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ABTRACT: Non-heme iron halogenases, such as SyrB2, WelO5, and BesD, halogenate
unactivated carbon atoms of diverse substrates at ambient conditions with exquisite selectivity
seldom matched by non-biological catalysts. Using experimentally guided molecular dynamics
(MD) simulations augmented with multi-scale (i.e., QM/MM) simulations of substrate-bound
complexes of BesD and WelOS5, we investigate substrate/active-site dynamics that enable selective
halogenation. Our simulations reveal that active-site configurational isomerization is necessary in
WelO5 to attain substrate/active-site geometry consistent with its observed chemo- and
regioselectivity. Conversely, a slight reorientation of the substrate from its crystal structure
position is sufficient to enable regioselective chlorination in BesD without the need to invoke
active-site isomerization. We observe very different patterns of substrate—protein interactions are
for these two enzymes, and we relate the nature of these interactions to the distinct substrates. For
BesD, we resolve the uncertainty around the mechanistic relevance of Asn219. Our simulations
reveal that the optimum substrate/active-site geometry also outweighs interactions between the
metal-oxo and the protein environment in facilitating the required chemoselectivity in halogenases.
Our work highlights how different substrate-dependent strategies are used to accomplish
selectivity-promoting proximity in halogenases.
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1. Introduction.

Selective halogenation of aliphatic C—H bonds is essential for the synthesis of many
bioactive molecules!-. Synthetic routes to halogen functionalization require harsh conditions* and
are often marked by poor selectivity>. In contrast, enzymes can readily halogenate natural products
in biosynthetic pathways, as exemplified by non-heme iron and alpha-ketoglutarate (0KG)
dependent halogenases®!®. These enzymes halogenate unactivated carbon atoms of diverse
substrates (e.g. polar'* vs hydrophobic'!) at ambient temperature and pressure, with exquisite
chemo-, regio- and stereoselectivity®!4. Non-heme iron halogenases are closely related to their
well-studied, hydroxylase® !> counterparts that catalyze challenging hydroxylation at unactivated
carbon centers using radical chemistry via an iron-oxo reactive intermediate!®!°. This selectivity
has motivated biomimetic catalyst design efforts inspired by non-heme iron enzymes.?%-2*
Effective rational design of biomimetic catalysts requires a mechanistic understanding of the roles
of metal cofactors and protein scaffolds in imparting halogenation selectivity to non-heme iron
halogenases. The fleeting nature of the highly reactive iron-oxo intermediate®* 26 has challenged
efforts to crystallize halogenases in catalytically active states. Additionally, most non-heme iron
halogenases require carrier proteins for substrate delivery?”> 28, which has hindered structural

characterization of their enzyme—substrate complexes.

The limitations in crystallographic characterization have sparked a host of computational

35-39 36,40

studies?*-3* alongside spectroscopic®>-* and kinetic*® 4’ investigation to understand how non-heme
iron halogenases engage their substrates for preferential halogenation. Precise substrate/active-site
positioning has been proposed?® 3% 40 as a strategy employed by non-heme iron halogenases to
suppress hydroxylation. Kinetic*® and spectroscopic® studies have suggested that closer proximity

of the substrate to Cl instead of the oxo moiety in the halogenase active site compromises hydrogen



atom abstraction (HAA) efficiency in order to ensure chlorination reactivity. Prior studies3: 34 3%

38,39 have shown that the relative proximity can also be adjusted via configurational isomerization
of the active site. In addition to proximity, reaction selectivity in halogenases has also been
correlated to the angle between the HAA target C—H bond on the substrate and the iron-oxo

38,39 with a more obtuse angle activating the n-pathway to favor halogenation while an

moiety
acute angle favors the o-pathway for hydroxylation.*!> > Although these studies have provided
foundational knowledge of substrate positioning in controlling reaction outcome in halogenases,
the role of the greater enzyme environment remains unclear. Since both substrate and substrate
delivery mechanism (i.e., carrier-dependent or carrier-free) for halogenation is diverse, it is critical
to avoid reaching conclusions about the role of the greater enzyme environment on the basis of a
single enzyme. Computational modeling of the dynamics of enzyme—substrate complexes can
reveal the role of protein—substrate interactions in governing selective halogenation via strategic
positioning. Additionally, simulations with experimentally elusive iron-oxo intermediates provide
insight on which catalytically competent active-site configurational isomers are most aligned with
spectroscopic evidence for substrate positioning for halogenases®® 4043,

We recently used spectroscopically derived® distance and angle metrics for
substrate/active-site geometry to guide molecular dynamics (MD) simulations of halogenase
SyrB2 with its substrates tethered to carrier protein.** This approach was necessary*® because free
molecular dynamics with approximate force fields can provide inaccurate descriptions of hydrogen
bonding interactions and otherwise fail to adequately sample short, non-covalent distances.*++’
Our simulations provided insight on previously unknown protein—substrate interactions that give

rise to experimentally measured substrate positions, which in turn impact reaction selectivity in

SyrB2 (Figure 1). In this work, we apply and compare the same computational protocol to recently



discovered carrier-protein-independent non-heme iron halogenases WelO5'! 4% 4% and BesD!'4 ¢
for which substrate-bound crystal structures have been obtained (Figure 1). This comparison of
three halogenases is necessary to understand the potentially distinct function of the enzyme
environment or active site isomers in cases with differing substrate chemistry (e.g., WelOS5 vs.
BesD) or substrate delivery (e.g., BesD vs SyrB2) mechanisms.

It remains an outstanding challenge to merge both long-time dynamics that samples
experimentally observed conformational or structural information with accurate first-principles
barrier estimation. We have shown*? that plausible barrier heights on SyrB2 were obtained without
sampling non-covalent distances known experimentally to be achieved during the catalytic cycle.
Thus, we take a distinct approach in this work to focus on the long-time dynamics and sustained
substrate-protein interactions that explain experimentally observed reaction outcomes. These
simulations provide the first guidance on the changes in substrate—protein interactions from the
resting state captured in crystal structures to a catalytically active moiety capable of halogenation.
This work also presents the first large-scale (i.e., > 200 atom) multi-scale, quantum
mechanics/molecular mechanics (QM/MM) treatment of WelO5 and BesD that incorporate not
just the minimal active site in the QM region but also the substrate and critical protein residues

with potential mechanistic relevance.
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Figure 1. Crystal structures in cartoon representation and modeled iron-oxo intermediates in active
sites for a) SyrB2-SyrB1 in complex with substrate Thr on the PPant arm*} (SyrB2-only PDB ID:
2FCT’), b) BesD in complex with substrate Lys'* (PDB ID: 6NIE'#), and ¢) WelO5 in complex
with substrate 12-epi-fischerindole U!'! (PDB ID: 5IQV!!). The protein is shown in gray cartoon,
and the substrate is shown in blue sticks or cartoon (i.e., for the SyrB1 carrier protein). Atoms in
the inset active-site structures are colored as: H in white, O in red, Cl in green, Fe in orange, S in
yellow, and N in blue.

2. Overview of Experimental Guidance on Halogenases.

Although a large number of non-heme Fe(Il)/aKG-dependent enzymes are known, we
focus here on three representative halogenases, SyrB26: 7> 33,34, 36,3841, 43 'BegD14.50 and WelO5!!:
48,49 with diverse substrates and we review commonalities and differences established from crystal
structures and biochemistry of their active sites (Figure 1 and Table 1). The crystal structures of

each of the three halogenases were solved with an iron center coordinated to two His residues,

bidentate aKG, and a CI" ligand’- ' * (Figure 1). The remaining sixth coordinatation site, expected
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to be occupied by the oxo moiety upon formation of the iron-oxo intermediate, is at the axial
position for all three halogenases. This site is vacant in the crystal structure of BesD'* but is

occupied by water or an NO ligand in the active sites of SyrB2” and WelO5!'!.

Table 1. Comparison of key features for three halogenases SyrB2, BesD, and WelO5.

feature | SyrB2 | BesD | WelO5
function
native function chlorination | chlorination chlorination
chlorination regioselectivity C4 C4 C13
HAA stereoselectivity N/A pro-R H pro-RH
substrate delivery tethered free free
carrier protein SyrB1 none none
substrate
native substrate threonine lysine 12-epi-fischerindole U
nature of substrate amino acid amino acid indole
target C-H type aliphatic aliphatic aliphatic
target C position chain terminus | mid-chain ring
target C chirality achiral prochiral prochiral
crystal structure
crystal structure with substrate none solved solved
predicted oxo position axial axial axial
target C—Fe distance - 4.8 A 4.5 A
target C—Cl distance - 4.0 A 57A
experimental distances and angles
Fe—H distance 42+03A 39A 3.7A
H—Fe—O angle (axial-oxo) 85+ 10° 91° 50°
H—Fe—0 angle (equatorial-oxo) 85 £10° 78° 120°

Even though the crystal structures obtained thus far suggest the formation of the axial-oxo
(ax-O) configurational isomer during catalysis for SyrB27, WelO5!! and BesD'!4, isomerization of
the reactive metal-oxo species has been proposed for all three halogenases. Mdssbauer*® and
nuclear resonance vibrational spectroscopy>® identified and characterized the ax-O and equatorial-
oxo (eq-O) configurational isomers of the iron-oxo intermediate in SyrB2. Additionally, DFT

33, 34,38

studies evaluated the role of active-site configurational isomers in controlling halogenation

versus hydroxylation reactivity observed in SyrB2% 0. A spectroscopic study of SyrB2* invoked
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active-site isomerization to rationalize observations on substrate/active-site positioning, which we
recently explored using computational modeling*. Such studies are lacking for both BesD and
WelO5. For WelO3, the eq-O configurational isomer was suggested!! to be necessary to disfavor
rebound hydroxylation. The reduced halogenation selectivity of WelO5 upon mutation of
Ser189!!, a residue predicted to form a hydrogen bond (HB) with the oxo moiety if it occupies an
equatorial site, provided support for this proposal. For BesD, the eq-O configurational isomer was
proposed to aid HAA based solely on the substrate/active-site geometry observed in the crystal
structure'* but has not been characterized experimentally or computationally.

Despite common active sites, SyrB2, BesD, and WelO5 have diverse substrates and modes
of substrate delivery. SyrB2 and BesD both react on polar amino acid substrates, whereas WelO5
reacts on a bulky and hydrophobic indole substrate. As would be expected due to differences in
their substrates, crystal structures show that the second-sphere residues of the active site are mostly
polar or charged in BesD!* (e.g., Arg74, Asp140, Asn219) and SyrB27 (e.g., Glul02, Asnl23,
Arg254) but hydrophobic (e.g., Ala82, 1le84, Val81) in WelO5'! (Supporting Information Figure
S1). Corresponding to the expected efficiency afforded by smaller, free-standing substrates, kinetic
analysis reveals that WelO5 can catalyze ~ 75 turnovers®’, whereas carrier-protein-dependent
SyrB2 only catalyzes 7 + 2 turnovers before inactivation®. The total turnover number for BesD is
not known.

The chemo- and regioselectivity of the three halogenases has been determined
experimentally. Liquid chromatography with mass spectrometry analysis has confirmed that the
primary products of SyrB2%, WelO5* and BesD!* ° are their respective mono-chlorinated
substrates, although trace amounts of hydroxylated products were detected for these halogenases.

Mutation of a single residue (Alal18 for SyrB27 and Gly139 for BesD** and Gly166 WelO5'!) can



displace the active-site Cl and recover both the facial triad characteristic of hydroxylases®!->? and
the corresponding hydroxylation reactivity. Nuclear magnetic resonance analysis has been used to
determine the regioselectivity these enzymes. Both SyrB2% 7 and BesD!* *° regioselectively
chlorinate the y carbon atom (i.e., C4) on the aliphatic side chains of their respective amino acid

substrates (Figure 1). Although WelO5 performs regioselective halogenation*® 4

, its reactivity is
distinct, because it halogenates the aliphatic carbon atom in the cyclohexane ring (i.e., C13) of its
substrate (Figure 1). In contrast to SyrB2, which targets the achiral carbon atom of its substrate
during HAA and radical rebound, both WelO5% and BesD!* react on pro-chiral carbon atoms of
their substrates, thus enabling stereoselectivity in addition to regioselectivity (Table 1).

While both BesD and WelO5 active sites share many structural and catalytic commonalties
with the SyrB2 active site, the crystal structure of WelO5 does not have the expected
substrate/active-site positioning that has been spectroscopically observed in SyrB2 to coincide
with halogenase activity (Figure 1). Spectroscopic studies®® on SyrB2 have revealed that placement
of the substrate HAA target further from the iron moiety (4.2 + 0.3 A) and at a significant angle
relative to the putative iron-oxo bond (85 £ 10°) ensures chlorination selectivity, while shorter
distances (3.4 + 0.2 A) and more acute angles (64 = 7°) are characteristic of hydroxylation
selectivity. The substrate-isomer combination observed in the crystal structure of WelO5!!
resembles a hydroxylase more than a halogenase because the target carbon is more proximal (by
ca. 0.6 A) to the iron-oxo moiety than typically observed for halogenases (e.g., SyrB2%) and farther
(by ca. 1.7 A) from CI than would be expected*? (Table 1). Moreover, the angle between the target
substrate C—H bond and the iron-oxo moiety is either too small (ca. 40°) or too large (ca. 120°) in
the crystal-structure-derived configurational isomers of WelO5 compared to the optimum angle

(85 £ 10°) expected for chlorination®® (Table 1).



In contrast to WelO35, the substrate-isomer combination observed in the crystal structure of
BesD!* is favorable for halogenation, in terms of both proximity to Cl and the angle between the
target C—H bond and iron-oxo moiety'# (Table 1). The crystal structure distance between the ax-O
moiety and the C4 chlorination target of the substrate Lys, however, is significantly larger'* (ca.
5.2 A) than values typical (ca. 3.8 A) for HAA. If instead we consider the eq-O configurational
isomer of BesD, proposed'* to aid HAA, the oxo moiety comes too close to C4 to avoid
hydroxylation. Thus, active-site isomerization is not a universal explanation of the observed
reactivity of halogenases. These observations thus motivate computational modeling of enzyme
dynamics (i.e., with MD) with restraints guided by experimental observations to investigate the
interplay of substrate positioning, active-site isomerization, and substrate—protein interactions in
WelO5 and BesD.

3. Results and Discussion.
3a. WelOS5: The Role of Bulky Substrates in Dynamics.

To understand substrate—active-site dynamics with a bulky substrate, we enforce
experimentally motivated?® distances and angles for halogenases in WelO35 (see Sec. 5). We assign
protonation states automatically using the H++ web server>*->° for the greater protein and manually
adjust any active site (i.e., Fe(Il)-coordinating His) residues (see Sec. 5). Although the distance
restraints are derived from another halogenase (i.e., SyrB2), this approach allows us to evaluate
how positioning compatible with known reaction outcomes is attained through enzyme-substrate
interactions even for cases (e.g., in SyrB2) where we have observed* force fields to be
insufficiently accurate to predict these quantities a priori. Regardless of the configurational isomer
chosen, we are able to sample the experimentally motivated position of the substrate with respect

to the iron-oxo moiety in WelOS5 (Figure 2 and Supporting Information Figure S2 and Table S1).



In the ax-O isomer, an increase in the Fe---H distance and H---Fe—O angle with respect to the X-
ray crystal structure is accompanied by a concomitant shift in the 12-epi-fischerindole U substrate
position further away from the equatorial plane of iron in the active site (Figure 2). Conversely,
when the oxo is in the equatorial plane, as is the case for the other two isomers, the substrate is
closer to the active site when satisfying restraints than when the oxo is in the axial position (Figure
2). In the eq-O isomer, the substrate orients directly over the equatorial plane of the active site due
to the open proximal axial site, whereas for the axial-Cl (ax-Cl) isomer, the substrate is oriented
away from the axial site occupied by CI (Figure 2). While the substrate reorients in different ways
across the three configurational isomers, within each isomer a single pose satisfies the

experimentally motivated positioning constraints (Supporting Information Tables S2—S4).

ax-0 eq-0 ax-Cl

I xtal-derived
B simulations

Figure 2. Comparison of Fe---H distance (in A) and H---Fe-O angle (in °) for the ax-O (left), eq-
oxo (middle), and ax-Cl (right) configurational isomers of WelO5. The substrate 12-epi-
fischerindole U is shown in the starting position derived from the crystal structure (gray sticks)
and compared to a representative structure from experimentally guided MD (blue sticks), with
corresponding distances and angles labeled with a gray line and black text or blue line and text,
respectively. The black arrow indicates the shift in position of C13 relative to iron-oxo after
application of experimentally motivated restraints. The chlorination target carbon C13 on substrate
is shown as a ball, as are iron in orange, oxo in red, and Cl in green. The protein environment is
shown as translucent gray cartoon.

Based on prior work*, we anticipate that satisfying positional restraints, i.e., by increasing
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the distance of the reacting C13 to the iron-oxo moiety, should correspond to shortening of the
distance of C13 to Cl in accordance with trends in other halogenases®® *°. The expected behavior
is observed for the ax-Cl isomer, with C13 remaining much closer to CI (ca. 3.6 A vs 5.4 A)
compared to the oxo moiety (Figure 3 and Supporting Information Tables S4-S5). Conversely, in
the ax-O configurational isomer, C13 is closer to the oxo moiety (ca. 5.2 A) than to Cl (ca. 6.7 A)
despite satisfying the experimentally motivated distance to the iron-oxo moiety (Figure 3 and
Supporting Information Tables S4-S5). Prior studies'!>*¢ have suggested that the isomerization of
the oxo moiety to the equatorial plane in the active site would result in the expected proximity of
C13 to Cl that favors halogenation. Our experimentally guided MD of the eq-O isomer does not
support this suggestion. While C13 does sample distances somewhat closer to Cl (ca. 5.4 A) than
observed for the ax-O isomer (ca. 6.7 A), it does so only when the C13 distance to the oxo (ca. 5.1

A) is also shorter (Figure 3 and Supporting Information Tables S4-S5).
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Figure 3. (top) The distance definitions for chlorination target C13 on substrate 12-epi-
fischerindole U to C1 (C---Cl, labeled in green) and oxo (C:- -0, labeled in red) ligands in the active
site for the ax-O (left) eq-oxo (middle), and ax-Cl (right) configurational isomers of WelOS5. The
MD configuration with only experimentally motivated restraints on the Fe—H distance and H-Fe—
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O angle (initial) is shown in translucent blue sticks (initial) along with the substrate after
incorporating additional restraints on the C—Cl distance to achieve the expected proximity to Cl vs
oxo (final) is shown in solid blue sticks, with the substrate C13 shown as a ball in both cases.
(bottom) Target C13 C---CI (green) and C---O (red) distance distributions (in A) for ax-O, eq-O,
and ax-Cl configurational isomers of WelO5 from MD in initial and final configurations are shown
as box plots with the whiskers representing 1.5x the interquartile range and the box from the lower
to upper quartile. Outlier points have been omitted for clarity. For the ax-Cl isomer, the expected
proximity of the substrate to Cl was attained without additional constraints, therefore there is only
one configuration for it.

We next investigated whether we could enforce positioning of the substrate C13 closer to
Cl than the oxo moiety while maintaining the experimentally motivated distance and angle to the
Fe(IV)=0. To do so, we added additional constraints during dynamics for both the eq-O and ax-O
configuration isomers (Figure 3 and Supporting Information Tables S6—S8). In the eq-O isomer,
rearrangement to satisfy this additional constraint is modest, with the substrate moving over the
active-site equatorial plane to shorten its distance from Cl (ca. 3.6 A) while maintaining the
expected longer distance (ca. 4.6 A) to the oxo moiety (Figure 3 and Supporting Information
Tables S6-S8). For the ax-O isomer, the substrate must instead undergo a more substantial
reorientation around the oxo to approach CI (Figure 3 and Supporting Information Tables S6-S8).
Although this reorientation positions C13 closer to Cl (ca. 3.9 A vs 4.2 A) than to the iron-oxo
moiety, the reorientation disrupts substrate—protein interactions (i.e., a hydrogen bond between the
isocyanide group of the substrate and the Ala82 backbone) and that are expected to influence
regioselectivity.

Based on the experimentally observed regioselectivity of WelO5!'! 4% 49 we expect the
mechanistically relevant substrate position to preferentially orient the target pro-R hydrogen atom
on C13 close to the iron-oxo moiety. In the ax-O isomer with the additional restraint, however, a
hydrogen atom of a non-target, methyl substituent on the substrate approaches the oxo moiety at a

much shorter distance, d(O---H) = 2.8 A, relative to the target hydrogen atom on C13 with
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d(O---H) = 4.4 A (Figure 4). Thus, dynamics reveal that even if the substrate can be positioned
relative to an ax-O isomer with the C13 target carbon oriented closer to Cl, active-site positioning
needed for regioselective chlorination cannot be simultaneously attained. Conversely, in both ax-
Cl and eq-O isomers, only the target pro-R hydrogen of the chlorination target C13 remains closest
to the oxo moiety with both the initial and additional restraints (see Sec. 5, Figure 4 and Supporting
Information Figure S3). Prior work on WelO5'!> 3¢ had only considered the isomerization of the
oxo moiety to the equatorial plane to achieve substrate positioning that favors regioselective
chlorination. However, our dynamics simulations strongly suggest that isomerization of Cl to the

axial plane merits consideration to explain the observed reactivity.
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Figure 4. The average (square symbols) and standard deviation (error bars) of the distance of
active-site-facing hydrogen atoms for the substrate 12-epi-fischerindole U to the oxo moiety,
d(O--H) in A, from experimentally motivated MD of ax-O, eq-O, and ax-Cl configurational
isomers of WelOS5. An additional restraint is applied in the ax-O and eq-O MD simulations. The
distance between the oxo moiety and the HAA target on the substrate is shown in blue, and the
distances between the oxo moiety and non-target hydrogen atoms are shown in red, green and gray,
as indicated in the inset at right. The iron-oxo stick structure is shown for the active site to define
the relevant distances to the hydrogen atoms on the substrate.

Next, we investigated the effect of reorienting the substrate into an experimentally

motivated position on the interactions of the substrate with the greater protein environment.
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Classical energy decomposition analysis (see Sec. 5) reveals that WelO5’s bulky 12-epi-
fischerindole U substrate primarily interacts with the protein environment via dispersive
interactions, as could be expected give its large size and hydrophobic nature (Supporting
Information Table S9). The substrate favorably interacts with several nonpolar residues (i.e.,
Val81, 1le84, Val90, Ile161, Phel69) and also exhibits van der Waals stabilization from polar
Met221 and Met225 residues in all configurational isomers (Figure 5 and Supporting Information
Table S9). Unsurprisingly, due to the hydrophobic and bulky nature of the substrate, classical
hydrogen bonding analysis indicates that the substrate forms few hydrogen bonds (HBs) with
nearby protein residues in the experimentally motivated positions for any isomer (Supporting
Information Table S10). The only HB observed, i.e., between the isocyanide group on 12-epi-
fischerindole U and the backbone N—H of Ala82, is preserved in most isomers and was previously
observed in the crystal structure!! (Figure 5 and Supporting Information Table S10). This HB is
observed throughout all simulations except in the case where we simultaneously enforce a high
substrate—oxo distance and a relatively short distance to Cl in the ax-O isomer with the additional
restraint (see Sec. 5 and Supporting Information Table S10). No HBs are observed to the polar

indole, likely due to its steric bulk.
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Figure 5. The interactions between substrate 12-epi-fischerindole U and the WelOS5 protein
environment. a) 12-epi-fischerindole U is shown in blue sticks with interacting protein residues
shown as gray sticks. The HBs are indicated by black dashed lines, and the corresponding bond
critical point is shown as a sphere along with the corresponding HB energy (in kcal/mol), with the
stronger HB shown as a green sphere and a weaker interaction (i.e., < 4.0 kcal/mol)*** shown as
a black sphere. b) The classical (GBSA) noncovalent interaction energies (in kcal/mol) between
12-epi-fischerindole U and WelOS5 residues in the ax-Cl isomer shown as a stacked bar chart of
the van der Waals (vdw in blue), electrostatic (els in red), and sum of polar and non-polar solvation
interaction energies (solv).

To confirm the observations from classical interaction analysis, we also carried out multi-
scale QM/MM modeling of the WelOS5 active site. We optimized representative configurations
from dynamics with QM/MM using large QM regions (i.e., over 240 atoms) that incorporate
essential protein residues (e.g., HB-forming Ala82) not included in prior computational studies®
of WelO5 (see Sec. 5 and Supporting Information Tables S11-S12). We also include additional
protein residues within 4.0 A of 12-epi-fischerindole U, such as Asn74 and Val81, in our QM
regions to observe any HB interactions that could have otherwise gone undetected* 4+ 447 with
geometric criteria or classical interaction analysis. Electronic structure analysis of QM/MM-
optimized snapshots confirms that 12-epi-fischerindole U only forms a strong HB with Ala82 in
eq-O and ax-Cl isomers (Figure 5 and Supporting Information Table S13). During QM/MM
optimizations, the HB donor-acceptor N-H---C distance shortens by 0.6 A compared to the

15



crystal-structure-predicted distance (to ca. 2.6 A), resulting in an even stronger HB than observed
with MM. Bader analysis (i.e., QTAIM)”- 8 to detect bond critical points (BCPs) indicates that
this HB is stabilizing by up to 7.8 kcal/mol (Figure 5 and Supporting Information Table S13). We
only identify one additional BCP between the Asn74 sidechain carbonyl and a C—H on the benzene
ring of the substrate. However, the QTAIM stabilization energy for this BCP is too weak (ca. 2.5
kcal/mol) for it to be classified as a strong HB, based on previously developed criteria** (Figure 5
and Supporting Information Table S13). This absence of a strong HB network between 12-epi-
fischerindole U and the protein environment is in accordance with the bulky nature of the substrate
and the presence of only a single polar group that interacts with the greater protein.

3b. BesD: Hydrogen Bonding to a Charged Substrate.

To contrast the case of WelO5 with an enzyme that also reacts on a free substrate that is
instead highly charged and polar, we next performed constrained, experimentally motivated MD
on the carrier-independent BesD halogenase in its configurational isomers. As with WelOS5, we
assigned protonation states automatically using the H++ web server>*>> for the greater protein and
manually adjust any active site (i.e., Fe(Il)-coordinating His) residues (see Sec. 5). We again aimed
to identify the most probable adjustment in substrate positioning or active-site isomerization
needed to facilitate HAA and favor chlorination over hydroxylation (Figure 6 and Supporting
Information Figure S4 and Tables S14-S18). If we do not modify the BesD crystal structure
configurational isomer from its ax-O orientation, the hydrogen atom on the chlorination target C4
of the substrate is already distant from the iron center (Fe:--H distance 3.9 A), as is expected for
halogenases (Figure 6). This isomer also forms the expected optimum angle (H:--Fe—O angle 91°)
for activating the m-pathway for HAA resulting in subsequent chlorination®® (Figure 6). Thus,

experimentally guided MD of this ax-O isomer exhibits very limited rearrangement from the initial
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configuration (Figure 6 and Supporting Information Figure S4). In this isomer, the chlorination
target C4 also remains closer to CI (ca. 3.7 A) compared to the oxo moiety (ca. 5.4 A) throughout
dynamics (Figure 7 and Supporting Information Tables S17—S18). During MD, the hydrogen atom
on C4 occasionally approaches even closer to the oxo moiety (d(O---H) = 3.5 A) than is expected
from the crystal structure'* (d(O---H) = 4.2 A) for the ax-O orientation (Figure 7). When this
occurs, C4 still remains closer to Cl (d(C---CI) = 3.7 A) than to the oxo moiety (d(C---O) =4.6 A),

consistent with hypotheses* of sluggish HAA and preferential chlorination (Figure 7).

ax-0 eq-0

m xtal-derived
mm simulations

Figure 6. Comparison of the Fe---H distance (in A) and H---Fe—O angle (in °) for the ax-O (left)
and eq-O (right) configurational isomers of BesD. The substrate Lys in the starting position derived
from the crystal structure is shown as gray sticks and the substrate in experimentally guided MD
simulations is shown as blue sticks, with the corresponding distance and angle labeled in black
and blue text or lines, respectively. The chlorination target carbon on substrate is highlighted as a
ball as are iron in orange, oxo in red, and Cl in green. The black arrow indicates the shift in target
carbon position from initial to final orientations.
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Figure 7. (top) The distance definitions for the target carbon on substrate Lys to C1 (C---Cl, labeled
in green) and oxo (C---O, labeled in red) in the active site for the ax-O (left) and eq-O (right)
configurational isomers of BesD. (bottom) Two-dimensional plot of discrete points with Gaussian
kernel density estimation of the distributions for C---Cl vs O---H (green) and C---O vs O---H (red)
distances (in A) for each isomer from experimentally motivated MD. The point with the minimum
d(O---H) of each distribution is shown by an outlined circle.
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Starting from an alternative eq-O configurational isomer that was suggested!* to aid HAA,
considerable substrate reorientation instead occurs during MD in order to satisfy the optimal
substrate angle to the iron-oxo moiety (Figure 6 and Supporting Information Figure S4). A ca. 60°
increase must occur to satisfy the experimentally motivated H- - -Fe—O angle, and doing so reorients
the substrate below the equatorial plane of the iron active site. As a result of this rearrangement,
the C—H bond that is the target for HAA becomes oriented away from the iron-oxo moiety in a
way that is suboptimal for activating the m-pathway for HAA proposed to favor chlorination?s
(Figure 6). Just starting from an alternative eq-O configurational isomer, the substrate C4 is also
closer to the oxo (ca. 3.4 A) than to CI (ca. 4.0 A). The restrained dynamics do, however, shift
relative distances and cause the target C4 to reside closer to ClI (ca. 3.8 A) and more distant (ca.

4.7 A) from the oxo on average (Figure 7 and Supporting Information Tables S17-S18). In contrast
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to the ax-O isomer, the shortest distance of the C4 hydrogen atom to the oxo moiety sampled by
the eq-O isomer (d(O---H) = 3.1 A) also positions the C4 carbon closer to the oxo moiety (d(C:--O)
=3.8 A) than the C1(d(C---Cl)=4.2 A, Figure 7). Thus, these dynamics indicate that the previously
proposed!* isomerization of the oxo moiety to the equatorial plane to aid HAA would not increase
the sampling of halogenation-favoring distances.

The eq-O isomer can be further ruled out based on analysis of the experimentally observed
regioselectivity of BesD*. To agree with the measured product distribution, substrate position in
dynamics should exclusively orient the hydrogen atom on the C4 carbon toward the iron-oxo
moiety. While this expectation is satisfied during the dynamics in the ax-O isomer, the eq-O
exhibits distinct behavior (Figure 8). For the eq-O isomer, the hydrogen atom of the C6 carbon is
unexpectedly more proximal to the oxo moiety (ca. 3.6 A on average) relative to the C4 hydrogen
atom (ca. 4.3 A on average, Figure 8). We do not study ax-Cl as we did in WelO5 because
reorienting Cl to the axial position while keeping the oxo in the equatorial position worsens

substrate positioning.
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Figure 8. The average distance of active-site-facing hydrogen atoms on the substrate Lys to the
oxo moiety in experimentally motivated dynamics of ax-O and eq-O configurational isomers of
BesD. The average (square) and standard deviation (error bars) of the distance between oxo and
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the target hydrogen atom is shown as blue, and the corresponding distances between oxo and non-
target hydrogen atoms are shown in red, green, and gray as indicated in the inset at right. The iron-
oxo stick structure is shown in the active site to define the relevant distances to the hydrogen atoms
on substrate.

While the experimentally motivated MD suggests the most likely substrate placement for
BesD, we again employ classical and QM/MM interaction analysis, as we did in WelO35, to identify
the mediating interactions in the greater protein environment that favor this placement. Classical
analysis (see Sec. 5) indicates that the substrate Lys consistently forms multiple HBs with the
protein environment during dynamics for both configurational isomers but especially in the ax-O
case (Figure 9 and Supporting Information Table S19). As would be expected for a polar substrate
forming several HBs with the protein environment, classical energy decomposition analysis
suggests that the substrate—protein interactions are strongly electrostatic (i.e., rather than
dispersive) in nature (Supporting Information Table S20). The HBs observed in the ax-O isomer!*
(i.e., that in the solved crystal structure) between the Lys substrate carboxylate and polar or charged
protein residues (i.e., Arg74, His134, and Trp238) are maintained throughout the restrained MD
of both configurational isomers (Figure 9 and Supporting Information Table S19). The HBs
observed in the crystal structure!* between the two Lys substrate amine functional groups and the
protein (i.e., with Trp138, Asp140, and Asn219) are also maintained throughout dynamics of ax-
O isomer (Supporting Information Table S19). However, these HBs are not observed during

dynamics of the eq-O isomer (Supporting Information Table S19).

20



a)

B vdw
H els
E solv
1o © total

_15- 1 1 1 1 ] 1 1
R74 E120 H134 W138 N219 W238 W239

\ protein residues

Figure 9. Analysis of substrate-protein interactions from QM (left) and classical analysis (right)
for BesD. a) The hydrogen bonding interactions of the substrate Lys with the greater protein
environment of BesD for the ax-O isomer (N219, D140, and W138 HBs are absent in the eq-O
isomer). The substrate is shown in blue sticks, and protein residues are shown in gray sticks. The
HBs are indicated by black dashed lines, and the corresponding BCPs are shown as spheres (green
for strong HBs, black for weaker ones) along with their HB energies (in kcal/mol). b) The classical
(GBSA) noncovalent interaction energies (in kcal/mol) between Lys and BesD residues in the ax-
O isomer shown as a clustered bar chart of the van der Waals (vdw in blue), electrostatic (els in
red), and sum of polar and non-polar solvation interaction energies (solv) along with the total
interaction energy shown as a circle symbol. For legibility, only interactions stabilizing by at least
2 kcal/mol are shown.

To strengthen the observations from classical modeling, we optimized snapshots from MD
with QM/MM using large QM regions (see Sec. 5 and Supporting Information Tables S21-S22).
The large QM region (over 240 atoms, see Sec. 5) employed for BesD incorporates all protein
residues identified via classical HB analysis to interact with the Lys substrate, including His134,
Asn219, and Trp238. Electronic structure analysis of these QM/MM-optimized snapshots
indicates the presence of a strong hydrogen bonding network around the carboxylate of the Lys
substrate in both configurational isomers, with significant stabilization energy noted in BCP
analysis (Figure 9 and Supporting Information Table S23). The strength of this HB network

appears to drive the observed downward shift of the substrate relative to the eq-O configurational

isomer’s iron-oxo plane to satisfy the experimentally motivated positional restraint. This
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reorientation in the eq-O isomer disrupts the HBs mediated by Lys amine groups to strengthen the
HBs with the carboxylate. Conversely in the ax-O isomer, QM/MM analysis suggests that Lys
attains the experimentally motivated position while maintaining HBs mediated via both its
carboxylate and amine groups.

The HBs between Lys substrate amine functional groups and Trp138, Asp140, and Asn219
in the ax-O isomer are confirmed with BCP analysis, with significant (i.e., 6 to 7 kcal/mol)
stabilization energies for each interaction (Figure 9 and Supporting Information Table S23). While
all such interactions are present in classical analysis, their interaction strengths were
underestimated in comparison to Arg74 (Figure 9). Nevertheless, the distances for these charge-
mediated HBs are relatively unchanged after QM/MM geometry optimization, shortening by at
most 0.1 A for the case of the His134 N—H---O HB to the Lys carboxylate (i.e., from 2.06 to 1.96
A). Overall, the protein environment provides significantly greater cumulative stabilization to the
Lys substrate via HBs in ax-O isomer (ca. 51 kcal/mol) compared to the eq-O isomer (ca. 32
kcal/mol). The trends we observe for the role of the protein environment in positioning the Lys
substrate are consistent with mutagenesis experiments!* on BesD that indicated loss of
halogenation selectivity when His134 was mutated to Ala. The His134 HB to the Lys carboxylate
contributes 11 kcal/mol stabilization in our QM BCP analysis (Figure 9 and Supporting
Information Table S23). The role of Asn219 in positioning the substrate revealed in our
simulations and its correspondence to the reactivity of N219A mutant will be revisited next in
relation to its proposed!* interaction with the oxo moiety.
3c. Comparison of Diverse Halogenases.

In this work, we have set out to identify the role of the greater protein environment and its

interplay with active site isomers in dynamically controlling selective halogenation. To avoid
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reaching conclusions specific to a single substrate-delivery mechanism (i.e., carrier-free as in
WelO5 or BesD vs carrier-dependent in SyrB2) or substrate chemistry (i.e., amino acids for SyrB2
or BesD vs bulky WelO5), we have carried out extended study of multiple enzymes. In
combination with our previously published work on SyrB2%, the simulations in this work now
allow us to identify differences in substrate—protein interactions across three distinct halogenases.
As this approach matures, it could also be applied to other halogenases, such as carrier-dependent
HctB>, in which prior computational studies on homology models®® proposed®! the strong role of
electrostatics in the enzyme for both substrate positioning and selectivity but for which the precise
orientation of the substrate or its delivery channel remains largely unverified.

The differences in the three enzymes studied correspond to the unique nature of their
respective substrates, i.e., the bulky substrate in WelOS5, the free, polar substrate in BesD, and the
carrier-tethered substrate in SyrB2. In WelO5, the bulkier and neutral 12-epi-fischerindole U
substrate forms only one HB with Ala82 via its isocyanide group. This single HB stabilizes 12-
epi-fischerindole U by ca. 7 kcal/mol (Figure 5). The remaining favorable interactions between
12-epi-fischerindole U and the protein environment are all dispersive in nature (Supporting
Information Table S9). Because WelOS5 contains only one dominant, directional substrate—protein
interaction, the 12-epi-fischerindole U can more flexibly orient in the active site. This flexibility
affords the substrate the capability to reorient from the crystal structure position to the
experimentally motivated position.

In contrast for BesD, the small Lys substrate forms numerous charge-assisted HBs with the
protein environment, acting both as an HB donor and acceptor via its carboxylate and amine
functional groups respectively (Figure 9 and Supporting Information Table S19). QM modeling of

the BesD active site and essential protein residues indicates that these HBs cumulatively stabilize
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the Lys substrate by 32—51 kcal/mol depending on the isomer (Figure 9). Finally in analysis of the
SyrB2-SyrB1 complex from our previous study*, the carboxylate group of the native Thr
substrate is covalently bonded to the PPant arm and does not form any HBs with the protein
environment®. Instead, the backbone amine and side chain hydroxyl group on Thr act as an HB
donor and acceptor, respectively. This ambifunctional HB configuration formed with Asn123,
stabilizes Thr by 21 kcal/mol* (i.e., intermediate stabilization between WelO5 and BesD).

To understand the interplay between substrate/active-site dynamics and the inherent
reactivity of the C—H bonds on the unique substrates of the three halogenases, we computed C—H
bond dissociation energies (BDEs) using accurate domain-localized pair natural orbital coupled
cluster theory calculations (DLPNO-CCSD(T), see Sec. 5). The BDE of the target C—H bond in
the SyrB2 substrate Thr is the highest, with the WelOS5 12-epi-fischerindole U substrate and BesD
Lys substrates both having lower BDEs, by 8.4 and 6.9 kcal/mol respectively, in comparison
(Figure 10 and Supporting Information Table S24). Thus, the carrier-protein-dependent
halogenase SyrB2 must catalyze a more thermodynamically unfavorable reaction compared to
carrier-protein-independent halogenses BesD and WelO5. Additionally, we find that there are
similar or even lower-energy C—H BDEs for neighboring, non-target C—H bonds on the substrates,
including the B carbon of Thr by 5.2 kcal/mol and atoms neighboring the target carbon in the
cyclohexane ring of 12-epi-fischerindole U by 0.2 kcal/mol. While in BesD the target C—H bond
on Lys is indeed the weakest, adjacent, non-target C—H bonds are also of similar (i.e., within 2.7
kcal/mol) strength (Figure 10 and Supporting Information Table S24). The presence of these
thermodynamically competitive C—H bonds on substrates adjacent to the HAA target C—H bond
underscores the critical role of substrate positioning in overriding the influence of BDEs, and thus

controlling regioselectivity in halogenases (Figure 10).
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Figure 10. a) The C—H BDEs (in kcal/mol) of substrates Lys (from BesD), 12-epi-fischerindole U
(from WelO5) and Thr (from SyrB2, with truncated PPant arm). The HAA target hydrogen atom
on each substrate is colored in blue, and the non-target hydrogen atoms are colored in red, green
and gray where applicable. b) The QM/MM geometry-optimized structures for the most
mechanistically relevant configurational isomers for BesD (ax-O, left), WelO5 (eq-O and ax-Cl,
middle) and SyrB2-SyrB1 halogenases (ax-O and eq-O, right). The arrows with dashed lines
indicate the multiple configurational isomers possible for WelO5 and SyrB2. The HB distances
(black dashed line and black text, in A) and angles (blue arcs and blue text, in °) between
succinate/oxo moiety and relevant protein residues are shown for BesD and WelOS5.

Although calculation of substrate BDEs in the enzyme environment would be preferable,
these calculations remain intractable at the complete basis set limit with DLPNO-CCSD(T) (see
Sec. 5). Thus, we also approximated this effect by comparing the relative BDEs with inclusion of
a dielectric medium on representative substrates (Supporting Information Table S24). While some
BDE:s shift by around 1 kcal/mol after inclusion of a dielectric medium, no qualitative observations
or rank-order of the BDEs are significantly changed.

Having confirmed the importance of substrate positioning, especially in BesD and SyrB2,

to ensure preferential HAA for relatively high-energy C—H bonds, we return to the question of the

role of hydrogen bonding interactions between the oxo moiety and nearby protein residues in
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suppressing hydroxylation reactivity.'! 14 3662 Previous studies have attributed the suppression of
hydroxylation to hydrogen bonding interactions of the oxo/hydroxyl moiety to Arg254% in SyrB2,
Ser189'! 36 in WelO5, and Asn219'* in BesD. In the SyrB2-SyrB1 complex, MD with the
experimentally motivated substrate position indicates that Arg254 is too far away, with a minimum
N-H---O distance ca. 3.8 A, to form a HB with the oxo moiety for any configurational isomer.*’
Instead, we observed an essential Asn123 interaction with the substrate to be critical for substrate
positioning.** For WelO5, we identify a strong HB between the oxo moiety and the hydroxyl group
on the sidechain of Ser189 for both the eq-O and ax-Cl isomers, which is stabilizing by around 8
kcal/mol in both cases (Figure 10 and Supporting Information Tables S25-S26). This HB promotes
the mechanistically relevant active-site isomerization of the oxo moiety from the axial plane to the
equatorial plane prior to the radical rebound step.’® While the Ser189 HB to the oxo moiety aids
active-site isomerization, our simulations indicate that this HB is not essential for suppressing
hydroxylation reactivity, as had been supported in other computational studies>®. Experimentally
motivated dynamics reveal that the substrate itself can reorient to attain closer proximity to CI than
to the oxo moiety to favor chlorination over hydroxylation reactivity in two configurational
isomers of WelO5.

Next, we characterized the possible HB between Asn219 and the oxo moiety in BesD
because this HB has not been investigated beyond speculation based on the crystal structure!'®. In
our simulations of BesD, the side chain amide group of Asn219 rarely approaches the oxo moiety
in the ax-O isomer and remains distal and unable to form a HB in the eq-O isomer (Figure 10 and
Supporting Information Table S25). In instances when Asn219 does approach the oxo moiety in
the ax-O isomer, the distance is still long (N-H:--O distance ca. 2.80 A) and the angle relatively

small (N—H:--O angle ca. 109°) to form a strong HB interaction. The HB donor—acceptor distance
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shortens slightly (by 0.21 A) during QM/MM geometry optimization, but the angle (ca. 110°)
remains small (Figure 10 and Supporting Information Table S26). Using QM/MM BCP analysis
(see Sec. 5), we confirm this interaction to be minimal, with a stabilization of less than 1.6 kcal/mol
(Supporting Information Table S26).

The Asn219 residue instead forms strong HBs with the succinate cofactor in the active site
and the Lys substrate (Figures 9-10). The QM/MM optimized structures reveal much shorter
distances of N-H:--O (ca. 1.88 A) and N-H--'N (ca. 2.05 A) for the Asn219—succinate and
Asn219-Lys HBs respectively, compared to the crystal-structure-derived distances'* of 2.62 A and
3.09 A. These Asn219-Lys/succinate HBs are also more linear (ca. 141° and 158°) and thus more
strongly stabilizing (by ca. 7.4 and 5.7 kcal/mol) than the Asn219—oxo HB (Figure 10 and
Supporting Information Tables S19 and S22). Therefore, Asn219 interacts favorably with
succinate and Lys, which compromises its ability to form a strong HB with the oxo moiety, due to
restriction imposed by the planarity of the Asn219 sidechain. Our simulations indicate that the loss
of halogenation selectivity in the N219A!* mutant is likely due to the disruption in Asn219-Lys
and Asn219—succinate interactions, rather than the previously proposed Asn219—oxo HB.

4. Conclusions.

Using experimentally motivated (i.e., from HYSCORE experiments on SyrB23°),
restrained MD and large-scale QM/MM calculations, we studied the roles of substrate positioning,
active-site isomerization, and the greater protein environment in facilitating selective halogenation
in the representative carrier-independent halogenases BesD and WelO5 in comparison to the
carrier-dependent SyrB2. By thoroughly equilibrating the proteins and only weakly constraining
them to match HY SCORE experimental distances, we avoided pitfalls that could be expected from

cases where the crystal structure may not represent a catalytically active intermediate. In BesD,
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the crystal-structure-like ax-O isomer is most aligned with experimentally motivated substrate
positioning and reactivity observations. In contrast, we found that active-site isomerization is
indeed necessary in WelOS5 to achieve a geometry that favors regioselective chlorination. In
addition to the previously investigated eq-O isomer of WelO5, we found that the ax-Cl isomer was
equally probable, motivating further studies that are underway in our lab. Our simulations
confirmed expected differences in substrate—protein interactions between the small, charged Lys
substrate of BesD and the bulky, neutral 12-epi-fischerindole U substrate of WelO5 during
dynamics.

As judged through QM/MM analysis with large (> 200-atom) QM regions, the BesD
protein environment stabilizes Lys the most (ca. 51 kcal/mol) through a number of HBs, followed
by moderate stabilization (ca. 21 kcal/mol) of Thr by SyrB2 and limited stabilization (7 kcal/mol)
of 12-epi-fischerindole U by WelO5. The stabilization provided by the protein environment in
halogenases is therefore correlated more to the charge and polarity of their distinct substrates than
to whether the enzyme requires a carrier protein.

Further QM analysis revealed some key similarities across SyrB2, WelOS5 and BesD. We
observed thermodynamically competitive C—H bonds on the substrates of all the three halogenases,
which emphasized the critical role of strategic substrate positioning in ensuring desired
regioselectivity. Additionally, we concluded that adjustment in substrate/active-site geometry via
substrate reorientation, as in BesD and SyrB2, or active-site isomerization, as in WelOS5, is
sufficient to suppress hydroxylation in all halogenases, instead of the previously proposed oxo-
anchoring HB in active site. For BesD, we also resolved the uncertainty around the mechanistic
relevance of Asn219, which we showed stabilizes the substrate and succinate instead of anchoring

the oxo moiety.
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A strong case has already been made that C-H activation itself is thermodynamically
driven®, suggesting many observations can be inferred directly from proximity of the radical in
the reactive intermediate, as was carried out in our work. Nevertheless, natural next steps would
be to use the structures we have identified to be critical to explain reactivity and carry out more
detailed analysis of potential energy surfaces now that we have improved starting points for
understanding enzyme catalytic cycles.

Overall, our observations on halogenases highlight that conclusions about the active site
isomer are likely enzyme, substrate, and potentially even reaction specific. Extension of
comparative studies carried out in this work will be necessary to further refine understanding of a
universal blueprint for the enzyme and isomer role in dioxygenases. This work sets the stage for
using experimentally guided simulations for other families of non-heme iron enzymes, especially
hydroxylases such as TauD?® % 65 and VioC% for which spectroscopically determined distance
and angle measurements needed to guide dynamics are available in the literature. Since the angles
and distances observed experimentally are distinct?® ®4-66, sampling these poses during dynamics
will provide insights into the role of the protein in substrate positioning that further explain the
divergent reaction outcomes in non-heme iron enzymes.

5. Computational Details.

Protein structure and preparation. The protein—substrate complexes of BesD with Lys and
WelO5 with 12-epi-fischerindole were both prepared following the same protocol. The trajectories
for analysis on SyrB2/SyrB1 with tethered L-Thr substrate were obtained from Ref. . In both
BesD and WelO5, crystal structures were prepared by removing all crystallizing agents and
omitting N-terminal unresolved residues. For BesD, the tetramer crystal structure (PDB ID:

6NIE!#) with bound Lys was prepared. For WelO5 the trimer crystal structure (PDB ID: 5IQV!!)
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with substrate 12-epi-fischerindole was used for simulation. The WelOS5 chain A structure was
also missing three mid-chain residues (i.e., A215, S216, and K217), which we added back using
Modeller®” loop refinement. In both cases, the active site in the crystal structure was modified
using PyMOL®® and Avogadro®. To model a ferryl-oxo intermediate with succinate, we manually
removed a CO: group from atKG present in the crystal structures, and we inserted an oxo (i.e., for
BesD) or modified the bound NO to an oxo (i.e., for WelO5).

To generate candidate active-site configurational isomers, the oxo was placed: 1) in an axial
position (ax-0), ii) in the equatorial plane with equatorial Cl (eq-O), and iii) in the equatorial plane
with Cl in an axial position for WelO5 only (i.e., ax-Cl, Supporting Information Figure S5). The

charge states of amino acids were assigned using the H++ web server>3-?

assuming a pH of 7.0
with all other defaults applied. After manual charge assignment of residues adjacent to
cofactors/substrates, the apo BesD structure has a net charge of -4 (Supporting Information Table
S27). The charges from the substrate Lys (+1) and active site (i.e., Fe(IV)=0, succinate, and CI, -
1) contribute an overall net charge of 0, meaning the holoenzyme also has a net charge of -4
(Supporting Information Table S28). The WelO5 apoenzyme has a net charge of -6, and addition
of the neutral substrate and active site (i.e., -1) gives the holoenzyme a net charge of -7 (Supporting
Information Tables S29-S30). The protein—substrate complexes were solvated in a periodic
rectangular prism box with at least a 10-A buffer of TIP3P7 water and neutralized with Na*
counterions for a total system size of over 35k atoms (WelO5: 36,160 and BesD: 35,127 atoms).
Starting topology and coordinate files are provided in the Supporting Information.

The AMBER ff14SB force field’”! was used for all standard protein residues. The

generalized AMBER force field (GAFF)’ with restrained electrostatic potential (RESP)”® charges

obtained with Hartree-Fock/6-31G*7* using GAUSSIAN167> were employed for the non-standard
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residues (i.e., succinate and substrates). The AMBER metal center parameter builder’ (MCPB.py)
was used to obtain force field parameters for the iron active site for both BesD and WelO5 in all
isomers (Supporting Information Figures S6-S7 and Tables S31-S32). MCPB.py employed
GAUSSIAN16" with the UB3LYP”’-” functional and the LANL2DZ effective core potential®® on
Fe and 6-31G** basis set for the remaining atoms to complete the geometry optimization, force
constant calculation, and RESP charge calculations.

MM Equilibration and Dynamics. All MM MD used the GPU-accelerated PMEMD code
in AMBERI18%! and followed the same equilibration protocol: i) restrained (1000 steps) and
unrestrained (2000 steps) minimization, ii) 10-ps NVT heating to 300 K with a Langevin
thermostat with collision frequency of 5.0 ps! and a random seed, and iii) 1-ns NpT equilibration
using the Berendsen barostat with a pressure relaxation time of 2 ps. The SHAKE algorithm®? was
applied in conjunction with a 2-fs timestep for all steps. The particle mesh Ewald method was used
with a 10-A real space electrostatic cutoff. Starting from step ii) of the equilibration procedure,
harmonic restraints were added to enforce target (i.e., experimentally motivated) distances and
angles. The restraint values and force constants were adjusted iteratively to enforce sampling of
target distances and angles (Supporting Information Table S33). Production dynamics (100 ns)
were carried out during restraint adjustment, and 250 ns of dynamics was obtained for each
structure with the final restraint values.

Analysis of MD Trajectories. Snapshots from trajectories spaced 16 ps apart were clustered
by the root mean square deviation (RMSD) of substrate heavy atoms and active site iron-oxo using
the cpptraj utility of AMBER. The bottom-up, average-linkage algorithm with minimum distance
between clusters of 4 A was employed for a target of five clusters, based on guidelines in Ref. 3.

We employed AMBER MMPBSA .py** with the Generalized Born (GB)® approximation using
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the "OBC1" model®®, as suggested by benchmarks®’ for classical interaction analysis based on Ref.
8 for each of the clusters. Specifically, up to 625 snapshots spaced 1000 frames apart were
obtained from each cluster for this analysis to compute pairwise residue electrostatic and van der
Waals’ interactions. Geometric hydrogen bond analysis and computed distances and angles in the
active site were obtained with the cpptraj utility in AMBER188!,

OM/MM or QM-only Simulation and Analysis. Snapshots from MD production were
extracted for QM/MM geometry optimizations for all isomers of BesD and WelOS5. The periodic
box was post-processed using PyMOL®® to generate a 35-A radius spherical droplet centered
around the center of mass of each protein and further prepared with tleap. All QM/MM simulations
were carried out using a developer version of TeraChem v1.9%% 8% for the QM portion and
AMBERI18?! for the MM portion. No atoms were held fixed in the QM region, whereas a weakly
restraining spherical cap (force constant of 1.5 kcal/mol A?) was employed to keep the spherical
droplet of MM waters from moving significantly during the optimization. The QM modeling
employed unrestricted density functional theory (DFT) with the range-separated hybrid ®PBEh”
(0=0.2 bohr!) and a basis consisting of the LANL2DZ effective core potential®® on Fe and 6-
31G*" for the other atoms. Both enzymes were modeled in the high-spin state with near-neutral
net charge (BesD: -1, WelOS5: +1, Supporting Information Tables S11 and S21). The high-spin
state is strongly favored (by > 20 kcal/mol) in cluster models of this enzyme active site in key
intermediates (Supporting Information Table S34). We thus employed the high-spin state both
throughout in QM/MM modeling for consistency with the MCPB parameter generation. The QM
region contained around 240 atoms BesD: 242 atoms, WelOS5: 241 atoms) including link atoms
(BesD: 16 atoms, WelO5: 18 atoms, Supporting Information Tables S11 and S21). Quantum

theory of atoms in molecules (QTAIM) bond critical points (BCPs)’’ were obtained with
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Multiwfn®! on QM/MM snapshots, and HB energies were estimated from the potential energy
density of the closest BCP.>®

Bond dissociation energies (BDEs) were calculated using domain-localized pair natural
orbital coupled cluster with singles, doubles, and perturbative triples (DLPNO-CCSD(T))"> %3 as
implemented in Orca v4.0.1.2. These energies were computed as the difference in energy between
substrate and sum of the energy of an isolated hydrogen atom and substrate radical. The substrate
structures were extracted from QM/MM-optimized snapshots, and BDEs were calculated as rigid
dissociation energies on these structures. Dunning-style correlation consistent double-£ and triple-
¢ (i.e., aug-cc-pVDZ and aug-cc-pVTZ) basis sets were employed for two-point®*“¢ extrapolation

to the complete basis set (CBS) limit (Supporting Information Table S24).
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