natural products through a divergent radical rearrangement process.” 2 Similar mechanistic studies found that
the NHI-catalyzed biosynthesis of cycloclavine (3) and deacetoxy-cephalosporin C (4) proceed through a one-electron
reaction pathway, suggesting a common mechanistic architype for ring rearrangements catalyzed by NHI enzymes.14-16. 18



Natural products often possess medium-sized rings (7-11 atoms) which can be difficult to access using small
molecule techniques. One such class of synthetically-challenging targets are tropolones, a structurally-diverse group of
bioactive metabolites with an aromatic cycloheptatriene core structure containing an a-hydroxyketone moiety (see Figure
1C, 11).1%21 Tropolones have been synthesized through a variety of approaches, typically involving ring expansion.?? These
transformations include classic two-electron rearrangements such as the Buchner reaction,?® the de Mayo fragmentation?*
and [5+2] cycloadditions.?? In addition, radical-based approaches have been successful in synthesizing tropolones from
ortho-dearomatized catechols (5) through a selective radical ring expansion mechanism (Figure 1B).?526 This approach
required pre-functionalization of the arene to ensure that radical initiation occurred at the methyl halide ipso to the site of
dearomatization, leading to the desired rearrangement (Figure 1B).25-26 While these methods have been successful in
enabling ring expansion, they require arduous synthetic efforts to achieve the desired substitution pattern of the tropolone
natural product, preventing facile access to the target compound.?? In contrast, Nature efficiently assembles complex
tropolones using available biosynthetic machinery. In fungi, the identification of the stipitatic acid (12) biosynthetic gene
cluster in T. stipitatus provided a blueprint for the assembly of these aromatic seven-membered rings in Nature (Figure
1C).2! Fungal tropolone biosynthesis, in the case of stipitatic acid, commences with polyketide synthase production of 3-
methylorcinaldehyde (9) and subsequent flavin-dependent monooxygenase-mediated oxidative dearomatization.?* 27 It has
been established that the resulting dienone (10) undergoes an oxidative ring expansion catalyzed by an a-KG-dependent
NHI enzyme, TropC, to afford stipitaldehyde (11). Downstream enzymatic modifications of stipitaldehyde (11) generate
stipitatic acid (12).%* Since the identification and characterization of enzymes involved in stipitatic acid biosynthesis, several
other tropolone natural products have been shown to proceed through the same oxidative dearomatization/ring expansion
cascade to generate the tropolone core.28-2° Motivated to understand the chemical steps of this powerful transformation, we
initiated our studies on the chemistry and mechanism of the TropC-catalyzed ring expansion. In particular, we sought to
investigate two transformations which TropC has been shown to catalyze (1) ring expansion to generate stipitaldehyde (11)
and (2) a fragmentation reaction which produces trihydroxybenzaldehyde (18), a known shunt product in fungal tropolone
biosynthesis (Figure 1D).

As the fate of a radical intermediate in NHI dioxygenase-catalyzed transformations is critical to the observed
reactivity of the enzyme, we envisioned that TropC-catalyzed ring expansion could occur through several possible
mechanistic pathways. Cox and coworkers initially proposed that TropC performs a polar ring expansion to produce
stipitaldehyde (11, Figure 1D, Path 1).192! Their proposal commences with TropC-mediated C-H atom abstraction on
dienone 10 to generate radical species 14.19-21 Subsequent rebound hydroxylation would afford diol 13, which is proposed
to undergo a semi-pinacol rearrangement to form stipitaldehyde (11). We anticipated that this rearrangement could be
assisted by residues in the TropC active site through activation of the alcohol leaving group in diol intermediate 13.1%-21 The
proposed ring expansion mechanism is also consistent with the observed formation of a shunt product in this biosynthetic
pathway, 18, which is anticipated to arise through loss of formaldehyde and concomitant rearomatization to produce
trihydroxybenzaldehyde 18 (Figure 1D, Path 3).21 Based on the radical reaction pathways that have been proposed for other
ring modifying enzymes, we envisioned an alternative mechanism to arrive at stipitaldehyde in which radical 14 directly
undergoes ring expansion, followed by radical termination via a single electron oxidation involving the iron(ll)-hydroxyl
species (Figure 1D, Path 2). Under this model, the product generated by the enzyme is determined by the radical termination
process which occurs in the active site. If rebound hydroxylation predominates, then trinydroxybenzaldehyde (18) will be
the major product formed. If radical rearrangement is preferred under the reaction conditions, then stipitaldehyde (11)
formation will dominate. To decipher the ring expansion mechanism used by TropC, we aimed to investigate the active site
architecture of the enzyme, as well as the reactivity of proposed ring expansion intermediate 13.

Results and discussion

To determine the nature of the TropC-catalyzed ring expansion, we began by performing a computational analysis
of the proposed pathways (Figure 1D, Path 1-3). Through these calculations, we aimed to compare the relative barriers of
proposed ring expansion pathways to assess the feasibility of a one- or two-electron ring expansion mechanism. Each
mechanistic pathway was evaluated using a small molecule NHI mimetic complex (see Supplementary Figure S32). We
manually performed tautomerization of reaction pathway products to model stipitaldehyde (11) and the
trihydroxybenzaldehyde shunt product 18 as protonated, neutral structures, reflecting the enzymatic reaction conditions for
TropC-catalyzed ring expansion (pH 7.0). Water molecules were used as proton shuttles to mimic the protonation and
deprotonation events that would be facilitated by residues in the enzyme active site.

We began our computational investigations using the radical intermediate 14 (Figure 2), which is the divergence
point for each of the pathways along the potential energy surface (PES). We first explored the radical rearrangement (Path
2), which occurs with a barrier of 12.7 kcal/mol (16). A subsequent H-atom abstraction by an iron(lll)-hydroxyl species to
produce the tautomer of stipitaldehyde (11) was calculated to be barrierless. This calculation was supported by literature
precedent which demonstrated that tropolones could be synthesized from ortho-dearomatized radicals (Figure 1B).22 26 We
then explored the rebound hydroxylation and semi-pinacol rearrangement (Path 1). As expected, rebound hydroxylation to
produce diol 13 was found to be a barrierless process in our active site model.?? 3031 |n an enzyme active site, we anticipate



Path 1. Semi-pinacol Rearrangement - = Singlet

A
A L Path 2. Radical Rearrangement ~ = Doublet
o <A Path 3. Fragmentation ’
12.7
16

Energy (kcal/mol)

-78.2
18
+[Fe'w]
+[Fe] +[Fe'] -H,0 +[Fe'\y]
+[Fe"] +H,0* +H,0" +CH,0 +H,0
+H30" +H,0 +H,0 +CH3CO,” +CH3CO,

Reaction coordinate

Figure 2. QM calculations for TropC-catalyzed reaction pathways to generate stipitaldehyde (11) and
trinydroxybenzaldehyde 18.

that substrate movement and alignment would be restricted by local residues, resulting in thermodynamic barriers to this
process.12 3031 The barrier for the proposed semi-pinacol rearrangement was observed to be excessively high at 48.8
kcal/mol (21), indicating that this transformation is not likely to occur. These barriers are in agreement with computational
analysis by Siegbahn and coworkers examining ring expansion mechanisms of ortho-dearomatized phenols, indicating that
a semi-pinacol type ring expansion is unlikely to occur in these systems.32 In comparison, fragmentation to afford an aromatic
product from diol 13 (Path 3) to produce formaldehyde and trihydroxybenzaldehyde 18 was found to be a low barrier process
at 18.2 kcal/mol (23). These calculations suggest that diol 13 favorably undergoes fragmentation and rearomatization (Path
3), rather than the proposed semi-pinacol ring expansion (Path 1). The calculated low barrier for Path 3 is supported by
experimental observation of trihydroxybenzaldehyde formation during the TropC-catalyzed reaction. Taken together, the
QM simulations support our alternative mechanistic proposal in which the radical rearrangement is a kinetically and
thermodynamically accessible route towards tropolone formation (Path 2).

Next, we sought experimental evidence to discriminate between the two reaction pathways under consideration for
TropC-catalyzed ring expansion. We aimed to further interrogate the proposed ring expansion mechanisms by performing
a detailed mutational analysis of TropC in order to determine if specific active site residues are responsible for catalyzing
the ring expansion. To gain structural information to guide this work, we obtained TropC crystals using the sitting drop vapor
diffusion method (see supplemental information for details). Following data collection, we found that TropC crystallized in
the P3:121 space group with two molecules of TropC in the asymmetric unit (PDB ID: 6XJJ). The crystal structure of
unliganded TropC was solved at a resolution of 2.7 A with the molecular replacement method using the structure of thymine-
7-hydroxylase (T7H) of Neurospora crassa as a search model (Figure 3).32 Our analysis of the structural data indicated that
TropC adopts a similar architecture as other a-KG-dependent NHI dioxygenases 34. The three-dimensional structure of
TropC consists of double-stranded B-helix (DSBH or jelly-roll) fold at the core of the protein 4. The DSBH core of TropC is
comprised of ten anti-parallel 3-strands, which form two B-sheets, called major and minor (3-sheets. Major 3-sheets of TropC
include $1-5, B8 and B10, and the minor B-sheet consists of 6, B7 and 9 (Supplementary Figure S29). The exterior of the
maijor B-sheets of the DSBH fold is surrounded by a-helices (a1-3, a5 and a7) to form a compact globular structure.



Figure 3. Overall architecture of TropC determined using X-ray crystallography (PDB ID: 6XJJ). (Left) Structure of TropC
from T. stipitatus in ribbon representation. At the core of TropC, the Fe (Ill) shown with red sphere and side chain of
residues, H210, D212 and H269, are shown in stick representation. (Right) Rotated view of crystal structure of TropC
and active site located at the center of the protein.

Structures similar to TropC in the Protein Data Bank (PDB) were explored by using the DALI server (Supplementary
Table S2),% revealing the highly similar structures of isopenicillin N synthase from Pseudomonas aeruginosa PAO1
(PalPNS, PDB ID: 6JYV, Z-score: 32.2)3¢ and thymine-7-hydroxylase (T7H, PDB ID: 5C3Q, Z-score: 31.8) of Neurospora
crassa.3® An overall structural comparison of TropC with PalPNS and T7H suggested a putative substrate binding site for
TropC (Supplementary Figure S30). Overlaying TropC with T7H revealed several shared residues which define the
substrate binding site in the T7H structure (Supplementary Figure S31).33 Specifically, residues F284 and F213 align well
with two conserved aromatic residues in T7H, F292 and Y217, respectively.®® F292 and Y217 have been demonstrated as
critical for substrate binding and alignment in T7H, with F292 providing -1 stacking interactions that align thymine in the
enzyme active site for productive catalysis.3® The conservation of these aromatic residues in homologs of T7H and their
alignment with F284 and F213 in TropC suggests that these residues may play an analogous role in substrate alignment.33
In addition, bound metal ion was observed in the structure of TropC, which was refined to be Fe(lll). As has been observed
with the active site of other a-KG-dependent NHI dioxygenases, our structure demonstrates that the conserved HxD/E...H
metal binding residues are involved in interaction with Fe(ll) 33-34 36, Specifically, our data showed the coordination of
residues H210, D212 and H269 (located at the loop between $4-5 and B9) to the active site Fe(lll) atom (Figure 3).

Crystallography experiments yielded vital information on structural features of TropC and enabled further
investigation of mechanistic considerations by computational and mutagenic analysis. Toward this goal, we anticipated that
an enzyme-substrate complex would provide critical information for determining the active site residues that are involved in
ring expansion catalysis. To construct a computational substrate-bound model, we modeled the missing electron density
from the C-terminus and used an overlaid structure of T7H to establish the coordinates of critical enzyme cofactors, such
as a-KG, ferrous iron and substrate (see Supplemental Information for model construction and simulation details). To
prepare the model for substrate binding studies, we performed a molecular mechanics (MM) minimization over 5000 steps.
The system was then prepared for a combined quantum mechanics and molecular dynamics (QM/MD) simulation. The
system was subjected to three phases of MD simulations in which the system was heated, equilibrated, and sampled for a
total of 12 ns to generate an enzyme-substrate-cosubstrate complex with the appropriate geometry and alignment for C-H
atom abstraction (see Supplemental Information for details).

Our analysis of the substrate-bound TropC model revealed that substrate 10 was flanked by numerous active site
residues that could potentially be involved in substrate binding or catalysis (Figure 4C). Residues from the TropC substrate
pocket were identified and selected for alanine screening to determine if specific amino acids are critical for the ring
expansion process. We anticipated that a TropC variant, without the required residue for a polar, semi-pinacol-type ring
expansion, would be unable to generate stipitaldehyde, resulting in a change to the ratio of observed enzyme products
toward formation of the shunt product, 18 (Figure 4A). We carried out mutagenesis of twelve active site residues, generating
the corresponding alanine variants (Figure 4B and Supplementary Figure S2) as well as variants with isosteric and
isoelectronic residues at the same position. These residues were chosen using the substrate-bound TropC model as a
guide and were selected for their proximity to the substrate as well as their ability to participate in the proposed reaction
pathways. Many of the resulting variants were soluble, but catalytically inactive, suggesting that the structural changes in
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some variants prevented productive catalysis. Catalytically active variants exhibited reduced enzymatic conversion to
products, but the product profiles were largely unaltered, and stipitaldehyde (11) remained the major product under the
reaction conditions, suggesting that most of the substrate-flanking residues were not involved in catalysis. However, the
F284A variant uniquely demonstrated a shift in the product profile to produce nearly equimolar amounts of stipitaldehyde
(11) and trihydroxybenzaldehyde (18). Analysis of the substrate-bound TropC model suggests that this residue could be
important for positioning of the substrate in the active site. This proposed role is analogous to the function of residue F292
in T7H, which has been shown to be critical for binding and alignment of substrate for productive catalysis. The binding
mode of substrate 10 in the TropC MD simulation demonstrates that F284 and F213 flank the substrate in the active site,
potentially guiding the proper alignment for C—H atom abstraction. This proposal is likewise analogous to the reported role
of F292 and Y217 in T7H, suggesting a similar function in aligning the TropC substrate to achieve catalysis.3® To further
investigate this hypothesis, we generated the isosteric variant TropC F284Y which reconstituted the ring expansion activity
of the enzyme, providing further evidence that F284 is a critical residue for determining the product mixtures generated by
TropC. We aimed to further analyze this reaction by generating a TropC F213A variant but were unable to produce soluble
protein with this construct. Despite this challenge, the data generated through alanine scanning of the TropC active site
suggested that substrate alignment plays a role in determining the product profile of the enzyme. Perturbations of this
alignment often result in a change to the products generated by the enzyme, providing clues about the mechanism of the
transformation.” © In particular, substrate alignment relative to the iron(lll)-hydroxyl species is key in discriminating whether
rebound hydroxylation occurs over other NHI-catalyzed reactivity, such as halogenation.3’ In the context of our TropC model,
these observations support the proposed mechanistic pathway for radical ring expansion (Path 1) in which the fate of the
radical (rearrangement versus rebound hydroxylation) determines which product is generated by the enzyme. In addition,
mutagenic changes to polar residues did not produce a corresponding shift in the product profile to the production of
trihydroxybenzaldehyde 18, suggesting that local acid or base catalysis does not drive a ring expansion mechanism (Figure
1D, Path 1).

We aimed to further interrogate the proposed semi-pinacol rearrangement (Figure 1D, Path 1) by evaluating the
reactivity of the proposed diol intermediate 13. To generate the target diol in the absence of TropC, a biocatalytic approach
was employed using CitB and TropB.2% 27.38-40 \We aimed to directly synthesize diol 13 through oxidative dearomatization of
benzylic alcohol 25 using TropB. Notably, trihnydroxybenzaldehyde 18 was detected in these reactions, but diol intermediate
13 was not observed, suggesting that the fragmentation reaction described in Path 3 (Figure 1D) occurs spontaneously
under the reaction conditions. To further probe whether diol 13 is a ring expansion intermediate in TropC catalysis, we again
performed a TropB-catalyzed oxidative dearomatization of benzylic alcohol 25 and included TropC in this reaction. We
envisioned that diol 13, when generated in situ, could enter the active site of TropC and undergo a ring expansion reaction



as proposed in reaction Path 2 (Figure 1D). In this reaction, exclusive formation of trihydroxybenzaldehyde (18) was
observed with no stipitaldehyde (11) detected, suggesting that fragmentation and rearomatization of diol 13 is the
predominant mode of reactivity observed for this putative intermediate (Figure 4D). In support of this finding, Riess and
coworkers noted this same fragmentation and rearomatization reactivity in their attempts to perform ring expansion reactions
on ortho-dearomatized phenols to produce tropolones (Supplementary Figure S29).4! These observations also agree with
the computational modelling which suggests that fragmentation and rearomatization is a low-barrier process (18.2 kcal/mol).
Taken together, these data indicate that diol intermediate 13 is unlikely to be the correct ring expansion intermediate in the
TropC-catalyzed reaction, further suggesting that a radical mechanism (Path 2) leads to tropolone formation in this NHI
system.

Conclusions

These experimental observations and QM calculations suggest that TropC-catalyzed ring expansion occurs through
a radical-based process (Path 2), rather than the previously proposed rebound hydroxylation/semi-pinacol sequence (Path
1). This mechanistic proposal is supported by structural characterization, modelling and mutagenic analysis of the TropC
active site, demonstrating that modification of a residue involved in substrate positioning altered the products generated by
the enzyme. These data suggest that substrate positioning in TropC determines which radical termination step
predominates: rebound hydroxylation or radical rearrangement followed by single electron transfer. Furthermore, we have
demonstrated that rebound hydroxylation generates an intermediate (13) which does not undergo ring expansion, but rather
a fragmentation and rearomatization process to produce trihnydroxybenzaldehyde 18. The observed reactivity of intermediate
13 illustrates the thermodynamic favorability for rearomatization over ring expansion in ortho-dearomatized phenols, as has
been documented in previous studies.®> 41 This revised proposal of radical-based ring expansion is also supported by
literature precedent, demonstrating that tropolones can be synthesized from ortho-dearomatized radicals. These findings
provide strong evidence of a radical-based mechanism for fungal tropolone biosynthesis, representing a major shift in the
current understanding of the role of NHI enzymes in this process. In addition, our observations provide new insight into the
mechanistic processes harnessed by NHI enzymes for the selective synthesis of complex molecules. We anticipate that
computational studies that consider active site geometries could provide additional insight into these transformations and
the observed behavior of TropC variants. Furthermore, we envision that the molecular details of NHI-catalyzed ring
expansion can be leveraged to address current challenges in the synthesis of tropolone natural product scaffolds.
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