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ABSTRACT: Fe(II)-dependent oxygenases employ hydrogen atom
transfer (HAT) to produce a myriad of products. Understanding how
such enzymes use dynamic processes beyond the immediate vicinity of
the active site to control the selectivity and efficiency of HAT is
important for metalloenzyme engineering; however, obtaining such
knowledge by experiments is challenging. This study develops a
computational framework for identifying second coordination sphere
(SCS) and especially long-range (LR) residues relevant for catalysis
through dynamic cross-correlation analysis (DCCA) using the human
histone demethylase PHF8 (KDM7B) as a model oxygenase.
Furthermore, the study explores the mechanistic pathways of influence
of the SCS and LR residues on the HAT reaction. To demonstrate the
plausibility of the approach, we investigated the effect of a PHF8
F279S clinical mutation associated with X-linked intellectual disability, which has been experimentally shown to ablate PHF8-
catalyzed demethylation. In agreement, the molecular dynamics (MD) and quantum mechanics/molecular mechanics (QM/MM)
studies showed a change in the H31−14K9me2 substrate orientation and an increased HAT barrier. We systematically analyzed the
pathways by which the identified SCS and LR residues may influence HAT by exploring changes in H3K9me2 substrate orientation,
interdomain correlated motions, HAT transition state stabilization, reaction energetics, electron transfer mechanism, and alterations
in the intrinsic electric field of PHF8. Importantly, SCS and LR variations decrease key motions of α9−α12 of the JmjC domain
toward the Fe(IV)-center that are associated with tighter binding of the H31−14K9me2 substrate. SCS and LR residues alter the
intrinsic electric field of the enzyme along the reaction coordinate and change the individual energetic contributions of residues
toward TS stabilization. The overall results suggest that DCCA can indeed identify non-active-site residues relevant for catalysis. The
substitutions of such dynamically correlated residues might be used as a tool to tune HAT in non-heme Fe(II)- and 2OG-dependent
enzymes.
KEYWORDS: hydrogen atom transfer, non-heme Fe(II)/2OG-dependent enzymes, conformational dynamics, second coordination sphere,
long-range interactions

■ INTRODUCTION
Hydrogen atom transfer (HAT) is fundamental to many
important chemical and biological reactions.1 Many heme and
non-heme enzymes and iron-containing model complexes
employ HAT to selectively activate C−H bonds, producing an
incredibly diverse set of products.2−6 The factors influencing
HAT reactions have been extensively explored, including by
studying isotope effects,7 the spin states of the substrate and
oxidizing species,8 and the roles of tunneling effects.9 Many
HAT reactions follow the Evans and Polanyi correlation10 and
satisfy the Marcus theory;11 however, there are exceptions
described in the literature.12 The effect of ordering the spin
state of the transition state (TS) structure, the TS stereo-
electronics, and the first ligand sphere on HAT have been

investigated in heme and non-heme iron synthetic model
complexes.9 Quantum mechanics (QM) and quantum
mechanics/molecular mechanics (QM/MM) methods have
been extensively used to define HAT molecular orbital (MO)
mechanisms in both model compounds and enzymes.13−18

However, enzyme-catalyzed HAT reactions are complicated by
factors including the: (i) effects of second coordination sphere
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(SCS) residues noncovalently interacting with the active site
and the substrate; (ii) interactions between the active site and
long-range (LR) residues in remote areas; (iii) conformational
motions of the enzyme and substrate during catalysis; (iv)
effects of the protein’s intrinsic electric field on HAT. These
factors have the potential to modulate the efficiency of HAT,
including by altering its energetics, molecular orbital
mechanism, and interaction energies that stabilize the TS.
Despite intensive studies, the nature and extent of the
influence of the overall protein structure on the HAT reactions
in enzymes remain poorly understood. This knowledge is
important in structure-guided efforts to modulate and improve
the selectivity and efficiency of enzyme-catalyzed HAT
reactions.
Non-heme Fe(II)/2-oxoglutarate (2OG) oxygenases, in-

cluding histone demethylases (JmjC KDMs), DNA demethy-
lases, TET enzymes, and ethylene-forming enzymes (EFE)
perform HAT as a part of their reactions.19 Earlier studies have
demonstrated that substitutions in both the SCS and LR
regions can significantly affect their catalytic activity;20−22 such
substitutions are also linked to disease.22,23 Importantly, the
ability of SCS residues to induce fast motions has been
demonstrated by experimental work, including on a penicillin-
forming oxidase, which is structurally and mechanistically
related to the 2OG oxygenases.24−26 Further, an SCS
substitution of lysine (K241) to alanine in the 2OG-dependent
JmjC KDM4A has been shown to ablate demethylation
activity.27 A computational study explored the effects of
K241A, Y177A, and N290A variations in KDM4A and
demonstrated that in these variants, the histone substrate
(H3K4me3) adopts a nonproductive conformation;28 these
results are in agreement with experimental studies for
K241A.28 Hu et al. have reported that TET2 variants
Y1902A, N1387A, S1290A-Y1295A, and K1299E-S1303N
manifest substantially decreased activities, despite some
variants being located far away from the active site Fe.22

Computational study on these variants implies that the variants
have an increased HAT energy barrier through alterations in
the intrinsic electric field of TET2 along the reaction
coordinate and changed substrate orientation and binding.29

Mutagenesis studies on the ethylene-forming enzyme (EFE)
indicate that replacement of residues both in the active site
(R171A) and at the enzyme surface (E215A) can severely
affect catalysis.21 Computational studies of EFE R171A further
revealed its structural and mechanistic effect on the 2OG
binding in agreement with the experimental data.30 Intrigu-
ingly, substitutions in non-heme enzymes both in the SCS and
at LR can influence the coordination state of the active site (as
exemplified in studies on factor inhibiting hypoxia-inducible
factor (FIH))31 and can improve nonstandard reaction modes
(e.g., the nitrene-transfer reaction of an EFE variant).32 In
other enzyme classes, e.g., dihydrofolate reductase (DHFR),
variations of loop residues can increase its affinity for the co-
factor while decreasing its affinity for folate such that the
mechanism is altered at key stages of catalysis.33 Thus, both
experimental and computational studies indicate that SCS and
LR interactions play important roles in catalysis by Fe(II)
oxygenases.
The ability of SCS and LR residues to alter enzyme catalysis

makes them an excellent target for engineering. Experimental
methods such as directed evolution have been employed to
improve and/or alter catalytic properties of enzymes,34 as have
computational methods including ROSETTA,35−37 shortest

path sampling,38 and molecular dynamics (MD) simula-
tions.39,40 However, identifying residues at LR from the active
site relevant for catalysis remains challenging, and experimental
approaches, e.g., employing X-ray free electron laser-based
analyses to study correlated motions during specific steps in
catalysis by oxygenases, are demanding and expensive.26,41

Recent studies demonstrated that electrostatic perturbations
could be a promising tool to modulate the rate and specificity
of chemical reactions.42−44 Computational methods thus have
an important role in studying factors away from the active site
that regulates the kinetics of individual steps in oxygenase
catalysis.28,29,45

To investigate the potential effect of variations in the SCS
and LR areas on the HAT step of an oxygenase, we performed
a computational study on human histone demethylase PHF8
(KDM7B) variants. PHF8 is a human non-heme Fe(II)/2OG-
dependent oxygenase that catalyzes the demethylation of di-/
mono-methylated lysine-9 of the N-terminal tail of human
histone H3 (H31−14K9me2/1).46,47 Alterations in the structure
and, likely, activity of PHF8 correlate with X-linked intellectual
disability23,48 and various types of cancer.49−51 PHF8 is a
multidomain enzyme that contains a catalytic (JmjC) domain,
a reader (PHD) domain, and a linker region connecting the
two domains. The catalytic JmjC domain has the non-heme
Fe(II) center where the metal is ligated by a facial triad of
residues�His247-X-Asp249-Y-His319; the co-substrate 2OG and
dioxygen coordinate the Fe during catalysis. The PHD domain
contains two zinc-centers and binds to tri-methylated lysine4
of H3 (H3K4me3). The binding of H3K4me3 to the PHD
domain orders the catalytic JmjC domain for demethylation at
H31−14K9me2, in a manner related to the nature of the linker
region.46,52 Similar to other 2OG-dependent histone lysine
demethylases (KDMs),19,53 the proposed mechanism for
PHF8 involves dioxygen activation to give an enzyme·
Fe(III)·OO−·2OG·substrate complex that reacts to form a
ferryl (Fe(IV)�O) concomitant with decarboxylation of 2OG
to succinate and CO2 (Scheme S1). The ferryl intermediate
exploits HAT to abstract a hydrogen from the lysine N-methyl
group of H31−14K9me2 of the histone substrate (Scheme 1),

yielding a hydroxylated product through a rebound mecha-
nism. The hydroxylated N-methyl group of H31−14K9me2
histone substrate then decomposes to form formaldehyde and
the demethylated lysine. The HAT mechanism in PHF8 has
been explored; importantly, SCS residues stabilizing the HAT
TS structure have been identified.45 The prior experimental
and modeling studies on the WT PHF845 mechanism make it
an excellent system for investigating the effects of variations in
the SCS and LR areas on HAT.
In this study, we aimed to develop a framework for

identifying SCS residues and specifically catalytically relevant

Scheme 1. HAT from a Methyl Group of H3K9me2
Substrate in PHF8
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LR residues through analysis of dynamics cross-correlation
analysis (DCCA). Furthermore, we aimed to delineate the
multiple mechanistic pathways of influence of the SCS and LR
residues on the HAT reaction such as effects on the activation
energy, molecular orbital mechanism, structures and flexibil-
ities of the reactant complex (RC) and TS, interdomain
correlated motions and altering the intrinsic electric field of the
enzyme. Such type of study requires systematic and
comprehensive analysis, and therefore we focused on a single
and well-studied reaction step −HAT,45 the rate-limiting step
in chemical steps catalyzed by WT PHF8. We selected three
SCS residues that are critical in stabilizing the orientation of
the H3K9me2 substrate and Fe-center for the HAT in PHF8.45

Additionally, we identified three LR residues from different
domains of PHF8�the PHD, the linker, and the JmjC domain
that might be relevant for HAT reaction. To validate the
impact of identified SCS and LR residues on the HAT step for
PHF8, we substituted all of the identified SCS and LR residues
with alanine. The computational methodology used for the
purpose was validated for an experimentally verified F279S
variant of PHF8 that affects its activity.48 The applied MD and
QM/MM methods have also been shown to correlate with

experimental results of mutant forms of other 2OG-dependent
enzymes, i.e., KDM4A, TET2, and EFE.28−30 The results
inform on the potential of the SCS and LR residues to
modulate the activation barrier for HAT, product stabilization,
and the molecular orbital mechanism. The methodology
applied in this study for identifying LR residues relevant to
catalysis through DCCA in the case of PHF8 will be applicable
to related Fe(II)/2OG oxygenases.

■ METHODS
A crystal structure of the PHF8 H31−14 histone substrate complex
(PDB ID: 3KV4) was used for modeling.46 The starting PHF8·
Fe(IV)�O·succinate·H31−14K9me2 structure for the PHF8 clinical
variant and the SCS and LR variant simulations was prepared similarly
to the procedure used for the reported WT PHF8 calculations.45 The
MD and QM/MM simulation parameters were maintained to enable
rigorous comparison.45 MD simulations were performed with the
AMBER 16 program.54 ChemShell55 was used for QM/MM
calculations, with Turbomole56 being used for the QM part and
DL_POLY57 for the MM part. The Fe, succinate, oxo, first sphere
coordinating residues (H247, D249, H319), K9me2, and two water
molecules were included in the QM region (Figure S1). The
unrestricted B3LYP functional with def2-SVP basis set [QM(B1)/

Figure 1. Effects of PHF8 F279S clinical variant on the HAT reaction. (a) Superimposed MD structure of the F279S variant (orange) on the WT
MD structure (tan). (b) Distance between the ferryl oxygen and first methyl carbon (C1, black), second methyl carbon (C2, blue), and amine
hydrogen (red) of the H3K9me2 in the F279S variant. (c) Principal component analysis (PCA) showing the direction of motions of the most
flexible regions in the PHF8 F279S variant. The color gradient from yellow to blue indicates the direction of motion. (d) Differential DCCA
showing correlated motions in the F279S variant with respect to WT PHF8. (e) Potential energy surface (PES) for HAT in the F279S variant. (f)
The QM/MM-optimized geometry of TS-F279S. (g) Primary residues stabilizing (blue) and destabilizing (red) the TS-F279S with respect to the
RC-F279S. (h) FMOs and their energies for HAT reaction in the F279S variant.
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MM] was used for geometry optimization and frequency calculations.
Improved single-point energy corrections were done using a large all-
electron basis set def2-TZVP [QM(B2)/MM] with B3LYP func-
tional. The zero-point energy and D3 dispersion corrections were
applied to all geometries, and the final energies are reported as
[QM(B2 + ZPE + D3)/MM] energies. A detailed method description
is provided in Supporting Information (SI).

■ RESULTS AND DISCUSSION

Exploring the Effects of Clinical F279S Variant on HAT and
Validation of Methods

An F279S variation in PHF8 is linked with X-linked intellectual
disability23,48 and has been shown experimentally to abolish
PHF8-catalyzed demethylation of H3K9me2.48 The DCCA of
the Fe(IV)�O·succinate·H31−14K9me2 complex of the WT
PHF845 indicates that residue F279 participates in correlated
motions with the Fe(IV) (with a correlation coefficient of 0.22,
indicating F279 has correlated motions with Fe in 22% of the
MD trajectory), the ferryl oxygen (0.17), Fe-ligating
residues�H247 (0.48), H319 (0.43), D249 (0.19) and
H3K9me2 of the substrate (0.11). This result demonstrates
that DCCA is a reliable tool for identifying residues that can
potentially affect catalysis. To further demonstrate the
plausibility of the computational approach applied in this
study, we investigated the effects of F279S PHF8 variation on
the H31−14K9me2 substrate binding and HAT reaction
mechanism (Figure 1).
In contrast to WT PHF8,45 the dynamics of the F279S

variant at the ferryl intermediate stage show no clear
preference between the two methyl groups of H3K9me2
(Figure 1b). The average distance between both the two
methyl carbons (C1 and C2) to the ferryl oxygen is 4.7 Å
compared to 4.9 and 4.4 Å in WT PHF8,45 respectively.
Hydrogen bonding interactions of the Fe(IV)-coordinating
residues and the H3K9me2 show minor differences compared
to the WT PHF845 (Table S1). The PCA of the F279S
Fe(IV)�O·succinate·H31−14K9me2 complex indicates the
direction of motion for α9 to α12 is more toward the PHD
than toward the Fe-center as in the WT PHF8 (Figure 1c).
However, free energy calculation using molecular mechanics
with generalised Born and surface area solvation (MMGBSA)
indicates that the overall binding of the H3 histone substrate
with PHF8 is not affected by the F279S substitution and has a
value of −140.8 ± 12.5 kcal/mol with respect to −139.0 ±
14.1 kcal/mol in WT PHF8.45 Consistent with the results of
PCA, the differential DCCA in respect to the WT PHF8 shows
increased anticorrelated motion between the PHD and the α9
to α12 regions of JmjC domain (Figure 1d). Together the
results indicate that the F279S variant affects the orientation of
the side chain of substrate’s K9me2 with respect to the Fe-
center and disrupts the motion between α9 to α12 regions of
the JmjC domain by inducing increased correlated motions of
both α9 to α12 regions with the PHD domain.
We investigated whether the methods used in the manu-

script can predict the ablation of HAT reactivity in the PHF8
F279S variant, as observed in experiments.48 A snapshot from
well-equilibrated MD trajectories (>500 ns) representing an
average MD distance between the ferryl oxygen atom and the
methyl carbon (O−C1), and with an average angle between
the Fe(IV), the ferryl oxygen, and the substrate carbon (∠Fe−
O−C1), was used to select an initial structure for QM/MM
calculations (Table S2). The QM/MM-optimized RC of
F279S (RC-F279S) shows an increased distance to 3.82 Å

between the ferryl oxygen and hydrogen of the C1 methyl of
K9me2 compared to a distance of 2.26 Å in RC-WT. An
increased distance between the ferryl oxygen and the substrate
has been demonstrated to increase the HAT energy barrier in
another 2OG-dependent histone lysine demethylase,
KDM4A.28 Indeed, QM/MM potential energy surface starting
from RC-F279S show the energy required to cross the TS-
F279S is 37.6 kcal/mol (Figure 1e) compared to 16.0 kcal/
mol for WT PHF8. The Fe(III)−OH product (IM-F279S)
formed in the reaction is endothermic by 18.3 kcal/mol
compared to 5.2 kcal/mol in WT PHF8. Spin density analysis
of the TS-F279S shows a spin density of 3.83 on Fe, 0.01 on
ferryl oxygen, and −0.33 on the substrate carbon indicating an
α electron is transferred from the substrate methyl C−H to the
Fe.
We investigated the factors influencing the HAT reaction in

WT PHF8 and how they evaluate in the F279S variant. We
applied energy decomposition analysis (EDA)58,59 on the TS-
WT to extract individual energetic contributions of residues
involved in the TS stabilization in the WT enzyme (Figures S2
and S3) and the clinical F279S variant (Figures 1g and S4).
EDA of WT PHF8 indicates H3R8 and Y234 as residues
important in stabilizing the TS-WT, by −0.6 and −0.3 kcal/
mol, respectively. Residues L169 and T244 destabilize the TS-
WT by 0.4 and 0.3 kcal/mol, respectively. The individual
energetic contribution of other PHF8 and H31−14K9me2
substrate residues toward TS stabilization is given in Figure S3.
The EDA of the F279S variant indicates that E350 (−3.0 kcal/
mol) and F359 (−2.4) are the primary residues stabilizing the
TS-F279S with respect to RC-F279S, while K351 (1.2) and
R360 (1.1) are the primary TS destabilizing residues. Thus, the
results indicate that the F279S variant affects the individual
energetic contributions of residues involved in stabilizing and
destabilizing the HAT TS. We further compared the intrinsic
electric field in WT PHF8 and F279S variant along the Fe�O
bond to explore if the F279S influences the intrinsic electric
field of PHF8 for HAT. The QM/MM-optimized RC-WT
showed an intrinsic electric field of −0.0272 au along the Fe�
O bond direction, while the intrinsic electric field in RC-F279S
is reduced to −0.0265 au.
Spectroscopic and computational studies on several HS non-

heme Fe(II) enzymes indicate that the two frontier MOs�
σ*z2 and πxz/yz* can act as acceptor orbitals in HAT.13,14

However, our MO analysis on five HAT reaction path
calculations of the WT PHF8 indicated that in all of them,
the σ*z2 orbital is the electron acceptor orbital.45 Molecular
orbital analysis of the RC-WT shows that σ*z2 is the lowest
unoccupied molecular orbital (LUMO) and the π*xz is higher
in energy by 0.12 eV (2.76 kcal/mol), and therefore σ*z2 is the
preferred electron acceptor orbital in WT PHF8 (Figure S5). A
similar molecular orbital analysis of the RC-F279S variant
indicates that σ*z2 is still the LUMO in the F279S variant.
However, the energy difference between the two acceptor
orbitals σ*z2 and the π*xz is increased to 0.33 eV (7.61 kcal/
mol) (Figure 1h), indicating that the F279S variant influences
the energy difference between the FMOs of the HAT reaction.
The results from the MD of the F279S variant demonstrate
that DCCA can indeed provide validated suggestions for
identifying catalytically relevant SCS and LR residues. The
high energy requirement for HAT reaction obtained from
QM/MM calculations of PHF8 F279S variant agrees with
experimental studies48 and provides a mechanistic explanation
for the loss of activity in F279S PHF8. The MD and QM/MM
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methods applied in this study have also been validated to
reproduce the effects of multiple mutations in other Fe(II)/

2OG-dependent enzymes, i.e., KDM4A, TET2, and EFE (a
detailed description is given in the SI).28−30

Figure 2. Locations of clinically observed PHF8 F279 variant, SCS residues (I191, F250, N333), and LR residues (P221, H49, and T74) that are
the subject of our work with respect to the Fe(IV)�O·succinate·H31−14K9me2 complex. The H31−14K9me2 substrate is highlighted in yellow.

Figure 3. Superimposed MD structures of SCS variants: (a) I191A, (b) F250A, and (c) N333A, and LR variants: (d) P221A, (e) H49A, and (f)
T74A on the WT MD structure (tan) highlighting changes in H3K9me2 substrate orientation.
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Identification of the Catalytically Relevant SCS and LR
Residues

Previous studies with WT PHF8 have revealed key SCS
residues involved in substrate binding and catalysis.45 In
particular, binding of the two Nε-methyl groups of the
H31−14K9me2 substrate is stabilized by interactions with
I191 (Figure 2),45 F250 helps to orientate the Nε-methylated
lysine side chain of the H31−14K9me2 substrate productively
with respect to the ferryl-species, and N333 forms a hydrogen
bond with the noncoordinating oxygen of the Fe-coordinating
residue D247.45 Based on these findings, we made in silico
substitutions of the key SCS residues I191A, F250A, and
N333A. We then performed MD simulations at the ferryl
intermediate stage of catalysis, monitoring the effects of the
substitutions on the HAT step (Figures S6−S8), followed by
QM/MM reaction mechanism studies, with analysis of the
frontier molecular orbitals (MOs), EDA, and the intrinsic
electric field along the reaction coordinate. The correlated
motions between the distant regions of the enzyme and the
active site can influence enzyme catalysis and provide a
potential mechanistic channel for allosteric regulation.60,61 We
utilized DCCA to identify LR residues in different regions of
PHF8 (JmjC regions, the PHD (plant homeobox domain), and
the linker region), which are remote to the Fe(IV)-center, but
which participate in correlated motions with the Fe(IV)-center
and the RC-stabilizing residues in the SCS�I191, F250, and
N333. We selected one LR residue from each domain of
PHF8, that had a dynamics cross-correlation coefficient larger
than 0.20/−0.20 for positive/negative correlated motions with
most of the Fe-center and SCS residues. The first such LR
residue, P221, is located in the JmjC domain between α6 and
β1, the second, H49, is situated in the PHD domain, and the
third, T74, is located in the linker region (Figure 2). P221 has
correlated motions with the three SCS residues�I191
(−0.24), F250 (−0.46), and N333 (−0.21), Fe (−0.21), the
ferryl oxo (−0.23), Fe-ligating D249 (−0.46), and the

substrate H3K9me2 (−0.55). The second LR residue H49
has correlated motions with the three SCS residues�I191
(−0.22), F250 (−0.39) and N333 (−0.23), Fe (−0.22), the
ferryl oxo (−0.23), Fe-ligating residues�D249 (−0.36), H247
(−0.17), H249 (−0.15), succinate (−0.24), and the substrate
H3K9me2 (−0.37). The third LR residue T74 has correlated
motions with the SCS residues I191 (−0.18) and F250
(−0.12), the Fe-ligating residue D249 (−0.11), and the
substrate H3K9me2 (−0.22).
To investigate the roles of these residues, we individually

changed them to alanine residues. We performed dynamics for
each such variant (Figures S9−S11), followed by QM/MM
calculations and analysis as for the SCS residues. To
comprehensively investigate the effects of the SCS and LR
variants on enzyme catalysis, their effects on all reaction steps
and/or co-substrate/substrate binding and co-product/product
release events should be explored. However, in this manuscript,
we focused on a single step −HAT,45 the rate-limiting step in
chemical steps catalyzed by WT PHF8, aiming to explore
comprehensively the pathways by which substitutions might
influence HAT, including altering correlated motions, RC/TS
geometries, orbitals, the intrinsic electric field, and energetic
stabilization from other residues.
How Do SCS and LR Residues Influence the HAT RC’s
Structure and Dynamics?

Binding Orientation of the H31−14K9me2 Substrate.
We explored how individually substituting the WT residues in
the SCS and LR with alanine residue affects the H3K9me2
substrate orientation with respect to the Fe(IV)-center (Figure
3).

SCS Variants. With the SCS variants, the average distance
between the closest methyl (C1) of the H3K9me3 substrate
and the ferryl oxygen in the I191A variant (Figure 4) is similar
to the analogous WT PHF8 average distance of 4.4 Å (Figure
S12). By contrast to WT PHF8, which exhibits a stereo-

Figure 4. Distance between the ferryl oxygen and first methyl carbon (C1) of the H31−14K9me2 substrate (black), the second methyl carbon (C2)
(blue), and hydrogen of the K9 substrate Nε-amino group (red) during dynamics at the ferryl intermediate stage of catalysis by the PHF8 SCS
variants: (a) I191A, (b) F250A, and (c) N333A and LR variants (d) P221A, (e) H49A, and (f) T74A.
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chemical preference for HAT from the “second” prochiral Nε-
methyl (C2 in Figure S1),45 the I191A variant shows a
preference for HAT from the first methyl carbon atom (C1 in
Figure S1). The I191A substitution creates room in the active
site for rotation between the two prochiral methyl carbons and
the K9-derived NεH group of the H3K9me3 substrate. With
the F250A and N333A variants, the average distances between
the closest methyl (C1) of the H31−14K9me2 substrate and the
ferryl oxygen are reduced to 4.1 and 3.8 Å, respectively (Figure
4). For the I191A variant, there is a preference for HAT from
the C1 methyl of H3K9me3; with both the F250A and N333A
variants instead C2 is preferred, as with WT PHF8.
The results with the three variants indicate that SCS

variations in PHF8 can affect the distances between the
H31−14K9me2 substrate methyl group and the ferryl oxygen
and thus can affect the stereoselectivity of the HAT reaction.
LR Variants. With the P221A LR variant, the distance

between the closest methyl (C2) of H31−14K9me2 and the
ferryl oxygen increases to an average of 6.5 Å, indicating that
the P221A substitution destabilizes productive substrate
binding to the Fe(IV)-center (Figure 4). However, in the
other two studied LR variants, i.e., H49A and T74A, the first
methyl group (C1) of H31−14K9me2 is closest to the ferryl
oxygen with shorter distances of 3.2 and 3.3 Å, respectively.
The reduced fluctuations between the C1 methyl carbon and
the ferryl oxygen with the H49A- and T74A-substituted
enzymes further indicate the increased and rigid interactions
involving the substrate and Fe(IV)-center in these variants
compared to WT PHF8.45 The average distance between the
preferred methyl group of H31−14K9me2 and the ferryl oxygen
varied from 3.2 to 6.5 Å in the LR variants compared to a range
of 3.8−4.4 Å for the SCS variants and 4.4 Å for WT PHF8.
Although distances between the closest methyl group and the
ferryl oxygen in some cases might be similar (e.g., varying
between 3.3 and 6.5 Å in comparison to 4.4 Å in WT), there is
an apparent change in the orientation of the di-methylated
amino group of H3K9me2 (Figure 3).
Thus, the LR results indicate that similarly to the SCS

variants, the LR variants have the potential to alter the distance
between the H31−14K9me2 substrate and the ferryl oxygen,
although the magnitude of change is more diverse in the
studied LR variant set than the SCS variants.

Hydrogen Bonding Interactions in the SCS and LR
Variants. SCS Variants. We performed a hydrogen bonding
analysis to explore the origin of the distance variations between
the substrate H31−14K9me2 and the Fe(IV)-center in the
variants at the ferryl stage (Table S1 and Figure S13). In WT
PHF8, the H31−14K9me2 substrate is positioned to form a
hydrogen bond with F250, and the histone H3R8 in 72 and
70% of the structures from the MD trajectory.45 In the three
SCS variants, the H31−14K9me2 hydrogen bonding inter-
actions with F250 and the histone H3R8 are (i) reduced to 12
and 12% of the MD structures, respectively, in I191A, (ii)
reduced to 53% for interactions with F250, and increased to
91% for interactions with H3R8 in the F250A variant, and (iii)
increased for both hydrogen bonding interactions to 88 and
83% in the N333A variant.
The local hydrogen bonding/electrostatic interactions in the

Fe(IV)-center are altered differently for each SCS variant. With
WT PHF8, the non-ferryl-coordinating C4 carboxylate of
succinate is positioned to interact with Y257 (83%), N189
(61%), K264 (60%), and T244 (41%).45 The interactions of
the C4 carboxylate of succinate are reduced or absent (with

Y257 to 60%, with N189 to 8%, with K264 to 48%, and with
T244 to 13%) in the case of the I191A variant. The
interactions of the succinate C4 carboxylate in the F250A
variant are also reduced, i.e., with Y257 (55%) and N189
(26%), but increased with T244 (to 82%). However, the
N333A variant manifested increased interactions of its C4
carboxylate with K264 (72%) and T244 (68%), but a reduced
interaction with N189 (51%).
With the SCS variants, the Fe-coordinating D249 is

positioned to make hydrogen bonds with the identical residues
as in WT PHF8�T253 (75%) and G252 (12%),45 although
there are some variations with the SCS variants. T253 interacts
with D249 in 75, 28, and 62% of the I191A, F250A, and
N333A MD structures, while G252 is positioned to make
hydrogen bonds with D249 in 9, 71, and 14% of the MD
structures in I191A, F250A, and N333A, respectively. Similarly
to WT PHF8, the two Fe-coordinating histidine residues
maintain hydrogen bonding interactions with each other in the
I191A (88%) and F250A (84%) variants, but this interaction is
somewhat reduced in the N333A variant (61%).
The differences in the stabilizing interactions with the

substrate H31−14K9me2 and the Fe(IV)-center in the SCS
variants correlate with the K9me2 side-chain orientation and
flexibility of the Fe(IV)-center as reflected in the distances of
the methylated amino group of H31−14K9me2 to the ferryl
oxygen atom, which shows more significant fluctuations in SCS
variant dynamics (Figure 4) compared to WT PHF8.45

LR Variants. For the LR variants (P221A, H49A, and
T74A), hydrogen bonding interactions of the H31−14K9me2
substrate with the protein residues are reduced compared to
WT PHF8. For example, the hydrogen bond with F250
(present in 72% of WT MD simulations) is absent in the
P221A variant. Instead, the H3K9me3 substrate makes a
hydrogen bond with H3R8 (29%). By contrast, with the H49A
and T74A variants, the hydrogen bond between the
H31−14K9me2 substrate and F250 is present for 84 and 82%
of the MD, respectively. The hydrogen bond of the
H31−14K9me2 substrate with H3R8 is reduced to 14% of the
MD in H49A and is absent for the T74A variant. Overall, these
results indicate that the H31−14K9me2 substrate makes fewer
hydrogen-bonding interactions in P221A but has increased
hydrogen bonding with the H49A and T74A variants
compared to WT PHF8. The succinate C4 carboxylate in
the P221A variant shows evidence for reduced interactions
with Y257 (60%), K264 (56%), and slightly increased
interactions with N189 (41%) and T244 (46%) compared to
WT PHF8 (Y257 83%, N189 61%, K264 60%, and T244
41%). The C4 carboxylate of succinate in the H49A and T74A
variants shows increased interactions with Y257 (87, 85%),
K264 (90, 63%), and T244 (90, 56%) but reduced interactions
with N189 (35, 40%). The backbone oxygen of the Fe-
coordinated D249 residue show hydrogen bonding inter-
actions with T253 (33, 92, 6%) and G252 (26, 7%, not
present) in the P221A, H49A, and T74A variants, respectively.
The side chain of D249 participates in a hydrogen bonding
interaction with N333 (46, 68, 55%) in all three variants,
respectively. Further, the two other Fe-coordinating histidines,
H247 and H319, participate in hydrogen bonding interactions
as observed with WT PHF8.45

The reduced interactions between the H31−14K9me2 and
Fe(IV)-center in the P221A variant apparently weaken
substrate stabilization in the active site and increases the
distance between the ferryl oxygen and the H31−14K9me2.
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However, with the H49A and T74A variants, the opposite
effects are observed, i.e., the substrate is bound with less
conformational flexibility leading to rigid distances between the
ferryl oxygen and the H31−14K9me2. These results highlight
the potential of LR substitutions to alter the hydrogen bonding
interactions in regions distant from the site of variation.

How Do the SCS and LR Residues Influence the
Collective Dynamics and Substrate Binding in the HAT

RC? SCS Variants. The overall pattern of conformational
flexibility and correlated motions of the ferryl intermediate is
altered upon substituting the investigated SCS residues.
Principal component analysis (PCA) of the WT PHF8 reveals
that α9 to α12 (residues 340−440) of the JmjC domain move
toward the Fe(IV)-center (Figure S14), leading to tighter
binding of the H31−14 substrate.45 This important motion is
lost in both the I191A and F250A variants (Figure 5). For the

Figure 5. Principle component analysis showing the direction of motions of the most flexible regions of PHF8 SCS variants: (a) I191A, (b) F250A,
and (c) N333A, and LR variants: (d) P221A, (e) H49A, and (f) T74A in ferryl intermediate dynamics. The color gradient from yellow to blue
indicates the direction of motion. The WT ferryl specific motion of α9 to α12 of JmjC is highlighted with a black oval. Difference DCCA showing
correlated motions in the ferryl dynamics of PHF8 SCS variants: (g) I191A, (h) F250A, and (i) N333A, and LR variants: (j) P221A, (k) H49A,
and (l) T74A compared to WT PHF8. A positive correlation value (cyan) indicates that the two protein parts move in the same direction. A
negative value of correlation (pink) indicates that the direction of motion is in opposite directions.
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N333A variant, α9 to α12 are still flexible, but the direction of
their motion is not toward the Fe(IV)-center (in contrast to
the WT PHF8) (Figure 5). In agreement with these PCA
results, free energy calculations using MMGBSA show that the
SCS substitutions reduce the binding energy to −93.5 ± 17.9,
−92.7 ± 13.9, and −110.7 ± 14.9 kcal/mol in the I191A,
F250A, and N333A variants, respectively, compared to the
binding energy of −139.0 ± 14.1 kcal/mol in WT PHF8.45

PCA of I191A also indicates increased motions in several
regions of both the enzyme and the H31−14 substrate. In
particular, the PHD domain, the linker region, and the α3, α4,
and α5 areas of the JmjC domain move toward each other. In
contrast to WT PHF8, PCA of the F250A variant shows
increased motions in the linker and the C-terminal regions.
Thus, the PCA results indicate that at the ferryl intermediate

stage, specific motions of WT PHF8, e.g., the movement of α9
to α12 of the JmjC domain toward the Fe(IV)-center, which
leads to tighter binding of the H31−14K9me2 substrate for
catalysis, can be either completely lost or altered in SCS
variants. The MMGBSA free energy calculations quantify the
impact of these motions on substrate binding affinity.
LR Variants. Similarly to SCS variants, the PCA shows that

the motion of the α9 to α12 loops toward the Fe(IV)-center
for tighter binding of the H31−14K9me2 substrate is lost in the
P221A and H49A variations and is highly reduced in the T74A
variant (Figure 5). Additionally, PCA of the P221A variant
shows that the N-terminal part of the PHD domain and the
loop connecting the α11 and α12 loops of the JmjC domain
move toward each other. By contrast to the WT, the linker
region shows increased motion in the direction away from the
JmjC domain. In the H49A variant, PCA analysis indicates that
the N-terminal part of the PHD domain moves in the direction
of the substrate. The loop connecting the α6 and β1 regions
moves in the direction of the loop connecting α9 to α10 and
the loop connecting α11 and α12 of the JmjC domain. PCA
analysis indicates that with the T74A variant, the linker region
is highly flexible and moves in a direction away from the JmjC
domain. The loop connecting α11 and α12 helices move away
from the JmjC domain.
The overall PCA results indicate that the movement of α9 to

α12 of the JmjC domain toward the Fe(IV)-center, which
leads to tighter binding of the H31−14K9me2 substrate for
catalysis, is altered by substitutions in PHF8, even when the
variations are remote from the Fe(IV)-center. The MMGBSA
calculations show that the LR variations reduce the binding
energy of the H31−14K9me2 substrate to −98.0 ± 10.5, −114.0
± 13.9, and −104.0 ± 9.9 kcal/mol for the P221A, H49A, and
T74A variants, respectively, compared to a binding energy
range of −92.7 to 110.7 kcal/mol for the SCS variants and
−139.0 ± 14.1 kcal/mol for the WT.45 Thus, LR variants can
affect the binding of the H31−14K9me2 substrate; however, the
binding destabilization is slightly less pronounced compared to
the studied SCS variants.

How Do the SCS and LR Residues Influence the Long-
Range Correlated Motions in the HAT RC? SCS Variants.
The SCS residues substantially affect the network of correlated
motions of the ferryl complex, as apparent in the differential
DCCA plots of the SCS variants compared to WT PHF8
(Figure 5). The differential DCCA plots show the correlated
motions that are changed in SCS variants compared to the WT
PHF8 ferryl DCCA (Figure S15) by: (i) increases or decreases
in the correlation intensities or (ii) changes from correlated to
anticorrelated motions or vice versa. The I191A variation

increases positively correlated motions within the PHD
domain and with part of the H31−14K9me2 substrate. The
PHD domain also shows increased negatively correlated
motions with the linker, JmjC, and a part of the
H31−14K9me2 substrate interacting with the JmjC domain. A
region of the JmjC domain (residues 144−201), including α3,
βI

III, βI
IV, βI

V, α4, and α5 of the JmjC domain, shows an
enhanced positive correlation with the distorted double-
stranded β-helix core fold. However, the same region (144−
201) indicates negatively correlated motion with the PHD
domain, α10 of the JmjC domain, and part of the
H31−14K9me2 substrate. The F250A variant induces significant
differences in the correlated motions of the linker and α12 of
the JmjC domain. The linker region shows an enhanced
negative correlation between its residues and parts of the JmjC
domain (α1, β4, α4, α8). α12 of the JmjC domain show
negatively correlated motion with the α11 regions of JmjC.
The N333A substitution induces an enhanced positive
correlated motion of the loop connecting the α1 and β1
with itself and a negative correlation with residues in α10 and
α11 of the JmjC domain.
The differential DCCA analyses with the variants highlight

communications involving the JmjC and PHD domains, the
linker, and H31−14K9me2 substrate are altered upon the SCS
variations. Overall, the results indicate that other than local
changes, SCS variations have the potential to affect the long-
range interactions in the RC for HAT.

LR Variants. The differential DCCA of the P221A variant
with respect to WT PHF8 indicates that the P221A
substitution increases correlated motions of α10, α11, and
α12 of the JmjC domain with other parts of the JmjC and
PHD domains (Figure 5). The PHD of the P221A variant also
has more anticorrelated motions within itself and regions of
the JmjC domain; its linker has increased negatively correlated
motions with PHD and JmjC domain. The differential DCCA
analyses indicate that the H49A substitution affects the
correlated motions of the PHD domain with the linker and
JmjC domain. With H49A, the PHD domain has increased
anticorrelated motion with the linker and JmjC domain. The
region between α4 and βV of the JmjC domain shows an
increased positive correlation with itself and strong anticorre-
lated motions with the PHD domain. With the H49A variant,
α11 and the loop connecting it to α12 show increased
correlated motions with the loop connecting the α6 to β1. The
differential DCCA analyses show that the T74A substitution
leads to increased anticorrelated motions of the linker region
with the JmjC domain and positively correlated motion with
the PHD domain. With T74A, the loop connecting α10 to α11
and α11 shows increased anticorrelated motion with α12 of
JmjC.
The differential DCCA results reveal that substituting an LR

interacting residue in the JmjC, PHD, and linker regions can
affect the network of correlated motions involving the catalytic
center and other domains. Note that perturbations induced by
the LR residues can be more sensitive than those by some SCS
residues (e.g., F250A and N333A).
How Do the SCS and LR Variants Influence the HAT
Reaction Mechanism?

The HAT step can be rate-limiting in 2OG oxygenase catalysis,
including in demethylation by the JmjC demethylases.19,28,45,62

Therefore, investigating how SCS residues involved in
stabilizing and orienting the substrate H31−14K9me2 in the
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WT TS45 influence HAT is important. Snapshots from well-
equilibrated MD trajectories (>500 ns) representing an
average MD distance between the ferryl oxygen atom and
the methyl carbon (O−C1), and an average angle between the
iron, the ferryl oxygen, and the substrate carbon (∠Fe−O−
C1), were used to select initial structures for the QM/MM
calculations (Table S2).

SCS Variants. The QM/MM-optimized structures of the
HAT RCs (Figures S16−S18) for the three SCS variants�
RC-I191A, RC-F250A, and RC-N333A show very similar Fe−
O bond lengths of 1.61−1.62 Å, spin densities (ranging from
3.09 to 3.16 and from 0.59 to 0.66 on the Fe and oxygen,
respectively, Table S3), and charges (Table S4) in agreement
with previous QM/MM studies on PHF845 and related non-
heme Fe enzymes.28,29,63 The potential energy surfaces (PES)
starting from RC-I191A, RC-F250A, and RC-N333A RCs are
shown in Figure 6. The energy barriers required to cross the
transition states TS-I191A, TS-F250A, and TS-N333A are

28.0, 26.1, and 22.1 kcal/mol, respectively, in comparison to
16.0 kcal/mol for WT PHF8.45 The [QM(B2 + ZPE)/MM]
energies without D3 correction show some minor differences
in the HAT activation energies (Table S5), but the overall
trend that the selected SCS variants affect the energetics of
HAT remains the same. Interestingly, the TS structures differ
from WT PHF8 and between the three SCS variants. In
particular, the O−H bond is 1.16, 1.22, and 1.09 Å, and the
H−C bond is 1.42, 1.29, and 1.43 Å in TS structures TS-
I191A, TS-F250A, and TS-N333A, respectively (Figure 6),
compared to 1.17 Å (O−H) and 1.34 Å (H−C) in the WT TS
structure (Figure S19). Spin density analysis of the TS
structures indicates that TS-F250A and TS-N333A have
similar spin densities of 4.11 (TS-F250A) and 4.00 (TS-
N333A) on Fe(IV), compared to 4.06 in WT. The spin
densities on the ferryl oxygen are −0.18 in TS-F250A and 0.11
in TS-N333A, compared to −0.06 in WT. The substrate
carbon has a spin density of −0.48 (TS-F250A) and −0.60

Figure 6. (a) Potential energy surface for HAT mechanism in the SCS and LR PHF8 variants. QM/MM-optimized geometries of HAT transition
state of SCS variants: (b) TS-I191A, (c) TS-F250A, and (d) TS-N333A, and LR variants: (e) TS-P221A, (f) TS-H49A, and (g) TS-T74A with
key bond lengths (bottom left) and spin densities (bottom right).
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(TS-N333A), compared to −0.51 in the WT. However, with
TS-I191A, the Fe and the ferryl oxygen have a spin density of
2.96 and 0.42, respectively, and the substrate carbon atom has
a similar spin density of 0.55. Therefore, the spin density
results indicate that similarly to WT PHF8, with TS-F250A
and TS-N333A, an α electron is transferred from the substrate
methyl C−H bond to the Fe(IV). By contrast, with TS-I191A,
the transfer of a β electron from the substrate C−H bond to
Fe(IV) occurs.
The HAT reaction results in the formation of a Fe(III)−OH

intermediate (IM); this reaction is endothermic by 7.8, 15.2,
and 15.8 kcal/mol for IM-I191A, IM-F250A, and IM-N333A,
respectively (Figures S20−S22), compared to 5.2 kcal/mol for
WT PHF8. In the IM-I191A intermediate, the Fe−O bond is
elongated to 1.79 Å compared to 1.89 Å in the WT. The Fe
has a spin density of 2.86 in IM-I91A compared to 4.22 in the
WT, and the substrate carbon (C1) atom has a spin density of
1.07 compared to −0.96 in the WT. In IM-F250A and IM-
N333A intermediates, the Fe−O bond changes relative to the
WT (1.89 Å) to 1.93 and 1.86 Å, respectively. The Fe has spin
densities of 4.28 and 4.19, and the spin densities on the
substrate carbon (C1) atom are −1.04 and −1.01 for IM-
F250A and IM-N333A, respectively. IM-F250A and IM-
N333A are higher in energy than IM-I191A, as the hydroxyl
(OH) group in IM-I191A is stabilized by a hydrogen bonding
interaction with the noncoordinating oxygen atom of
succinate; however, such stabilization is absent in the IM-
F250A and IM-N333A structures. For reference, in the WT
Fe(III)−OH intermediate (IM-WT), the Fe-bound hydroxyl
(OH) is stabilized by a hydrogen bond with a nearby water
molecule.
The results of these calculations imply that the SCS

variations can sensitively alter the rate, the energetics, and
the electron transfer pathway of HAT.

LR Variants. Similarly to the RC-WT and RCs of SCS
variants, the QM/MM-optimized ferryl structures (Figures
S23−S25) of RC-P221A, RC-H49A, and RC-T74A show Fe−
O bond lengths of 1.63, 1.61, 1.61 Å, with corresponding spin
densities of 3.20, 3.12, 3.11 and 0.55, 0.65, 0.64 on the Fe and
oxygen, respectively (Table S6) and charges (Table S7) in the
three LR variants. The energy barriers required to cross the TS
in TS-P221A, TS-H49A, and TS-T74A are 35.7, 26.0, and
23.4 kcal/mol compared to 16.0 kcal/mol for WT PHF8. In
comparison, the SCS variants show an energy barrier ranging
between 22.1 and 28.0 kcal/mol (Figure 6). The [QM(B2 +
ZPE)/MM] energies without D3 correction also indicate that
the selected LR variants affect the energetics of HAT (Table
S5). The energy barrier for the P221A LR variant is the
highest, although P221 is located relatively far away from the
active site. The reason for this is that the P221A substitution
profoundly affects substrate binding. The average distance
between the closest methyl group of H3K9me2 substrate to
the ferryl oxygen increases to 6.5 Å in the P221A variant
compared to 4.4 Å in WT. To further investigate this
observation, we selected two structures from the QM/MM
PES with a shorter distance between the H3K9me2 substrate
and ferryl oxygen atom, namely, 4.5 and 3.5 Å. However, after
free QM/MM optimization, both structures relaxed to a
structure with similar large distances of 6.1 and 6.2 Å,
respectively. The increased distance correlates with an
increased HAT barrier, as demonstrated in studies with a
related 2OG-dependent enzyme, KDM4A.28 The results also
agree with another similar 2OG-dependent enzyme TET2,

where several clinical variants far away from the active site were
found to play an important role in TS stabilization and
significantly affect HAT barriers, the distance of the substrate
methyl from the ferryl oxygen, and the electron transfer
mechanism.22,29,64

The TS structures of TS-P221A, TS-H49A, and TS-T74A
have O−H bond lengths of 1.24, 1.11, and 1.18 Å, and H−C1
bond lengths of 1.30, 1.44, and 1.35 Å in, respectively,
compared to an O−H bond length of 1.09−1.22 Å, and H−C1
bond length of 1.29−1.43 Å in the SCS variants (Figure 6).
The spin density analysis of the TS structures indicates that
TS-P221A and TS-T74A have similar spin densities of 4.15
and 4.03 on Fe with a spin density of −0.27 and −0.01 on the
ferryl oxygen atom, similar to the spin densities in TS-WT, and
the SCS variant TS-F250A, TS-N333A. However, as in the
case of SCS variant TS-I191A, spin density analysis of the TS-
H49A indicates that the Fe and the ferryl oxygen have spin
densities of 2.98 and 0.36, respectively. Similarly, the substrate
carbon atom has similar spin densities of −0.49 and −0.51 in
the TS-P221A and TS-T74A structures but a positive spin
density of 0.60 in the case of the TS-H49A structure (Table
S6). Therefore, the spin density results indicate that similarly
to the WT PHF8 and the SCS variants (TS-F250A and TS-
N333A), an α electron is transferred from the substrate C−H
bond to the ferryl in TS-P221A and TS-T74A. By contrast,
with TS-H49A transfer of a β electron from the substrate C−H
bond to the ferryl occurs, as with the SCS variant TS-I191A.
Similar results were reported in a TET2 double-variant
K1299E-S1303N, where variations far away from the Fe(IV)-
center changes the electron transfer mechanism in HAT from
an α electron (σ channel) to a β electron transfer (π
channel).29

As the HAT is completed, an Fe(III)−OH (IM-P221A, IM-
H49A, and T74A) intermediate is generated (Figures S26−
S28); the HAT reaction is exothermic for P221A by −2.1 kcal/
mol but endothermic by 14.1, and 11.8 kcal/mol for H49A and
T74A, respectively, compared to values of 5.2 kcal/mol for WT
and 7.8−15.8 in the SCS variants. The Fe has a spin density of
4.23, 2.88, and 4.21 with a spin density of −1.08, 1.07, and
−1.07 on the substrate Nε-linked carbon (C1) atom in the
three IM-P221A, IM-H49A, and IM-T74A intermediate. The
reaction energy is lower in the case of P221A because, similarly
to WT and the I191A SCS variant, in the IM-P221A, the
Fe(III)−OH hydroxyl is stabilized by a hydrogen bond with
two water molecules; however, such stabilization of hydroxyl is
missing in the IM-H49A and IM-T74A structures. Thus, the
HAT calculations on the LR variants indicate that variations in
the remote regions of an enzyme having correlated motions
with the active site can substantially alter the energy barrier for
HAT, i.e., to 35.7, 26.0, and 23.4 kcal/mol in the P221A,
H49A, and T74A variants compared to 16.0 kcal/mol for the
WT and a range of 22.1−28.0 kcal/mol for the SCS variants.
Overall, the results indicate that LR variants can have a broad-
ranging effect on the energetics of HAT and, as for the SCS
variants, can alter the electron transfer pathway of HAT.
Factors Affecting the HAT in SCS and LR Variants

Individual Energetic Residue Contributions to the TS
Stabilization. Variations in residues that energetically
stabilize the TS can be a powerful tool to modulate the rate
of enzyme reactions.65,66 We applied EDA58,59 to extract the
individual energetic contributions of residues involved in the
TS stabilization in the SCS variants (Figure 7).
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SCS Variants. In the case of the TS-I191A, in addition to
the H3R8 stabilization by −2.2 kcal/mol, other residues of the
histone substrate�H3K4me3 and H3A7�contribute to TS
stabilization, i.e., by −2.8 and −2.5 kcal/mol. The primary
residues that destabilize the TS-I191A, Y257, and K264 (by
2.0 and 1.7 kcal/mol, respectively) are different from the L169
and T244, which are the primary destabilizing residues in WT
PHF8. EDA of TS-F250A indicates that H3R8, which had a
TS stabilizing effect in WT PHF8, and N333 are primary
destabilizing residues (by 2.6 and 1.1 kcal/mol, respectively).
The primary residues stabilizing the TS-F250A are E350 and
K264, by −1.3 and −1.1 kcal/mol, respectively. Note that
K264 acts as a TS destabilizing residue in the case of TS-
I191A. EDA analysis of the N333A shows, as for the TS-
F250A, that E350 and K264 play a TS stabilizing role by −1.4
and −1.2 kcal/mol, respectively. However, the primary
destabilizing residues in the case of TS-F250A are T244 and
I191, which destabilize the TS-F250A by 1.0 and 0.5 kcal/mol.
The individual energetic contributions of other PHF8 and
H31−14K9me2 substrate residues toward TS stabilization in
SCS variants are given in the SI (Figures S29−S31).
These results indicate that SCS variations can alter the

individual energetic contributions of residues toward TS
stabilization and can even entirely change a residue’s role
from TS stabilizing residue to TS destabilizing. Thus, e.g.,
K264, which does not contribute to TS stabilization/
destabilization in WT PHF8, acts as a TS stabilizing residue
in the F250A and N333A variants but a TS destabilizing
residue in the I191A variant.
LR Variants. Similarly to the SCS variants, we explored how

the individual energetic contributions of the HAT TS
stabilizing residues differed using EDA in the three tested
LR variants (Figure 7). In the case of the TS-P221A
intermediate, the histone substrate residue, i.e., H3K4me3, as
well as E39 and K264, contribute to TS stabilization by −6.2,
−7.7, and −6.6 kcal/mol, respectively. R164, K81, and N333
are primary residues destabilizing the TS-P221A, i.e., by 4.5,

3.4, and 3.3 kcal/mol, respectively. Among these residues,
H3K4me3, K264, and N333 play either a TS stabilizing or
destabilizing role in WT and the SCS variants. E39 in the PHD
domain and K81 in the linker region appear to be key residues
in TS stabilizing or destabilizing interactions. EDA analysis of
TS-H49A indicates that H3R8, which plays a role in TS
stabilizing residues in WT PHF8, and K264 are important
residues that stabilize the TS by −0.3 and −0.8 kcal/mol,
respectively; D245 and Y257 are important residues that
destabilize the TS, i.e., by 0.8 and 0.6 kcal/mol, respectively.
D158 of the JmjC domain plays a TS stabilizing role in LR
variant H49A but is not seen as the primary stabilizing/
destabilizing residue in the EDA of WT or the SCS variants.
EDA analysis of the T74A shows that N333, and D158, the
latter of which is a unique residue not seen in WT or SCS
variants, play a TS stabilizing role by −4.5 and −1.8 kcal/mol,
respectively. However, the primary destabilizing residues for
TS-T74A are Y234 and E350, which destabilize the TS by 4.4
and 1.4 kcal/mol, respectively. The individual energetic
contributions of other PHF8 and H31−14K9me2 substrate
residues toward TS stabilization in LR variants are given in the
SI (Figures S32−S34).
Thus, the results indicate that LR variations can alter the

individual energetic contributions of protein residues that
contribute toward TS stabilization/destabilization in WT and
SCS variants, along with additional residues away from the
Fe(IV)-center. An example is Y234, which contributes to
stabilizing the HAT TS in WT PHF8, but acts as a TS
destabilizing residue in the T74A variant.

Effect of SCS and LR Variations on the Intrinsic
Electric Field along the Reaction Coordinate. Recent
advances in research in electric field effects have highlighted
how orienting an electric field along a “reaction-axis” can affect
the rate of catalysis and even selectivity.67,68 One study has
shown that changes in the electric field can affect the rate of
HAT in synthetic metalloenzyme analogs.43 We used the
TITAN program69 to compare how the intrinsic electric field

Figure 7. Primary residues stabilizing (blue) and destabilizing (red) for the HAT TS around the Fe(IV)-center in SCS variants: (a) I191A, (b)
F250A, and (c) N333A, and LR variants: (d) P221A, (e) H49A, and (f) T74A.
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of the ferryl is affected, along the Fe�O bond direction, as a
function of the SCS and LR variations.
SCS Variants. Intrinsic electric field calculations on all of the

three RC-I191A, RC-F250A, and RC-N333A show reduced
values of −0.0257, −0.0255, and −0.0254 au, respectively,
compared to −0.0272 au in RC-WT. The reduced electric field
along the direction of the Fe�O bond compared to RC-WT
correlates with the increase in the HAT barrier for the three
SCS variants. The results suggest that one role of the SCS
residues might be to maintain the required electric field in the
active site and that substitution of these residues can affect the
intrinsic electric field and thus the HAT.

LR Variants. Intrinsic electric field calculations of all of the
three LR variants RC-P221A, RC-H49A, and RC-T74A give
values of −0.03268, −0.02779, and −0.02448 au, respectively,
compared to an intrinsic electric field of −0.0272 au in WT,
and a range of −0.00254 to −0.00257 au observed for the SCS
variants. The results indicate that the LR variants can affect the
intrinsic electric field of PHF8, and contrary to the SCS
variations investigated, remote residues can be substituted to
increase, maintain or reduce the intrinsic electric field of the
enzyme.

Influence of SCS and LR Variants on the FMOs for
HAT. The analysis described in this section elaborates on the
possibility that the SCS and LR variants can influence the

Figure 8. FMOs for HAT mechanism and their energies in RCs of (a) PHF8 WT (for comparison), and SCS PHF8 variants: (b) I191A, (c)
F250A, and (d) N333A, and LR variants: (e) P221A, (f) H49A, and (g) T74A.
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energy differences between the FMOs involved in HAT. For
this purpose, similarly to a previous study on the 2OG
oxygenase TauD enzyme,70 we compared the relative energy
difference between the two competing acceptor orbitals for
each system.
SCS Variants. We performed MO analysis on the I191A,

F250A, and N333A variants to explore how these SCS
variations affect the electronic structure properties of the ferryl
intermediate, the nature of the acceptor frontier MO orbital,
and the electron transfer mechanism in HAT. Similarly to RC-
WT,45 all of the three RC-I191A, RC-F250A, and RC-N333A
show an electronic occupancy of δxy1π*xz1π*yz1σ*x2−y21σ*z20 at
the quintet spin state. The calculations show that the σ*z2 is
still the LUMO in the three variants, but the energy splitting
between the σ*z2 and the π*xz orbitals is increased to 0.19 eV
(4.38 kcal/mol), 0.20 eV (4.61 kcal/mol), and 0.18 eV (4.15
kcal/mol) in I191A-RC, F250A-RC, and N333A-RC,
respectively (Figure 8). TS orbital analysis indicates that, as
for WT PHF8, the HAT acceptor orbital is the σ*z2 orbital for
the TS-F250A and TS-N333A. However, for the TS-I191A
variant, the π*xz orbital acts as an electron acceptor orbital for
hydrogen atom abstraction even though the π*xz orbital is
higher in energy than the σ*z2 orbital in RC-I191A.
These results are supported by spin density analysis of the

substrate carbon atom. A residual positive spin density (0.55)
on the carbon atom of the substrate in TS-I191A indicates that
a β electron is transferred to the Fe(IV)-center. By contrast, a
residual negative spin density of −0.48 and −0.60 in TS-
F250A and TS-N333A means that an α electron is transferred
to the Fe(IV)-center. The reason for a π* electron transfer in
TS-191A is not the energy difference between the FMOs but is
due to the constrained ∠Fe−O−H in the TS-I191A, i.e., 117°
compared to 133 and 166° in TS-F250A and TS-N333A,
respectively. These results highlight the potential for SCS
residue substitutions to increase the energy gap between the
FMOs for HAT; however, the steric/orientation factors in the
I191A variant constitute a significant factor in the switch from
σ- to π-electron transfer channel in HAT.
LR Variants.We analyzed differences between the individual

energies of the frontier MOs in the HAT reaction to explore
how the LR substitutions affect the electronic structure
properties of the ferryl intermediate and the electron transfer
pathway. Similarly to the RC-WT and the three SCS variants,
the RCs of all of the three LR variants, RC-P221A, RC-H49A,
and RC-T74A , show an electronic occupancy of
δxy1π*xz1π*yz1σ*x2−y21σ*z20 with a quintet spin state. The
calculations show that the σ*z2 is the LUMO in the three
variants. The energy splitting between the σ*z2 and the π*xz
orbital is increased to 0.203 eV (4.68 kcal/mol), 0.137 eV
(3.15 kcal/mol), and 0.218 eV (5.02 kcal/mol) in RC-P221A,
RC-H49A, and RC-T74A, respectively, compared to an energy
split of 2.76 kcal/mol for WT PHF8 and 4.38−4.61 kcal/mol
in the SCS variants (Figure 8). The TS orbital analysis
indicates that similar to TS-WT,45 the HAT acceptor orbital
for the TS-P221A and TS-T74A is the σ*z2 orbital. However,
for the TS-H49A variant, the π*xz orbital acts as an electron
acceptor orbital for hydrogen atom abstraction, even though it
is higher in energy than the σ*z2 orbital in the reactant complex
RC-H49A. As for SCS variant I191A, an important reason for
a π* electron transfer in TS-H49A could be the constrained
∠Fe−O−H in the TS-H49A, which has a value of 119°
compared to values of 124 and 144° in TS-P221A and TS-
T74A, respectively. In an ideal case, a Fe−O−H angle of 180°

is preferred for effective σ* transfer and a Fe−O−H angle of
120° is preferred for π* transfer.14 However, numerous cases
in the literature are reported for σ* transfer at angles lower
than the ideal of 180°.63,71,72 For TS-P221A (with a Fe−O−H
angle of 123.9°), both the spin density analysis and the
natural/spin natural orbitals support a mechanism involving
electron transfer via the σ* pathway. Indeed, the non-ideal
angle may contribute to an increased energy barrier for HAT,
as indicated for the P221A variant. Thus, the calculations show
that, similarly to the SCS variants, the LR variants can alter the
preferred channel for the electron transfer and increase the
energy gap between the two FMOs in HAT.

■ CONCLUSIONS
Rational modulation of the efficiency and selectivity of HAT in
metalloenzymes remains a challenge. The ability of SCS and
LR residues to alter activity and mechanisms makes them an
excellent target for enzyme engineering, but the motions of
these residues during specific steps in catalysis are challenging
to study by experimental methods. To efficiently provide
guidance on redesigning enzymes for more effective HAT in
catalysis, we need to understand how residues in the SCS and
LR regions influence different aspects of the HAT reaction.
Importantly, there is little systematic knowledge concerning
the “redesign potential” of residues in the SCS and LR enzyme
regions.
For PHF8, we identified (i) three SCS residues critical for

stabilizing a productive orientation of the H3K9me2 substrate,
the Fe-ligand D191, and (ii) three LR residues from different
domains of PHF8 using DCCA (see the Section 3 for details).
To investigate the potential of the identified SCS and LR
residues to influence the HAT step in PHF8 catalysis, we
performed MD simulations and QM/MM mechanism
calculations on selected PHF8 variants. Importantly, the
computational methods applied in this study predicted the
lack of activity for the clinical variant F279S in agreement with
the experimental data48 and have been previously used to
reproduce the effects of multiple mutations in other 2OG-
dependent oxygenases, i.e., KDM4A, TET2, and EFE.28−30

The study identified multiple mechanistic pathways by which
SCS and LR residues can influence HAT, including by
affecting the activation energy, electron transfer mechanism,
structures, and flexibilities of the RC and TS, interdomain
correlated motions, and by altering the intrinsic electric field of
the enzyme.
PCA of three SCS variants (I191A, F250A, and N333A)

reveals that the ferryl intermediate specific motion of α9 to
α12 of JmjC toward the Fe(IV)-center, which enables tight
binding of the H31−14K9me2 substrate in WT PHF8, is lost or
heavily altered in the tested SCS variants. This loss of motion
in the SCS variants leads to weaker binding of the
H31−14K9me2 substrate than WT PHF8, as supported by
MMGBSA calculations. The MD results also demonstrate that
the SCS variations alter hydrogen bonding interactions of the
H31−14K9me2 substrate and Fe(IV)-center such that the WT
preference for HAT from C2 methyl carbon of H31−14K9me2
is not maintained in all three variants indicating that SCS
variations can modulate the specificity of HAT mechanism.
The QM/MM calculations indicate that SCS variants increase
the activation energy of the HAT considerably to 22.1−28.0
kcal/mol compared to 16.0 kcal/mol for WT PHF8. Further
analysis of the mechanistic aspects of HAT shows that SCS
residues can: (i) either modulate the individual residue energy
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contribution toward the TS stabilization or can change an
individual residue’s role from TS stabilizing to a TS
destabilizing; (ii) reduce the intrinsic electric field of PHF8
enzyme along the ferryl Fe�O bond direction, thus increasing
the activation energy; (iii) alter the molecular orbitals involved
in electron transfer during HAT.
PCA of the three LR variants, P221A, H49A, and T74A,

shows that the LR variations can affect the specific motions of
α9 to α12 of JmjC toward the Fe(IV)-center. However, the
MMGBSA calculations show that the H31−14K9me2 substrate
binding is less destabilized in the LR variants than in the SCS
variants. MD studies of the LR variants show that even though
the substitution site is far from the active site, it can still affect
the hydrogen bonding interactions of the Fe(IV)-center and
the H31−14K9me2 substrate. Compared to the SCS variants,
where only the stereochemical preference for the
H31−14K9me2 substrate’s Nε-methyl group was affected, the
LR variants can alter both the stereochemical preference and
overall distance of the H31−14K9me2 substrate from the
Fe(IV)-center. The results of QM/MM calculations for the
HAT process indicate that the LR variants (P221A, H49A, and
T74A) require potential energy in the range of 23.4−35.7 kcal/
mol compared to 16.0 kcal/mol for the WT and 22.1−28.0
kcal/mol for the SCS variants (I191A, F250A, and N333A).
Thus, the results demonstrate that, compared to the SCS
variants, the LR variants can exercise a broader ranging effect
on the energy requirement of HAT. The EDA results indicate
that the LR variations alter the individual energetic
contributions of residues that contribute to the stabilization/
destabilization of the TS in WT and SCS variant catalysis
(along with other residues). The LR variations also alter the
magnitude of the intrinsic electric field of the protein to either
increase, maintain, or reduce it compared to WT PHF8.
Interestingly, MO analyses indicate that similarly to the SCS
variations, LR variations can alter the molecular orbital
mechanism for HAT.
Overall, the results indicate that, at least for the tested PHF8

variants, both SCS and LR substitutions can be used as tools in
enzyme redesign to modulate the specificity and efficiency of
the HAT step. The study develops a novel framework for
identifying catalytically relevant residues through analysis of
correlated motions and conceptualizes the diverse mechanistic
pathways of influence of the SCS/LR interactions on HAT in
PHF8 and, by implication other 2OG oxygenases.
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Discussion was replaced with “X-linked intellectual disability”
which was adapted as replacement clinical terminology by the
APA's fifth edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5).
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