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ABSTRACT: Non-heme iron(Il)/2-oxoglutarate (Fe/20G)-dependent enzymes catalyze a large number of C-H bond activation
and functionalization. Especially, non-heme iron halogenases catalyze the selective C-H halogenation, representing an
attractive strategy for the biosynthesis of halogenated compounds. Despite extensive endeavors from experiments and
computations, how non-heme iron halogenases dictate the reaction toward the thermodynamically unfavored halogenation
is still elusive. Here, we have investigated the chlorination versus hydroxylation selectivity in both halogenase BesD and
hydroxylase-evolved halogenase Chi-14, using extensive MD simulations and QM /MM calculations. In BesD, our calculations
have shown that 20G-assisted O: activation affords the axial Fe(IV)-oxo species that is responsible for the substrate C-H
activation. To facilitate the following Cl-rebound reaction, the nascent axial Fe(III)-OH species has to undergo the
conformational isomerization to the equatorial one. This can remove the steric effects between the axial Fe(III)-OH and the
substrate radical, thereby facilitating the migration of substrate radical toward Cl-ligand during the Cl-rebound. Notably, the
second-sphere residue Asn (Asn219 in BesD or Asn225 in Chi-14) can form persistent hydrogen bond interactions with
succinate, which is vital to maintain the unsaturated five-coordination shell of Fe, thereby facilitating the conformational flip
of Fe(II1)-OH from the axial orientation to the equatorial one. Our findings agree with the available experimental information,
highlighting the key role of the coordination dynamics of iron in dictating the catalysis of non-heme enzymes.

Distinctively, the substrate radical in Fe/20G hydroxylases
proceeds with the OH-rebound to generate the
hydroxylated product, while the substrate radical in

1.INTRODUCTION
Iron(I1)-and 2-oxoglutarate-dependent (Fe/20QG)

oxygenases catalyze a large variety of transformations that
are essential for biosynthesis and metabolism functions.!-
Among various transformations, the selective C-H
halogenation represents a valuable strategy for the
biosynthesis of halogenated compounds.”” 10 As the
introduction of halogen can well modulate the chemical and
biological properties of compounds, the halogenated
compounds have found wide applications in medicines,
pesticide, insecticide and so on. To date, a number of
Fe/20G halogenases have been identified, including
SyrB2,11.12 Cyt(C3,13. 14 Wel05,15-17 BesD1820 and AdaV.21.22

The catalysis of Fe/20G halogenases bear notable
resemblances to those of Fe/20G hydroxylases.?3-25 In both
classes of enzymes, the reactions with substrates are
typically initiated by hydrogen atom transfer (HAT) from
the substrate C-H bond to the Fe(IV)-oxo active species,
leading to the formation of the substrate radical.?6-3

Fe/20G halogenases prefers to undergo Cl-rebound to form
the halogenated product. However, how halogenases can
dictate the halogenation selectivity but largely inhibit the
thermodynamically favored hydroxylation activity is a long-
standing debate.

Among various Fe/20G halogenases, the catalytic
mechanism of the carrier-protein-dependent SyrB2 has
been most extensively studied to date. SyrB2 is responsible
for the halogenation of L-threonine (L-Thr) that is
covalently  tethered as a  thioester to the
phosphopantetheine arm of its carrier protein, SyrB1.1%.12 32
Extensive studies have been conducted to unravel the
molecular determinant in  partitioning between
halogenation VS. hydroxylation. Experimental
investigations pinpointed that the substrate as a pivotal
factor in ensuring halogenation specificity.?®> Meanwhile,
computational studies have postulated several mechanisms
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to elucidate the partitioning between halogenation vs.
hydroxylation. These include: (a) Protonation of the Fe(III)-
OH intermediate to inhibit the hydroxylation3* (b)
Concomitant C-H activation and Cl-rebound, which
diminishes the barrier of the halogenation reaction,?s (c)
The coordination isomerization of the Cl-Fe(IV)-oxo
intermediate as shown in Scheme 1a-i, where the
halogenation reaction is enhanced by the ligand swap
between oxo and chloride. In such a mechanism, the
equatorial Fe(IV)-oxo species performs HAT from the
substrate C-H via a m-pathway;3¢ (d) The coordination
isomerization of the Cl-Fe(III)-OH intermediate as shown in
Scheme 1a-ii, in which the axial Fe(IV)-oxo species perform
HAT from the substrate C-H via a o-pathway.?” Then, the
positional exchange between hydroxide and chloride
ligands facilitates the halogenation reaction. Nonetheless,
the absence of a definitive enzyme-substrate complex
structure between SyrB2 and SyrB1l challenges the
predictive capability of these computational models. For
instance, the MD-predicted active site structure and
hydrogen bonding networks of SyrB2 differ from those
from the QM models guided by the spectroscopy
information.38-41

Through comprehensive computational assessments
and spectroscopic examinations,?40  Solomon and
coworkers proposed a mechanism of SyrB2, depicted in in
Scheme 1a-iii, in which the 20G-assisted oxygen activation
leads to the formation of the equatorial Fe(IV)-oxo species.
The following HAT from the substrate C-H to the equatorial

Fe(IV)-oxo species affords the equatorial Fe(III)-OH species.

Intriguingly, the partitioning between halogenation vs.
hydroxylation can be well rationalized by a mechanistic
picture that both the Cl- and OH-rebound reactions involve
the migration of the oxidized substrate towards either Cl- or
OH- ligand.3® 42 Compared to the OH- ligand, the weaker
ligand field of CI- results in a lower lying m*re-a orbital for
accepting electron. Consequently, electron transfer (ET)
from the carbon radical to the Fe(IIl) center is kinetically
favored in Cl-rebound than that of the OH-rebound.
Nevertheless, recent MD simulations with the carry protein
SyrB1 suggest that the axial Fe(IV)-oxo could be responsible
for the C-H activation of the substrate in SyrB2.4!

In addition to the carrier-protein-dependent SyrB2,
several carrier-protein-independent halogenases have

been structurally characterized, which afforded us a more
robust platform to delve into the catalytic mechanism of
Fe/20G halogenases. Considering WelO5, a carrier-
independent enzyme, QM/MM studies suggested that the
nascent Fe(IV)-oxo species can form a strong hydrogen
bond with the second-sphere residue Ser189, which brings
the Fe(IV)-oxo species into an equatorial orientation during
the process of 0-O cleavage reaction (Scheme 1b).#2
Consequently, the substrate C-H activation ensues a m-
pathway. In line with the findings of SyrB2, the Cl-rebound
reaction is kinetically favored over that of the OH-rebound
from the equatorial Fe(II)-OH intermediate. Besides, the
carrier-independent BesD catalyzes the halogenation at the
C4 site of lysine, the first step in the biosynthesis of the
acetylenic amino acid, B-ethynylserine.!8 20 The QM model
calculations have advocated for the conformational
isomerization of the axial Fe(IV)-oxo species to its
equatorial counterpart, playing an instrumental role in both
C-H bond activation and subsequent selective halogenation
(Scheme 1c).*® In a notable divergence, the recent MD
simulations ruled out the involvement of the equatorial
Fe(IV)-oxo species in BesD.#*

Besides the native Fe/20G halogenases, the engineered
Fe/20G halogenases from the corresponding Fe/20G
hydroxylases can achieve similar activity and selectivity as
the related BesD, which not only expands the function of
Fe/20G hydroxylases, but also offers an invaluable
opportunity to further dissect the structure-function
relationship between the active site architecture and the
halogenation selectivity.*> 46

In this work, combined MD simulations and QM/MM
calculations have been conducted to probe the chlorination
versus hydroxylation selectivity in both natural halogenase
BesD and hydroxylase-evolved halogenase Chi-14. Our
calculations show that 20G-assisted Oz activation leads to
the formation the axial Fe(IV)-oxo species in BesD, which is
responsible for the activation of the target C-H bond in both
BesD and Chi-14. However, the axial conformation of
Fe(III)-OH can largely prevent the rebound of the substrate
radical to the Cl-ligand via the steric effects. Instead, the
unsaturated five-coordination shell of Fe can facilitate the
isomerization of Fe(III)-OH from the axial conformation to
the equatorial one, thereby removing the steric effects and
enhancing the desired chlorination reaction.

Scheme 1. Proposed Representative Mechanisms to Rationalize the Partitioning between Halogenation vs.

Hydroxylation in Fe/20G Halogenases?
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(a) Previously proposed mechanism of SyrB2-catalyzed selective halogenation
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aThe axial conformation is defined as the one in which the oxo/OH is pointing toward the substrate C-H, while the equatorial
conformation is defined as the one in which the oxo/OH is pointing away from the substrate C-H.

2.METHODS

titratable residues was assigned on the basis of pKa values
from PROPKA program#’ along with the local hydrogen-

2.1 System Setup and MD simulations

For the wide-type BesD and the N219A mutant, the initial
structure was prepared based on the crystal structure (PDB:
5C3Q). For O: activation, an oxygen molecule was added
manually; for the following reaction, the active site was
adjusted to Fe(IV)-oxo species. The protonation state of

bonded networks of the residue. Histidine 28, 137, 165 and
204 were protonated at 8 position, while histidine 42, 97,
113, 134 and 188 were protonated at € position. All
glutamic acid and aspartic acid residues were deprotonated.

The initial structure of Chi-14 with the axial Fe(IV)-oxo
species was prepared based on the crystal structure of the
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lysine hydroxylase (PDB: 7JSD),*¢ in which the mutations of
D144G, F150L, N151I, A219S, V220T, M223I, V225N,
V226M, S227T, S229A, E231K, G235E and V237D were
introduced. The protonation state of titratable residues was
assigned on the basis of pKa values from PROPKA
program*’ along with the local hydrogen-bonded networks.
Histidine 64, 131, 142, 209 were protonated at § position,
while histidine 4, 41, 139, 170, 172 were protonated at €
position. All glutamic acid and aspartic acid residues were
deprotonated.

For the MD simulations, the Amber ff14SB force field*8
was employed for the standard protein residues. The
parameters of Fe(III)-O2 species and the Fe(IV)-oxo active
site were obtained from the “MCPB.py” tool*> 50 of
AmberTools18.51 The general AMBER force field (gaff)s?
was used to generate the parameters for the substrate, with
the partial atomic charges obtained from the RESP
calculations®3 at the B3LYP/6-31G(d) level of theory. The
parmchk?2 utility from AmberTools18 was used to generate
the missing parameters of the substrate. All MD simulations
were performed with the GPU version of Amber 18
package.5! More details of MD simulations can be found in
SL

2.2 QM/MM calculations

Representative snapshots from MD simulations of wild-
type BesD, N219A and Chi-14 were selected for QM/MM
calculations. All QM/MM calculations were performed with
ChemShell software,5* 55 combining Turbomole>¢ for the QM
region and DL_POLY%7 for the MM region with the Amber
force field. The electronic embedding scheme>8 was used to
account for the polarizing effect of the enzyme environment
on the QM region. Hydrogen link atoms with the charge-
shift model were applied to treat the QM/MM boundary.
The QM/MM system contains the whole protein and
solvation waters within 8 A of protein. During QM/MM
geometry optimizations, the QM region was treated with the
hybrid UB3LYP density functional, ¢! which was
demonstrated to be practical for non-heme enzymes.62-74
For geometry optimization, the double-{ basis set def2-
SVP75 (labeled as B1) was used. Transition states were
located with relaxed potential energy surface scans
followed by full TS optimizations using the dimer optimizer
implemented in the DL-FIND code. The energies of all
species were further corrected with a larger basis set def2-
TZVP7> (labeled as B2). For BesD, the QM region consists of
residues and ligands that directly coordinate with iron
center, N219, T221, water molecule and substrate; while for
N219A of BesD, the QM region consists of residues and
ligands that directly coordinate with the iron center and
substrate. For Chi-14, the QM region consists of residues
and ligands that directly coordinate with iron center, N225,
E125, T227, water molecule and substrate. Dispersion
corrections computed with Grimme’s D3 method’678 were
included in QM regions in all QM/MM calculations.

Figure 1. Active site of BesD (PDB: 5C3Q), where the substrate
is highlighted with the yellow color.

3.RESULTS AND DISCUSSION

3.1 Active site structure of BesD

BesD is a carry-protein free Fe/20G halogenase that
chlorinates the amino acid lysine. BesD exhibits very low
sequence similarity with the carry-dependent SyrB2 and
the carry-independent WelO5. However, it shows high
sequence similarity with certain hydroxylases.1® The crystal
structure of BesD in complex with the substrate lysine has
been successfully characterized (Figure 1), where Fe is
ligated to His137, His204, chloride and 20G. Meanwhile, the
substrate lysine forms extensive hydrogen bonding
networks with surrounding residues. Especially, the
carboxyl group of the substrate is anchored by hydrogen
bonding interactions with Arg74, His134 and Trp238, while
the terminal amine is Hydrogen bonded to Glu120, Asn219
and Thr221. Moreover, the highly conserved Asn219 forms
hydrogen bond interactions with 20G. Experimental
findings revealed that the N219A mutation obliterated
halogenation selectivity, underscoring the pivotal role of
N219 in steering the halogenation pathway.

3.2 Catalytic mechanism of BesD
3.2.1 Generation of the Fe(IV)-oxo active species

The mechanism of oxygen activation and formation of
Fe(IV)-oxo species have been extensively studied before. It
is recognized that the conformation of the nascent Fe(IV)-
oxo species is key to the reaction partitioning between
halogenation and hydroxylation. Previous computational
studies suggested that the 20G-assisted Oz activation led to
the equatorial Fe(IV)-oxo in SyrB2.38 40 Moreover, nuclear
resonance vibrational spectroscopy (NRVS) and DFT
calculations also suggested that the equatorial
configuration of Fe(IV)-oxo was responsible for HAT in
SyrB2.38-40 Furthermore, QM/MM calculations have posited
that the 20G-assisted O: activation in WelO5 led to the
equatorial Fe(IV)-oxo species in the quintet state.*?
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Due to the above considerations, we revisited the 20G-
assisted O2 activation in BesD with QM/MM calculations. As
depicted in Figure 2, our calculations are focused on the
quintet state, which has been identified as the most reactive
state for Oz activation across previous studies.”>-8 In line
with previous computational studies, the reaction is
initiated by the attack of Fe(IlI)-superoxo species onto the
20G, which is coupled to the C-C cleavage, affording a fresh
COzmolecule and a Fe(II)-peracid intermediate in IC1. Next,
the side-product of CO2 was removed from the system and

the Fe(II)-catalyzed reductive cleavage of O-O bond was
investigated. It is seen that the 0-O cleavage leads to the
axial configuration of Fe(IV)-oxo species in IC2. As further
illustrated in Figure 2, N219 maintains an hydrogen bond
with succinate throughout the reaction pathway.
Significantly, there are no discernible hydrogen bonding
interactions between Fe(IV)-oxo and N219 in IC2. Hence,
our QM/MM calculations clearly confirm the emergence of
an axial Fe(IV)-oxo species in BesD following 20G-assisted
02 activation.
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Figure 2. (a) QM(UB3LYP-D3/B2)/MM calculated energy profile (in kcal mol-1) for the 20G-assisted Oz activation in BesD in
the quintet state. (b) QM(UB3LYP-D3/B1)/MM optimized structures of key species involved in the reaction. Key distances

are given in A.

3.2.2 Coordination isomerization of the Fe(IV)-oxo
intermediate

Coordination  isomerization of the Fe(IV)-oxo
intermediate has been widely proposed in previous
computational studies.8”-89 Specifically, in BesD, recent QM
model calculations postulated that the coordination
isomerization of the Fe(IV)-oxo intermediate can bring the
substrate C4-H closer to the Fe(IV)-oxo species (see Scheme
1c), thereby facilitating the following C-H activation.*3
However, the omission of the protein environment in QM
model calculations may lead to the biased structures and
energetics for enzymatic reactions. For instance, QM model
calculations led to the spontaneous proton transfer from
the substrate -NHs* group to Glul20 in all optimized
structures.*3 Additionally, the substrate positioning from
the QM model calculations varies significantly with the
crystal structure and the one from our QM /MM calculations
(Figure S1).

Originating from the axial Fe(IV)-oxo species, our
QM/MM calculations delineate that the isomerization of the
Fe(IV)-oxo species from the axial configuration to the
equatorial one requires a barrier of 9.2 kcal mol7,
suggesting the process is quite kinetically favorable. In
addition, the so-formed equatorial Fe(IV)-oxo species is
only 1.7 kcal mol-* higher than the axial one, suggesting both
configurations of Fe(IV)-oxo species may exist in
equilibrium. In the equatorial Fe(IV)-oxo species (RC2¢q in
Figure 3), itis apparent that the C4-H is 4.6 A away from the
Fe(IV)-oxo species, demonstrating that the direct C4-H
bond activation by the equatorial Fe(IV)-oxo species could
be unfavorable kinetically. Indeed, we have explored the
HAT from the C4 site to the equatorial Fe(IV)-oxo
configuration. However, the equatorial Fe(IV)-oxo evolved
into the axial one during the QM/MM scanning (Figure S2),
indicating that the equatorial Fe(IV)-oxo species is a dead-
end and not reactive for C-H bond activation.
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Figure 3. (a) QM/MM calculated energy profile (in kcal mol-!) for the configurational isomerization of axial Fe(IV)-oxo to the
equatorial Fe(IV)-oxo. (b) QM(UB3LYP-D3/B1)/MM optimized structures of key species involved in the reaction. Key

distances are given in A.

3.2.3 Reactivity of the axial vs. equatorial Fe(IV)-oxo
species from MD analysis.

To further gauge the reactivity of the axial vs. equatorial
Fe(IV)-oxo species in HAT from the C4 site of the substrate,
we have compared the positioning of substrate C-H bonds
relative to the axial Fe(IV)-oxo and the equatorial Fe(IV)-
oxo species from MD simulations (Figure 4). For the axial
Fe(IV)-oxo species, the MD-predicted average distance
between the oxo and the target C4-H distance is ~3.3 A,
which is a suitable proximity for the subsequent HAT
process. Moreover, within this configuration, the C4-H bond
stands out by being the nearest to the Fe(IV)-oxo moiety
compared to the other C-H bonds of the substrate (see

Figure 4A). This finding points towards that the C4-H bond
can be selectively activated. On the contrary, in the context
of equatorial Fe(IV)-oxo species, the MD-predicted average
distance between the oxo and the target C4-H distance is
~4.8 A, suggesting the equatorial Fe(IV)-oxo is much less
reactive in C-H bond activation than its axial counterpart.
Collectively, these computational insights suggest that the
axial Fe(IV)-oxo is responsible for the C-H activation of the
substrate. A notable observation from our MD simulations
is that Asn219 does not form the hydrogen bonding
interaction with either axial or equatorial Fe(IV)-oxo group,
but maintains the persistent hydrogen bonding interaction
with the carboxyl group of succinate (Figure S3).
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Figure 4. Distance fluctuation (in A) between the different C

-H bonds of the substrate and (a) the axial Fe(IV)-oxo species vs.

(b) the equatorial Fe(IV)-oxo species during 100 ns MD simulations. The top and bottom boundaries of the box represent the
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third (Q3) and first quartiles (Q1), respectively. The central horizontal lines inside the box denote the median, representing
the middle value of the dataset. Small squares within the box marks represent the mean value of the data.

3.2.4 Chlorination vs. hydroxylation from the axial
Fe(IV)-oxo species in BesD

In this section, we proceed to investigate the chlorination
vs. hydroxylation reactivity from the axial Fe(IV)-oxo
species. The axial configuration (RC2ax in Figure 3b), with
its ideal proximity of the C4-H bond to the Fe(IV)-oxo
species (2.3 A), is ideal for the C-H bond activation.
Population analysis shows that the HAT follows a o-
pathway, suggesting the HAT can be enhanced by the spin-
exchange interactions within d-block of Fe.8%.90-93 As shown
in Figure 5, the HAT from C4-H to Fe(IV)-oxo species
requires a barrier of 19.7 kcal mol-}, leading to a Fe(III)-OH
species (IC3) that is directed toward the C4 radical center.
Starting from IC3, three potential pathways were explored.
One is the Cl-rebound to the C4-radical via TS4q (illustrated
in blue), en route to the chlorinated product. It is seen that
the direct Cl-rebound pathway requires a high barrier of
33.5 kcal mol! relative to RC2ax and can be ruled out. The
second pathway in black corresponds to the OH-rebound to
the C4 radical, forming the hydroxylated product. This
pathway has a barrier of 17.4 kcal mol! relative to RC2ax
(illustrated in red), which is much favored over the CI-
rebound pathway Kkinetically. In the third pathway
(illustrated in black), we found the Fe(IIl)-OH species can
undergo a conformational change via TS4, which brings the
OH ligand from its axial position to the equatorial position
(IC4). Such isomerization demands a barrier of 13.3 kcal
mol!, which is kinetically more favorable than the other two
pathways (direct Cl-rebound via TS4c and OH-rebound via
TS4ou).

Starting from IC4, we found the following Cl-rebound
reaction is facile, with a barrier of 15.0 kcal mol! relative to
RC2ax Obviously, the conformational change of Fe(IIl)-OH
followed by the Cl-rebound is the most favorable pathway
(the black profile). According to the QM /MM energy profiles
in Figure 5, the Cl-rebound pathway via TS5 is 2.4 kcal mol
Tlower than that of the OH-rebound pathway via TS4ou. This

energy difference corresponds to an chlorination selectivity
of approximately 98%, aligning reasonably well with the
experimental observation of ~77%.1° To further validate
the mechanistic picture demonstrate in Figure 5, an
alternative snapshot from MD simulation was examined
with the QM/MM study (Figure S4), wherein the hydrogen
bonding network of lysine NHs* group varies with the one
in Figure 5. Notably, this variant configuration consistently
reflected the energy and selectivity trends observed in
Figure 5. To further confirm this conclusion, we have tested
other popular DFT functions for Fe-containing systems,
including TPSSh,°+°5 M06,°¢ PBE0,°” BP86.%%.% All these DFT
functionals resonated with our primary conclusion,
emphasizing the kinetic preference of chlorination over
hydroxylation (Table S1).

A left question is why the conformational change of the
Fe(III)-OH species can enhance the Cl-rebound reaction so
remarkably. Inspection of the structural evolution from IC4
to TS5 within the favored Cl-rebound pathway provides
valuable insight. A notable observation is the modest
alteration in the Fe-Cl bond length during the Cl-rebound
transition (transitioning from 2.4 A in 1C4 to 2.5 A in TS5).
Conversely, there is a more pronounced shift in the C4-CI
distance, which contracts from 3.8 A in IC4 to 2.4 A in TS5.
This shift indicates that the Cl-rebound mechanism is
predominantly governed by the migration of the substrate
radical towards the chloride. In the context of the structure
represented by IC3, the axial OH ligand is oriented directly
towards the C4-radical. This geometric arrangement could
potentially impose steric constraints, restricting the
mobility of the substrate radical. Under these spatial
limitations, the movement of the radical towards the
chloride for the Cl-rebound becomes sterically hindered,
rendering the process Kinetically less favorable. This
realization emphasizes the pivotal role of conformational
isomerization of ligands in dictating reaction pathways and
their associated energy barriers.
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3.2.5 Main roles of N219 in dictating the chlorination
in BesD

Experiments have demonstrated that the N219A
mutation leads to a loss of chlorination reactivity,
underscoring the significance of the N219 residue in
mediating selective chlorination.’® To unravel the pivotal
role of N219, we carried out QM/MM calculations on the
N219A mutant (Figure 6). In contrast to wide-type enzyme,
QM/MM MD simulations have revealed that the succinate
maintains a bidentate coordination mode with Fe, leading

to a six-coordinated Fe in the Fe(IV)-oxo species (Figure S5).

Indeed, QM/MM scanning of breaking one Fe-O bond shows
that the energy can increase steadily (Figure S6).

Beginning with RC3, the HAT from the substrate to the
axial Fe(IV)-oxo requires a barrier of 20.9 kcal mol! and
forms the Fe(Il[)-OH and substrate radical in IC5. This
computed barrier of 20.9 kcal mol! is comparable to the
value of 19.7 kcal mol! obtained from the five-coordinated
Fe(IV)-oxo (Figure 5), suggesting that the coordination
mode of succinate may have minor effects on the reactivity
of Fe(IV)-oxo species. Proceeding from IC5, three possible
routes have been compared (Figure 5). Unlike the wild-type
enzyme, it is seen that the most favorable pathway
corresponds to the OH-rebound, which involves a barrier of
10.8 kcal mol* relative to RC3 and leads to the formation of
hydroxylated product. Interestingly, the isomerization of
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the Fe(III)-OH species, transitioning from an axial to an
equatorial orientation, is considerably less favorable in this
context, with a barrier of 27.2 kcal mol-! relative to RC3. In
the N219A mutant, distinct from the wild-type enzyme, the
hydrogen bonding interaction between N219 and succinate
is eliminated, leaving no space to accommodate the flipped
OH group. Thus, this second-sphere residue, vital for
sustaining the unsaturated five-coordination state of the

Fe(IV)-oxo, plays a crucial role in the conformational
isomerization of the Fe(III)-OH species. Notably, the role of
this hydrogen bond from Asn219 in BesD differs from that
of the Ser189 proposed in WelO5. In the latter case,'® 42 the
hydrogen bond is mainly involved to stabilize the equatorial
configuration of Fe(IV)-oxo species, instead of maintaining
the single coordination mode of succinate.
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Figure 6. (a) QM(UB3LYP-D3/B2)/MM calculated energy profile (in kcal mol?!) for the axial Fe(IV)-oxo mediated
hydroxylation vs. chlorination in BesD-N219A in the quintet state. (b) QM(UB3LYP-D3/B1)/MM optimized structures of key
species involved in the reaction. Key distances are given in A.

3.3 chlorination vs. hydroxylation from the axial
Fe(IV)-oxo species in Chi-14

In a recent experiment, a lysine hydroxylase has been
characterized, which shares high sequence similarity with a
halogenase from Actinoplanes teichomyceticus, who owns
51% similarity with BesD.#¢ Using this lysine hydroxylase as

template, 13 highly conserved residues of BesD were
grafted into the D144G mutant of lysine hydroxylase,
resulting in the variant named Chi-14 that is highly reactive
and selective for lysine chlorination. Among 14 mutants,
N225 that positioned in proximity to the Fe(IV)-oxo/Fe(III)-
OH was demonstrated to be vital to the selective
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chlorination reaction. Such the role of N225 could be
analogous to that of N219 in BesD.

To further support the mechanistic scenario
demonstrated in BesD, we further conducted the MD
simulation and QM/MM calculations on Chi-14 catalyzed
lysine chlorination (Figure 7 & Figure S7). Inspection of
Figure 7A shows the mechanism of Chi-14 catalyzed lysine
chlorination is quite similar to that of the BesD-catalyzed
one. Here, the HAT from the substrate C4-H to Fe(IV)-oxo
species forms the substrate radical and axial Fe(III)-OH
species (IC7). Starting from IC7, the optimal pathway
involves the flip of the OH-ligand to the equatorial position,
which removes the steric effects to facilitate the Cl-rebound

reaction, leading to the selective chlorination. Especially,
N225 forms a hydrogen bond with succinate (Figure 7B),
which is essential to maintain the five-coordinate
architecture of Fe. Similar to the case of BesD, the five-
coordinate architecture of Fe can facilitate the
isomerization of the Fe(Il[)-OH species from the axial
conformation to the equatorial one, leading to the selective
chlorination. According to the QM/MM energy profiles in
Figure 7, the Cl-rebound pathway via TS10 is 2.8 kcal mol!
lower than that of the OH-rebound pathway via TS9on,
which corresponds to a selectivity of ~99% in favor of
chlorination. Such prediction is in qualitative agreement
with a value of ~90%.4¢ All these findings further validate
the mechanistic scenario demonstrated in BesD.
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3.4 Proposed Catalytic Cycle of BesD and Chi-14

Drawing from the extensive simulations we have
conducted, we proposed a catalytic cycle of BesD and Chi-
14 in selective chlorination (Scheme 2). Our calculations
show that 20G-assisted O: activation affords the axial
Fe(IV)-oxo species (3) in BesD, which is well directed
toward the target C-H bond in both BesD and Chi-14. The
further HAT from the substrate C-H to the axial Fe(IV)-oxo
species culminates in the generation of the substrate radical

and the axial Fe(III)-OH species (4) that is directed toward
the carbon radical center of the substrate. From such axial
conformation of Fe(IIl)-OH, the steric effects between the
axial Fe(IlI)-OH and the substrate would prevent the
substrate radical from approaching the Cl-ligand, thereby
leading to the significantly high barrier for the Cl-rebound
reaction. Instead, the unsaturated five-coordination shell of
Fe can facilitate the isomerization of the Fe(III)-OH from the
axial conformation to the equatorial one (4—5). The
subsequent Cl-rebound (5—6) was demonstrated to be
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quite facile in the equatorial Fe(IV)-oxo, as the steric effects
involving the migration of the substrate radical to Cl-ligand
can be depleted. Our study has shown that the second-
sphere residue Asn (Asn219 in BesD or Asn225 in Chi) plays
vital roles in maintaining the five-coordination shell of Fe,
which in turn, permits the isomerization of Fe(IlI)-OH,
transitioning it from an axial to an equatorial orientation.
Especially, our QM/MM-predicted partitioning between
chlorination vs. hydroxylation are in good agreement with
the experiments in both BesD and Chi-14. Interestingly, the
generation of the equatorial Fe(IlI)-OH intermediate
correlates with the detailed computational analysis in
SyrB2.3% 40 [n WelO5, the nascent Fe(IV)-oxo species can
form a strong hydrogen bond with the second-sphere
residue Ser189, which brings the Fe(IV)-oxo species to the
equatorial position spontaneously. The further HAT from
the substrate C-H to the equatorial Fe(IV)-oxo species can
afford the equatorial Fe(II1)-OH species directly in Wel05.42

While these aforementioned Fe/20G halogenases all
appear to converge on the shared equatorial Fe(III)-OH
intermediates, it is elusive which configuration of species
(axial vs. equatorial) is responsible for the C-H bond in
SyrB2, as the exact substrate positioning has not been
determined in SyrB2. For instance, the substrate
positioning and the active site hydrogen bonding networks
vary in different computational models.3¢-38 41 Drawing
from insights in our current study, as well as prior
research,*? the configuration of Fe(IV)-oxo for the substrate
C-H bond activation could be dependent on the substrate
positioning. A flexible substrate binding may enable the
approximation of substrate C-H to the equatorial Fe(IV)-oxo
species, as suggested in WelO5. Otherwise, if the substrate
is rigidly constrained by the hydrogen bonding network, it
would be less unlikely for the equatorial Fe(IV)-oxo to be
responsible for the C-H activation, as demonstrated in BesD
and Chi-14.

To date, nearly all identified natural halogenases contain
a second sphere residue that is found to be crucial for the
selective halogenation, such as Arg247 in CurA,1% Ser189 in
Wel05,6 42 and Asn219 in BesD.!” For these non-heme
halogenases, mutations affecting these residues invariably
diminish halogenation selectivity, hinting at a shared
functional significance across these enzymes, as illustrated
in BesD. In contrast to Fe/20G halogenases, it appears that
the unsaturated five-coordination geometry is inessential
for C-H hydroxylation by Fe/20G hydroxylases.
Nevertheless, there are evidences to support a five-
coordination geometry of Fe(IV)-oxo in Fe/20G
hydroxylases, such as taurine dioxygenase (TauD).3!
Meanwhile, a six-coordination geometry of Fe(IV)-oxo with
an additional water ligand has been proposed in the non-
heme Asq].88 According to the computations, a water
coordination to Fe can lead to a better agreement with the
experimental spectroscopy.!® 14 26 28 101, 102 However,
diverging from Fe/20G halogenases, the role of the
coordination geometry in Fe/20G hydroxylases remains
elusive and necessitates further investigation.

Scheme 2. Proposed Catalytic Cycle of BesD and Chi-14
in Selective Chlorination
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4.CONCLUSIONS

In summary, the combined MD simulations and QM/MM
calculations have been performed to investigate the
halogenation mechanism in both non-heme iron halogenase
BesD and hydroxylase-evolved halogenase Chi-14. In both
enzymes, the reliable substrate positioning can be obtained
from the crystal structure and MD simulations. Both
QM/MM calculations and MD simulations support that the
axial Fe(IV)-oxo species is responsible for the substrate C-H
activations, while the equatorial Fe(IV)-oxo species is a
dead-end and not reactive for C-H bond activation. The
further HAT from the substrate C-H to the axial Fe(IV)-oxo
species forms the substrate radical and the axial Fe(III)-OH
species. However, the steric effects between the axial
Fe(III)-OH and the substrate would prevent the substrate
radical from approaching the Cl-ligand, thereby leading to
the significantly high barrier for the Cl-rebound reaction. To
facilitate the following Cl-rebound reaction, the nascent
axial Fe(IIT)-OH species has to undergo the conformational
isomerization to the equatorial one, which will remove the
steric effects between the axial Fe(III)-OH and the substrate
radical, thereby facilitating the migration of substrate
radical toward Cl- ligand during the Cl-rebound. Especially,
the second-sphere residue Asn (Asn219 in BesD or Asn225
in Chi-14) was demonstrated to be vital in maintaining the
five-coordination shell of Fe, which facilitates the
conformational flip of Fe(III)-OH from the axial direction to
the equatorial one. This mechanistic interpretation is
further supported by the QM/MM study of the N219A
mutant of BesD, in which the removal of the hydrogen
bonding interaction between N219 and succinate leads to
the bidentate coordinate of succinate, inhibiting the
conformational flip of Fe(III)-OH. These findings also have
implications on the other non-heme Fe/20G catalyzed C-H
functionalization beyond the hydroxylation, such as the C-N
bond formation,193-105 C-S bond formation,1%6 107 C-C bond
formation,108-112 35 well as the C-O bond formation,13-121 jn
which the thermodynamically favored hydroxylation
reactions have been inhibited.
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