Uncovering the Origins of Selectivity in Non-Heme Iron Dioxygenase-Catalyzed

Tropolone Biosynthesis

Taveechai Wititsuwannakul,! Kevin C. Skinner,!-2 Joshua A. Kammeraad,! Di Yang,1,2
Alison R. H. Narayan,1:2 Paul M. Zimmerman!*
IDepartment of Chemistry, University of Michigan, Ann Arbor, Michigan 48109, USA
2Life Sciences Institute, University of Michigan, Ann Arbor, Michigan 48109, USA

E-mail: paulzim@umich.edu

Abstract
Non-heme iron (NHI) enzymes perform diverse oxidative transformations with precise control that
is not easily available to small molecule catalysis, such as the biosynthesis of tropolone. Among
them, Anc3, a reconstructed ancestral a-ketoglutarate (a-KG) dependent NHI dioxygenase, cata-
lyzes a ring-expansion in the tropolone biosynthesis from cyclohexadienone to afford tropolone
natural product stipitaldehyde (ring-expansion product) alongside 3-hydroxyorcinaldehyde (shunt
product). This study reveals how the enzyme environment guides the reaction to ring-expansion
product preferably over shunt product, where the precise selectivity ratio depends on just a handful
of residues. In particular, molecular dynamics (MD) and quantum mechanical/molecular mecha-
nical (QM/MM) simulations describe how the substrate binds within the NHI active site and can
proceed through two distinct mechanisms, ring-expansion or rebound hydroxylation, to yield the
two experimentally observed products. Discovery of a linear relationship of AE, values and hydro-
gen bond distances between Argl91 and the Fe(III)-OH group reveals that inhibition of the re-
bound hydroxylation step increases selectivity towards ring-expansion. Our findings suggest that
the rebound hydroxylation rate is further tuned through the Fe(III)~OH bond strength, as influ-
enced by specific secondary sphere coordination effects around the active site. These influences
are largely orthogonal to the ring-expansion mechanism, which is shown to prefer to proceed
through a radical pathway. In addition, a cationic pathway initiated by electron transfer from sub-
strate to iron is ruled out based upon thermodynamic infeasibility. Altogether, the atomistic details
and reaction mechanisms delineated in this work have the potential to guide the tuning of reaction

pathway in related NHI enzymes for selective oxidation reactions.
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B Introduction

Iron-containing enzymes are essential for the regulation of numerous biological processes,
i.e., DNA and RNA base repair,! oxygen homeostasis,” biosynthesis of hormones,> and metabo-
lism of drugs.* In addition, these enzymes play essential roles in a variety of natural product bio-
synthetic reactions.> Among them, a-ketoglutarate (a-KG) dependent non-heme iron (NHI) dioxy-
genases are functionally-diverse enzymes which perform a wide range of chemical transformations
with exquisite control over chemo-, site- and stereoselectivity to afford structurally-complex natu-
ral products.’® <6 As such, a-KG-dependent NHI dioxygenases have attracted attention for their
application as catalysts for challenging reactions, for instance the ring-expansion reactions shown

in Figure 1a.”-8
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Figure 1. (a) Anc3 variants-catalyzed oxidative transformation of 1 to P1 and P2. (b) 3D enzyme model of the wild-
type Anc3 constructed by AlphaFold2 with key amino acid residues (blue ovals) for mutational analysis. (c) Product
ratios between P1 and P2, depending upon Anc3 variants.

Tropolones are a structurally-diverse group of bioactive metabolites containing aromatic

cycloheptatrienes with an o-hydroxyketone moiety (such as P1 in Figure 1a).” While examples of
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organic synthesis of tropolones through rearrangements such as ring-expansion are available,”-19

they require extensive prefunctionalization and laborious efforts to achieve desired substitution
patterns of the tropolone natural products, resulting in limited access of target compounds.!? As
an alternative to conventional synthetic approaches, a-KG-dependent NHI dioxygenases have evo-
lved to catalyze skeletal rearrangements with high site- and stereoselectivity to afford a variety of
natural products.’-6-8:11 Among them, TropC, an a-KG-dependent NHI dioxygenase from bio-
synthesis of tropolone natural product stipitatic acid in Talaromyces stipitatus, is an efficient bio-
catalyst for the oxidative ring-expansion of cyclohexadienone 1 to the tropolone product, stipital-
dehyde (P1, ring-expansion product), with little 3-hydroxyorcinaldehyde (P2, a shunt product in
stipitatic acid biosynthesis) also being formed (Figure 1a).” Recently, Anc3, a reconstructed an-
cestral a-KG dependent NHI dioxygenase which shares 59% sequence identity with TropC, was
also shown to transform 1 to P1 as well as P2 (Figure 1a).”® Product ratios between P1 and P2
were found to sensitively depend upon Anc3 variants. Surprisingly, changes in just a few amino
acid residues resulted in substantial shifts in the reaction selectivity (Figure 1b,c), especially the
increases in the product ratios from 1.3:1 of variant 1 to 2.8:1 of variant 2 with just one mutation
at the active site. With four and six mutations, ratios of 4.9:1 (variants 3 and 6) were achieved.®
These findings motivated detailed investigations into the underlying reaction mechanisms and sou-
rces of reactivity control.

Enzymes from the same protein family may perform different functions while still sharing
common mechanistic features.!? NHI-catalyzed reactions are believed to involve Fe(IV)—oxo cen-

ters0:13.14

such as [Fe(IV)=0] which activate a C—H bond and form a radical intermediate such as
4 + [Fe(II1)-OH] (Figure 2).72%:0-8:11 After the radical intermediates are generated, reaction path-
ways may bifurcate, and the structural features which control reaction selectivity are generally not
well understood. For skeletal rearrangements, radical as well as polar mechanisms (including sin-
gle electron transfer; SET) have been proposed for NHI enzymes.>2%-0-8:11.15 1y addition, the acti-

vated substrate can proceed through various radical-based reaction steps, i.e., hydroxylation, ring-

expansion, ring-contraction, desaturation, halogenation, endoperoxidation, and epimerization,
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each resulting in a different reaction outcome.??-6-8:11.15 These diverse reaction pathways are a
crucial feature of NHI enzymes and might be exploited to reach specified products. Accordingly,
gaining insights into NHI mechanistic details, structural features,'® and how the fate of the radical
species is controlled can rationalize the origins of the selectivity and pave the way for the deve-

lopment of novel synthetic transformations.
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Figure 2. Proposed mechanisms of Anc3—cata1yzed oxidative transformatlons associated with C-H bond abstraction
of 1 + [Fe(IV)=0] to afford the key radical species 4 + [Fe(IlI)-OH], followed by three possible pathways (Path 1
(radical ring-expansion, green), Path 2 (rebound hydroxylation, blue), and Path 3 (SET, red)), leading to P1 and P2.

7¢.8 their mechanistic details for the

As Anc3 and TropC are in the same protein family,
oxidative transformations of 1 to P1 and P2 could be similar (Figure 2). Based upon the experi-
mental observations of Anc3 indicating that P1 is the dominant product (Figure 1),% Path 1 (radical
ring-expansion) or 3 (SET) is more favorable than rebound hydroxylation (Path 2) under the reac-
tion conditions. Our groups have used computations in conjunction with experimental investiga-
tions to provide viable hypotheses for the mechanisms of these transformations.® This study was
consistent with formation of P1 in TropC through radical ring-expansion (Path 1; Figure 2).¢ This
path is also supported by literature showing that tropolones could be synthesized from cyclohexa-
2,4-dienones through radical-based rearrangement.! %> Another possible pathway to P1 involves

SET (Path 3), which also has been proposed as operating within several other NHI enzymes.!>-!”
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To afford P2 in TropC, we suggested that the radical intermediate could proceed through rebound
hydroxylation (Path 2) and subsequent fragmentation,’® as opposed to the commonly proposed
mechanism in literature, polar ring-expansion pathway through rebound hydroxylation and subse-
quent semi-pinacol rearrangement to generate P1.72-" This pathway was evidenced by the observa-
tion that hydroxylation product 7, generated in situ, entered the TropC active site and underwent
fragmentation to generate P2.7¢ Computations also indicated that fragmentation is substantially
more energetically accessible than semi-pinacol rearrangement (see the Result section for more
details).” Overall, Paths 1-3 are potential reaction pathways starting from 4 + [Fe(IlI)-OH] for
oxidative transformations of 1 catalyzed by Anc3 variants.

The selectivity observed in experiment, in which ring-expansion (Path 1 or 3) is more do-
minant than rebound hydroxylation (Path 2), has yet to be clearly explained by mechanistic mo-
dels. The previous study of the divergent reactivities of Anc3 variants 1, 2, 3, and 6 revealed a key
hydrogen bond between the substrate and the hydroxyl ligand on the iron center.® This hydrogen
bond can slow the transfer of the hydroxyl ligand to the substrate. However, beyond this factor,
there are numerous influences of the first- and second-coordination spheres around the reaction
site which alter substrate binding and positioning, viability of individual reaction mechanisms, and
ultimately reaction selectivity.!© Thus, for Anc3, how enzyme environments mediate the observed
selectivity is not yet understood and remained as a big knowledge gap. In particular, it is not known
why substitution of just a small number of residues results in significant changes in the selectivity
as mentioned above (Figure 1c).

Molecular dynamics (MD) and quantum mechanical/molecular mechanical (QM/MM)!®
simulations are highly useful tools for exploring reaction mechanisms of enzymes.!” These tools
are especially useful for identifying transient structures and reaction pathways that cannot easily
be isolated in experiment. This information can explain how reaction selectivity is achieved and
how alternative product channels are blocked in enzyme active sites.'® These methods have also
been used for validating correlations between enzyme mutations and their selectivity and exploring

how their changes in enzyme environments due to mutations modulate the activation barriers.2"
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Based upon these precedents, our use of MD and QM/MM simulations is likely to provide signi-
ficant insights into mechanisms for Anc3 catalysis and information on what steers Anc3 variants
to produce P1 over P2.

To address the key question of how enzyme environments dictate the reaction selectivity
in Figure lc, combined MD and QM/MM simulations which delineated the atomistic reaction
pathways were performed to explore the most feasible mechanisms of Anc3 variants-catalyzed
oxidative transformation of 1. These mechanistic details are essential for probing the sources of
the selectivity leading to bifurcation products (dominant ring-expansion product P1 vs. little shunt
product P2), which can establish relationships between substitutions of key amino acid residues in
the active sites and the substantial changes in selectivity with enzyme variants. Key non-covalent
interactions in the active sites distinguish radical ring-expansion, rebound hydroxylation, and SET
reactivities. In all, this study provides a foundation for understanding a-KG dependent NHI dioxy-

genase reaction selectivity /%8

and giving inspiration for rational design of NHI enzymes.
B Computational Details
The Visual Molecular Dynamics (VMD) software program?! was employed for all 3D ima-

122 was used to visualize molecular orbitals

ges and spin density plots (isovalue 0.2 au). IQmo
(isovalue 0.2 au).

1. Model Preparation. As Anc3 originated from the ancestral sequence reconstruction
process and no crystal structure is available,® a model was built using the AlphaFold2 software?3
from its amino acid sequence. To gain insights into how key amino acid residues of Anc3 influence
mechanistic details, structural features, and reaction selectivity on the enzymatic reaction in Figure
la, mutations were made to specific residues. The residues of interest were shown in Figure 1b,
corresponding to Anc3 variants:

Variant 1: S215G T218S

Variant 2: S215G T218S D290N

Variant 3: S215G T218S D290N A210D Q230E F275S

Variant 6: S215G T218S D290N A210D A216C 1217V Q223E Q230E
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The approaches in this work followed the procedures from the previous studies of the NHI
enzymes in the same protein family.”®® The X-ray crystal structure of the a-KG NHI enzyme,
thymine-7-hydroxylase (T7H) of Neurospora crassa possessed structural similarity to Anc3 (Pro-
tein Data Bank (PDB)%* ID, 5C3Q; sequence identity, 29%),2> which contains the nickel atom, a-
KG cofactor, and thymine (native substrate) in the active site, was used as a template for the Anc3
active sites (Figure 3). To build the Anc3-substrate-a-KG complexes, the nickel, thymine, and a-
KG coordinates of T7H were transferred to the Anc3 variant models. The nickel atom was changed
to iron, and thymine was replaced with 1 by docking with the AutoDock Vina software package, 2
based upon the substrate-bound enzyme models which were experimentally validated by alanine
screening of the enzyme in the same protein family, TropC (6XJJ).”¢ In addition, the first-coordi-
nation sphere of the iron of Anc3 variants was modelled to match that of TropC since their active
sites are similar (see Section S1.1.1 of the Supporting Information (SI)) and the residues which
hydrogen bond to succinate and Asp213 are identical and well overlaid (Figure S1 (SI)). The water
ligand was then included in the first-coordination sphere of iron for Anc3 variants like TropC.”®

Further details are available in Section S1.1.1 (SI).

Figure 3. Overlaid structures at the active sites of T7H (chain A) and wild-type Anc3. T7H is pictured in cyan with
thymine shown in green, a-KG in cyan, Tyr217 and Phe292 in cyan, and nickel in pink, and Anc3 is pictured in gray
with 1 shown in orange and Phe214 and Phe288 in gray.
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Missing hydrogen atoms and protons were added to the Anc3 variant models according to
their canonical protonation states using the CHARMM-GUI.2” The protonation states at pH 7.5
were determined with the Propka-3.1 software,”® and the tautomeric forms of histidine were as-
signed to maximize their hydrogen bonding interactions. To ensure electric neutrality of the mo-
dels, potassium and chlorine counterions were added at random positions, using the CHARMM-
GUI. The atom counts of counterions for each model are summarized in Table S2 (SI). A water
box was used with periodic boundary conditions to construct solvent environment, and the particle
mesh Ewald method?” was applied to describe long-range electrostatic effects. Dimensions of the
water boxes were established to fit the largest dimensions of proteins plus 10 A. All water mole-
cules within 2.8 A of heavy atoms were removed. Force field parameters for 1 and a-KG were
obtained using CGenFF 4.0,3" and parameters for the iron atom were taken from the previous
study by Pang et al.3! A set of constraints based upon the T7H crystal structure”® were used to
initially refine the Anc3 geometries (see Section S1.1.2 (SI)). The restrained structures were sub-
jected to 5,000 step molecular mechanics (MM) geometry optimizations using the steepest decent
algorithm and the CHARMMS36 force field.3? These optimized structures formed the basis of the
MD sampling of the next subsection.

2. Classical MD Simulations and Analysis. A series of MD simulations were carried out
with the OpenMM/CHARMM?? interface (version c45a2) using periodic boundary conditions, the
particle mesh Ewald for long-range electrostatic interactions, a 2 fs timestep, and a Langevin ther-
mostat>* (friction coefficient = 5 psfl). To equilibrate the models, a three step MD protocol was
conducted. In the first phase, the restrained active sites mentioned in Section S1.1.2 (SI) and har-
monic restraints of 10.0 kcal/(molAZ) on all heavy atoms of the solute were applied, and the models
were slowly heated from 10 K to 298 K over 500 ps. In the second phase, the harmonic restraints
were removed, and the temperature was kept constant for an additional 500 ps. In the final phase,
the Phe214 positional restraint was removed, while other restraints were maintained. Simulations

were performed for 12 ns, in which the first two ns were used for equilibration.
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The extent of equilibration of each Anc3 variant model was determined based upon a root-
mean square deviation (RMSD) plot of the protein backbone showing small fluctuations (Figures
S2-S5 (SI)). To obtain 1 + [Fe(IV)=0] structures in which the C—H bond is ready for abstraction,
one MD snapshot from each equilibrated enzyme model was selected based upon structural para-
meters of C—H bond abstraction between 1 (C; and Hy) and the iron-coordinated oxygen (O;) of
0-KG (Hy~O; < 2.72 A (the sum of van der Waals (vdW) radii of H, and O, atoms)*> and £C -
H4~O; ~ 110-180°);3¢ see Figures S22-S26 and Table S3 (SI)). These parameters are relative to
the coordinated 0-KG cofactor rather than the oxo ligand of 1 + [Fe(IV)=0] species!* (Figures 4
and S35-S38). Subsequently, 5,000 step MM geometry optimizations were performed on each se-
lected MD snapshot, so that a local minimum of each model was obtained. The a-KG structures
were then modified to succinate and the oxo ligand for reflecting the active species 1 + [Fe(IV)=0].
Full details of Anc3 variant model preparation are summarized in Sections S1.1, S1.3, and S1.4
(SI). These structures with the chemically realistic active sites were subsequently used in QM/MM
models.

3. QM/MM Simulations. The modified 1+ [Fe(IV)=0] models derived from MD simula-
tions were pruned of all water molecules and counterions within 30 A of the iron atom. All atoms
within 20 A of the iron atom were allowed to relax, while the rest of the systems were kept frozen.
The QM regions were defined to include the iron atom, amino acid residues summarized in Table
S4 (SI), substrate 1, succinate, and oxo and water ligands, and the MM regions for the remaining
residues, water (solvent), and counterions. Link atoms between QM and MM regions were automa-

tically placed by pDynamo 3.0.9,37

a Python program which performs QM and QM/MM simula-
tions, to saturate the valences and simulate the valence bonds at the interface between QM and
MM regions. Total atom counts in the QM regions and QM/MM models and the net charges of the
QM clusters of Anc3 variants are summarized in Table S4 (SI).

All QM/MM simulations were conducted with pDynamo 3.0.9 utilizing the limited-memo-
ry Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) optimizer.*® During QM/MM geometry optimi-

zations, the QM regions were treated by Q-Chem 5.23° with the unrestricted B3LYP hybrid func-
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tional,*” which was implemented using the D3 version of Grimme's dispersion function with Bec-
ke-Johnson damping (referred to as D3BJ),*! and the 6-31G(d) basis set,*? whereas the MM re-
gions were treated with the CHARMM?27 force field.*3 The electronic embedding scheme was
used to represent the bidirectional electrostatic interactions between the QM and MM regions.**
While 1+ [Fe(IV)=0] species (Figures 4 and S35-S38) can sometimes have a triplet spin ground
state (2S +1 = 3) outside of enzymes, such as biomimetic complexes, they typically have a quintet
spin ground state (2S +1 = 5) within enzyme active sites.’c-8:14.15b.¢.17¢.£45.46 Cajcylations in dif-
ferent spin states also indicated that the quintet spin state is the ground state of 1 + [Fe(IV)=0]
(see Section S2 (SI)). All models were therefore simulated in the quintet spin state.

All QM/MM reaction pathway simulations were performed using the methods mentioned
above. Relaxed potential energy scans for all reaction pathway simulations in Figure 5 were per-
formed using mass-weighted differences*’ between two key distances of each reaction pathway.
Specifically, C;—H4 and H4—O for C-H bond abstraction, C{—C3 and C,—Cj3 for radical ring-
expansion, Fe-O; and O;—C; for rebound hydroxylation, and O4—H5 and Hs—O,4 for O-H bond
abstraction were scanned (see Figures 4, 6, 7, 11a, S35-S38, S48-S51, S68-S71, S79-S82, S86-
S89, and S93-S96). The QM-cluster models derived from the QM region of Anc3 variant 3 were
also investigated to locate all possible C—H bond abstraction pathways (see Sections S1.5.1 and
S3.2 (SI)). The QM reaction paths of the diol species 7 for semi-pinacol rearrangement and frag-
mentation were explored (see Sections S1.5.2 and S7 (SI)). Non-covalent interactions (NClIs) ana-
lysis,*® which reveals hydrogen bonds and van der Waals (vdW) interactions, were performed to
explore effects of the first- and second-coordination spheres on mechanistic differences and reac-
tion selectivity (see Figures 4, 7, 11a, S35-S38, S48-S51, S68-S71, S79-S82, S86-S89, and S93-
S96).

SET simulations of Anc3 variants 1 and 3 were implemented by combined constrained
density functional theory*’/molecular mechanics (CDFT/MM). CDFT is a useful method for as-
signing the electron density distribution to achieve a desired charge or spin state.* All CDFT/MM

simulations were carried out with pDynamo 3.0.9 interfaced with Q-Chem 5.2 for the QM regions
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and the CHARMM27 force field for the MM regions.’®>" CDFT with the same DFT functional
and basis set mentioned above was performed for SET from the substrate radical 4 to the iron
fragment (Fe, His211, Asp213, and His270; constrained charge/spin multiplicity =—-2/5) in the QM
regions. The relaxed potential energy paths of ring-expansion in Figures 9 and S106 were prepared
by scanning along distances between C;—C5 and C,—C3 bonds. The QM-cluster model derived
from the QM region of variant 3 was also investigated (see Sections S1.5.3 and S8.2 (SI)).
B Results

1. Scope of Study. Experimental product ratios for ring-expansion and shunt product for-
mation (P1:P2) sensitively depend upon Anc3 variants (Figure 1),® and these interesting findings
motivate the structural and mechanistic simulations of this work. The models focus on four Anc3
variants 1, 2, 3, and 6 with a range of product ratios (from 1.3:1 to 4.9:1). Since mechanisms for

the generation of Fe(IV)-oxo have been well established in literature,®!3

a natural starting point
for simulations is 1 + [Fe(IV)=0] (Subsection 2). Reaction paths proceeding from 1 (Subsections
3 and 4) allow study of the origins of the reactivity control (Subsection 5).

The first- and second-coordination spheres around the iron active site comprise the central
structural features which guide reactions within the Anc3 variants. The first-coordination sphere
ligands binding to the iron are His211, Asp213, His270, succinate, water, and oxo/hydroxyl (see
Figures 3, 4, 6, 7, 9, and 11a). This is typical for NHI enzymes which utilize a highly conserved
first-coordination environment centered around the iron, composed of a facial triad (two His and
Asp (or Glu)) side chains binding to the iron.!*>! The second-coordination sphere consists of
amino acid residues which do not directly bind to the iron but can affect electronic properties
through non-covalent interactions,16 i.e., Argl91, Phe214, Gly215, Phe288, and Asn290/Asp290,
including Asp210/Ala210, Arg269, Arg271, and Arg282 which has a salt bridge with the terminal
carboxyl group of succinate (Figure S42 and Table S10 (SI)).

2. Structure of 1 + [Fe(IV)=0]. The QM/MM-optimized geometries of 1 + [Fe(IV)=0]

1

for variants 1, 2, 3, and 6 have quintet spin ground states with frontier orbital occupations ¥,

k., n*yzl G*Xz_y21 o*,,Y (see Figure S33 (SI)). A representative QM/MM-optimized 3D struc-
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ture of Anc3 variant 3 is shown in Figure 4 (see Figures S35-S38 (SI) for all variants). Structurally,

the Fe-O1(oxo) distances are 1.61-1.62 A (Table 1), consistent with the Fe(IV)=0 bond distances
7¢,8,15b,c,17f,20a-c,45a-d,46a,b

Arg191

N4 succinate

of the previous studies.

Figure 4. Representative QM/MM-optimized geometry of 1 + [Fe(IV)=0] of Anc3 variant 3: (a) key hydrogen bonds
and NCIs of 1, oxo ligand, and key amino acid residues (Argl91, Asp213, Phe214, Gly215, and Asn290) in the active
site and (b) key hydrogen bond (purple dashed line) and NClIs of the adjacent methyl group of 1, oxo ligand, Phe214,
and Phe288. Enzymes shown in gray, 1 in yellow, succinates and key residues in gray, oxo and water ligands in red,
and iron(IV) atoms in orange. Hydrogen bonds and NCIs shown in blue dashed lines and green surfaces, respectively.
See Tables 1 and S7-S9 for key metrical parameters.

Table 1. Key bond distances and angles of 1 + [Fe(IV)=0] (quintet spin state) in Figure 4.¢

variant | Fe-O, | C,-H, | 0,-H, | C,-H,-O, | Fe-O,-H, | O,—Fe-H, | H,-O, | N,-H,-O, | H;-O; | N;-H;-0,
@A) A) A) © © © A) © A) ©
1 1.62 1.10 1.93 163.1 133.7 253 2.52 111.2 b b
2 1.61 1.09 2.04 155.3 128.4 29.1 242 123.6 1.79 169.5
3 1.61 1.10 2.08 150.9 127.7 29.7 2.40 118.9 1.86 159.1
6 1.62 1.10 2.03 146.4 133.5 26.0 2.34 1123 1.79 172.5

4See Figures S34-S38 (SI) for additional atom labels and key interactions and Tables S7-S9 (SI) for additional metrical
parameters. "No Asn290 (Asp290 for variant 1).

The substrate 1 is oriented for reaction in the binding pocket through support from non-
covalent interactions (Figure 4; see Tables 1 and S7-S9 for key distances and angles). These inter-
actions include m-stacking between 1 and the phenyl ring of Phe214 (Figure 4b), where Phe214
flanks 1 and helps its C; methyl group to align with the Fe(IV)=0 center.2> Phe288 further guides

the methyl toward the reaction site from the opposite face of Phe214. In addition, Argl91 is a key
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residue forming hydrogen bonds to bridge 1 and the oxo ligand (Figure 4a, H;-O; =2.34-2.52 A
and Z/N|—-H;-O; = 111.2-123.6°). Another key interaction involves the hydrogen bond between
Asn290 and 1 (H3~O3 =1.79-1.86 A and #/N3-H;—03 = 159.1-172.5°, except variant 1). Asp213,
Phe214, and Gly215 also form hydrogen bond networks with 1. In all, these position the methyl
group of 1 for C—H bond abstraction, with key structural parameters of O;(ox0)—Hy(1) =1.93-2.08
A, /Fe-O-H, = 127.7-133.7°, and Z/C;-H4~O1 = 146.4-163.1°. These numerous non-covalent
interactions involving first- and second-coordination spheres which combine n-stacking and hy-
drogen bonds hold the substrate 1 in place for reaction, and will be instrumental in tuning the
selectivity of the reaction pathways that will now be delineated. Hydrogen bonds between Argl91,
Asn290, and 1 have a significant and direct effect on the reaction selectivity (see Subsection 5).
3. Mechanisms for Tropolone Biosynthesis: Paths 1 and 2. Mechanisms of the conver-
sion of 1 to P1 and P2 are summarized in Figure 5 and Tables 2, S11, S15, S25, and S35. Represen-
tative 3D structures associated with reaction paths of Anc3 variant 3 are shown in Figures 4, 6, 7,
11a, S37, S50, S70, S81, S88, and S95 (see Sections S2-S6 (SI) for all variants). The first step is
C—H bond abstraction of 1 + [Fe(IV)=0] from the adjacent methyl group of 1. This step occurs
through TS1 with barriers of 19.1-20.2 kcal/mol (quintet spin state, ¢ pathway) to afford a common

primary CH»-radical intermediate (4) and the Fe(III)-OH center at the active site.7:8,17:20,45¢.¢,i,

52 Although this is the rate-determining step, in agreement with the previous studies,’c-3:17£:20.

45¢.£L52 it does not determine selectivity. Therefore, further details of C—H bond abstraction reac-
tion paths are summarized in Section S3 in SI.

The radical species (4 + [Fe(III)-OH]; Figures 11a and S70) appearing after C—H bond
abstraction is the divergent point from which two transformations likely occur. The radical electro-

2

nic configuration in [Fe(II1)-OH] is n*xy n*le

n*yzl G*Xz_y21 o*,,, and 4 contains an unpaired
electron on the primary radical carbon (C;) (spin density = 0.98; Table 2). As depicted in Figure
5, 4 + [Fe(Il1)-OH] could proceed to Path 1 (radical ring-expansion) leading to the ring-expansion
product P1 or to Path 2 (rebound hydroxylation) resulting in the shunt product P2. Path 1 occurs

with attack of the primary radical carbon to the carbonyl carbon, which leads to ring-expansion to
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a more stable radical intermediate involving a tertiary radical.”® This path resembles the mecha-
nism of the Dowd-Beckwith reaction, where ring-expansion of ketones is initiated by primary ra-
dicals.>* Path 2 involves rebound hydroxylation from the Fe(Il[)-OH to the C carbon, which is a
commonplace reaction path for NHI enzymes.”> The hydroxylated intermediate 7 is likely trans-
formed to P2 (Figure 2), as supported by experimental observations and simulations of the enzyme

in the same protein family, TropC.”¢
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Figure 5. (a) Reaction coordinates (representative of QM/MM models) with energy ranges of Anc3 variants 1, 2, 3,
and 6 for tropolone biosynthesis: Paths 1 (radical ring-expansion, green) and 2 (rebound hydroxylation, blue). (b)
Transition states TS1-TS4. See Tables 2, S11, S15, S25, and S35 and Figures S35-S38, S48-S51, S68-S71, S79-S82,
S86-S89, and S93-S96 (SI) for energies, key metrical parameters, and enzyme models.

Radical ring-expansion (Path 1) leads to the tertiary radical intermediate 5 with barriers of
11.1-14.4 kcal/mol (TS2) across the four Anc3 variants (Table 2). Atomistic details of the ring-

expansion from a six- to seven-membered ring are depicted in Figure 6. The ring-expansion begins
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with the C; approaching the carbonyl carbon (C3) (nodes 4 and 6; Figures 6b,c), concomitant with
the C,—C3 bond being elongated (Table S28 (SI)). The reaction path reaches TS2 at node 8 (Figures
6d, 7a, and S81). The structures of TS2 are reactant-like with longer C;—C5 distances (1.70-1.74
A) but shorter C,—C5 distances (1.59-1.66 A; Table S26 (SI)). The spin density at the C; of TS2
(0.35) significantly decreases with respect to 4, but that of the iron (2.87) is relatively constant,
indicating the iron is not directly a part of this elementary step (Table 2). The alkoxy radical cha-
racter of the carbonyl oxygen (Os) increases along the reaction coordinate (Table S28 (SI)). Just
after TS2, a transient cyclopropyloxy radical moiety exists (node 11; Figure 6¢) with the decrease
in the spin density at the O5 (Table S28 (SI)). Finally, the reaction reaches 5 + [Fe(I1II)-OH] (Fig-
ures 6f and S88) with energies of —21.0 to —35.2 kcal/mol (Table 2), compared to its starting point,
4 + [Fe(III)-OH]. The spin density at the tertiary radical carbon (C,) increases to 0.55 along with
the disappearance of the spin densities at the C| and O5 (Table 2).

Table 2. Relative electronic energies (AE) and spin densities of key atoms of species and transition

states in Figure 5. Spin densities are averages across Anc3 variants 1, 2, 3, and 6. Tables S53-S61
(SI) contain specific values for each variant.

species AE (kcal/mol) spin density

variant 1 | variant2 | variant3 variant 6 Fe“ C Gy

1+ [Fe(IV)=0] 0.0 0.0 0.0 0.0 3.23 0.00 0.00
TS1 19.3 19.1 20.2 20.0 3.70 -0.16 0.00
4 + [Fe(II)-OH] -2.9 2.5 -7.4 0.1 2.88 0.98 -0.04
TS2 11.5 13.9 5.8 11.0 2.87 0.35 0.11
TS3 13.7 17.9 10.4 15.4 3.20 0.89 -0.04

5 + [Fe(II)-OH] -23.9 -32.7 -27.5 -28.6 2.85 —-0.05 0.55
7 + [Fe(ID)] —-64.4 —65.6 -60.9 -69.1 3.83 0.00 0.00
TS4 -12.9 —24.2 -17.4 —-18.7 291 —-0.05 0.56

6 + [Fe(II)-OH,] -71.2 -72.4 =523 -56.5 3.81 0.00 0.00

4See Figures 4, 6, 7, 11a, S35-S38, S48-S51, S68-S71, S79-S82, S86-S89, and S93-S96 for atom labels.
Figures 6, 7a, and S81 show that Arg191, Asp213, Phe214, Gly215, and Asn290 remain in

hydrogen bonding configurations as ring-expansion proceeds. In addition to hydrogen bonding
with the substrate radical, Argl91 also interacts with the hydroxyl ligand, providing a stabilizing

effect that helps ring-expansion outcompete rebound hydroxylation (Path 2; Figures 7b and S95).
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Altogether, these residues not only orient the substrate 1 for C—H bond abstraction and intermediate
4 for ring-expansion, one of them also contributes to slowing down the otherwise-expected re-

bound hydroxylation reaction (see Subsection 5 for further details).

(@] QM/MM reaction coordinate: radical ring-expansion
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Figure 6. (a) Representative reaction coordinate for radical ring-expansion (Path 1) of Anc3 variant 3. The corres-
ponding 3D QM/MM-optimized geometries: (b) node 4, (c) node 6, (d) TS2, (e) node 11, and (f) 5 + [Fe(Il1)-OH].
Enzyme structures and the Fe(III)-OH centers are omitted for clarity. Intermediates and key amino acid residues
shown in yellow and gray, respectively. Hydrogen bonds shown in blue dashed lines. See Figures 11a and S70 for 4 +
[Fe(IIT)-OH], Figures 7a and S88 for the alternative views of TS2 and 5 + [Fe(III)-OH], respectively, and Tables S22,
S23, and S25-S30 (SI) for energies and key metrical parameters.

For Path 1 to reach P1, radical termination through O—H bond abstraction from 5 + [Fe-
(IIT)-OH] must be accessible. This step is viable with the barriers of 8.5-11.0 kcal/mol (TS5) to
afford the tropolone tautomer 6 + [Fe(II)-OH,] (Figure S88 (SI) and Tables 2 and S29-S34). The
spin density at the iron of 6 + [Fe(I1)-OH,] increases to 3.81 from 2.85 of 5 + [Fe(Il1)-OH] (Table
2), consistent with the change of the oxidation state from Fe(IIl) to Fe(Il). Here, Fe(Il) has the
electronic configuration TE*Xyz ¥, n*yzl O'*Xz_yzl o*,,!, and the spin density at the C, of 6 has

disappeared (Table 2). The energies of 6 + [Fe(II)-OH,] are significantly lower than those of 4 +
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[Fe(IIT)-OH] (-52.3 to —72.4 kcal/mol vs. —7.4 to 2.5 kcal/mol; Table 2), due to the strong oxida-
tive thermodynamical driving force. Species 6 tautomerizes and is protonated to produce P1 (Fig-
ure 2) to complete the formation of the tropolone product. In all, Path 1 starting from 4 + [Fe(IIl)—
OH] is viable to reach the tropolone product P1.

Rebound hydroxylation (Path 2) competes with radical ring-expansion, with barriers of
15.4-17.7 kcal/mol (TS3; Figures 7b and S95) to afford the diol intermediate 7 + [Fe(Il)]. The
structures of TS3 are reactant-like, in which the C;(1)-O{(OH) distances are longer than the Fe—
O;(OH) distances (2.53-2.70 A vs. 2.07-2.19 A; /Fe-O,-C; = 138.3-146.7°; Table S36 (SI)), in
agreement with previous studies of related hydroxylation of NHI enzymes and iron biomimetic
complexes.! ¢ The spin density at the C; decreases to 0.89 at TS3 (vs. 0.98 for 4 + [Fe(IlI)-
OH]) and disappears for species 7 (Table 2), indicating quenching of the radical center. Subse-
quently, 7 + [Fe(II)] has been hypothesized to proceed via two possible pathways: semi-pinacol

rearrangement leading to P1 or fragmentation resulting in P2 (Figure 2).

[a] (bl

>

succinate

- )
- o §f

Asn290 O

"l

\Phe214

A

Figure 7. Representative 3D QM/MM-optimized geometries of Anc3 variant 3 showing key hydrogen bonds and
NClIs between the intermediates and amino acid residues in the active site: (a) TS2 and (b) TS3. Enzymes shown in
gray, intermediates in yellow, succinates and key residues in gray, oxo, hydroxyl, and water ligands in red, and iron
atoms in orange. Hydrogen bonds and NCIs shown in blue dashed lines and green surfaces, respectively. See Figures
S70, S81, and S95 (SI) for additional atom labels and key interactions and Tables S26-S28, S36, and S37 (SI) for key
metrical parameters.

Figure 8 gives an overview of the two pathways from 7 leading to P1 or P2 (see also

Section S7 (SI)). The barrier of the former is much higher than that of the latter (56.5 kcal/mol vs.
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22.9 kcal/mol). This insurmountable barrier of semi-pinacol rearrangement is consistent with the
computational studies of TropC’® and ring-expansion mechanisms of ortho-dearomatized phe-
nols.>” In all, these imply that the dominant pathway from 7 is fragmentation and concomitant
rearomatization and protonation to afford P2 (Figure 2), and the high barriers of semi-pinacol
rearrangement preclude rebound hydroxylation as a pathway to ring-expansion. However, the rea-

son why fragmentation is more favorable than semi-pinacol rearrangement deserves further expla-

nation.
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Figure 8. QM reaction paths for (a) semi-pinacol rearrangement and (b) fragmentation with (c) the energies associated
with the distortion/interaction model. The energies are relative to 7 + HyO (fragmentation).

The distortion/interaction model”® was applied to provide insights regarding origins of the
insurmountable barriers of semi-pinacol rearrangement (see Section S1.5.5 (SI)). This approach
relates the distortion energy, AE4;s, which measures the energetic cost for distorting the geometry
of 7 + H,O into that of TSS or TS6, to the interaction energy, AE;,;, which measures the energy
release by taking the distorted 7 and H,O components into the geometry of TSS or TS6. As

summarized in Figure 8, the AE i 7, AE4is-1p0, and AE;,, of TSS are significantly larger than
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those of TS6 (138.0, 81.6, and —163.0 kcal/mol vs. 85.7, 75.1, and —137.9 kcal/mol). The AE;;
values are not large enough in magnitude to overcome the high AE y;; for TSS. The high AE 4 of
semi-pinacol rearrangement can be traced to asynchronicity of TS5, where the C—C and C-OH
bonds must break before the new C—C bond starts to form (distances 1.83, 2.10, and 2.15 A at
TS5, see Figures S100 and S101 and Table S40 (SI)). Fragmentation occurs with much less distor-
tion, consistent with the ease of formaldehyde loss from the six-membered ring of 7 (Figures S104
and S105 and Table S42 (SI)). Thus, the significant distortion of the diol geometry (7) of semi-
pinacol rearrangement with respect to fragmentation likely leads to higher E, (56.5 kcal/mol vs.
22.9 kcal/mol). In other words, the hydroxyl group is a poor leaving group, limiting the viability
of semi-pinacol rearrangement.’” Altogether, they support the infeasibility of 7 leading to P1.

The QM/MM simulations indicate that barriers of radical ring-expansion through Path 1
are lower than those of rebound hydroxylation through Path 2 (11.1-14.4 kcal/mol vs. 15.4-17.7
kcal/mol; Figure 5 and Table 2). This finding makes product P1 more likely to appear than P2,
consistent with the experimental selectivity in Figure 1c. However, there may be another competi-
tive channel starting from 4 + [Fe(III)-OH], as this radical species can perform a variety of trans-
formations. 2¢:0-8:11.15.17 One possible pathway involving SET from the radical intermediate to
the Fe(III)-OH center may drive the ring-expansion to afford P1.!%:17 Therefore, the possibility of
a third pathway through SET was considered next.

4. Alternative Mechanism: Path 3. Product P1 forms alongside conversion of Fe(III) to
Fe(Il), providing an oxidative driving force that may enable SET. Therefore, electron transfer from
the substrate radical 4 to the Fe(III)-OH center could facilitate polar, cationic ring-expansion. If
electron transfer were viable, ring-expansion would occur quickly due to the formation of an unsta-
ble cationic substrate, and then Path 3 might be faster than Path 1.15%¢ Accordingly, SET was
explored for Anc3 variants 1 and 3 as an alternative reaction path for generating P1 (see Figure 9
for variant 3 and Figure S106 (SI) for variant 1).

SET from the radical substrate 4 to the Fe(Il1)-OH center could form the primary carbocat-

ion/zwitterionic species 9 and the Fe(II)-OH center (Figures 2, 9, and S106). Simulations of the

-19-

https://doi.org/10.26434/chemrxiv-2024-k3v1v ORCID: https://orcid.org/0000-0002-3752-3089 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-k3v1v
https://orcid.org/0000-0002-3752-3089
https://creativecommons.org/licenses/by-nc-nd/4.0/

SET process indicate an increase in spin densities at the iron from 2.86-2.89 of 4 + [Fe(II1)-OH]
to 3.71-3.72 of 9 + [Fe(I1)-OH] and a decrease in spin densities at the C; from 0.98 of the former
to 0.05-0.09 of the latter (Figures 9b and S106 and Tables 2, S55, and S62). This confirms an
electron transfer from the CH, radical to the empty c*,, orbital on the Fe(III)-OH center. Thus,

the electronic configuration of 9 + [Fe(I[)-OH] is n*,, 2 n*,,! Tt*yzl O'*Xz_yzl o* L.

Xy
(@] QM/MM reaction coordinates of ring-expansion: radical vs. SET [b] 9 + [Fe(ll)-OH]
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Figure 9. (a) Representative reaction coordinates for radical (Path 1, green) and SET (Path 3, red) ring-expansion of
Anc3 variant 3. (b) Spin density plots (purple) at the iron and C; atoms in the QM regions of 4 + [Fe(III)-OH] and 9
+ [Fe(I)-OH]. The corresponding 3D QM/MM-optimized geometries of species associated with Path 3: (c¢) node 2,
(d) node 4, (e) overlaid TS2 (radical, green) and node 8 (SET, red), (f) node 18, and (g) 10 + [Fe(I[)-OH]. Enzyme
structures and the Fe(II)-OH centers are omitted for clarity. Intermediates shown in yellow, and succinates and key
amino acid residues in gray. Hydrogen bonds shown in blue dashed lines. See Figures S108 and S110 (SI) for schema-
tic reaction coordinate and the alternative view of 10 + [Fe(I[)-OH] and Tables S44-S46 (SI) for energies and key
metrical parameters.

The polar ring-expansion could take place from 9 + [Fe(II)-OH] to form the more stable
tertiary carbocation/zwitterionic species 10 + [Fe(II)-OH], which subsequently undergoes O—H
bond abstraction to afford the tropolone tautomer 6’ + [Fe(II)-OH,] (Figures 2, S107, and S108).

The ring-expansion through the SET pathway begins with the breaking C,—C3 bond and subse-
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quent C;—C5 bond forming (Figure 9), which is distinct from the mechanism of the radical pathway
(Figure 6). Although Path 3 could in principle result in the ring-expansion, being an all-downhill
pathway from 9 + [Fe(II)-OH] to 10 + [Fe(I[)-OH], the vertical energy costs of SET from 4 +
[Fe(IIT)-OH] to reach 9 + [Fe(II)-OH] are over 100 kcal/mol and entirely unlikely (Figures 9a and
S106). In addition, SET is infeasible to occur along the reaction coordinate as the energies of spe-
cies associated with the SET pathway are over 31 kcal/mol higher than those of the radical pathway
(Figures 9a and S106). Therefore, SET is not viable in the Anc3 active sites, at least for species 4
that is relevant to the present study (see Section S8 (SI) for further details).

5. Origins of Reaction Selectivity between P1 and P2. As summarized in Figure 10, the
QM/MM models provide a good description of the reaction selectivity across the four Anc3 vari-
ants, in which the product ratios between P1 and P2 are governed by their relative rates of the
selectivity-determining steps. Specifically, the computed energy gaps (AE, = E,(TS3) — E,(TS2))
between radical ring-expansion and rebound hydroxylation trend with their product ratios. For
example, the AE, value of variant 1 is lower than that of variant 2 (2.2 kcal/mol vs. 3.9 kcal/mol),
consistent with the product ratios between P1 and P2 (1.3:1 (variant 1) vs. 2.8:1 (variant 2)). As a
result, we anticipate that the QM/MM models contain the necessary physical interactions that tune

the reaction selectivity between radical ring-expansion and rebound hydroxylation.

Relationship between product ratios and AE,

4.9:1 4.9:1
4.6 kcal/mol 4.4 kcal/mol
—_1 —_

2.8:1
I
3.9 keal/mol ;‘_*xﬂ
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2.2 kcal/mol

product ratio

N
1
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-2

o

T T T T
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Q230E
experimental product ratio (ring-expansion (P1) : shunt (P2))

@ AE, = E;(rebound hydroxylation) — E,(radical ring-expansion)

Figure 10. Relationship between product ratios and AE, (kcal/mol) of Anc3 variants 1, 2, 3, and 6.
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[b]

Relationship between AE, and R(N,(Arg191)H,-0,) distances
AE, = E (rebound hydroxylation) — E,(radical ring-expansion)

W variant 3 y =-6.33 R(N4H—04) + 17.87

[ ]
R?=0.96

variant 6

variant 2

AE, (kcal/mol)
w
(3.
1

3.0
2.5-
variant 1
2.0 T T T T T T T T
205 210 215 220 225 230 235 240 245 250

R(N,(Arg191)H,-0,) (A)

Figure 11. (a) Representative 3D QM/MM-optimized geometry of 4 + [Fe(III)-OH] of Anc3 variant 3 showing key
hydrogen bonds: N;(Argl91)H; and hydroxyl ligand (R; purple dashed line), N>(Arg191)H, and O,(4) (R'; orange
dashed line), and N3(Asn290)H3 and O3(4) (R"; red dashed line). (b) Relationship between AE, (kcal/mol) and R(Ny-
(Argl191)H;-0y) distances (A). Enzyme shown in gray, 4 in yellow, succinate and key amino acid residues in gray,
hydroxyl and water ligands in red, and iron(III) atom in orange. Other hydrogen bonds and NCIs shown in blue dashed
lines and green surfaces, respectively. See Tables 2, 3, S22, and S23 and Figures 10 and S68-S71 for energies, key
metrical parameters, and enzyme models.

Table 3. Key bond distances and angles of 4 + [Fe(II[)-OH] in Figure 11a.“

variant [ H;-0,” | N;-H,-0," | H;-0, | N;-H,-0, | H,-0,° | N,-H,-0,° | H;-0;" | N;-H;-0," | Fe-N,° | Fe-0,/
(A) ) (A) ) A) ) (A) ) (A) (A)
1 2.47 110.0 223 134.2 1.96 139.0 £ £ 2.28 1.79
2 221 131.3 2.59 129.2 1.83 154.5 1.81 169.4 2.26 1.79
3 2.14 132.2 2.53 115.3 1.70 158.1 1.78 163.6 2.06 1.78
6 2.09 123.1 2.77 120.6 1.79 151.1 1.77 173.6 2.16 1.78

4See Figures S68-S71 (SI) for additional atom labels and Tables S22 and S23 (SI) for additional metrical parameters.
bDefined as R(N1(Arg191)H;—0;) and #N(Arg191)-H;-0;. ‘Defined as R'(N,(Arg191)H,—0,) and /Ny(Argl191)—
H,—0,. 9Defined as R"(N3(Asn290)H3;—03) and £N3(Asn290)-H;-03. “Defined as Fe-Ny(His211). /Defined as Fe—
O1(OH). ¥No Asn290 (Asp290 for variant 1).

Given that the radical species 4 + [Fe(III)-OH] connects to the selectivity-determining
steps (Path 1 vs. Path 2) that lead to P1 and P2, origins of the reaction selectivity can be described
through analysis of 4 + [Fe(III)-OH]. Figure 11 shows AE, is significantly associated with hydro-
gen bond distances (R(N(Argl91)H{—O,)) between Argl91 and the hydroxyl ligand on the Fe-
(III)-OH center in 4 + [Fe(III)~OH], highlighted by the NCI plots. In other words, stronger hydro-
gen bonding of Arg191 to the Fe(III)-OH center results in higher AE,. To illustrate, the higher AE,

of variant 2 (3.9 kcal/mol) with respect to variant 1 (2.2 kcal/mol) corresponds to that the R(N;-
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(Argl191)H,~O,) distance of the former is shorter than that of the latter (2.21 A vs. 2.47 A), with
N;-H;—O; angles of 131.3° and 110.0°, respectively, indicating better alignment of the hydrogen
bonds as well.

Figure 11b also shows that the four variants establish a nearly linear relationship between
AE, and R(N{(Argl91)H;—O,) distances (R2 ~ 0.96). This is consistent with the hydroxyl ligand
being supported as a ligand to iron by a hydrogen bond, making it more difficult to transfer to the
radical center of 4. When the hydroxyl prefers to stay in place on the iron, radical ring-expansion
is expected to be the dominant pathway (see Section S9 (SI) for further details).

What determines the differences in the hydrogen bond strength between Argl91 and the
hydroxyl ligand in 4 + [Fe(IlI)-OH] across the four Anc3 variants? These could be analyzed
through the key residue 290, distinguishing variant 1 from the rest. Asn290 of variants 2, 3, and 6
can hydrogen bond with the O3 of 4 (R"(N3(Asn290)H3-03), 1.77-1.81 A; Figures 11a and S68-
S71 and Table 3), whereas Asp290 of variant 1 cannot. This interaction significantly changes the
alignments between Argl91 and 4, as evidenced by the different hydrogen bond distances (R'(N,-
(Argl91)H,—0,)) between Argl91 and the O, of 4 (Figures 11a and S68-S71). The R'(N,(Arg-
191)H,-0,) distances of variants 2, 3, and 6 are shorter than that of variant 1 (1.70-1.83 A vs. 1.96
A) with N»(Arg191)-H,~O, angles of 151.1-158.1° vs. 139.0° (Table 3). Since Arg191 hydrogen
bonds with the hydroxyl ligand as well as 4, the shorter R'(N,(Arg191)H,—0,) distances of vari-
ants 2, 3, and 6 in turn afford their shorter R(N(Arg191)H;—O,) distances with respect to variant
1. Altogether, the alignments between Argl91 and 4, oriented by the existence of Asn290, control
the R(N{(Arg191)H;—0O,) distances.

Variant 3 has a predicted slightly higher selectivity for ring-expansion than the hydrogen
bonding of Arg191 would suggest (AE, =4.6 kcal/mol, P1:P2 ratio =4.9:1, and R(N;(Argl191)H -
O;) = 2.14 A; Figures 10, 11 and S70 and Table 3), and this might originate from the two key
mutations in the active site. Compared to variant 2, variant 3 modifies Ala210 to Asp210 and Gln-
230 to Glu230 (Figure S78 (SI)). These changes alter His211 orientations (see Figure 12 and Sec-
tion S4 (SI) for further details), which makes the Fe—N4(His211) distance of 4 + [Fe(III)-OH] of
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variant 3 significantly shorter than those of variants 1 and 2 (2.06 A vs. 2.28 and 2.26 A; Figures
11a and S68-S70 and Table 3). The shorter Fe-N4(His211) distance of variant 3 indicates the
stronger o- and n-donation from the coordinated N4(His211) atom to acceptor orbitals ((5*Z20 and
n*le) on the iron. The stronger coordination of His211 then weakens electron donation from the
N5(His270) ligand to the same shared acceptor orbitals (c*,,% and n*,!) on the iron and the cor-
responding 6*(d,»(Fe)-p,(OH)) and n*(d,,(Fe)-p,(OH)) orbitals.®" This point regarding coordi-

nation strength will be quantified in the next paragraph.

Table 4. Ligand binding energies” (kcal/mol) of His211, His270, and the hydroxyl (OH) ligand to
the iron center of Anc3 variants 1, 2, and 3 in Figure 11a.

variant | binding binding binding
energy of | energy of | energy of
His211 His270 OH ligand
1 21.8 342 135.8
2 20.8 32.8 134.4
3 23.9 30.6 152.9

4Single point calculations at the level of unrestricted B3LYP-D3BJ/6-31G(d).

The strengths of interaction of N4(His211) and N5(His270) to the iron center were evalu-
ated by computing the ligand binding energies (see Section S1.5.4 (SI)). As shown in Table 4, the
binding energies of His211 to the iron are as follows: 20.8 kcal/mol (variant 2) ~ 21.8 kcal/mol
(variant 1) <23.9 kcal/mol (variant 3). Conversely, the binding energies of His270 to the iron are
as follows: 32.8 kcal/mol (variant 2) ~ 34.2 kcal/mol (variant 1) > 30.6 kcal/mol (variant 3). Since
His270 is trans to the hydroxyl ligand, the weaker trans-influence®! from His270 affords the
slightly stronger Fe(II)-OH bond in variant 3, as evidenced by the higher binding energy of the
hydroxyl ligand to the iron (152.9 kcal/mol vs. 134.4-135.8 kcal/mol; Table 4). Furthermore, this
influence can cooperate with the interaction between Argl91 and the Fe(III)-OH center to alter
the hydroxyl transfer to the CH, radical center as the binding energies of the hydroxyl ligand also
contain the components of the Arg19-OH interaction (see Section S1.5.4 (SI)).9% Altogether, vari-
ations in ligand binding to the iron center predominantly affect the hydroxylation barriers (Path 2),

but have little effect on radical ring-expansion (Path 1). These results suggest that the mutated
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Asp210 in the second-coordination sphere of variant 3 promotes radical ring-expansion, at least in
terms of relative rates (further details of the product ratio between P1 and P2 of variant 6 are
discussed in Section S4 (SI)).
B Discussion

NHI enzymes catalyze different transformations compared to analogous biomimetic com-
plexes and homogenous catalysts, even though they have the same iron center and first-coordina-
tion spheres.!® The enzyme environment is therefore critical to positioning substrates and oxidants
for site- and chemoselective activation of substrates. Channels that may be active outside the
enzymes are prohibited by non-covalent interactions in the secondary-coordination spheres, even
though the iron center is capable of performing these alternative steps.'® Similarly, our QM/MM
models reveal the particular interactions that dictate substrate positioning, mechanistic differences,
and influence over reaction selectivity (radical ring-expansion vs. rebound hydroxylation) across
the four Anc3 variants. The central findings — how various non-covalent interactions associated
with first- and second-coordination spheres hold the substrate radical 4 in place for reaction and

control the product ratios between P1 and P2 are embodied in Figure 12.

Asn290 forms Q/
N H-bond with 4 K
second-coordination N\t /

sphere <

®
\ o Q\\&
Arg191 Me O H-bonds and
\N oH 4 7 n-stacking control
;N\H‘ substrate positioning
bond oUAIIOTON i, 0N o
controls P1:P2 ratios - HO' CH ! \\‘Gly215
e *Phe214 ——
HN—
/! HN-H
Arg282 \AI y
| Asp219 /
annn

first-coordination sphere H-bonds of Asp210—

Arg269 make
| Fe-His211 bond

stronger Fe-His211 bond
stronger

makes Fe-His270 bond weaker Arg269 Arg271

stronger Fe-OH bond

~—— _—

Figure 12. Key non-covalent interactions of 4 + [Fe(III)-OH] altering product ratios between P1 and P2.

One interesting parameter showing that these non-covalent interactions alter substrate posi-

tioning is the oxo—iron—H(1) angle of 1 + [Fe(IV)=0] (Figures 4 and S35-S38). The QM/MM
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models show that the oxo—iron—H(1) angles of the four Anc3 variants are consistent with one ano-
ther (£O;—Fe—Hy, 25.3-29.7°; Table 1), and the O—Fe-H,4, Fe-O;-H,, and Fe—-O—C; angles and
[Fe]O—C; distances of 4 + [Fe(III)-OH] are also respectively comparable (24.3-24.7°, 105.7-
106.6°, 129.3-132.2°, and 2.88-2.97 A; Table S22 (SI)). According to the QM/MM models (Fig-
ures 4, 7b, 11a, S35-S38, S68-S71, and S93-596), the alignments of the substrate in 1 + [Fe(IV)=0]
remain consistent in 4 + [Fe(III)-OH], showing that the initial orientation of the substrate for C—
H bond abstraction also influences the likelihood of rebound hydroxylation. The [Fe]O;—C; dis-
tances may not be the most favorable for rebound hydroxylation, allowing ring-expansion to pre-
ferentially occur (with little dependence on the iron center for that step).!’f Thus, the oxo—iron—
H(1) angles of 1 + [Fe(IV)=0] as set by the enzymes can be a helpful hint for predicting preferred
reaction paths. This finding is in agreement with a previous computational study of NHI/a-KG-
dependent halogenases and hydrogenases by Kulik and co-workers.*>!

The QM/MM models emphasize that Arg191's hydrogen bond with the Fe(III)-OH center
in 4 + [Fe(II1)-OH] slows the hydroxyl ligand for transfer to the CH, center (Figures 7b, 11a, S68-
S71, and S93-596). This observation is consistent with a computational study of the naphthyridino-
mycin biosynthesis enzyme I (Napl) activation of L-Arg by de Visser and co-workers.!’f Both
Anc3 and Napl are in a NHI dioxygenase family and share the common mechanistic details, at
least for C—H bond abstraction being rate-determining step and rebound hydroxylation being re-
latively inhibited. In Napl, hydrogen bonds between the hydroxyl ligand and nearby Glu and Lys
residues inhibit hydroxyl transfer to L-Arg. Therefore for both Anc3 and Napl, the desired pathway
(ring-expansion or desaturation) is enhanced by hydrogen bonding interactions that slow down a
competing pathway.

Finally, salt bridges between the terminal carboxylate group of a-KG or succinate and an
Arg residue have been shown to affect substrate positioning.!%? In Anc3 variants, however, this
interaction between first- and second-coordination spheres does not obviously relate to the reaction
selectivity (Figure S42 and Table S10 (SI)). At the same time, our QM/MM models suggest hydro-

gen bond networks in the second-coordination sphere are important for selectivity, specifically
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through Arg269 altering His211 orientations and His270 bindings (see Figures 12 and Section S4
(SI)). These intercoordination sphere effects alter the Fe(III)-OH bond strengths of 4 + [Fe(III)—
OH] and are important for tuning rebound hydroxylation barriers (see Subsection 5 in the Results
section).
B Conclusions

This combined MD and QM/MM study reveals a detailed mechanistic analysis of the
reaction of 1 within Anc3 enzymes, showing how this cyclohexadienone can transform through
two key pathways. The radical intermediate 4 + [Fe(III)-OH] bifurcates into dominant radical ring-
expansion (Path 1) leading to P1 and little rebound hydroxylation (Path 2) resulting in P2. The
energy gaps (AE,) between radical ring-expansion and rebound hydroxylation nicely correspond
to the experimentally observed product ratios between P1 and P2 (Figure 10). This study reveals
how the hydrogen bond between Argl91 and the Fe(III)-OH center of 4 + [Fe(Il1)-OH] contri-
butes to the reaction selectivity (Subsection 5 in the Results section). Furthermore, first- and seco-
nd-coordination sphere effects can be simultaneously employed to further tune the Fe(III)-OH
bond strengths of 4 + [Fe(III)-OH] (Subsection 5 in the Results section). In all, this study improves
understanding of how changes in just a few amino acid residues of Anc3 variants resulted in sub-
stantial shifts in the predominant reaction pathway (Figure 1c), and therefore is valuable informa-
tion for future enzyme engineering, rational reaction design, and mechanistic inquiry.
B ASSOCIATED CONTENT
O Supporting Information. Additional computational details, key enzyme structures, energy pro-
files of additional QM/MM and QM reaction paths, analysis of the Argl 91-OH hydrogen bond,
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