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ABSTRACT: Vanadyl species are frequently employed as structural mimics of the fleeting
Fe(IV)=0O intermediate in C—H hydroxylation carried out by non-heme iron hydroxylases. We
study active site models of non-heme iron hydroxylases and their vanadium-based mimics using
density functional theory to determine if vanadyl is a faithful structural mimic. We identify crucial
structural and energetic differences between ferryl and vanadyl isomers owing to the differences
in their ground electronic states, i.e., high-spin (HS) for Fe and low-spin (LS) for V. For the
succinate cofactor bound to the ferryl intermediate, we predict facile interconversion between
monodentate and bidentate coordination isomers for ferryl species but difficult rearrangement for
vanadyl mimics. We study isomerization of the oxo intermediate between axial and equatorial
positions and find the ferryl potential energy surface to be characterized by a large barrier of ca.
10 kcal/mol that is completely absent for the vanadyl mimic. This analysis reveals even starker
contrasts between Fe and V in hydroxylases than have been observed for this metal substitution in
non-heme halogenases. Analysis of the relative bond strengths of coordinating carboxylate ligands
for Fe and V reveals that all the ligands show stronger binding to V than Fe owing to the LS ground
state of V in contrast to the HS ground state of Fe. Overall, the differences in structures, isomer
energies, and isomerization energy landscapes between Fe and V highlight the limitations of
vanadyl mimics of native non-heme iron hydroxylases.
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1. Introduction.

Metalloenzymes catalyze difficult reactions with exquisite selectivity that make their study
of interest both for understanding their biological function and for synthetic catalyst design.
Exemplary of this are the o-ketoglutarate (aKG)-dependent non-heme iron enzymes!->, which
carry out C-H activation reactions selectively. C-H activation is difficult to achieve
synthetically*® owing to the high C-H bond dissociation energy and its inertness due to low

polarity®. These non-heme iron enzymes are studied widely’ and are known to catalyze a variety

13-17 18-21

of reactions such as C—H hydroxylation,®!? halogenation,'3-!7 epoxidation,'®-?! desaturation,?? and

25-28

ring cleavage®*-**. These reactions play important roles in several biosynthetic processes?-2® such

as primary and secondary metabolism in plants®, generation of clinically relevant natural

products®®-33, DNA repair*#3® and transcription.®*-#!

Non-heme iron enzymes are also highly selective in nature. For example, non-heme iron
halogenases selectively halogenate the substrate even though they also have the potential to carry
out hydroxylation.*> Prior experimental studies supported with computations suggested that
substrate positioning*® and reactivity of the rebound intermediate***> could explain the observed

selectivity. Furthermore, computational studies have rationalized the selectivity of these enzymes

46,47

through various hypotheses including substrate positioning using spectroscopic indicators

48-50

derived from hyperfine sublevel correlation (HYSCORE) spectroscopy, isomerization of

51,52

metal-oxo/hydroxo intermediates, interactions with the second coordination sphere,> frontier

* and OH trapping either through protonation of hydroxo®® or

molecular orbital energetics,’
bicarbonate formation.>® A recent computational study>’ further demonstrated that the selectivity

of halogenases depends on the nature of the substrate radical, with halogen transfer favored for

secondary carbon radicals and hydroxo transfer preferred for tertiary carbon radicals. Besides their
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selectivity, likely rate-determining aspects of the catalytic cycles of non-heme enzymes including

58-60

oxygen activation and hydrogen atom transfer (HAT)%!-%* have also been computationally

investigated.

The most common type of reaction carried out by non-heme iron enzymes is C-H

64,65

hydroxylation,?® which is crucial in lipid metabolism and biosynthesis of antibiotics such as

vancomycin,®® fosfomycin,%” and carbapenem.%® The active site of the aKG-dependent non-heme

69,70

iron hydroxylases®®7° consists of the canonical 2-His-1-carboxylate facial triad'*’!’?> bound to an

Fe center where the carboxylate is usually Glu/Asp. Ferryl intermediates formed during the

9,33,42,73-75

catalytic cycle of these enzymes are highly reactive, which makes them hard to

76,77 78,79

characterize by experimental techniques’®’” such as crystallography’®7® and spectroscopy.®-#* An

experimental approach to structurally characterize these fleeting ferryl intermediates’™ frequently

73,84

invoked in C—H activation’"-** is to replace them with more inert V-based mimics, which has been

73.84-86 and hydroxylases.?” Furthermore, study of vanadyl

carried out for non-heme iron oxygenases
mimics has been carried out in combination with the spectroscopic guidance derived from
HYSCORE spectroscopy.” However, this approach is not without limitations, as demonstrated in
a prior computational study of vanadyl mimics of non-heme iron halogenases.®® Given the
differences in the electronic structures of Fe and V, and the bond lengths of Fe-His and V—His
bonds in the active site intermediates,®® computational studies are necessary to provide insights
into shortcomings of using vanadyl mimics to study ferryl intermediates.

One challenge for the validity of V-based mimics is that C—H hydroxylation carried out by

81.89-97 " j.e., non-heme iron

non-heme iron hydroxylases exhibits spin-state dependent reactivity
enzymes are known to react in the high-spin ground state.”*-7>-9%9 The electronic structures of

Fe(IV)#7-2355.75.76 and V(IV)!? in the key metal-oxo intermediate are different, i.e., Fe(IV) and
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V(IV) have d* and d' electronic configurations, respectively. This results in different accessible
spin states for Fe(IV)=0 and V(IV)=0 intermediates, where ferryl intermediates can access three
spin states, i.e., high-spin (HS), intermediate-spin (IS), and low-spin (LS), while vanadyl
intermediate can only access the LS state. Differences in spin states are also observed for other
intermediates along the catalytic cycle, with Fe intermediates accessing all three spin states while
V-based mimics are limited to either the LS, or IS and LS states.®® While it is unknown whether
the spin would be conserved across hydroxylation intermediates in a vanadium-containing
enzyme, a prior computational study of halogenases® showed that the ground spin states of
vanadium active sites vary across intermediates.

Previously,® we studied whether vanadium-based intermediates are faithful mimics of
native non-heme iron halogenases and found differences between non-heme iron halogenase active
site structures and those of their vanadium-based mimics. In this study, we compare native ferryl
species and their vanadyl mimics for the related non-heme iron hydroxylases. We highlight the
limits of using vanadyl mimics for the fleeting ferryl intermediates in C—H hydroxylation through
an extensive computational study of isomer structures and energetics in hydroxylases and find
even starker differences between Fe and V active site models than for halogenases. While the
isomerization energy landscape of V(IV)=O0 is barrierless in our models, we observe a barrier for
isomerization of Fe(IV)=0 in hydroxylases that is higher than that observed in non-heme iron
halogenases. Additionally, the hydroxylase active site isomerization barrier for structures with
monodentate Glu is lower relative to bidentate Glu isomers. This suggests that targeted
modifications to the enzyme active site to favor monodentate Glu, e.g., through noncovalent
interactions, could preferentially lower the isomerization barrier in engineered hydroxylases.

Further examination of ligand binding strengths, i.e., of succinate/Glu/aKG to Fe and V, reveals
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that the bidentate o KG binds more strongly to both metals in hydroxylases relative to the
equivalent binding in halogenases.

2. Computational Details.

The active sites of a representative non-heme iron hydroxylase, VioC!%#3101.102 (PDBID:
6ALM) and its vanadyl mimic®” (PDBID: 6ALR), were extracted from crystal structures of the
enzyme. The native active site model comprised the Fe metal center, aKG, two metal-bound His
ligands and one metal-bound Glu ligand truncated at the sidechain, i.e., excluding Ca and
backbone atoms (Supporting Information Figure S1). The active site model of the vanadyl mimic
was mostly comparable to the native active site model except for an oxo moiety in the axial
position and a succinate ligand in place of aKG (Supporting Information Figure S1). Hydrogen
atoms were then added to the extracted active sites using Avogadro v1.2.0'%* (Supporting
Information Figure S1). The metal-distal carboxylate oxygen atoms of aKG and succinate and the
N6 atoms of His ligands were also protonated, resulting in active site models with a neutral charge
(Supporting Information Figure S1). All the heavy atoms in the final active site models were held
fixed, and the added hydrogen atoms were optimized with UFF!%, The isomers of the active sites

containing water, O2, oxo, hydroxo, and monodentate as well as bidentate succinate ligands were

105 1106,107

generated with molSimplify'®>, which uses OpenBabe as a backend. The crystal structures
were used as starting points to generate additional intermediates: the vanadium or iron center was
replaced by the other metal (i.e., Fe in place of V for oxo and hydroxo, V in place of Fe for water

and O) to generate the remaining initial geometries.

All constrained geometry optimizations were performed in ORCA!'* v.4.0.1.2 and v.4.2.1

with the generalized gradient approximation (GGA) global hybrid PBE0!'® (with 25% exchange)
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density functional and the def2-TZ VP basis set''°. Semi-empirical D3!!! dispersion correction with
Becke—Johnson!!'? damping was incorporated in these optimizations. All optimizations were
carried out using the BFGS algorithm in redundant internal coordinates with default thresholds of
5 x 10 hartree for self-consistent field (SCF) convergence and 3 x 10 hartree/bohr for the
maximum gradient. In all optimizations, the methyl carbon atoms of all His and Glu ligands, the
five heavy atoms of succinate, and the heavy atoms in the metal-distal carboxylate group of aKG
were held fixed to mimic the ligand positions in the enzyme (Supporting Information Figure S2).
Closed-shell singlet calculations were carried out in a spin-restricted formalism while all open-
shell calculations were simulated as unrestricted calculations (Supporting Information Table S1).
Geometry optimizations of the active site isomers were carried out in both the gas phase and
implicitly solvated with a dielectric value, ¢ = 10, approximately mimicking the protein
environment. Conductor-like polarizable continuum model''* (C-PCM) solvation energies using
the conductor-like screening solvent model (COSMO)-type epsilon function were used to perform
implicitly solvated optimizations. As observed in prior work®, the inclusion of solvent
environment effects through implicit solvent alters most gas-phase geometries very little, i.e., most
bond length differences are less than 0.03 A while a few outliers have larger changes (Supporting
Information Table S2). Hence, we carry out further analyses only in the gas phase. All initial and

optimized structures for gas-phase optimizations are provided in the Supporting Information.

Following the protocol from prior work®®, initial geometries to generate isomerization
reaction coordinates (RCs) were constructed from the PBEO/def2-TZVP optimized geometries of
active site isomers by rotating oxo/hydroxo with respect to the axial His in 1° increments of the
angle formed by the oxo, the metal center (i.e., Fe, V), and the nitrogen of the axial His (Supporting
Information Figure S3). Constraints were employed for each of the isomerization RCs and

6
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constrained optimizations were performed along the chosen RC for both iron and vanadium metal
centers at the PBE0/def2-TZVP level of theory in ORCA v.4.0.1.2 (Supporting Information Table
S3 and Figure S4). To understand the effect of different metal centers for a given geometry, single-
point calculations were obtained on optimized geometries of Fe intermediates by replacing Fe with
V and vice versa. High-energy structures along the RCs were used to obtain vibrational
frequencies. Numerical Hessian calculations were carried out at the same level of theory, and the
Hessian was computed using the central difference approach after 6V atomic displacements. The
presence of an imaginary frequency along the RC confirmed that the high-energy structure

corresponded to a transition state. Multiwfn!!4

was used to perform Mayer bond order analysis in
order to quantify the strength of binding of aKG, monodentate, and bidentate succinate to both

iron and vanadium metal centers.

3. Reaction Mechanism.

84,87,115 116-119

Prior work based on crystallographic data and spectroscopic studies along with

120,121

computational studies of non-heme Fe(I) a-KG dependent hydroxylases and the related non-

1,29,42,102,123 in

heme Fe(IT) dioxygenases*71122 has led to the proposal of the following mechanism
the catalytic cycle of non-heme hydroxylases. In its resting state, the Fe(II) hexa-coordinated active
site consists of three water molecules and a 2-His-1-carboxylate (Asp/Glu) facial triad where Fe(II)
is bound to two His residues and an Asp/Glu residue (Supporting Information Figure S5). The first
step in the catalytic cycle is the binding of the bidentate aKG co-substrate to the iron center (1)
which results in the displacement of two water molecules from the active site (Figure 1). When
the native substrate enters the binding pocket in the proximity of Fe(Il), the remaining water

molecule is also displaced, resulting in a five-coordinate square pyramidal geometry around iron

(Supporting Information Figure S5). This is followed by the binding of molecular oxygen (2) to
7
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iron, which immediately attacks the carbonyl carbon of the bidentate aKG ligand, leading to O-O
bond cleavage and oxidative decarboxylation of the bidentate aKG (Figure 1 and Supporting
Information Figure S5). This catalytic step results in the formation of a highly reactive terminal
Fe(IV)=0 intermediate (3) along with the succinate co-substrate, which has a carboxylate group

that can bind iron in a monodentate or bidentate fashion (Figure 1).
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Figure 1. Proposed reaction mechanism of non-heme iron hydroxylases (clockwise from the top):
the intermediates with water loosely bound to the iron center (1); Oz bound to the iron center (2);
oxo and succinate (3); hydroxo bound to iron (4); and radical rebound intermediate (5) are shown.
Fe(Il)-H>O and Fe(Il[)-O, each have two isomers: axial (ax) and equatorial (eq) H20O/O,.
Fe(IV)=0 and Fe(III)-OH intermediates each have six isomers: (i) bidentate (bident.) succinate
(succ.), axial oxo/OH, monodentate (monodent.) Asp/Glu (ii) bidentate succinate, equatorial
ox0/OH, monodentate Asp/Glu (iii) monodentate succinate, axial oxo/OH, bidentate Asp/Glu (iv)
monodentate succinate, equatorial oxo/OH, bidentate Asp/Glu (v) monodentate succinate, axial
oxo/OH, monodentate Asp/Glu (vi) monodentate succinate, equatorial oxo/OH, monodentate

8
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Asp/Glu. The metal, M = Fe, V, is shown in brown, and the oxidation state of metal in each
intermediate is specified.

The fleeting Fe(IV)=0 intermediate (3) then abstracts a hydrogen atom from the substrate
through homolytic cleavage of a substrate C—H bond, forming a radical substrate species and an
Fe(II)-OH intermediate (4) (Figure 1). This rate-determining hydrogen atom transfer (HAT) step
is followed by recombination of the substrate radical with the hydroxyl group of the Fe(III)-OH
intermediate during the radical rebound step of the catalytic cycle to form the product (5) (Figure
1 and Supporting Information Figure S5). After the release of the hydroxylated product and
succinate and rebinding of three water molecules to iron, the active site goes back to its resting

state (Supporting Information Figure S5).

Isomerization is feasible for all the intermediates formed during the catalytic cycle (Figure
1). While water and molecular oxygen in intermediates (1) and (2) are represented in axial
positions due to the frequency with which this isomer is observed in crystal structures of
hydroxylases!!*-12%124 these intermediates can also have equatorial configurational isomers where
water and molecular oxygen are in equatorial positions (Figure 1). In Fe(IV)=0 and Fe(II)-OH
intermediates, the active site can have a six-coordinate tetragonal or a five-coordinate square
pyramidal geometry around iron depending on whether succinate and Asp/Glu are coordinated to
iron in a bidentate or monodentate configuration (Figure 1 and Supporting Information Figure S6).
In the case of a hexa-coordinated iron active site with bidentate succinate, Asp/Glu is monodentate,
and the oxo or hydroxo moieties can be present in axial or equatorial positions, resulting in two
configurational isomers (Figure 1 and Supporting Information Figure S6). Two such isomers can
also be constructed when Asp/Glu is bidentate and succinate is monodentate (Figure 1 and

Supporting Information Figure S6). Additionally, these two configurational isomers can be formed

9
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when we have a penta-coordinated iron active site where both succinate and Asp/Glu are
monodentate (Figure 1 and Supporting Information Figure S6). Overall, given that both succinate
and Asp/Glu can bind to iron in either a monodentate or bidentate fashion, we potentially have a
total of six configurational isomers for intermediates (3) and (4) (Figure 1 and Supporting

Information Figure S6).

Isomerization®!? of the reactive Fe(IV)=0 and Fe(IlI)-OH intermediates, in combination

46,116,125

with substrate positioning , 1s believed to play an important role in reaction selectivity of

non-heme Fe(Il) enzymes. Due to the fleeting nature of these intermediates, vanadyl mimics’3-34
are commonly used in experiments to understand the structure of these intermediates. Evaluating
substrate distances and angles for the preferred M(IV)=0 and M(III)-OH isomers (M = Fe, V) can

help us better understand the reliability of vanadyl mimics of native non-heme iron enzymes as

well as the enzyme’s hydroxylation activity.

4. Results and Discussion.

4.1. Spin States and Isomer Energetics for Vanadium-Based Mimics of Fe Hydroxylases.

Fe and V differ in terms of accessible spin states for all active-site intermediates, which
could potentially mean that the most favorable structures are different for Fe and V intermediates
(Supporting Information Table S1). To understand the effect of ground spin states on geometries
and isomer energetics of the key M(IV)=O and M(III)-OH (M = Fe, V) intermediates in
hydroxylases, we study active-site isomers for Fe and V intermediates in their corresponding HS
(only for Fe), IS, and LS states (Supporting Information Table S1). Although Fe(IV)=0O and
Fe(Il)-OH where Fe is d* and &, respectively, can access all three spin states, i.e., HS
quintet/sextet, IS triplet/quartet, and LS singlet/doublet states, we find that both intermediates

10
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strongly prefer an HS ground state consistent with prior experimental and computational
studies*7>126 (Supporting Information Table S4). However, V(IV)=0 where V is d' can only
access the LS doublet state, and while V(IIT)-OH where V is d” can access IS triplet and LS singlet

states, it strongly prefers an IS ground state (Supporting Information Table S4).

We study isomers of M(IV)=0 and M(III)-OH intermediates for Fe and V because
identifying the most stable isomers could provide valuable structural information about preferred
substrate distances and angles from the metal-oxo/hydroxo moiety. We identify stable isomers in
the ground spin state for all Fe and V oxo/hydroxo intermediates and find that the most stable
M(IV)=0 isomers differ between Fe and V (Figure 2). Although crystal structures with ferryl
intermediates of non-heme iron hydroxylases are, as expected, not available, crystal structures with
vanadyl intermediates show an axial oxo isomer with bidentate succinate and monodentate Glu as
the most favored isomer.®>%7 In our computational studies, while Fe(IV)=0 prefers an axial oxo
isomer with bidentate Glu to an equatorial oxo isomer with bidentate succinate by over 3 kcal/mol,
V(IV)=0 shows comparable energies for both isomers along with the isomer found in crystal
structures of vanadyl mimics (Figure 2). Energetic differences between the most stable bidentate
and monodentate succinate/Glu Fe(IV)=0 isomers is smaller, i.e., ca. 3 kcal/mol, suggesting a
possibility for equilibration between bidentate and monodentate Glu (Figure 2). However, the
monodentate succinate structure of V(IV)=0 with an axial oxo and monodentate Glu is extremely
unstable and can only be optimized with the use of additional geometric constraints, indicating
that this structure may never be observed (Figure 2). We also observe that Fe(IV)=0 isomers with
axial oxo are energetically more favorable than their equatorial oxo counterparts, while both axial
and equatorial oxo isomers are comparable in energy for V(IV)=0 (Figure 2). Among Fe(IV)=0

isomers with equatorial oxo, we find that bidentate succinate (i.e., with a monodentate Glu) is

11
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strongly preferred over bidentate Glu (i.e., with a monodentate succinate) by ca. 9 kcal/mol (Figure
2). This is consistent with prior calculations!?” where, in the equatorial oxo isomer, Glu is found
to bind in a monodentate fashion with one of the Fe—Og bonds much longer than the other. On
the contrary, these isomers are comparable in energy for V(IV)=0, indicating the possibility of
experimentally observing an equatorial oxo isomer with bidentate Glu when vanadyl mimics are
used, which incorrectly suggests the favorability of this isomer for Fe(IV)=0O (Figure 2). These
differences in energetic preferences of M(IV)=0 isomers demonstrate that using vanadyl in place

of native non-heme iron hydroxylases may not lead to valid structural mimicry.

12
11F
10 )
I bi succ,
or mono Glu, ax oxo
8 =
° 7+
£ )
5 °f
< 5l bi succ,
3 mono Glu, eq oxo
w 4t
3 T -
— L
2 =
1- ., e,
ob e mono succ,

1 1 i
FoV)=0 _ V(IV)=0 bi Glu, ax oxo

Figure 2. PBE0/def2-TZVP energies (Eri) of isomers of M(IV)=0 (M = Fe, V) intermediates
shown relative to the most stable isomer for each intermediate in its ground spin state.
Representative structures of Fe(IV)=0 isomers are shown in the insets and labeled. (Top to
bottom, left) Isomers are axial (ax) oxo, bidentate (bi) succinate (succ), monodentate (mono) Glu;
axial oxo, monodentate succinate, monodentate Glu; axial oxo, monodentate succinate, bidentate
Glu. (Top to bottom, right) Isomers are equatorial (eq) oxo, monodentate succinate, bidentate Glu;
equatorial oxo, bidentate succinate, monodentate Glu; equatorial oxo, monodentate succinate,
monodentate Glu. Hydrogen, carbon, nitrogen, oxygen, and iron are shown in white, gray, blue,
red, and brown, respectively.

Study of M(II1)-OH isomers that are formed after HAT reveals that the most stable M(I11)—

OH isomer is same for both Fe and V (Figure 3). Contrary to our observations for M(IV)=0
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isomers, the relative energetic favorability of M(III)-OH isomers is consistent between Fe and V
with smaller differences in isomer energetics (Figure 3). We also find that the metal-hydroxo
moiety forms a hydrogen bond (HB) with Glu in most isomers for both Fe and V (Figure 3).
Energetic comparison of a given isomer, e.g., axial OH with bidentate succinate and monodentate
Glu, with and without an HB between the hydroxo moiety and Glu reveals that the HB stabilizes
the Fe(III)-OH isomer by ca. 4 kcal/mol (Figure 3). However, no additional energetic stability is
observed for the corresponding V(III)-OH isomers, suggesting weaker HBs in vanadium-based
mimics (Figure 3). Thus, despite the comparable relative energies of minimal models of the Fe and
V active sites, differences in HB interactions between Fe and V hydroxo intermediates could imply
differences in isomerization of M(III)-OH isomers, which further determine the rebound reaction

step in the catalytic cycle.
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Figure 3. PBE0/def2-TZVP energies (Er1) of isomers of M(III)-OH (M = Fe, V) intermediates
shown relative to the most stable isomer for each intermediate in its ground spin state.
Representative structures of Fe(III)-OH isomers are shown in the insets and labeled. (Top to
bottom, left) Isomers are axial (ax) OH, bidentate (bi) succinate (succ), monodentate (mono) Glu;
axial OH, monodentate succinate, bidentate Glu; equatorial (eq) OH, bidentate succinate,
monodentate Glu. (Top to bottom, right) Isomers are axial OH, monodentate succinate,
monodentate Glu; equatorial OH, monodentate succinate, bidentate Glu; equatorial OH,
monodentate succinate, monodentate Glu. Hydrogen, carbon, nitrogen, oxygen, and iron are shown
in white, gray, blue, red, and brown, respectively.
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Next, we analyze differences in metal-ligand (M—L) bond lengths to identify if they are
sensitive reporters of the differences in bonding between the favored spin states for Fe and V
isomers of M(IV)=0 and M(III)-OH. M-oxo bonds in HS and IS Fe(IV)=0 isomers are longer
than those in LS V(IV)=0 isomers by ca. 0.04 A and 0.03 A, respectively, but LS Fe-oxo bonds
are more comparable to V-oxo bonds, i.e., they differ by <0.01 A, highlighting that differences in
spin state are likely the main source of differences in isomer structure and potentially energetics
(Supporting Information Table S5). All other M—L bonds of Fe and V intermediates, regardless of
spin state, differ by < 0.10 A except for specific isomers with elongated V—Npis, V—Osuc, or V—
Ogln bonds (Supporting Information Tables S5-S6). Consistent with observations on
halogenases®, relative isomer energetics differ significantly between HS Fe(IV)=0 and LS
V(IV)=0 intermediates, while they are comparable between IS Fe(IV)=O and LS V(IV)=0
intermediates (Figure 2 and Supporting Information Table S7 and Figure S7). Further study of
isomer geometries reveals that the orientation of the Glu carboxylate can change isomer energetics
by 1-4 kcal/mol depending on the denticity of succinate for both Fe and V intermediates
(Supporting Information Figure S8). Isomers where the free Glu carboxylate oxygen is pointed
away from succinate are more energetically favorable than those with the free Glu carboxylate
oxygen oriented towards succinate (Supporting Information Figure S8). This energetic preference
becomes significant in the presence of bidentate succinate likely due to a combination of steric and

electrostatic effects.

We then compare Fe and V intermediates of non-heme hydroxylases to those of
halogenases to understand if V-mimics are more faithful in one of the two enzyme classes. We
observe considerable differences between Fe and V intermediates for both hydroxylases and

halogenases, but the nature of these differences is distinct in the two enzyme classes. The range of
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isomer energetics spanned by the native ferryl species in halogenases®® is much smaller relative to
hydroxylases, i.e., 4 kcal/mol vs 12 kcal/mol, while the opposite trend is observed for isomer
energetics of their vanadyl mimics, i.e., 18 kcal/mol vs 5 kcal/mol (Figure 2). This shows that
while all halogenase Fe(IV)=0 isomers are generally accessible and interconvertible, some of the
vanadyl isomers incorrectly imply highly unfavorable energetics for the most favored native iron
isomers®®. On the contrary, vanadyl mimics of hydroxylases incorrectly suggest favorable
energetics for one of the most energetically unfavorable ferryl isomers (Figure 2). The nature of
differences between Fe intermediates and their V mimics for hydroxylases vs halogenases are
likely the result of size difference between the coordinating carboxylate residue in hydroxylases
and the active site halide in halogenases. Furthermore, the carboxylate residue in hydroxylases
can bind in a monodentate or bidentate fashion which could lead to additional steric or electrostatic
interactions (i.e., with respect to other active-site ligands), which are not observed in halogenases
with a monodentate halide ligand, as we will explore in more detail next. For both halogenases
and hydroxylases, however, vanadyl mimics of monodentate succinate isomers exhibit strongly
unfavorable energies, meaning that they may not be observed experimentally, although these
isomers for the native Fe(IV)=0 intermediate are energetically favorable. These observations show
that the energetics of the native ferryl intermediates are not accurately captured by their vanadyl
mimics, suggesting that vanadyl structures are not faithful mimics of ferryl intermediates in C—H

activation.

4.2. Differences in Fe and V Isomerization Barriers between Metal-Oxo/Hydroxo Isomers.

We study the isomerization reaction coordinate (RC) in the M(IV)=0 intermediate for both
Fe and V, and compare their energy landscapes. When choosing a starting point for this

isomerization, we note that while the bidentate Glu isomer is slightly more stable than the
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monodentate Glu isomer, we study active site isomerization for isomers where succinate or Glu or
both are monodentate. This modification allows for more flexibility in the active site to enable
isomerization of the reacting moiety, i.e., oxo/hydroxo. Importantly, we found small energetic
differences between monodentate and bidentate succinate/Glu isomers for the Fe(IV)=0

intermediate, i.e., ca. 3 kcal/mol (Figure 2).

We study two closely related isomerization RCs for monodentate succinate/Glu isomers of
both Fe(IV)=0O and V(IV)=0O intermediates to compare the energetic differences for the two
metals. The first RC connects the axial and equatorial oxo isomers as a function of Nuis—M=0
angle where both succinate and Glu remain monodentate during isomerization, and we note
significant differences between Fe and V (Figure 4 and Supporting Information Figure S4). For
Fe, isomerization from axial oxo to equatorial oxo is separated by a transition state (TS) with a
high energy barrier of 10.4 kcal/mol for Fe(IV)=0 (Figure 4). The global minimum on the RC
(Nuis—Fe=0 angle: 176°) corresponds to the axial oxo isomer and the local minimum (Nuis—Fe=0O
angle: 90°) corresponds to the equatorial oxo isomer (Figure 4). We characterize this TS by
observing a single imaginary frequency along the angular RC mode (Nuis—Fe=0O angle: 124°).
However, for V(IV)=0, this isomerization is barrierless, and the minimum energy structure
positions the oxo moiety between the axial position and equatorial plane, i.e., Nuis—V=0 angles:
147° (Figure 4). The energetics of axial and equatorial oxo isomers observed along the
isomerization RCs for Fe and V differ by ca. 4 kcal/mol, which is slightly higher than that observed
during free optimizations (Figure 3 and Figure 4). The small increase in energetic differences along
the RCs could be the result of additional constraints used during the construction of RCs and the
differences in Glu orientation, i.e., the carboxylate group of Glu pointing towards succinate along

the RCs vs pointing away from succinate during free optimizations (Figure 3 and Figure 4). We
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also obtain largely similar isomerization RCs for Fe and V where Glu is forced to remain
monodentate while succinate is allowed to be monodentate or bidentate, and we find that succinate
prefers to remain monodentate along these RCs even in the absence of constraints on succinate

(Figure 4 and Supporting Information Figure S9).
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Figure 4. Reaction coordinates for isomerization between axial oxo and equatorial oxo with
monodentate succinate and monodentate Glu for (a) Fe and (b) V active sites. The geometries
corresponding to minima and transition states are shown as insets. The Nuis—M=0 angles (in °,
M=Fe, V) are indicated as yellow dashed curves in the inset structures. Hydrogen, carbon,
nitrogen, oxygen, vanadium, and iron are shown in white, gray, blue, red, silver, and brown,
respectively.

The second RC also connects the monodentate succinate isomers of axial oxo and
equatorial oxo as a function of the Nuis—M=0 angle but, unlike the previous RC, allows Glu to
bind the metal either in a monodentate or bidentate fashion (Supporting Information Figures S10—
S11). For both Fe and V, Glu prefers to be bidentate when oxo is closer to the axial position or the
equatorial plane but becomes monodentate when oxo is midway between the axial position and
the equatorial plane (Supporting Information Figure S11). The change in denticity of Glu is
captured by the discontinuities in the isomerization energy landscape, i.e., at Nuis—M=0 angle of

143° for Fe and 149° for Fe V, where the sudden change to a more favorable energy corresponds
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to the change in Glu binding from monodentate to bidentate (Supporting Information Figure S10).
These modified isomerization RCs of Fe and V with flexible Glu binding are qualitatively similar
to those obtained with both monodentate succinate and monodentate Glu except that the
isomerization barrier for Fe(IV)=0 is higher by 3.0 kcal/mol when Glu is not constrained to be
monodentate (Figure 4 and Supporting Information Figure S10). This suggests that although the
isomerization barrier could be higher in the enzyme active site if bidentate Glu coordination is
enforced throughout the catalytic cycle by interactions with the protein environment, it can be
lowered by forcing Glu to remain monodentate for the entirety of the reaction through alternative
favorable interactions. For example, hydrogen bonding (HB) interactions between the carboxylate
of Glu and nearby residues could force Glu to remain monodentate and enable isomerization with
a lower barrier. For a representative hydroxylase, VioC,!%-83:10L.192 Gly bound to the metal center
can potentially form HBs with the substrate, L-arginine, or a nearby Arg334 residue that would
force Glu to remain monodentate. Similarly, in TauD!!®, Asp bound to the metal center can

potentially HB with the nearby Arg270 residue, thus remaining monodentate.

We also obtain isomerization RCs in which we swap one metal center into the geometry of
the alternate metal, i.e., Fe(IV)=0 as single-point calculations of the optimized geometries along
the isomerization RC of V(IV)=0 and vice versa (Supporting Information Figure S12). These
frozen RCs are similar to the relaxed RCs for both Fe and V, except for the small increase in
energetics owing to the fully constrained geometries, suggesting that geometric structure plays
only a relatively minor role relative to electronic structure and spin state differences of Fe and V
play in isomer energetics (Supporting Information Figure S12). Overall, the isomerization RCs

connecting axial oxo and equatorial oxo isomers differ significantly between Fe and V, indicating
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that vanadyl mimics of native non-heme iron hydroxylases fail to capture isomerization barriers

and energy landscapes accurately.

Next, we also obtain isomerization RCs for M(III)-OH intermediates which connect axial
and equatorial hydroxo isomers as a function of Nuis—M—OH angle where both succinate and Glu
remain monodentate during isomerization (Supporting Information Figure S13). We obtain two
RCs for each metal: RCon1 where hydroxo is hydrogen bonded to Glu throughout the RC and
RCon2 where hydroxo does not hydrogen bond with Glu (Supporting Information Figure S13).
Examination of these RCs reveals considerable differences in RCs obtained for Fe and V. While
for Fe, the isomer with equatorial OH is found to be the global minimum and the isomer with OH
placed mid-way between equatorial and axial positions is found to be a local minimum along
RConi, the stability of the minima is reversed for V (Supporting Information Figure S13). For Fe
and V, both minima are comparable in energy along RConi, consistent with the isomer energetics
observed during free optimizations (Figure 3 and Supporting Information Figure S13).
Isomerization from the local to global minimum is accompanied by a minor barrier of 1.5 kcal/mol
for Fe and a larger barrier of 3 kcal/mol for V (Supporting Information Figure S13). Comparison
of RConi and RCon2 reveals significant differences between these RCs both in terms of energetics
and preferred minimum energy geometries (Supporting Information Figure S13). For instance,
along RComn2, the Fe(III)-OH isomer with OH placed mid-way between axial and equatorial
positions is the global minimum and the isomer with OH closer to an axial position is a local
minimum (Supporting Information Figure S13). The transition from global to local minimum
along RComnz is also accompanied by a minor barrier of ca. 1 kcal/mol for Fe (Supporting
Information Figure S13). The isomerization along RCon2 for V(III)-OH isomer shows one global

minimum and two local minima, all of which are comparable in energy with a difference of less
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than 1 kcal/mol (Supporting Information Figure S13). The energetic barriers to move from one
minimum to another are also relatively minor, i.e., ca. 1 kcal/mol (Supporting Information Figure
S13). Overall, given the more favorable energetics of RConi relative to RComnz, we can expect that
hydroxo isomerization would be accompanied by hydrogen bonding interactions between hydroxo
and Glu, although the presence of the hydrogen bond does modestly increase isomerization barriers

(Supporting Information Figure S13).

In comparison to previously studied halogenases,®® barriers for isomerization between axial
and equatorial Fe-oxo isomers is higher for hydroxylases by ca. 5 kcal/mol, suggesting that
isomerization from axial oxo to equatorial oxo is more difficult in hydroxylases relative to
halogenases. As the size of the carboxylate ligand played a role in distinguishing the relative
isomer energetics of halogenases and hydroxylases (see Sec. 4.1), it may similarly affect
differences in isomerization barriers. Isomerization of the oxo moiety forces Glu to change its
orientation along the RC. We will examine the possibility that this might result in Glu having
unfavorable orientations during oxo isomerization, leading to higher isomerization barriers in Sec.
4.4. Comparison of hydroxo isomerization RCs also reveals considerable differences between
hydroxylases and halogenases. In contrast to halogenases, OH isomerization in hydroxylases can
take place through two pathways: one with HBs between OH and Glu, and the other without
hydrogen bonding interactions. While the latter RC is qualitatively similar to the OH isomerization
energy landscape observed in halogenases, it is likely that the former RC (i.e., with HBs between
OH and Glu) would be preferred due to its overall favorable energetics. For both hydroxylases and
halogenases overall, angular RCs and energy landscapes differ significantly between Fe and their

V mimics, demonstrating that conclusions on the ease of active site isomerization will be metal-
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dependent and reinforcing the limits of using vanadyl species to understand catalysis in these

enzyme classes.

4.3. Binding Strength of Succinate and Glu in Comparison to aKG.

The formation of monodentate succinate and/or monodentate Glu is likely necessary for
isomerization of M(IV)=0O intermediates. However, the most energetically favorable ferryl
isomers prefer a bidentate Glu or bidentate succinate (Figure 2). In order to quantify the differences
in the binding strength of monodentate and bidentate succinate/Glu to the metal centers, i.e., Fe
and V, we perform Mayer bond order analysis, a quantum mechanical assessment of bond order.
Additionally, we compare the binding strengths of succinate and Glu to that of aKG, which

consistently binds in a bidentate fashion.

Comparison of binding strengths of bidentate and monodentate succinate/Glu to Fe and V
confirms that bidentate succinate and Glu bind more strongly than their monodentate counterparts
for both metals, i.e., we observe Mayer bond orders of 0.82 vs 0.63 for binding to Fe, and a larger
difference in bond orders of 0.94 vs 0.56 for binding to V (Figure 5). However, their binding
strength is much weaker than that of the bidentate aKG for both metals, which could in part be a
result of the differences in structures (Figure 5). For example, the M—O distances of Fe/V to both
O atoms of aKG are shorter by ca. 0.20 A in comparison to average M—O distances for bidentate
succinate (Figure 5). We observe comparable binding strengths of both carboxylate ligands, i.e.,
monodentate (bidentate) Glu binds as strongly as monodentate (bidentate) succinate for Fe and V
(Figure 5). Comparison of ligand binding strengths between oxo and hydroxo intermediates reveals

that, relative to oxo isomers, the binding strength of monodentate Glu is reduced in hydroxo
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isomers for both metals owing to hydrogen bonding interactions between the hydroxo moiety and

Glu (Figure 5 and Supporting Information Figure S14).

Figure 5. Scale demonstrating the Mayer bond orders of metal-Glu (g), metal-succinate (s), and
metal-aKG bonds of ground state high-spin (HS) Fe (top) and low-spin (LS) V (bottom)
intermediates with monodentate Glu/succinate and bidentate Glu/succinate/ aKG. The four
intermediates shown are (1) M(IV)=0 with monodentate succinate and monodentate Glu, (2)
M(IV)=0 with bidentate succinate and monodentate Glu, (3) M(IV)=O with monodentate
succinate and bidentate Glu, and (4) M(II)-O. with bidentate aKG. The corresponding M—O (of
Glu/succinate/aKG) bond lengths (in A) are indicated in the insets. Hydrogen, carbon, nitrogen,
oxygen, vanadium, and iron are shown in white, gray, blue, red, silver, and brown, respectively.

Across all the isomers of oxo, hydroxo, and Oz-bound intermediates, we find stronger
binding of bidentate succinate, bidentate Glu, and bidentate o KG in V intermediates relative to Fe
intermediates (Figure 5). This difference in binding strength is most significant for the binding of
oKG to the metal center. aKG binds more strongly to V than to Fe (Mayer bond order: 1.81 vs
1.36), likely due to the LS ground state for V in comparison to the HS ground state for Fe (Figure
5). However, in oxo and hydroxo isomers, the binding strengths of monodentate succinate and

monodentate Glu are comparable between Fe and V intermediates (Figure 5). From the analysis
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of ligand binding strengths, we thus conclude that bidentate succinate is only slightly more strongly
bound to the metal than monodentate succinate, and this trend is preserved in both Fe and V active
sites. This supports the potential isomerization between isomers of M(IV)=0 intermediates to
enable HAT during the catalytic cycle and it suggests that V mimics should be suitable to capture

this factor in isomerization.

To isolate the effect of bidentate coordination on M(IV)=0 isomerization, we create
artificial isomerization RCs where either succinate or Glu is constrained to its bidentate orientation
along the RCs. We find that succinate/Glu cannot remain bidentate throughout the RC and must
rearrange to structures with monodentate succinate/Glu, especially for Nuis—M=0 angles between
130° and 140°, to facilitate isomerization for both Fe and V (Figure 6). We also observe that for
the Fe(IV)=0 intermediate, when bidentate structures are feasible, RCs with bidentate Glu show
more favorable energies overall relative to RCs with bidentate succinate (Figure 6). This suggests
that oxo isomerization would most likely take place with bidentate Glu and monodentate succinate
(Figure 6). While monodentate Glu isomers are higher in energy than bidentate Glu isomers by
only 3 kcal/mol for Fe, in the isomerization RCs, we observe a larger difference of 10 kcal/mol
(Figures 3 and 6). This is due to the additional constraints imposed on succinate and Glu during
the isomerization RCs which result in unfavorable angles of binding between succinate/Glu and
Fe, leading to increased isomer energetics (Figures 3 and 6 and Supporting Information Figure
S15). For both metals, the bidentate RCs for oxo isomerization show bidentate Glu to be favorable
when oxo is closer to the axial position (Figure 6). However, when oxo is closer to the equatorial
plane, bidentate succinate and bidentate Glu RCs show comparable energies for Fe whereas
bidentate succinate is more favorable than bidentate Glu for V (Figure 6). This suggests that the

Fe-oxo species maintains a bidentate Glu in either isomer orientation, while the V-oxo species
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likely has either bidentate Glu or succinate coordination depending on the isomer orientation

(Figure 6). The significant differences between Fe and V RCs with bidentate succinate/Glu

demonstrate that V does not accurately capture the oxo isomerization of the ferryl intermediate.
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Figure 6. Reaction coordinates for isomerization between axial oxo and equatorial oxo with
monodentate Glu and monodentate succinate (shown in red), bidentate Glu and monodentate
succinate (shown in blue), and monodentate Glu and bidentate succinate (shown in green) for (a)
Fe and (b) V active sites. The geometries corresponding to minima are shown as insets. The Nuis—
M=0 angle (in °, M=Fe, V) is indicated as yellow dashed curves in the insets. Hydrogen, carbon,
nitrogen, oxygen, vanadium, and iron are shown in white, gray, blue, red, silver, and brown,
respectively.

In a prior study,® the bidentate succinate RCs for halogenases revealed that isomerization
between axial and equatorial oxo could take place with bidentate succinate for the most part except
for structures with Nuis—M=0 angles between 130° and 140° where succinate must bind in a
monodentate fashion. Although this is largely consistent with what we observe for bidentate
succinate/Glu RCs of hydroxylases, monodentate isomers are found to be energetically more
favorable for structures with a larger range of Nuis—M=0 angles (Figure 6). For example, structures
with Nuis—M=0 angles:

120°-160° (120°-140°) are energetically more favorable with

monodentate succinate/Glu rather than bidentate succinate (Glu) (Figure 6). This is indeed
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consistent with isomer energetics of Fe(IV)=0 in hydroxylase models where bidentate Glu that
binds through axial and equatorial sites is energetically less favorable than monodentate Glu
(Figure 3). Overall, while halogenases tend to prefer oxo isomerization with bidentate succinate,
hydroxylases prefer oxo isomerization with primarily bidentate Glu that binds through equatorial

sites and with monodentate Glu for a considerable portion of the RC.

5. Conclusions.

While vanadyl mimics are frequently employed experimentally in place of the fleeting
ferryl intermediate in C—H activation, we showed through an extensive computational study using
DFT that there are crucial differences between ferryl and vanadyl intermediates in hydroxylase
active site models that could be rationalized in terms of differences in their ground spin states. Our
study of M(IV)=0 isomers revealed not only that the most favorable metal-oxo isomers differ
between Fe and V, but also that conversion between monodentate and bidentate isomers is

energetically favorable for Fe but strongly unfavorable in vanadyl mimics.

To further understand the differences between Fe intermediates and their V-based mimics,
we studied active site isomerization of Fe(IV)=0 with monodentate succinate and monodentate
Glu between axial and equatorial oxo isomers. We observed that the local and global minima for
Fe(IV)=0 isomers are separated by a transition state with a large barrier of ca. 10 kcal/mol that
increases by 3 kcal/mol when Glu is allowed to become bidentate. This suggests that favorable
interactions in the protein environment, e.g., hydrogen bonding interactions with Glu, could help
reduce the isomerization barrier by forcing Glu to remain monodentate. Comparison of these
isomerization barriers to those observed for halogenases® showed that isomerization is more

difficult in hydroxylases likely due to the presence of a larger Glu/Asp residue that could be forced
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into unfavorable orientations along the isomerization RC. Study of the corresponding
isomerization RC for V(IV)=0 reveals a significantly different barrierless energy landscape with
only one minimum energy structure where oxo is located midway between the axial position and
the equatorial plane. The Fe(IV)=0 isomerization RC with bidentate Glu has more energetically
favorable structures relative to RCs with bidentate succinate or those with monodentate structures,
an effect not captured by the vanadyl mimics. Although more modest, differences were also
observed in Fe(III)-OH versus V(III)-OH isomerization. Finally, we analyzed the relative bond
strengths of monodentate and bidentate Glu/succinate for Fe and V in relation to the binding
strength of the bidentate oK G and found that Glu and succinate bidentate binding is much weaker
than aKG for both Fe and V. While differences between Fe and V were smaller, we generally
found that the LS V intermediates especially for Oz-bound intermediates more strongly than the

Fe counterparts.

Overall, the relative energetics of oxo isomers and isomerization RCs connecting these
isomers differ even more significantly between Fe and V hydroxylases than they do for previously
studied halogenases. This indicates that vanadyl mimics of native non-heme iron hydroxylases will
fail to capture isomerization barriers and energy landscapes accurately. The study of various
isomerization RCs sets the stage for targeted approaches to lower active-site isomerization barriers

in non-heme iron hydroxylases.
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