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strategy by non-heme Fe(II)/2-
oxoglutarate-dependent aspartyl hydroxylase
AspH†

Anandhu Krishnan, a Sodiq O. Waheed, a Ann Varghese,a

Fathima Hameed Cherilakkudy,a Christopher J. Schofield b

and Tatyana G. Karabencheva-Christova *a

Biocatalytic C–H oxidation reactions are of important synthetic utility, provide a sustainable route for

selective synthesis of important organic molecules, and are an integral part of fundamental cell

processes. The multidomain non-heme Fe(II)/2-oxoglutarate (2OG) dependent oxygenase AspH

catalyzes stereoselective (3R)-hydroxylation of aspartyl- and asparaginyl-residues. Unusually, compared

to other 2OG hydroxylases, crystallography has shown that AspH lacks the carboxylate residue of the

characteristic two-His-one-Asp/Glu Fe-binding triad. Instead, AspH has a water molecule that

coordinates Fe(II) in the coordination position usually occupied by the Asp/Glu carboxylate. Molecular

dynamics (MD) and quantum mechanics/molecular mechanics (QM/MM) studies reveal that the iron

coordinating water is stabilized by hydrogen bonding with a second coordination sphere (SCS)

carboxylate residue Asp721, an arrangement that helps maintain the six coordinated Fe(II) distorted

octahedral coordination geometry and enable catalysis. AspH catalysis follows a dioxygen activation-

hydrogen atom transfer (HAT)-rebound hydroxylation mechanism, unusually exhibiting higher activation

energy for rebound hydroxylation than for HAT, indicating that the rebound step may be rate-limiting.

The HAT step, along with substrate positioning modulated by the non-covalent interactions with SCS

residues (Arg688, Arg686, Lys666, Asp721, and Gln664), are essential in determining stereoselectivity,

which likely proceeds with retention of configuration. The tetratricopeptide repeat (TPR) domain of AspH

influences substrate binding and manifests dynamic motions during catalysis, an observation of interest

with respect to other 2OG oxygenases with TPR domains. The results provide unique insights into how

non-heme Fe(II) oxygenases can effectively catalyze stereoselective hydroxylation using only two

enzyme-derived Fe-ligating residues, potentially guiding enzyme engineering for stereoselective

biocatalysis, thus advancing the development of non-heme Fe(II) based biomimetic C–H oxidation

catalysts, and supporting the proposal that the 2OG oxygenase superfamily may be larger than once

perceived.
Introduction

Enzyme-catalyzed hydroxylation of C–H bonds of proteins is
a post-translational modication that in animals is involved in
many important processes.1 Hydroxylation of specic proline-
and lysine-residues in procollagen, for example, as catalyzed by
prolyl- and lysine-hydroxylases is essential for the function and
stability of collagen, themost abundant protein inmetazoans.2,3

Hydroxylated amino acid residues are present in numerous
logical University, Houghton, MI 49931,

ent of Chemistry and the Ineos Oxford

sity of Oxford, OX1 3TA, Oxford, UK

tion (ESI) available. See DOI:

484
biologically active natural products,4–7 and such hydroxylations
provide valuable starting points for further chemical modica-
tions.8 Hydroxylations of aspartyl and asparaginyl residues, as
catalyzed by the aspartate/asparagine-b-hydroxylase (AspH) and
factor-inhibiting hypoxia-inducing factor (FIH), are proposed to
play crucial roles in regulating hypoxia,9,10 calcium
signaling,11,12 and blood coagulation.13–15 AspH catalyzes the
post-translational C3 hydroxylation of specic aspartate and
asparagine residues in the epidermal growth factor-like
domains (EGFDs), which perform vital biological func-
tions,16,17 including intercellular signaling,18–21 calcium
binding,22–25 and extracellular matrix formation.26–28

Direct and selective functionalization of C–H bonds is an
efficient and powerful tool for synthesizing complex
molecules.29–31 However, achieving regio- and stereoselective
C–H bond oxidation poses signicant challenges due to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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high bond dissociation energy and the presence of multiple
C–H bonds within the molecules.32,33 Consequently, the pursuit
of environmentally friendly and cost-effective synthetic
methods for C–H oxidation reactions has gained substantial
attention.34–36 Enzymes provide a sustainable solution, as both
natural and engineered enzymes selectively and efficiently
mediate diverse C–H oxidation reactions.37–43 Notably, heme-
and non-heme iron-containing enzymes catalyze direct C–H
oxidations with remarkable stereo- and regio-selectivity8,39,44,45

thus offering valuable insights for applying redesigned enzymes
as synthetic utilities.46–49 In contrast to small molecule catalysts,
enzymes can be continuously optimized, redesigned and
repurposed for performing specic C–H reactions with indus-
trial importance.50–52 Residues in the Second Coordination
Sphere (SCS) and Remote Areas (RA) became increasingly
important tools for modulating and improving enzyme activity
and product selectivity.53–59

Non-heme Fe(II) and 2-oxoglutarate (2OG) dependent oxygenases
are gaining prominence as industrial biocatalysts, owing to their
scalability and versatility.60 AspH (Fig. 1) is a non-heme Fe(II)/2OG
hydroxylase, that catalyzes the stereoselective (3R)-hydroxylation of
aspartyl- and asparaginyl-residues in EGFDs.15,61–64 AspH is essential
for normal human biology and has assigned roles in placental
implantation and fetal growth.16,65,66 AspH variants, such as R735Q/
W, R688Q cause the ophthalmological condition-the Traboulsi
syndrome67–69 and the G434V variant causes vesicoureteral reux
(VUR).70 The AspH gene is over-expressed in many cancer cells, in
a manner proposed to promote cell migration and reduce the life
expectancy of cancer patients; AspH is thus a promising target for
anticancer therapy.71–74 AspH is also hypoxically upregulated, and its
Fig. 1 Views from an AspH X-ray crystal structure (PDB ID: 5JZ8). (A) displ
green, and the substrate in red. (B) QM/MM optimized structure with Fe(I
(mode A). In mode A the Asp103hFX does not coordinate to the iron; instea
where the Asp103hFX coordinates the iron displacing a water molecule.

© 2024 The Author(s). Published by the Royal Society of Chemistry
kinetic parameters suggest it has potential as a hypoxia sensing
enzyme, as known for some other 2OG oxygenases, including FIH.75

Unveiling the catalytic strategy of AspH thus offers potential
biotechnological applications, such as developing AspH-selective
inhibitors that do not affect other Fe(II)/2OG enzymes and repur-
posing the enzyme for stereoselective C–H activation reactions.
Such applications could be relevant, for example, for the efficient
and sustainable synthesis of b-hydroxy acids/amides, which are
structural motifs found in drugs, and biologically active
molecules.76

In their resting state, most 2OG-dependent oxygenases contain
a high-spin (HS) Fe(II) center in their active sites coordinated by
a highly conserved structural motif, that is, the imidazole rings
from two histidine-residues and one carboxylate from an aspar-
tate- or glutamate-residue, sometimes called a ‘facial triad’.77–80 By
contrast, AspH contains only two histidine Fe-ligands, and no
carboxylate that coordinates the iron.62,81 This arrangement is
similar to the Fe(II)/2OG dependent halogenases, such as CytC3
(ref. 82) and SyrB2,83,84 and the catalytically active D201G (but not
D201A) variant of factor inhibiting HIF (FIH).85 At the Fe(II) center
of AspH, the normal carboxylate ligand is replaced by a coordi-
nating water molecule (W1), the ligation of which is stabilized by
a hydrogen bond with the SCS residue Asp721.62 Multiple studies
have evidenced the key role of the facial triad in catalysis by 2OG
oxygenases;86–88 however, how AspH catalysis proceeds with a dyad
comprising only two histidine ligands, without the normal
carboxylate ligand is unknown.

AspH is a multidomain protein (Fig. 1A) with a tetra-
tricopeptide repeat (TPR) domain,89 a hinge region, and an
oxygenase (OXY) domain. The OXY domain contains a core
ays the OXY domain in blue, the TPR domain in pink, the hinge region in
II) coordinated to the histidines (His679 & His725), 2OG, O2, water (W1)
d, W1 coordinates the iron. (C) Mode B of the Fe(III)-superoxo complex,

Chem. Sci., 2024, 15, 3466–3484 | 3467
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double-stranded beta-helix (DSBH) motif, which is anked by
several alpha-helices,62 in a manner characteristic of 2OG oxy-
genases.90,91 TPR domain has a functional role in substrate
recognition. It is also present in other 2OG oxygenases such as
collagen prolyl hydroxylases (CPH), some JmjC histone deme-
thylases (KDM), e.g. ubiquitously transcribed X (UTX) and Y
(UTY), and the leprecans.92–95 The hinge region of AspH
connects the OXY domain with the TPR domain.62 Since
substrate binding involves both the OXY and TPR domains,
inter-domain dynamics and motions are expected to contribute
to AspH catalysis.96–100

AspH hydroxylates EGFD substrates with a non-canonical
disulde pattern with disulde links between Cys 1-2, 3-4, and
5-6, rather than the oen observed canonical Cys 1-3, 2-4, 5-6
disulde pattern.62,64 The EGFD substrate of AspH considered in
the present study was the N-terminal EGFD of human coagu-
lation factor X (hFX), which has 39 amino acid residues (86–
124), with a disulde linkage between Cys101hFX and
Cys110hFX.62 X-ray crystallographic studies have revealed two
different aspartyl-residue substrate binding modes at the active
site of the AspH enzyme-substrate (ES) complex. In the rst
binding mode (binding mode A, Fig. 1B), which most closely
corresponds to the productive substrate binding in Fe(II)/2OG
enzymes, Asp103hFX (the residue undergoing hydroxylation) of
the EGFD hFX is not coordinated to the Fe(II). In the second
binding mode B (Fig. 1C), which is likely an unproductive one,
the Asp103hFX side chain carboxylate directly coordinates to the
active site metal ion, trans to His725, displacing the coordi-
nated water molecule.62

The mechanisms of 2OG oxygenases have been studied
experimentally and computationally (Scheme 1).80,101–123 The
catalytic cycle is initiated by the co-substrate 2OG, then
substrate binding to the Fe(II) center, followed by O2 binding
producing a Fe(III)-superoxo anion-radical (Fe(III)-OOc−) inter-
mediate.106,124 The latter reacts via a succinyl peroxide inter-
mediate to give a ferryl (Fe(IV)]O) intermediate125–130 with the
Scheme 1 Proposed catalytic cycle for AspH catalyzed hydroxylation.

3468 | Chem. Sci., 2024, 15, 3466–3484
formation of CO2 and Fe-linked succinate. During hydroxyl-
ation, a substrate C–H hydrogen is abstracted by the Fe(IV)]O
intermediate, via s or p-channel electron transfer.131 The
resulting Fe(III)–OH intermediate undergoes rebound hydroxyl-
ation with the substrate radical, forming an alcohol and
regenerating Fe(II). SCS and long-range (LR) interacting residues
and correlated motions have been demonstrated to play
important roles in the catalysis by non-heme Fe(II)/2OG
enzymes controlling substrate binding and the catalytic
mechanism.57,58,132–139

Although the mechanisms of 2OG oxygenases have been
extensively studied, how AspH performs catalysis without the
presence of the highly conserved facial triad has remained
unknown. However, this is of great interest from the perspective
of biocatalysis and for the development of selective inhibitors of
AspH, as a cancer target.71,73 Furthermore, the atomistic origins
of the stereoselectivity of AspH for both aspartyl and aspar-
aginyl- C–H hydroxylation are not understood. The role of the
SCS and LR interacting residues in AspH catalysis, the complex
dynamics of the EGFD substrate, and the interdomain motions
of the AspH OXY and TPR domains are also unexplored, which
could potentially guide in enzyme redesign.

To investigate the nature of catalysis by AspH, we performed
molecular dynamics (MD) and quantum mechanics/molecular
mechanics (QM/MM) studies. The results reveal how the
protein dynamics, SCS, and LR interactions modulate the
catalytic process in AspH and enable stereoselectivity without
the canonical facial triad.
Computational methods
System preparation

A crystal structure of the human AspH ES complex with EGFD of
hFX protein (PDB code: 5JZ8)62 was used as the initial structure
for the calculations. Missing residues of the substrate (Asp86-
Gln98, Glu117-Phe124) were added using Modeller.140,141
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Gaussview 6.0 was used to modify N-oxalglycine (NOG) (used for
crystallization) to 2OG and to replace the active site Mn with Fe;
Mn was used as an inert Fe substitute in the crystal studies.
Propka142 was used to determine the protonation states of the
ionizable side chains, except for the Fe coordinating histidine
residues and the Cys101hFX, Cys110hFX, Cys641, and Cys648
residues involved in disulde bonds, were assigned aer
examining the local environment.

The active site parameters were prepared with Metal
Center Parameter Builder (MCPB.py)143 in Amber18.144

Hydrogen atoms were added to the protein using the leap
module in Amber, and Cl− counter ions were used to
neutralize the system. Force constants for bonds and angles
were obtained using the Seminario method,145 while the point
charge parameters for electrostatic potential were obtained
using the RESP charge tting (ChgModB) method.146 Param-
eters for 2OG were generated using the Antechamber147

module of Amber18. The system was then solvated using the
Transferable Intermolecular Potential 3-Point (TIP3P)148

water molecules in a box with a minimum of 10 Å between the
protein surface and the box boundary. The geometry of
nonheme iron systems was successfully reproduced in
previous studies using the above-mentioned methods.100,121,149

The parameters for the Fe(IV)]O complex were generated
following a similar procedure, where monodentate succinate
replaced the bidentate 2OG. The parameters for the D721A,
R688A, K666A mutants were generated using the wild-type
(WT) parameters by manual substitution of mutant residue.
Fig. 2 QM region used for the QM/MM calculations of the AspH
reaction mechanism includes Fe, 2OG (superoxo), O2 (superoxo),
succinate (ferryl), oxo (ferryl), side chain imidazole rings of Fe-ligating
histidines (His679 and His725), W1 (mode A), Asp103hFX.
Molecular dynamics simulations

Aer solvating the system, a two-step minimization using MM
was conducted. In the rst minimization step, only solvent
water molecules and Cl− counter ions were optimized; the
solute (protein) was restrained using a 500 kcal mol−1 Å−2

harmonic potential. In the second step of the minimization, the
restrain was removed from the solute, and all the atoms (solute
+ solvent) were optimized. Both minimizations were conducted
for 5000 steps of steepest descent energy minimization followed
by 5000 steps of conjugate gradient energy minimization.

Aer the twominimizations, the system was heated from 0 to
300 K for 50 picoseconds (ps) in a canonical (NVT) ensemble
using a Langevin thermostat.150 During heating, the solute
molecules were restrained with a harmonic potential of
50 kcal mol−1 Å−2. Aer heating, the systems were kept at
a constant 300 K in an isothermal-isobaric (NPT) ensemble for 1
ns with a restrain of 5 kcal mol−1 Å−2 placed on the solute
molecules while the pressure of 1 bar was maintained. The
productive MD calculations were conducted using the GPU
version of Amber18 for a total of 1 ms at 1 bar with a pressure
coupling of 2 ps. All the simulations were performed using the
FF14SB151 force eld using periodic boundary conditions. A
Berendsen barostat152 was used to maintain the pressure, and
the SHAKE algorithm153 was used to constrain bonds involving
hydrogen atoms. Long-range electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) method154 with
a direct space and vdW cut-off of 10 Å.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Root mean square deviation (RMSD), Root mean square
uctuations (RMSF), electrostatic interactions, and hydrogen
bond analysis were done using the CPPTRAJ module from
Ambertools utilities.155 VMD156 and Chimera157 were used to
analyze MD trajectories. Dynamic cross-correlation analysis
(DCCA) and principal component analysis (PCA) were per-
formed using Bio3D.158
QM/MM calculations

All water molecules greater than 12 Å from the protein were
stripped from the structures. The QM region for the Fe(III)-OOc−

intermediate includes Fe(III), O2, 2OG, the imidazole groups of
histidines His679 and His725, the coordinated water, and the
substrate Asp103hFX (Fig. 2). For the Fe(IV)]O complex, O2 was
replaced with an oxo group and 2OG with succinate. The MM
region was dened as all other protein atoms within 8 Å of the
QM region and was described using Amber FF14SB forceeld.
The positions of atoms beyond 8 Å from the QM region were
xed. We considered long-range electrostatic interactions for
the QM/MM calculations using the electrostatic embedding
scheme,159 accounting for the polarizing effect of the MM region
on the QM region via incorporation of the MM point charges in
the Hamiltonian. The van der Waals interactions between MM
and QM atoms are calculated using the Lennard-Jones poten-
tial. The QM/MM calculations were conducted using the
Chemshell160 package combining Turbomole161 (QM region)
and DL_POLY162 (MM region). Hydrogen link atoms were used
to cap the bonds spanning the boundary between the QM and
MM regions using a charge shimodel.163–165 QM/MM geometry
optimizations were performed using the Density Functional
Theory (DFT) with the unrestricted B3LYP functional (UB3LYP)
and def2-SVP basis set (termed B1) for all atoms dened in the
QM part. A relaxed potential energy scan along the reaction
coordinate in steps of 0.1 Å was performed from the optimized
reactant complex (RC) to obtain transition states (TS) and
intermediates using DL-nd optimizer.166 The highest energy
points (TSs) were optimized without any constraints using the
Chem. Sci., 2024, 15, 3466–3484 | 3469
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dimer method167 in Chemshell. Single-point energy calculations
were also conducted with the larger basis set, def2-TZVP (B2) at
the DFT UB3LYP level, to improve the calculated energy of each
geometry. Frequency calculations were conducted for each
optimized geometry to conrm all minima and TSs. Zero-point
energy (ZPE) corrections obtained from frequency calculations
were then added to the results of the single-point energy
calculations to obtain energies reported as B3 (B2+ZPE). The
empirical dispersion corrections were included in single-point
energy calculations using Grimme's dispersion correction
(D3)168,169 with Becke-Johnson damping (D3-BJ).170

Spin Natural Orbital (SNO) analysis171 was performed to
analyze the molecular orbitals involved in the reaction path.
TITAN code was used for electric eld calculations.172 Energy
decomposition analysis (EDA)173–175 was performed on optimized
RCs and TSs to obtain total energy contributions/interaction
energy (DE) (van der Waals + electrostatic) of individual resi-
dues. The differences in the interaction energies between TS and
RC structures (DDE) were calculated to investigate the contribu-
tions of individual residues on TS stabilization.

To evaluate the role of N-CA-CB-CG dihedral angle on ster-
eoselectivity, an aspartate molecule with peptide linkages was
optimized at the gas phase using DFT UB3LYP/def2SVP level,
and the QM energy scan was performed at the same level of
theory using N-CA-CB-CG dihedral as scan coordinate, using
Gaussian 16 soware.176
QM/MM MD simulations

QM/MM MD simulation was performed with CP2K version 6.1,
combining QUICKSTEPS (QM part) and FIST (MM part).177,178 An
equilibrated structure from the Fe(IV)]O classical MD simula-
tion was used as the initial structure for QM/MM MD. The QM
region used was the same as that used for the QM/MM calcu-
lations, and the remaining part of the system was treated as MM
region. A real-space multigrid method was used to account for
the electrostatic coupling between the QM and MM
regions.179,180 The DFT-D3 level of theory with B3LYP functional
and the Gaussian and plane-waves method (GPW) with dual
basis sets was used for the QM part.178 The Gaussian double zeta
valence polarized (DZVP) basis set181 was used to describe the
wave function, and the auxiliary plane-wave basis set expanded
with a cut-off of 360 rydberg (Ry) and Goedecker–Teter–Hutter
(GTH) potential was utilized to describe the electron density.182

The auxiliary density matrix method (ADMM) was used to
accelerate the Hartree–Fock exchange calculations.183 The
hydrogen link atom method was employed to complete the
valences of the bonds at the QM-MM boundary.163–165 The QM/
MM MD simulation was performed in an NVT ensemble with
a time step of 0.5 femtoseconds (fs) and for a total time of 5 ps.
Results and discussion
Structure and dynamics of the AspH Fe(III)-OOc− ES complex
for dioxygen activation

Conformational dynamics underlies the enzymes structure–
function relationships by facilitating the substrate binding,
3470 | Chem. Sci., 2024, 15, 3466–3484
catalysis and product release.184–194 To investigate the effect of
the substrate binding mode on AspH catalysis, we performed
MD simulations of the reactive AspH-Fe(III)-OOc− complex in the
two crystallographically observed substrate binding modes
(modes A and B, Fig. 1B and C). RMSD, RMSF, and distance
plots for both binding modes are provided in Fig. S1–S4 (ESI
(ESI)).† In both substrate binding modes A and B for the AspH-
Fe(III)-OOc− complex, the iron is coordinated by the co-substrate
2OG, two histidine residues (His725 and His679), O2, and
a water molecule (mode A) or the substrate (mode B). 2OG
coordinates the iron in a bidentate fashion and is additionally
stabilized by a network of interactions.62 The network includes
(i) a stable salt bridge between the 2OG C5 carboxylate and the
Arg735 guanidium group and (ii) hydrogen bonding interac-
tions of 2OG C1 carboxylate oxygens (O1 and O2) with the His690
imidazole –NH (O1) and an Arg688 guanidium group –NH (O2)
as observed in the crystal structure, conserved in both binding
modes A and B (Fig. S5†).

The key role of SCS residue Asp721 in substrate binding
mode A. In binding mode A, the prochiral-(3R) hydrogen of
Asp103hFX projects towards proximal oxygen (Op) in the AspH-
Fe(III)-OOc−complex; thus, this is more likely the productive
conformation for catalysis. Asp721 plays a critical role in
substrate positioning in AspH. The binding mode of W1, which
replaces the facial triad carboxylate, is stabilized by hydrogen
bonding with the Asp721 carboxylate side chain (Fig. S6 and
S7†), as evidenced by crystallography (PDB: 5JZ8),62 an
arrangement that helps maintain a distorted octahedral
geometry around iron. Asp721 also forms a stable salt bridge
with the Arg686 guanidium group, and Arg686 also stabilizes
substrate binding via electrostatic interaction with the
Asp103hFX side chain carboxylate. The Asp721 backbone
carbonyl also makes a stable hydrogen bonding interaction with
the Gly681 main chain amide as present in the crystal structure
and a solvent-mediated bridge hydrogen bonding with Thr683
observed from the MD, helps maintain the interactions of
Asp721. Experimental studies show ∼80% reduction in the
catalytic turnover of Asp721Ala (D721A) mutant compared to
wild type (WT),195 conrming the important but non-essential
role of this residue in AspH catalysis.

Conformational dynamics of AspH Fe(III)-OOc− ES complex –
substrate binding mode A. In substrate binding mode A, the
main chain amide groups of the two Fe(III)-coordinating histi-
dine residues (His679, His725) form strong hydrogen bonds
with each other, while their side chains interact with the main
chain carbonyl of neighbouring protein residues; these inter-
actions are maintained in all the studied complexes and likely
enhance active site stability. His679 participates in a stable
hydrogen bond with Trp677, and His725 in a stable hydrogen
bond with Phe723. The Asp103hFX side chain carboxylate
displays stable electrostatic interactions with the side chains of
Arg688 and Lys666 (Fig. S9–S11†) and that of Arg686 (Fig. S9 and
S12†), as observed in the crystal structure. A stable salt bridge
between Arg688/Arg686 and the Asp741 side chain carboxylate
is present throughout the simulation (Fig. S9†), which further
stabilize the Asp103hFX orientation. The electrostatic interac-
tions involving Asp103hFX help maintain a productive substrate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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positioning for catalysis in the AspH active site. The non-
canonical Cys 3-4 disulde bridge (between Cys101hFX–
Cys110hFX), which appears to play a critical role in substrate
Asp103hFX positioning in the active site, is stabilized via
hydrogen bonds with, the- Gly99hFX backbone carbonyl and the
TPR residue, Tyr565 side chain hydroxyl groups (Fig. S13†).

The combined active site and substrate stabilizing interac-
tions described here are consistent with those observed in the
crystal structure; however, some interactions facilitating
productive substrate orientation, as reported in the crystal
structure, were weak throughout the AspH Fe(III)-OOc− MD.
These include the Lys102hFX–Asp616 salt bridge and the
network of hydrogen-bonding interactions between residues-
Gln627-Asp103hFX, Glu617-Asp103hFX, Glu615-Leu619, Arg686-
Lys102hFX (See ESI for additional details†).

Correlated motions in the AspH Fe(III)-OOc− complex –

substrate binding mode A. The DCCA for substrate binding
mode A (Fig. 3A) shows that Asp721 exhibits a strong positive
correlation with the motions of a12-a14, while anti-correlation
with the movement of a2 of TPR, indicating a potential role of
these regions in maintaining substrate binding. Importantly,
the hinge region (∼556–577), connecting the OXY and TPR
domains, showed strong positive correlated motions with the
Fe(III) coordinating residues (His679 and His725), SCS residue-
Asp721, the substrate Asp103hFX, and the substrate stabilizing
residues Arg686, and Arg688, reecting its importance in
substrate binding. The role of the TPR domain in AspH
substrate binding and catalysis exhibits similarities with that of
the plant homeobox domain (PHD) in catalysis by the 2OG
oxygenase KDM7B (PHF8).196 The correlated motions of the
PHD domain with the active site and SCS residues play a critical
role in substrate binding and catalysis by PHF8,57,100,122 sug-
gesting that the TPR domain in AspH could perform a similar
role. The substrate-stabilizing residues Arg686, Arg688, and the
Cys101hFX–Cys110hFX disulde bridge showed strong anti-
correlation with TPR a2-a4 helices. The intensive network of
Fig. 3 (A) Dynamic Cross Correlation Analysis (DCCA) and (B) Principal C
(binding mode A). Residues 1-429 are AspH protein residues; 430-Fe,
residues; 451-Asp103hFX. The motion of the residues in PCA (part B) is in

© 2024 The Author(s). Published by the Royal Society of Chemistry
correlated and anticorrelated motions suggests dynamic
modulation of the enzyme–substrate interactions during catal-
ysis. (See ESI for additional details†).

PCA (Fig. 3B) shows that the a2–a5 TPR helices move
towards the substrate, possibly assisting in substrate posi-
tioning, while a7–a13, the hinge region, and a20 of the OXY
domain move away from the substrate. The OXY domain shows
movement towards the active site, potentially stabilizing the
productive ES complex. The secondary structure of AspH,
including the a helices and b sheets is provided in Fig. S14.†

Understanding the conformational dynamics of the ES
complex provides vitally important information about key
interactions in the SCS that might be catalytically important, as
well as enlightens potentially intriguing LR interactions with RA
residues that might be utilized for modulating, optimizing and
repurposing the enzyme catalytic functions. The results align
with earlier studies that demonstrated the role of dynamics for
substrate binding, catalysis and as a valuable tool for enzyme
engineering together with other computational and experi-
mental approaches.99,136,137,197–203

How the substrate Asp103hFX binding mode A inuence the
catalytic reaction of dioxygen activation? The high spin quintet
state of Fe(III)–O–Oc− is reported to be the most favorable spin
state for dioxygen activation in non-heme dioxygenases.113,204–207

Hence, we performed QM/MM calculations only on the quintet
spin state. Starting from mode A, the reaction followed the
typical dioxygen activation mechanism for 2OG oxygenases
(Scheme S1†). 2OG decarboxylation, via C1–C2 2OG bond
cleavage following nucleophilic attack of the distal oxygen (Od)
of the Fe(III)–O–Oc− on the 2OG carbonyl C2, forms the perox-
osuccinate intermediate (IM1). The process requires
8.9 kcal mol−1 activation energy, and IM1 is stabilized by
−38.8 kcal mol−1 (Fig. S15†). In the second step, the Fe(IV)]O
intermediate is formed via peroxosuccinic O–O cleavage which
requires 2.0 kcal mol−1 activation energy, and the Fe(IV)]O is
stabilized by −46.6 kcal mol−1 (Fig. S15†). Thus, the
omponent Analysis (PCA) of Ca atoms in the AspH Fe(III)-OOc− complex
431-O2, 432-2OG, 433-W1. Residues 434–472 are EGFD substrate
dicated by the color change from yellow to blue.
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decarboxylation step is the rate-limiting during the dioxygen
activation process, in accord with the previous studies on 2OG
oxygenases.80,121,122,208–211 Fig. S16† displays the geometric
parameters and spin densities of stationary points involved in
dioxygen activation via binding mode A (See ESI for additional
details†).

How the substrate binding mode B inuence the dioxygen
activation? In binding mode B of the superoxo ES complex
(Fig. 1C), the substrate Asp103hFX binds to Fe(III) trans to
His725, and O2 can potentially bind to the vacant coordination
site trans to the C2 carbonyl group of 2OG. MD simulations
reveal that most of the active site and SCS interactions are
similar for both ES complexes of binding modes A and B. Key
differences include weaker electrostatic interactions involving
Asp103hFX side chain carboxylate and Lys666 and Arg686 in
mode B (Fig. S11 and S12†). Notably, the average superoxide Od–

C2 distance, critical for the dioxygen activation is 5.91 Å in
binding mode B compared to 3.67 Å in binding mode A
(Fig. S4†).

QM/MM calculations for the reaction of dioxygen activation
starting from binding mode B give a very high barrier of
75.2 kcal mol−1 for the superoxide nucleophilic attack on C2
and the formed peroxosuccinate intermediate is exothermic to
RC10 (Fig. S17†). The reason for such high energy is that the
Asp103hFX coordination to the Fe(III) center keeps the O2c

− trans
to the C2 of 2OG, thus requiring a signicant structural rear-
rangement for the nucleophilic attack by superoxide onto C2 of
2OG, rendering oxidative decarboxylation highly unfavourable
for binding mode B. The geometric parameters for dioxygen
activation in binding mode B are given in Fig. S18.†

In summary, reaction path calculations starting from
binding modes A and B conrm that the substrate Asp103hFX
carboxylate should not be coordinated to the Fe(III) center for
productive dioxygen activation reaction in agreement with
proposed mechanisms for most 2OG
oxygenases.100,106,108,121,123,127,138,208,212,213
Structure and dynamics of the ES complex for the
stereospecic Asp hydroxylation

Dioxygen activation via substrate binding mode A leads to the
formation of the AspH Fe(IV)]O-EGFD complex (RC2 (Scheme
2)/IM3 (Scheme S1†)), which is the intermediate necessary for
Asp103hFX hydroxylation. Fig. S19–S22† display the RMSD,
RMSF, key distances, and angle plots for Fe(IV)]O interme-
diate. MD simulations revealed that most active site interac-
tions remained similar in the Fe(III)-OOc− and Fe(IV)]O
intermediates (Fig. S7–S12†). Key differences include the stable
hydrogen bonding of Arg688 guanidium NH with W1 and the
Ser668 side chain hydroxyl with Fe(IV)-linked succinate C4
carboxylate in the Fe(IV)]O complex, which were less prom-
inent in the Fe(III)-OOc− complex (Fig. S23†). Further, the
Arg735:2OG C5 carboxylate salt bridge observed in Fe(III)-OOc−

complex is disrupted upon succinate formation in Fe(IV)]O
complex, possibly due to a shorter carbon length in succinate.
Instead, a stable solvent-mediated bridging hydrogen bond is
observed between Arg735 side chain guanidium NH and the C4
3472 | Chem. Sci., 2024, 15, 3466–3484
carboxylate of succinate in the Fe(IV)]O complex. A stable
solvent-mediated (W2) bridging hydrogen bond between the
ferryl Op and Asp721 side chain carboxylate helps orientate the
Fe(IV)]O oxygen towards the pro-R hydrogen of Asp103hFX CB

(Fig. S24†). Overall, most active site interactions, particularly
those involved in substrate positioning in the Fe(III)-OOc−

simulation, also appear stable in the Fe(IV)]O simulation,
indicating tight substrate binding.

DCCA analysis revealed that most correlated motions in the
AspH Fe(IV)]O and Fe(III)-OOc− complexes are similar (Fig. 4A).
In the AspH Fe(IV)]O complex, Asp721 showed a positive
correlation with that of a19 of the OXY domain and the loop
residues connecting a19 with bI of DSBH, and anti-correlation
with the motions of helices a4 and a6 of the TPR domain.
The 2OG/succinate stabilizing residues Arg735 and Ser668
display a strong positive correlation with TPR helices a1-a4.
Substrate stabilizing residue Arg688 and 2OG stabilizing
residue Arg735 exhibited strong anti-correlation with the
motions of TPR helices a6 and a7 in the Fe(IV)]O complex, not
observed in the Fe(III)–O–Oc− complex. Thus, the LR interac-
tions of helices a6 and a7 with the 2OG, and substrate stabi-
lizing residues likely play a crucial role in AspH catalysis.
Interestingly, kidney dysfunction in humans is caused by
a mutation of AspH Gly434 residue, which forms the loop
connecting a6 and a7. These observations highlight the roles of
the TPR domain not only in substrate binding, but also in
dynamic motions during catalysis, potentially in a similar
manner as with other 2OG oxygenases such as collagen prolyl
hydroxylases.92

PCA analysis also reveals that the AspH Fe(IV)]O complex is
less exible than the Fe(III)-OOc− complex (Fig. 4B), arising from
the stronger substrate and active site stabilizing interactions
observed in the Fe(IV)]O simulation. The TPR domain dis-
played movement towards the substrate and the OXY domain,
potentially contributing to the compactness of the Fe(IV)]O
complex. The limited exibility and motions of helices a2-a13
and the hinge region may contribute to a more rigid OXY
domain and tight binding of the substrate, as evidenced by their
correlated movements with substrate stabilizing residues.
Overall, the PCA depicts a more rigid and contract Fe(IV)]O
complex than the Fe(III)-OOc− in a manner likely favoring
catalysis.

To examine the dynamic behavior of the Fe-coordinated
water molecule during the catalytic reaction, we performed
a QM/MM MD simulation of the Fe(IV)]O intermediate. This
type of simulation combines exploration of dynamics/exibility
and changes in electronic structure (such as bond breaking and
creation). The simulation shows that the distance between the
Fe and the coordinated water molecule remains very stable (an
average Fe–W1 distance of 2.12 Å, Fig. S25A†). This indicates
that W1 remains rmly coordinated to Fe and does not diffuse
away. To further elaborate on the strength of the coordination
of W1, we performed a QM/MM potential energy surface (PES)
study of the dissociation of W1 from the iron center
(Fig. S25B†). The PES scan indicates that the dissociation of W1
is very unfavored leading to a continuous increase of the energy,
further indicating that there is no spontaneous water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed mechanism of AspH catalyzed substrate hydroxylation.
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dissociation and formation of a four-coordinate (4C) ferryl
complex and that such a process would require high activation
energy. We also evaluated if a second solvent water molecule
could displace W1 from Fe (Fig. S25C†); however, the high
barrier observed for this process suggests such a ligand
exchangemay not be feasible in the Fe(IV)]O intermediate state
(Fig. S25C†). Therefore, the coordination of W1 to Fe is essential
to form the catalytically productive Fe(IV)]O intermediate and
to enable the C–H activation.
Mechanism of the stereospecic Asp hydroxylation

AspH substrate hydroxylation from the Fe(IV)]O complex
proceeds in two steps: (1) hydrogen atom transfer (HAT) from
the b-carbon (CB) of Asp103hFX by the Fe(IV)]O group, and
subsequent (2) rebound hydroxylation producing 3-hydroxy-L-
aspartate (Scheme 2). The energy prole for HAT and rebound
hydroxylation steps is given in Fig. 5. We optimized the Fe(IV)]
O intermediate in triplet and septet states using the same level
of theory used for the quintet calculations (Fig. 5). The results
show that the quintet state of the Fe(IV)]O intermediate is
energetically more favorable compared to triplet and septet
states, agreeing with prior studies on Fe(II)/2OG
Fig. 4 (A) Dynamic Cross Correlation Analysis (DCCA) and (B) Principal C
Residues 1-429 are AspH protein residues; 430-Fe, 431-Op, 432-succ
Asp103hFX. The motion of the residues in PCA (part B) is indicated by the

© 2024 The Author(s). Published by the Royal Society of Chemistry
oxygenases.80,122,129,207,214,215 During HAT, a single electron
transfers from the substrate pro-R C–H bond to the Fe(IV)]O
moiety, resulting in CB–HR bond cleavage and alkyl radical
(IM4) formation. At the same time, Fe(IV) is reduced to Fe(III)–
OH. The activation barrier for pro-R HAT is 20.8 kcal mol−1 (at
B3 level). The electron transfer can occur either through a p or s
channel.131,204,215 The s channel involves a transfer of an a elec-

tron (electron with a magnetic spin quantum number (ms) of +
1
2

from the substrate sC–H orbital to the Fe s*z2 orbital, leaving

a b electron (electron with a ms = −1
2
) on the substrate radical.

The head-on overlap of the two s orbitals results in a more
linear Fe–O–H arrangement with an approximate bond angle
larger than 120° and closer to 180°.204 Conversely, in the p

channel, a b electron from the substrate transfers into the
antibonding metal p*xz/yz orbital through angular overlap
resulting in a Fe–O–H bond angle approaching 120°.204 SNO
analysis (Fig. 6) of the HAT TSs shows that C–H a electron from
the substrate transfers to the Fe(IV)]O s*Z

2 orbital, and
a b electron remain at the carbon radical, suggesting a s

channel mechanism (Fig. 7) in AspH. In TSproR, the Fe–O bond
elongates to 1.77 Å (from 1.64 Å in RC2), and the CB–HR bond
omponent Analysis (PCA) of Ca atoms in the AspH Fe(IV)]O complex.
inate, 433-W1. Residues 434-472 are EGFD substrate residues; 451-
color change from yellow to blue.
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Fig. 5 Energy profile for the pro-R (blue) and pro-S (red) HAT and
rebound hydroxylation steps calculated at UB3LYP/def2-TZVP (B2)
(red) and B2 +ZPE (B3) (black).

Fig. 7 Electron transfer and orbital occupancy during the HAT step.
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elongates to 1.34 Å (from 1.11 Å in RC2), while the Op–HR

distance shortens to 1.32 Å from 3.18 Å (RC2) (Fig. 8). In IM4, Fe
is antiferromagnetically coupled to the substrate radical, as
indicated by the spin densities of 4.22 (Fe), 0.27 (Op), and −0.35
(CB) (Fig. 8).
How do SCS residues sterically stabilize the HAT TS

Electrostatic interactions of SCS residues, Lys666, Arg686, and
Arg688, help stabilize the side chain carboxylate of Asp103hFX in
the HAT TS (Fig. 9). Additionally, hydrogen bonding between
the Asp103hFX side chain carboxylate and the Gln664 side chain
NH; the solvent-mediated bridging hydrogen bonding interac-
tions of residues Asp721 and W1; the bridging hydrogen
bonding interaction of water molecule (W2) with Asp721, the
oxo moiety, and the Gly104hFX backbone NH group of the
Fig. 6 Spin Natural Orbitals (SNO) with corresponding electron occupa

3474 | Chem. Sci., 2024, 15, 3466–3484
substrate, are likely involved in productive substrate posi-
tioning and TS stability (Fig. 9). Solvent-mediated hydrogen
bond interactions with the Fe(IV)]Omoiety have been observed
in other 2OG oxygenases, such as AlkB216 and TET2.138 This
interaction may contribute to the observed stereoselectivity in
AspH by aligning the Fe]O moiety towards the pro-R hydrogen
of Asp103hFX.
How the exibility of the RC inuences the HAT reaction?

To explore how the conformational exibility of the RC inu-
ences the HAT step, we performed QM/MM calculations using
ve different MD snapshots of the Fe(IV)]O intermediate.
Tables S1 and S2† show geometric parameters and spin densi-
ties variation for the different HAT TSs. The Fe–Op, CB–HR and
O–HR bond distances range from 1.76–1.79 Å, 1.34–1.47 Å, and
1.24–1.32 Å respectively, while the Fe–O–HR angle varies from
156.59°–171.91° in different HAT TSs. The calculated Fe–Op–HR

angle values, the Asp103hFX CB spin densities in the different
pro-R HAT TS structures (−0.37 to −0.29), and SNO analysis
indicate that the s-channel mechanism is exclusively used by
AspH. The bond angles and spin densities for HAT TSs
ncies (in brackets) for the HAT TSs: (A) TSproR and (B) TSproS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Geometric parameters (red) and spin densities (black) of optimized stationary points in HAT step.
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corroborate with that of studied 2OG oxygenases such as AlkB/
AlkBH2,113,121 TET2,138,200,217 TauD,139,218,219 KDM4A,123 KDM6B,220

KDM7B (PHF8)122 that follow s-channel mechanism. The
calculated electronic energy barriers for the HAT step varied
from 20.8 to 25.8 kcal mol−1 (Table 1 and Fig. S26†) with
a Boltzmann weighted average of 21.5 kcal mol−1 (B3 level). The
computed barriers with dispersion corrections (D3-BJ) for
representative snapshots (snapshot1 and snapshot 4) show
barriers 19.4 kcal mol−1 and 23.4 kcal mol−1, respectively at the
B3 level (Table S3†). The HAT barriers observed in experimental
and computational studies on other Fe(II)/2OG oxygenases like
prolyl-4-hydroxylase (20.7 kcal mol−1),114,221 TauD
Fig. 9 SCS interactions restricting the rotation of Asp103hFX N-CA-CB-C

© 2024 The Author(s). Published by the Royal Society of Chemistry
(23.2 kcal mol−1),222 histone demethylases (20.2–
25.2 kcal mol−1),122,123,220,223 and DNA-demethylases (15.5–
26.7 kcal mol−1),121,138,214,224,225 align with the barriers we have
calculated for AspH.

Notably, the HAT barriers and reaction energies show
a positive correlation with the strength of the hydrogen bonding
between W2 and the Op and a negative correlation between that
of W1 and Asp721 (Table S4 and Fig. S27–S30†). In the snap-
shots where W2–Op hydrogen bond is stronger, a higher
stability for IM4 and a lower HAT barrier are observed. There-
fore, the presence of the carboxylate residue-Asp721 in the SCS
is vital in HAT TS stabilization and modulating the HAT rate. All
G dihedral and positioning pro-R H atom towards the Fe(IV)]O moiety.
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Table 1 Activation barriers and reaction energies for the HAT step

AspH-WT

Activation barrier Reaction energy

B1 (kcal mol−1) B2 (kcal mol−1) B3 (kcal mol−1) B1 (kcal mol−1) B2 (kcal mol−1) B3 (kcal mol−1)

Snapshot 1 HATproR 22.0 24.9 20.8 −9.3 −11.3 −9.7
HATproS 42.3 45.1 42.1 −9.3 −11.4 −9.9

Snapshot 2 HATproR 22.2 25.7 21.1 −10.0 −11.6 −9.8
HATproS 41.1 46.1 42.4 −9.9 −11.5 −9.9

Snapshot 3 HATproR 24.4 26.9 25.8 −5.8 −7.6 −2.9
HATproS 42.8 46.3 44.6 −5.5 −7.9 −7.1

Snapshot 4 HATproR 26.7 30.2 25.4 −2.7 −4.5 −3.9
HATproS 45.2 49.0 44.9 −2.7 −4.6 −3.8

Snapshot 5 HATproR 26.2 28.8 25.3 −4.0 −7.2 −2.2
HATproS 41.3 44.8 42.2 −4.0 −7.2 −2.2
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the ve snapshots revealed HAT to be exothermic with reaction
energies in the range −9.8 to −2.2 kcal mol−1 at B3 level. The
Fe(III)–OH hydroxyl moiety in IM4 is stabilized by hydrogen
bonding with W2. The EDA (Fig. S31†) manifests that IM4 is
stabilized by the SCS residues Arg688, Lys666, and Asp721
(Fig. S32†), by energy contributions of −1.5, −1.3, and
−4.7 kcal mol−1, respectively.
Protein control on the stereoselectivity in the HAT

To investigate the origin of stereoselectivity, we performed QM/
MM reaction path calculations for the pro-S HAT using the same
starting snapshots used for the Fe(IV)]O intermediate RC2 as
for the pro-R HAT reaction (Fig. 5). Unlike the pro-R HAT, we
found that the pro-S HAT is unfeasible due to a relatively high
activation barrier of 42.1 kcal mol−1. We observed that the
activation barrier for pro-S HAT is consistently high across all
ve snapshots, with energy differences between pro-R and pro-S
HATs ranging from 15.1–20.3 kcal mol−1 at the B1 level and
16.9–21.3 kcal mol−1 at the B3 level (Table 1). A superimposed
structure of TSproR and TSproS is given in (Fig. S33†). The dihe-
dral angle (N-CA-CB-CG) is a key structural determinant between
the TSproR and TSproS geometries, with the former having
a dihedral angle of −74.96° and the latter having a dihedral
angle of−27.10°, compared to−76.09 in RC2 for snapshot 1. N-
CA-CB-CG dihedral angle varies from −83.33 to −71.40° in
TSproR, −29.71° to −16.55° in TSproS, and −76.77° to −72.89° in
RC2 (Table S2†). We further performed a QM energy scan to
investigate the role of this dihedral angle and the stability of the
geometry of the substrate Asp-residue (Fig. S34†). The scan
revealed that a change of the N-CA-CB-CG dihedral from a pro-R
TS value of −74.96° to a pro-S TS value of −27.10° requires
a barrier of ∼9 kcal mol−1, calculated at the UB3LYP-def2SVP
level, corresponding to a QM/MM energy difference of 15.1–
20.3 kcal mol−1 (at B1 level), suggests that the increased
stability (between 6.1 and 11.3 kcal mol−1) of the pro-R
compared to the pro-S orientation arises from the interactions
with the AspH protein environment that restraints the substrate
to favor pro-R HAT. The Asp103hFX side chain carboxylate
interacts with Arg686, Arg688, and Lys666 via electrostatic
3476 | Chem. Sci., 2024, 15, 3466–3484
interactions and Gln664 side chain amine via hydrogen bond.
In addition, the Gly104hFX-Asp721 solvent-mediated hydrogen
bond and the hydrogen bonding interaction of the Asp103hFX
backbone amide with solvent water promotes pro-R HAT
(Fig. 9). The substantial geometric changes required to reach
TSproS from RC2 result in a high activation barrier, thereby
disfavoring pro-S HAT. Interestingly, the pro-R and pro-S HAT
reactions lead to the same intermediate (IM4), with an N-CA-CB-
CG dihedral angle of −87.70°, still preferring the pro-R product.
The pro-S conguration of IM4 is also destabilized by repulsive
interactions between hydrogen atoms on Asp103hFX CB and CA

atoms. Thus, the overall stereoselectivity of the AspH hydrox-
ylation reaction is determined by the HAT step.

Substrate positioning is a critical factor in determining
stereoselectivity.139 We further performed EDA on both pro-R
and pro-S HAT TSs to investigate the role of SCS residues in
determining stereoselectivity. We calculated the differential
contributions between each TS (pro-R and pro-S) and the RC2
and then calculated the difference between the two differential
contributions (DE (TSproR − RC2) − DE (TSproS − RC2)). A
positive D (DDE) value indicates destabilizing, while a negative
value indicates stabilizing effect on the TSproR (Fig. S35†). We
found that the SCS residues Gln664, Arg686 and Arg688 inu-
ence stereoselectivity by showing stronger energetic contribu-
tions towards stabilizing the pro-R TS compared to the pro-S TS
via hydrogen bonding (Gln664) and electrostatic (Arg686 and
Arg688) interactions (Fig. S36†). Comparing TSproR and TSproS
structures, we observed that the positioning of the Arg688/
Arg686/Lys666 sidechain-Asp103hFX carboxylate salt bridges
and Gln664 hydrogen bond inuences the Asp103hFX carbox-
ylate position and the orientation of the pro-R hydrogen with
respect to the Fe(IV)]O moiety to enable stereoselective reac-
tion (Fig. 9). The revealed signicant differential catalytic
contributions by SCS residues towards stabilizing the pro-R and
pro-S TS offer opportunities for engineering novel enzymes or
catalysts for stereoselective C–H activation reactions. Further-
more, DCCA analysis of the ferryl complex suggests that the
motions of TPR domain helices a2-a7 and a12-a14, as well as
OXY domain helices a16, a18, and a19 all involved in substrate
binding, show correlations with SCS residues involved in TSproR
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and TSproS stabilization, indicating that these residues could
also inuence the stereochemical outcome of the reaction via
LR interactions (Fig. S37–S40†), thus providing an intriguing
new background for long-range allosteric modulation of AspH
activity and stereoselectivity.

Reaction selectivity in enzymatic catalysis can be inuenced
by electrostatic preorganization, that is the orientation of
enzyme's internal electric elds (IEFs).226,227 To evaluate the
effect of IEF on stereoselectivity in AspH, the net electric eld
along the Fe]O axis was calculated for both pro-R and pro-S
HAT (Table S5†). In all ve snapshots, the net IEF along the
Fe]O axis was more negative for TSproS than the corresponding
TSproR, indicating the role of EF in stereoselectivity and modu-
lating the EF along the Fe]O direction could be a strategy to
alter the stereoselectivity in AspH.
Rebound hydroxylation

At the nal stage of the reaction mechanism, substrate
hydroxylation proceeds through a radical rebound mechanism,
where the hydroxyl group from the Fe(III)–OH intermediate
(IM4) transfers to the substrate methylene radical generated
aer HAT. Subsequently, Fe(III) reduces to Fe(II), and the
hydroxylated product forms. Rebound hydroxylation shows
a 27.8 kcal mol−1 barrier relative to the stable intermediate IM4
(RC3 in Fig. S41†), corresponding to the lowest energy HAT
pathway (snapshot 1) at the B3 level. All ve QM/MM snapshots
revealed a similar high activation barrier for the rebound step
(Table 2 and Fig. S41†) with a Boltzmann weighted average of
26.4 kcal mol−1 at the B3 level of theory, suggesting this step
may be rate-limiting in AspH instead of the HAT step which is
the most common rate-limiting step in Fe(II)/2OG
enzymes.113,114,121,122,138,175,228 Calculations with dispersion
corrections (D3-BJ) show a decrease in the B3-level rebound
barriers to 25.5 and 23.4 kcal mol−1 for representative snap-
shots (snapshot 1 and snapshot 4), respectively (Table S6†).
Both the HAT and rebound reactions require changes in the
torsional angle N-CA-CB-CG of the substrate Asp103hFX (from the
respective RCs to the TSs). However, this change is much larger
for the rebound step and respectively requires larger energy. In
the HAT, during the transition from RC2 to TSproR (snapshot 1),
the torsional angle changes from −76.09 to −74.96 degrees
(Table S2†). In contrast, for the rebound step, the torsion angle
changes from −87.70 (in the IM4) to −79.55 degrees (in the
TSREB) (Table S8†). A similar trend is observed across ve
different snapshots (see Tables S2 and S8†). Such a signicant
Table 2 Activation barriers and reaction energies for the rebound hydro

AspH-WT

Activation barrier

B1 (kcal mol−1) B2 (kcal mol−1) B3 (kcal m

Snapshot 1 26.6 30.8 27.8
Snapshot 2 28.2 33.3 30.7
Snapshot 3 24.8 30.2 26.9
Snapshot 4 22.2 28.7 25.8
Snapshot 5 26.3 32.5 28.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
torsional adjustment disturbs the salt bridge and hydrogen
bonding interactions that tightly bind the Asp103hFX side chain
carboxylate and contribute to the higher energy barrier
observed for the rebound step compared to the HAT. Previous
studies by Shaik et al. describe a case of rebound hydroxylation
as rate limiting in CYP450 catalyzed reaction of dopamine
formation.229 Similarly, Lu et al. reported a higher barrier for
rebound step than for HAT in the TET2-catalyzed conversion of
5-methylcytosine to 5-hydroxymethylcytosine.224 Furthermore,
in nonheme Fe(II)/2OG halogenases, which lack the facial triad
carboxylate, a relatively high barrier was observed for the
rebound hydroxylation compared to halogen atom transfer
which is important in distinguishing reaction selectivity
between hydroxylation and halogenation.202,230–232 The nding
that the rebound reaction was predicted to be the rate-limiting
step in other heme/non-heme enzymes with conventional
coordination suggests that other factors than the water coor-
dination might be responsible for the high energy barrier of the
rebound hydroxylation, however further studies would be
necessary to comprehensively explore this issue.

TSREB represents the TS for rebound hydroxylation (Fig. 10),
wherein the Fe–Op distance elongates to 2.20 Å, and the Op–CB

distance reduces to 2.23 Å from 1.85 Å and 3.78 Å respectively, in
IM4. The N-CA-CB-CG dihedral decreases to −79.55 (TSREB) from
−87.70 (IM4), and the hydroxyl Op to CB (Asp103hFX) distance
decreases to 2.27 Å from 3.78 Å. Tables S7 and S8† show the spin
densities and geometric parameters of all stationary points
involved in the rebound step. The hydroxyl moiety in TSREB is
stabilized by the solvent-mediated (W2) bridging hydrogen
bond with Asp721. As the hydroxyl radical leaves the Fe center,
W2 coordinates to the vacant position to generate a stable Fe(II)
complex. The hydroxylation product is exothermic by
−31.4 kcal mol−1 (Fig. 5), which compares favorably well with
previous studies on other non-heme Fe(II)/2OG
oxygenases.114,120–123,138,219,230,233

EDA shows TSREB is stabilized by residues Asp721
(−1.4 kcal mol−1), Lys666 (−0.9 kcal mol−1), and Asp741
(−1.9 kcal mol−1), and destabilized by Arg688 (3.5 kcal mol−1)
and Arg686 (0.8 kcal mol−1) (Fig. S42–S44†) compared to IM4.
Effect of the D721A mutation on substrate binding and
hydroxylation

To explore the importance of Asp721, we performed MD with
D721A, which manifests substantially reduced catalytic
activity.195 MD for D721A shows an overall increase in the
xylation step

Reaction energy

ol−1) B1 (kcal mol−1) B2 (kcal mol−1) B3 (kcal mol−1)

−41.2 −40.0 −31.4
−35.3 −32.4 −24.1
−40.5 −36.1 −24.7
−35.3 −30.4 −22.3
−34.7 −32.2 −21.6
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Fig. 10 Geometric parameters (red) and spin densities (black) of optimized stationary points in rebound hydroxylation step.
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average distance between Fe(IV)]O Op and the substrate CB of
7.03 Å compared to 4.23 Å to the AspH-WT. The increased
distance between the Fe(IV)]O oxygen and the substrate leads
to enhanced exibility of the ES complex (Fig. S45–S47 and
Table S9†), disrupting the ES complex stabilizing salt bridges.
PCA shows that Fe(IV)]O complex for D721A has motions
opposite to that of the WT (Fig. S48A†). Specically, the hinge
region and the TPR domain helices show movement away from
the active site, making the OXY domain in the D721A mutant
less compact. The a1-a5 and a10-a13 helices in the TPR domain
move away from the substrate in the D721A mutant, conse-
quently increasing the distance between Op and CB. Therefore,
Asp721 acts as an SCS alternative for the missing facial triad
carboxylate in AspH, stabilizing the active site and for produc-
tive substrate binding. A superimposed view of the AspH-WT
and D721A Fe(IV)]O complexes is shown in Fig. S49 in the ESI.†

The non-canonical water coordination to the non-heme Fe(II)
center (instead of carboxylate as in the canonical Fe(II)/2OG
enzymes) elevates the role of the interactions with the SCS. The
hydrogen bond between the coordinated water molecule and the
SCS residue Asp721 plays a key role in the reactivity of AspH
compensating for the absence of coordinated carboxylate. Indeed,
in agreement with earlier experimental studies which demonstrate
that themutation of D721A sharply decreases the enzyme activity,195

our QM/MM study reveals that this mutation leads to an increased
distance of 6.43 Å between the ferryl oxygen (Op) and the Asp103hFx
pro-R hydrogen atom (compared to 3.34 Å in the WT), and conse-
quently to much higher energy barrier of 86.1 kcal mol−1

(Fig. S50†). Such SCS carboxylate is unique for AspH and is not
present in other Fe(II)/2OG enzymes such as FIH, prolyl hydroxylase,
and TauD where mutation of the Fe-coordinated carboxylate inac-
tivates the enzymes.85,88,234 Such SCS carboxylate is also missing in
other Fe(II)/2OG enzymes containing canonical facial triads such as
PHF8,196 KDM4A,235 KDM2A,236 ALKBH2 237 and EFE.133

We further performed in silico mutation of the SCS resi-
dues Arg688 and Lys666, identied as crucial for TS stabili-
zation and substrate binding, to alanine (A). The subsequent
MD and QM/MM studies reveal that these SCS mutations
(R688A and K666A) signicantly change the productive
orientation of the Fe(IV)]O ES complex (Fig. S49 and S51†).
The mutant forms show an increased distance between the Op

and the CB atom of Asp103hFX compared to that in the WT.
The average distances between the Op and the CB atom are
3478 | Chem. Sci., 2024, 15, 3466–3484
5.70 Å and 6.24 Å for R688A and K666A, respectively in
comparison to 4.25 Å in the WT. Similarly, the angle between
Fe-Op-CB shows average values of 142.6° (R688A) and 147.4°
(K666A) compared to 157.7° in the WT. The subsequent QM/
MM studies of the mutant forms show that the increased
distance signicantly enhances the barrier for HAT
(Fig. S52†). Our ndings highlight these SCS residues' key role
in proper substrate orientation, enabling productive catalysis,
and providing insights into potential target residues for
enzyme redesign and for altering substrate specicity.
Conclusions

In conclusion, our study informs on the chemistry of the catalytic
mechanism of the biologically and synthetically important 2OG-
dependent dioxygenase AspH. Instead of using the characteristic
HXD/EH facial triad, AspH replaces the carboxylate ligandwith a Fe-
coordinated water molecule, the position of which is controlled by
the sidechain of the SCS carboxylate residue Asp721, which is also
critical in catalysis. Our ndings demonstrate that of the two crys-
tallographically observed substrate bindingmodes, only the one not
coordinating with the iron is catalytically active, as substrate coor-
dination impedes the formation of the essential Fe(IV)]O inter-
mediate. The non-catalytically observed substrate carboxylate
binding mode may help promote/stabilize iron binding in the
absence of an enzyme supported carboxylate ligand. HAT is
exothermic and occurs by s channel mechanism. Atypically,
rebound hydroxylation has a higher barrier than HAT, suggesting
the rebound step could be the rate-limiting in AspH. HAT step and
SCS residues (Arg688, Gln664, Lys666, Arg686, Asp721) enable
stereoselective hydroxylation, highlighting the signicance of SCS
processes in promoting efficient catalysis and controlling the ster-
eoselectivity in AspH. The TPR domain of AspH plays a signicant
role in EGFD substrate binding. It manifests dynamic motions
during the catalysis which are of interest concerning the role of TPR
domains in other 2OG oxygenases. The uncovered catalytic strategy
of AspH provides novel insights for advancing the synthetic appli-
cations of Fe(II)/2OG enzymes for regio- and stereoselective C–H
bond functionalizations in biotechnology. The study affirms the
roles of dynamics, SCS, and LR interactions as essential factors
affecting catalysis and as potentially exciting tools for optimizing
and redesigning enzymes for desired industrial applications. Our
ndings have implications for enzyme redesign, the development
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of selective AspH inhibitors, and the advancement of regio- and
stereoselective biocatalysis catalysts for C–H activation reactions.
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141 A. Fiser and A. Šali, Methods Enzymol., 2003, 374, 461–491.
142 M. H. M. Olsson, C. R. Søndergaard, M. Rostkowski and

J. H. Jensen, J. Chem. Theory Comput., 2011, 7, 525–537.
143 P. Li and K. M. Merz, J. Chem. Inf. Model., 2016, 56, 599–604.
144 D. A. Case, K. Belfon, I. Y. Ben-Shalom, S. R. Brozell,

D. S. Cerutti, T. E. Cheatham III, V. W. D. Cruzeiro,
T. A. Darden, R. E. Duke, G. Giambasu, M. K. Gilson,
H. Gohlke, A. W. Goetz, R. Harris, S. Izadi, S. A. Izmailov,
K. Kasavajhala, A. Kovalenko, R. Krasny, T. Kurtzman,
T. S. Lee, S. LeGrand, P. Li, C. Lin, J. Liu, T. Luchko,
R. Luo, V. Man, K. M. Merz, Y. Miao, O. Mikhailovskii,
G. Monard, H. Nguyen, A. Onufriev, F. Pan, S. Pantano,
R. Qi, D. R. Roe, A. Roitberg, C. Sagui, S. Schott-Verdugo,
J. Shen, C. L. Simmerling, N. R. Skrynnikov, J. Smith,
J. Swails, R. C. Walker, J. Wang, L. Wilson, R. M. Wolf,
X. Wu, Y. Xiong, Y. Xue, D. M. York and P. A. Kollman,
AMBER 2020, University of California, San Francisco, 2020.

145 J. M. Seminario, Int. J. Quantum Chem., 1996, 60, 1271–
1277.

146 R. J. Woods and R. Chappelle, J. Mol. Struct., 2000, 527, 149–
156.

147 J. Wang, W. Wang, P. A. Kollman and D. A. Case, J. Mol.
Graph., 2006, 25, 247–260.

148 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, J. Chem. Phys., 1983, 79,
926–935.

149 A. Pabis, I. Geronimo, D. M. York and P. Paneth, J. Chem.
Theory Comput., 2014, 10, 2246–2254.

150 R. L. Davidchack, T. E. Ouldridge and M. V. Tretyakov, J.
Chem. Phys., 2015, 142, 144114.

151 J. A. Maier, C. Martinez, K. Kasavajhala, L. Wickstrom,
K. E. Hauser and C. Simmerling, J. Chem. Theory Comput.,
2015, 11, 3696–3713.

152 F. Bresme, J. Chem. Phys., 2001, 115, 7564–7574.
3482 | Chem. Sci., 2024, 15, 3466–3484
153 J.-P. Ryckaert, G. Ciccotti and H. J. C. Berendsen, J. Comput.
Phys., 1977, 23, 327–341.

154 M. Deserno and C. Holm, J. Chem. Phys., 1998, 109, 7678–
7693.

155 D. R. Roe and T. E. Cheatham, J. Chem. Theory Comput.,
2013, 9, 3084–3095.

156 W. Humphrey, A. Dalke and K. Schulten, J. Mol. Graph.,
1996, 14, 33–38.

157 E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch,
D. M. Greenblatt, E. C. Meng and T. E. Ferrin, J. Comput.
Chem., 2004, 25, 1605–1612.

158 B. J. Grant, A. P. C. Rodrigues, K. M. ElSawy,
J. A. McCammon and L. S. D. Caves, Bioinformatics, 2006,
22, 2695–2696.

159 D. Bakowies and W. Thiel, J. Phys. Chem., 1996, 100, 10580–
10594.
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