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ABSTRACT: Nonheme Fe(II) and 2-oxoglutarate (2OG)-de-
pendent histone lysine demethylases 2A (KDM2A) catalyze the
demethylation of the mono- or dimethylated lysine 36 residue in
the histone H3 peptide (H3K36me1/me2), which plays a crucial
role in epigenetic regulation and can be involved in many cancers.
Although the overall catalytic mechanism of KDMs has been
studied, how KDM2 catalysis takes place in contrast to other
KDMs remains unknown. Understanding such differences is vital
for enzyme redesign and can help in enzyme-selective drug design.
Herein, we employed molecular dynamics (MD) and combined
quantum mechanics/molecular mechanics (QM/MM) to explore
the complete catalytic mechanism of KDM2A, including dioxygen
diffusion and binding, dioxygen activation, and substrate oxidation.
Our study demonstrates that the catalysis of KDM2A is controlled by the conformational change of the second coordination sphere
(SCS), specifically by a change in the orientation of Y222, which unlocks the 2OG rearrangement from off-line to in-line mode. The
study demonstrates that the variant Y222A makes the 2OG rearrangement more favorable. Furthermore, the study reveals that it is
the size of H3K36me3 that prevents the 2OG rearrangement, thus rendering the enzyme inactivity with trimethylated lysine.
Calculations show that the SCS and long-range interacting residues that stabilize the HAT transition state in KDM2A differ from
those in KDM4A, KDM7B, and KDM6A, thus providing the basics for the enzyme-selective redesign and modulation of KDM2A
without influencing other KDMs.

1. INTRODUCTION
Nε-Methylation of lysine residues in histone tails is important
in the regulation of eukaryotic transcription,1 and its
misregulation is related to diseases, including cancer and
genetic disorders.2−6 The histone methylation status is
maintained by the activities of two groups of enzymes, histone
lysine methyltransferases and histone demethylases.7−9 His-
tone lysine demethylases (KDMs) are grouped into families
from KDM1−9.10−13 KDM1s belong to flavin adenine
dinucleotide (FAD)-dependent enzymes,14 and KDM2−9 are
Jumonji C (JmjC) domain-containing enzymes.12 The JmjC
KDMs are Fe(II)/2-oxoglutarate (2OG)-dependent oxy-
genases.15,16 Like other 2OG oxygenases, the JmjC domain
in KDMs has a characteristic double-stranded β-helix (DSBH)
fold, which harbors the Fe(II) and cosubstrate (2OG) binding
to the enzyme’s active site.17−19 The active site of the KDMs
contains conserved facial triad residues (Asp/Glu-X-His2)
binding to the Fe(II) center as in many other 2OG
oxygenases.20,21 Residues forming the JmjC domain and its
surroundings are involved in substrate reorganization and
substrate binding to the active site.16,22,23

KDM2A is the first known JmjC demethylase (Figure S1),
identified specifically to demethylase lower (monomethylated
and demethylated) methylation states of histone H3 lysine 36
(H3K36me1 and H3K36me2) to formaldehyde and succi-
nate.13,24 KDM2A is found in the nucleus and is expressed in
several tissues, especially in the brain, lungs, ovaries, and testis,
and it is also involved in the alternative lengthening of
telomeres.25−27 Altered KDM2A gene expression affects
several cancers, significantly in lung, breast, and ovarian
cancer;6,26,28−32 therefore, the enzyme is a target for drug
design. The overall catalytic mechanism of KDM2A is similar
to other KDMs and other Fe(II)/2OG enzymes; the reaction
starts with binding dioxygen to the Fe·20G·substrate complex
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to form a ferric Fe(III)-superoxo complex.33−37 The reaction
proceeds through the oxidative decarboxylation of 2OG to
form succinate and ferryl Fe(IV)�O intermediates. Then, the
hydrogen atom abstraction (HAT) from the substrate by the
ferryl results in substrate radical and ferric hydroxo Fe(III)−
OH intermediate formation. Subsequent rebound hydroxyla-
tion forms a hemiaminal, followed by nonenzymatic elimi-
nation of formaldehyde and the demethylated product (Figure
1).

Crystallographic studies of KDM2A demonstrated that all
three methylation states of H3K36 bind to KDM2A. However,
it is interesting that the demethylation reaction is more
effective for H3K36me2 than H3K36me1, and no demethy-
lation activity is observed for H3K36me3.38 As with some, but
not all, other Fe(II)/2OG oxygenases,36,39−42 experimental
studies have illustrated that in KDM2A, a transition from off-
line (with KDM2A, this involves coordination of 2OG C1
carboxylate trans to H284) binding mode to an in-line (with
KDM2A, coordination of 2OG trans to H212) binding mode
is necessary for the demethylation reaction (Figure S2).38 The
importance of such a transition from off-line to in-line 2OG
coordination mode for effective catalysis has been demon-
strated in PHF8 (KDM7B), showing 40% sequence similarity
with KDM2A- and DNA-modifying enzymes AlkB and

ALKBH2.36,41 The importance of the off-line/in-line 2OG
coordination modes has also been demonstrated in the
catalysis of other Fe(II)/2OG enzymes such as halo-
genases43,44 and EFE.39,45,46 A recent study on another Fe-
dependent enzyme, HgIS, highlights the importance of active
site conformation and the rearrangement of the iron center for
the C−H bond activation.47 Therefore, understanding such
conformational changes in the active site and Fe center
rearrangements might have implications on the catalytic
mechanism of other nonheme Fe(II) enzymes.

Notably, the crystallographic analysis of KDM2A shows
evidence for changes in the conformation of the side chain of
Y222 (Figure S2). Although the equivalent residue of Y222 in
PHF8 is again a tyrosine residue (Y257), there is no evidence
of conformational change. In the KDM2A·2OG·substrate
complex, the phenolic hydroxyl group of Y222 points toward
the metal center in the crystal structure, with off-line 2OG
coordinated to Fe(II).38 In contrast, in the crystal structure
bound to N-oxalylglycine (NOG), the hydroxyl group is
pointed toward the C5 carboxylate group of NOG.38

Subsequently, these orientations of the Y222 side chain are
referred to as off-line and in-line, respectively (Figure S2). The
binding nitrogen oxide (used as an analogue of O2, PDB ID:
4TN7) to the Fe(II) center of KDM2A manifests the in-line

Figure 1. General catalytic mechanism of KDMs.
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mode for 2OG and Y222.38 The detailed mechanistic
implication of the different crystallographically observed
orientations of Y222 and 2OG, however, remains unknown
(Figure 2).

A central, usually rate-limiting, step in KDMs is the HAT
reaction, which is a fundamental chemical reaction of great
interest for basic science48−50 and applications in organic
synthesis,48,51−53 where it is utilized for the activation of C−H
bonds.54,55 The HAT reactions catalyzed by enzymes56−58 are
of great interest because of their unique regioselectivity,59−61

stereoselectivity,62−64 their requirement for mild and nontoxic
conditions,65 and, importantly, the ability to be modulated and
altered by SCS and long-range (LR) interactions.37,66 Although
the overall mechanism of KDMs has been studied, the specific
SCS and LR interactions that drive the catalysis in KDM2A are
entirely unexplored. Understanding the specific SCS and LR
interactions in KDM2 that are not presented in other KDMs is
vitally essential for providing the background design of KDM2-
specific inhibitors that do not affect other KDMs.

Here, we report molecular dynamics (MD)-based quantum
mechanics/molecular mechanics (QM/MM) studies on the
catalytic mechanism of KDM2A, focusing on how the SCS and
LR interactions and protein dynamics enable the dioxygen
reaction at the Fe(II) center, as well as the dioxygen activation
and the substrate oxidation steps. Energy decomposition
analysis is employed to understand the role of the SCS
residues that stabilize the TS of each reaction step of the
mechanism. The results highlight the importance of SCS
conformational changes during the catalysis, in particular those
involving Y222, which control the 2OG coordination binding
mode.

2. METHODOLOGY
2.1. System Preparation. Crystal structures of KDM2A

bound to Ni, 2OG/NOG, and all three methylenation states of
H3(29−41)K36 with off-line 2OG and in-line NOG were
obtained with PDB accession codes 4QXH, 4QXC, 4QXB,
4QWN, 4QX7, and 4QX8 (Figure 3A).38 Missing residues
from 364−450 in the C-terminal domain were modeled using
SWISS-MODEL.67 The modeling follows the replacement of
the Ni(II) metal ion with Fe(II) and, where appropriate, NOG
with 2OG using GaussView 6.0 since Ni(II) and NOG were
used for the crystallization. Protonation states of ionized
residues were determined using Amber routines.68 Metal
Center Parameter Builder (MCPB.py) was used to generate
parameters for the active site residues where Fe(II) is bound
by two histidines, one aspartic acid residue, and bidentate
2OG/monodentate succinate.69 The Antechamber module was
used to parametrize nonstandard residues, such as methylated
lysine (substrate) and 2OG/succinate.70 Missing hydrogens
and counterions were incorporated using the leap module of
Amber 18.71 The protein was subjected to solvation using a
TIP3P water model extending 15 Å from the protein’s
surface.72 The same method was executed to generate
parameters for the ferric-superoxo and ferryl complexes. For
the generation of all parameters, the active site was modeled to
contain high-spin metal ions with spin (S) = 2 and multiplicity
(M) = 5, as other experimental and computational studies
reported.73−78 Parameters for the remaining residues were
generated using Amber FF14SB force field.79

2.2. Classical Molecular Dynamics (MD) Simulation.
The simulations employed periodic boundary conditions. The
particle mesh Ewald method was used to calculate long-range
electrostatic and van der Waals interactions, with a cutoff of 10
Å.80 The system minimization occurred in two stages. In the

Figure 2. Possible pathways pertaining to the conformational changes involving Y222 and the coordination mode of 2-oxoglutarate (2OG). Here,
His1 is H212, His2 is H284, and Asp is D214.
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first stage, solvent molecules were minimized for 10,000 steps,
utilizing 5000 steps of steepest descent and 5000 steps of
conjugate gradients while maintaining a 100 kcal/mol Å2

constraint. The second minimization involved 10,000 steps
without any constraints. Subsequently, the minimized system
was subjected to controlled heating from 0 to 300 K using an
NVT ensemble and a Langevin thermostat, with a heating
period of 300 ps.81 The system was then heated at a constant
temperature of 300 K for 650 ps in an NPT ensemble, where
the solute was subjected to a harmonic potential of 10 kcal/
mol Å2. The system was then equilibrated for 3 ns at a constant
temperature of 300 K and a pressure of 1 bar. During the
production MD phase, the system was simulated for 1 μs in an
NPT ensemble, maintaining a pressure of 1 bar using the
Berendsen barostat.82 Bonds involving hydrogen atoms were
constrained by utilizing the Shake algorithm.83

MD simulations were analyzed using various visualizing
software, which is discussed in the Supporting Information
(SI) (page S9). Root-mean-square deviation (RMSD) with
respect to the equilibrated structure, root-mean-square
fluctuation (RMSF), the radius of gyration (RoG), and the
solvent accessible surface area (SASA) for the trajectories are
given in the SI (Figures S3−S9).

2.3. Dioxygen Diffusion Dynamics. The diffusion
pathway of dioxygen in KDM2A was studied by running a 1
μs MD simulation in the presence of dioxygen. The solvent
box incorporated 100 dioxygen molecules to increase the

probability of dioxygen diffusion to the active site.84−86

Similarly, other computational studies have used similarly
higher dioxygen concentrations (100 molecules).84 Dioxygen
molecules were randomly distributed across the solvent box
using PACKMOL software.87 Diffusion dynamics were
performed with a similar protocol used in MD simulation.
VMD was used to manually examine the diffusion of
dioxygen.88 Further, the diffusion pathway was characterized
using CAVER 3.0 software.89

2.4. QM/MM Calculations. Snapshots obtained from MD
simulations were used to perform QM/MM calculations using
the ChemShell software package.90 ChemShell software
comprises Turbomole91 and DL_POLY,92 where Turbomole
was used for the QM region, and DL_POLY was used for the
MM region. Interactions between the QM and MM regions
due to the polarization of the QM region by the charge
distribution arising from the MM region were evaluated using
an electronic embedding scheme.93 The QM region comprises
a nonheme Fe center, first coordination sphere residues
(H212, H284, D214, and 2OG/succinate), and the substrate,
as shown in Figure 3B. For the calculations involving 2OG and
Y222 rearrangements, the QM region incorporated Y222
(Figure 3B). QM/MM calculations involving dioxygen-derived
oxygen(s) in the active site were part of the QM region, i.e., at
dioxygen binding, O2 activation, HAT, and rebound stages
(Figure 3C). The MM region contained residues within 8 Å of
the QM region residues; the QM region is relaxed and the

Figure 3. View of KDM2A. (A) View of the crystallographically derived structure of the enzyme KDM2A·H3K36·me2. The active site is zoomed.
(B) View of the QM region residues for the QM/MM simulation of the ES complex of KDM2A·H3K36·me2. (C) View of the QM residues for the
QM/MM calculations of the ferryl complex. Here, M2L represents dimethylated lysine.
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regions outside the MM region are kept fixed. Hydrogens were
used to link QM and MM regions. As in other similarly studied
2OG oxygenases, the QM region was treated with the
unrestricted B3LYP functional94 and the MM region with
the Amber force field.79 Both experimental and computational
studies have consistently identified the quintet state (S = 2) as
the ground spin state for nonheme enzymes.74,95,96 Inves-
tigations into dioxygen activation and substrate oxidation
studies across various nonheme enzymes have consistently
demonstrated that the reaction proceeds through the HS
quintet spin state (S = 2, M = 5).97−99 Consequently, all
mechanistic studies from dioxygen activation were conducted
at the quintet spin state. Previous studies have also indicated
that dioxygen binding occurs in the septet state.86,100

Therefore, the QM/MM study involving dioxygen binding
was performed at a septet state (S = 3, M = 7). Geometry
optimization is followed by a relaxed potential energy surface
(PES) scan with gradually changing reaction coordinates. The
QM portion was optimized utilizing an m3 density functional
theory (DFT) integration grid, with energies and gradients
converging to 10−6 and 10−3 au, respectively.101 Default
approximations in the integral evaluations provided by
Turbomole were utilized for the study. The DFT integration
grid in Turbomole includes the quadrature of the exchange-
correlation terms. The m3 integration grid employs the
multigrid, which allows the gradient evaluation during the
SCF iteration and reduces the computational cost without
compromising the accuracy.102 The highest energy point
structure for transition state (TS) optimization was captured
and optimized using a dimer method. Frequency calculations
were used to characterize all formed minima and TS. All
optimization and scans were performed using the DL-find
optimizer implemented in the ChemShell package.103 Opti-
mizations were performed using a def2-SVP basis set and
labeled as B1.104,105 The choice of the basis set was made in
alignment with previous computational studies on other
KDMs35−37,66 ,106 and many similar nonheme en-
zymes.47,107−111 Energies were recalculated for better accuracy
using a higher basis set def2-TZVP (B2 level of energy).105

Zero-point energy calculations were performed for all
optimizations and labeled as B3 (QM(B2 + ZPE)/MM).

The accuracy of the results was investigated by using (i) an
MM region of 6 and 10 Å, (ii) an expanded QM region, and
(iii) D3 Grimme’s dispersion correction for the HAT step, and
results are provided in the SI (Table S1). To assess spin
contamination in various systems (reactants and intermedi-
ates), the total spin ⟨S2⟩ was compared against S × (S + 1)
(Table S2).46,112 Substantial spin contamination is observed in
structures involving antiferromagnetic coupling (the Fe(III)-
superoxo complex) and the structure with the substrate radical,
i.e., the Fe(III)-hydroxo complex, consistent with computa-
tional studies of similar nonheme enzymes.46,113,114

3. RESULTS AND DISCUSSION
3.1. Conformational Flexibility and Interactions in

the ES Complexes of KDM2A. The nature of 5-coordinate
(5C) KDM2A·Fe(II)·2OG·H3K36·me1/me2/me3 must con-
trol their different reactivities with dioxygen. Crystallographic
studies provide important but static and averaged structural
information that ignores significant conformational
changes115−118 which may affect the reactivity with dioxygen.
To study these, we initiated 1 μs MD simulations for KDM2A
bound to all three H3K36 methylation states (me1, me2, and
me3 represent MD simulations of the ES complex of KDM2A·
H3K36·me1/me2/me3, respectively). In me1 and me2, Y222
is aligned off-line with its hydroxyl group pointing toward the
metal center. The C5 carboxylate in 2OG makes hydrogen
bonding interactions with T209 and K229 (Figure S10). In
contrast to me1 and me2, the MD simulation of me3 was
performed using the crystal structure having off-line 2OG and
in-line Y222 (Figure S10). Herein, the C5 carboxylate of 2OG
interacts with T209, K229, and Y222. The off/in-line
orientation of 2OG is measured along the dihedral angle
NH212−Fe−O2−O1 (N is the nitrogen of H212, and O1 and
O2 are the two coordinating oxygens of 2OG, Figure S11) and
is depicted in Figure S12. Similarly, the off/in-line orientation
of the side chain of Y222 is measured by the dihedral angle to
C−Cα−Cβ−CZ (Figure S11) of Y222, as shown in Figure S13.
To compare the orientation of Y257 in PHF8 with Y222 in
KDM2A, we utilized previous MD simulations of PHF8 with
off-line 2OG and in-line Y257.86 The analysis demonstrates
similar trends to that of KDM2A with off-line 2OG and in-line

Figure 4. DCCA and PCA of the ES complex of KDM2A·H3K36·me2. (A) Residue numbers are as follows: Residues 1−482 (protein), 483 (Fe),
484 (2OG), and the remaining is the histone peptide (substrate). Cyan indicates positively correlated motions, and pink indicates negatively
correlated motions. (B) A color gradient from blue to yellow indicates the direction of motion in the flexible regions of the enzyme. DCCA and
PCA of KDM2A·H3K36·me1/me2 are provided in Figures S21 and S22.
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Y222 (me3), where the average distance between C5 of 2OG
and hydroxyl hydrogen of Y222/257 is 3.19/3.03 Å (Figure
S14), respectively, implying that in-line Y222 orientation is
important in stabilizing 2OG and might aid the switching of
2OG coordination from off-line to in-line in PHF8 and
KDM2A through its interaction with C5 oxygens of 2OG.
However, there is no evidence for the conformational change
of Y257 in PHF8. The non-Fe(II) coordinating oxygen of
D214 makes stable hydrogen bonds with N298 in me2. In
contrast with me1 and me3, the noncoordinating carboxylate
oxygen is directed toward the substrate methyl group; it also
interacts with the hydroxyl group of off-line Y222 in me1.
Synergetic interactions between D214 and N298 may be
crucial in substrate orientation (Figure S15).

Multiple hydrogen bonds of the histone H3 peptide with the
backbone and side chains of KDM2A stabilize the substrate
orientation in all methylation states, as in the crystal structures
of KDM2A.38 Residues H3A31, H3G33, H3G34, and H3 V35
comprise the N-terminal segment before methylated K36 and
interact with the residues I188, N186, Y199, and K323,
respectively. The C-terminal of the bound peptide (H3K37,
H3P38, H3H39, and H3R40) contains large side chains
accommodated within the enzyme cavity (Figure S16). The
substrate is positioned in a hydrophobic sheath formed by the
residues Y199, I144, L201, and F215 in all methylation states
of KDM2A (Figure S17). Further, the S145 side chain
interacts with the backbone carbonyl oxygen of K36.
Significantly, an interaction of the ammonium hydrogen of
H3K36 with N298 largely influences the direction of
methylated ammonium toward the Fe(II) center. In me2, it
forms 58% hydrogen bonding, while in me1, it is 25%, and this
interaction is absent in me3 due to the lack of ammonium
hydrogen (Figure S15). Overall, analysis of the hydrogen
bonding interactions shows a better orientation for catalysis in
KDM2A·H3K36·me2 than in H3K36·me1/me3 (Figures S18
and S19).

Dynamic cross-correlation analysis (DCCA) was performed
in KDM2A·H3K36·me2 to explore the LR correlated motions
with the active site and SCS residues (Figure 4A). Fe(II)-
coordinating D214 and substrate-interacting F215 show an
intense correlated motion with the region of the JmjC domain
formed by β13, α14, α15, α16, and the loop connecting them
(residues 292 to 346, the secondary structure elements of
KDM2A are provided in Figure S20); this correlated motion
might influence the substrate orientation. Additionally, the
synchronized (positive correlation) motion of substrate-
interacting residues I144, Y199, L201, and N298 with the
region constituting β5, α7, α8, and the loop connecting them
might also influence the substrate orientation. A part of the C-

terminal loop (residues 365−449) shows an intense negative
correlation with the remaining region of the protein. Principal
component analysis (PCA) (Figure 4B) shows that the C-
terminal loop shows intense flexibility, whereas the rest of the
protein shows minimal flexibility. Further, to elucidate the
motion of the C-terminal loop in KDM2A·H3K36·me1/me3,
DCCA, and PCA were performed, which show similar
correlated motions and flexibility for the C-terminal loop to
that of the KDM2A·H3K36·me2 complex (Figures S21 and
S22).

3.2. Dioxygen Transport in KDM2A-H3K36me2. MD
simulation (1 μs) to study the dioxygen diffusion in KDM2A·
H3K36·me2 shows three tunnels for dioxygen diffusion, with
an availability higher than 0.5−0.73, 0.69, and 0.57,
respectively, shown in blue, green, and red (Figure 5). Several
residues including I144, L201, T209, D210, F211, V213, V220,
Y222, F231, I278, W282, I283, A285, and V286 are shared by
the 3 tunnels (Figure S23). H3 residues H3G34, H3V35,
H3K37, and H3P38 form a part of the red tunnel, whereas
H3K37 and H3P38 form a part of the green tunnel. Dioxygen
diffusion studies with PHF8·H3K9·me2 again show that
histone peptides form a part of the dioxygen transport
tunnels.86 Therefore, the histone peptide chain in KDMs
might play a key role in directing the dioxygen to form a
productive reactive complex. MD trajectories revealed that all 3
tunnels are characterized with similar probability for the
dioxygen transport from the exterior of the enzyme to the
Fe(II) center. In all 3 tunnels, the dioxygen will approach the
active site in an in-line fashion (opposite to H284), and only
one dioxygen crossed over 2OG for a final off-line approach, as
observed in the PHF8 enzyme (Figure S24).86 During the
crossover, dioxygen interacts with the hydrophobic residues
I144, L201, Y222, and V294. Finally, the off-line approaching
(trans to H212) dioxygen became trapped in a hydrophobic
cage formed by the residues Y222, F231, F276, I278, and V286
for 700 ns (Figure S25). In the simulation, eight dioxygen
molecules approached in an in-line fashion. Each remained in
the Fe(II) center vicinity between 98.7, 40.9, 68.2, 34.5, 73.7,
91.1, and 69.4 ns. All eight dioxygens remained in the active
site for 476 ns in total. The orientations of the side chains of
K36me2, H3P38, I144, T209, and F215 facilitate the in-line
approach of dioxygen toward the active site. Further, we
compared the residence time for the dioxygen molecule in the
active site of KDM2A with a similar study on α/β-
hydrolase.119 The study on α/β-hydrolase showed that the
mean residence time for the oxygen molecule was 2.61 ns.119

The difference in residence times was observed due to several
factors. Primarily, it is the volume of the region for which the
residential time in the different studies is calculated. Our study

Figure 5. Possible dioxygen diffusion tunnels obtained from diffusion dynamics.
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Figure 6. QM/MM potential energy profiles. (A) Potential energy surface for the 2OG and residue Y222 rearrangement in the absence of
dioxygen. (B) Potential energy surface for the 2OG and residue Y222 rearrangement in the presence of dioxygen. (C) Image depicting dioxygen
binding in the mutant Y222A: (C.1) unbound state and (C.2) bound state. Energies are provided in kcal/mol at UB3LYP/def2-TZVP (red) and
with ZPE (black).
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analyzed the dioxygen molecules located in a sphere with a
volume of 523 Å3 centered at the Fe(II) center (radius of 5 Å),
while in the study of α/β-hydrolase, the volume was much
smaller (−15 Å3). In addition, the number of dioxygen
molecules varies in the two studies. After considering the two
factors, the residential times in both studies become
comparable. Another study on AlkB by Cisneros calculated
the residential time by considering the distance between the
Fe(II) and oxygen molecules (to be lower than 6 Å), also
indicating about comparable residential times.84 Further, the
protein environment encompassing the region under inves-
tigation might contribute to residence times. In the present
study, the off-line located dioxygen is a unique case; here, the
in-line approaching dioxygen crossed over 2OG to become off-
line-oriented, eventually being trapped in the highly hydro-
phobic cage formed by the residues Y222, F231, F276, I278,
and V286 (Figure S25) without a direct exit tunnel, resulting in
a high residence time. Thus, dioxygen transport studies
indicate that the in-line dioxygen approach is preferred, a
proposal that further requires 2OG rearrangement to form the
catalytically productive in-line Fe(III)−OO•− complex.

3.3. Mechanism of Dioxygen Binding. 3.3.1. Can the
Fe(II) Center Undergo 2OG Rearrangement from Unpro-
ductive Off-Line to Productive In-Line Coordination Mode
without the Binding of Dioxygen? The dioxygen transport
studies and structural inspection of the Fe(II) center imply
that the rearrangement of off-line to in-line 2OG is necessary
for productive catalysis. Furthermore, the crystal structure of
KDM2A·Ni(II)·NO·NOG·H3K36me1 (PDB ID: 4TN7)
shows the in-line orientations of both Y222 and NOG (Figure
S26).38 Here, we explore the mechanism of this 2OG
rearrangement aiming to elucidate: (i) if the rearrangement
of 2OG from off-line to in-line coordination mode happens
before or during the binding of dioxygen; (ii) if the change of
the orientation of the side chain of Y222 is a necessary
requirement for the reorientation of 2OG to a productive
coordination mode (Figure 2); and (iii) if the methylation
status of H3K36 influences the 2OG rearrangement.

3.3.1.1. Can the 2OG Switch from Off-Line to In-Line
Occur with the Off-Line Orientation of Y222? To explore the
rearrangement of 2OG from off-line to in-line orientation
without a change in the (off-line) position of the side chain of
Y222, we performed the QM/MM potential energy surface
(PES) calculations using the reaction coordinate as the change
in the dihedral angle NH212−Fe−O2−O1 (φ1) (here, N is the
nitrogen of H212, and O1 and O2 are the two coordinating
oxygens of 2OG, Figure S11). A structure obtained from the
MD simulation of KDM2A·H3K36·me2 was used as a starting
structure for the QM/MM PES study. The bond distances
between Fe(II) and the coordinating oxygens of 2OG in the
chosen snapshot were 1.99 Å (Fe−O1) and 2.36 Å (Fe−O2).
In the optimized geometry (RC-me2), these increased to 2.01
and 2.42 Å. The dihedral angle (φ1) slightly decreased upon
optimization from 113.2 to 110.2° in RC-me2. The calculated
PES from RC-me2 leads to two minima with the
corresponding values of the dihedral angle 139.9 and
−171.7° with an energy barrier of ∼5 and ∼11 kcal/mol,
respectively (Figure S27). The further 2OG rotation after the
formation of the first minima increases the strain in the Fe−O2
bond and breaks it, forming the second minima where the
torsion angle is flipped. Importantly, free optimization of both
minima returned off-line 2OG orientation due to the steric
hindering by the off-line positioned side chain of Y222 (Figure

S26). Thus, the rearrangement of the 2OG coordination mode
is not possible without a change in the orientation of the side
chain of the SCS residue Y222.

3.3.1.2. How Does the Methylation Status of H3K36
Influence the 2OG Rearrangement? To further explore if the
methylation status of H3K36 influences the 2OG rotation, we
performed additional PES studies of the 2OG rearrangement
using snapshots from the MD simulations of the H3K36me1
and H3K36me3 ES complexes of KDM2A. The me1 (RC-
me1) ES complex possesses off-line 2OG and off-line Y222,
whereas me3 (RC-me3) contains off-line 2OG; however, Y222
is in in-line coordination mode (Figure S10(C)). The PES
calculation for the RC-me1 complex led to two minima with
values for the torsion angle for φ1 as 171.8 and −174.0°,
respectively, with an energy barrier of ∼10 kcal/mol (Figure
S28). The PES calculation starting from RC-me3 also led to
two minima with values of φ1 as 131.0 and 160.0° with an
energy barrier of 10 and 15 kcal/mol, respectively. The free
optimization of both minima in the RC-me1 scan led to an off-
line 2OG coordination mode with an angle of 117.26°. For
me3, despite the in-line orientation of Y222 in me3, the free
optimization of the minima led again to off-line 2OG
orientation (Figure S29). The instability of in-line 2OG in
H3K36me3 is likely due to the substrate’s bulky nature, which
agrees with the experimental studies.38,120

Hence, the 2OG rearrangement studies with H3K36me1
and H3K36me2 show that the switch of the 2OG coordination
mode from off-line to in-line cannot be achieved with Y222 in
off-line orientation. The study with H3K36me3 shows that
although Y222 is in in-line coordination, the bulky nature of
the trimethylated K36 substrate prevents the 2OG rearrange-
ment, which explains the experimental observation that
KDM2A does not demethylase H3K36me3.13,38

3.3.1.3. Can the 2OG Switch be Realized with the In-Line
Orientation of Y222? Taking into account that the 2OG
rearrangement in the systems with the catalytically productive
substrates H3K36me1 and H3K36me2 does not occur when
Y222 is off-line-oriented, we further tested whether a change of
Y222 from off-line to in-line will unlock the 2OG switch. We
first performed a QM/MM potential energy scan to rotate off-
line Y222 to the in-line orientation (Figure 6A). The PES was
calculated using the reaction coordinate as the dihedral angle
C−Cα−Cβ−CZ in Y222 (φ2) (Figure S11). The initial
structure (RC1-me2) contained off-line orientations of 2OG
and Y222 with the dihedrals φ1 of 122.4° and φ2 of 173.0°.
The conversion of off-line Y222 to in-line mode requires an
energy barrier of 22.9 kcal/mol (at the QM(B2 + ZPE)/MM
level of theory) and is shown in Figure 6A. Free optimization
of the product (IM1-me2) retained the in-line orientation of
Y222. This conformation is stabilized by a strong hydrogen
bonding between the hydroxyl group of Y222 and the C5
oxygens of 2OG (Figure 6A). We then used IM1-me2 to
understand whether 2OG rearrangement can be achieved with
in-line Y222. The QM/MM PES was calculated using the
dihedral φ1 from the IM1-me2 structure. The rotation of 2OG
occurred virtually barrierless with ∼1 kcal/mol (Figure 6A)
and the formed product minima (PD1-me2) show the
formation of a partial in-line structure upon free optimization.
The dihedral angle φ1 in the optimized geometry (PD1-me2)
was 141.6°, as observed in a previous computational study on
PHF8.36 Thus, the study shows that the transformation of the
2OG binding mode from off-line to in-line is possible for the
catalytically productive substrates H3K36me1 and H3K36me2
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only when Y222 is in in-line mode. However, 2OG is not in
complete in-line orientation in the optimized product.

3.3.2. What is the Reaction Mechanism of Dioxygen
Binding, and Can It Induce the Rearrangement of 2OG and
Y222 to Catalytically Productive Modes? Recent studies on
the 2OG enzymes such as PHF8 and EFE demonstrate that
dioxygen binding controls the binding mode of 2OG in their
Fe(II) centers.86 In order to evaluate if the binding of dioxygen
can induce a switch in the orientation of Y222 and 2OG, we
performed QM/MM calculations at the septet PES for the
dioxygen binding to the Fe(II) center (Figure 2, Path 1). We
selected a snapshot from the MD simulations of the dioxygen
diffusion that represents an in-line approach of the dioxygen
toward the Fe(II) center with an off-line orientation for both
2OG and Y222 and used the distance between Fe(II) and
dioxygen as the reaction coordinate (Figure S24). The study
shows that dioxygen binding to the Fe(II) center is highly
unfavorable with off-line Y222 (Figure S30). This is primarily
due to the steric constraints arising from the off-line
orientation of Y222, specifically the steric clash between the
off-line alignment of 2OG and Y222, which prevents the 2OG
rearrangement and, ultimately the dioxygen binding (Figure
S26). The results imply that the approaching dioxygen does
not induce the reorientation of Y222 and should be completed
before the process of dioxygen binding.

Then, we explored how the dioxygen binding to the Fe(II)
center with off-line 2OG and already rotated to in-line mode
Y222 takes place. A structure from the MD simulation of the
dioxygen diffusion was QM/MM-optimized (RC2-me2) and
used to rotate the side chain of Y222 from off-line to in-line in
the presence of dioxygen. The energy barrier of this process is
25.8 kcal/mol (Figure 6B).

The free QM/MM-optimized structure with in-line Y222
(IM2-me2) was a further starting point to study the chemical
binding of dioxygen to the Fe(II) center by decreasing the
distance between Fe(II) and dioxygen with a decrement of 0.1
Å at the septet state as in previous studies.46,86 The dioxygen
binding triggers the rearrangement of 2OG from off-line to in-
line in the presence of in-line Y222 to form an in-line ferric-
superoxo Fe(III)−OO•− intermediate. Free QM/MM opti-
mization of the product led to the dioxygen unbinding at the
septet spin state; however, a stable product (PD2-me2) was
formed at the quintet spin state, which agrees with previous

computational studies.35,46,73,86 PD-me2 is stabilized by
methylated lysine H3K36me2 and the SCS residue I144
(Figure S31). The energy barrier for the dioxygen binding
coupled with 2OG rearrangement is 4.4 kcal/mol (Figure 2,
Path 3). A similar energy barrier was observed for the in-line
approach of dioxygen in PHF8 to form the Fe(III)−OO•−

complex, and the barrier was 6 kcal/mol.86 Results were
validated by performing a reverse scan on the in-line superoxo
complex and are provided in the SI (Pages S36−S37 and
Figure S32). The transition from the septet to the quintet state
during the formation of the Fe(III)-superoxo complex
proceeds via a spin-flip, as demonstrated in the previous
computational studies of similar nonheme enzymes.100,121

To understand the role of protein residues affecting
(lowering or increasing) the transition state for the rate-
limiting step of the dioxygen binding (the conformational
transition of Y222 from off-line to in-line), we performed
energy decomposition analysis (EDA).122,123 The results
revealed that residues R137, R205, C207, K229, V286, and
E315 stabilize, whereas E134, S203, D291, and R325
destabilize the transition state of this process (Figures 7 and
S33). Importantly, K229, a residue that forms a hydrogen
bonding interaction with the C5 carboxylate of 2OG, stabilizes
the rearrangement by 6 kcal/mol, revealing the key role of the
SCS residues in the process. The results show that dioxygen
binding activates the 2OG rearrangement but not Y222, which
should occur first. The conformational change in Y222 is a
critical preliminary step for dioxygen to bind to the Fe(II)
center to form the Fe(III)−OO•− intermediate, in agreement
with the crystallographic and mutagenesis studies.38

Notably, the role of the residue Y222 in the catalytic
reaction of KDM2A was further explored by mutating the
residue Y222 to alanine (Figures 6C and S34). These QM/
MM studies with the Y222A variant demonstrated that 2OG
rotation from off-line to in-line is barrierless, indicating the
vital gatekeeping role of Y222 for this vital step in KDM2A
catalysis.

Overall, our studies show that three factors are important for
productive dioxygen binding. One is the methylation status of
lysine, the second factor is the orientation of SCS Y222, and
the third factor is the coordination mode of 2OG to Fe(II).
Our study demonstrates the interdependence of these three
factors.

Figure 7. Residues shown in the blue ball and stick stabilize/destabilize TS5-me2 with respect to RC-me2 during the conformational change of
Y222.
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3.4. How Do the Flexibility and Interactions in In-Line
Fe(III)-Superoxo Complexes Differ from the ES Com-
plex? MD simulation is performed for 1 μs to study the
dynamics of the in-line superoxo intermediate, thereby
understating the influence of the bound dioxygen in the
enzyme structure of KDM2A with mono (me1-SO) and
dimethylated (me2-SO) substrates. Time-dependent fluctua-
tion in the dihedral angles (ϕ1 and ϕ2) measuring the
conformations of 2OG and Y222 demonstrates the in-line
conformations of 2OG and Y222 in the superoxo complex, as
shown in the crystal structure (Figures S35 and S36). Although
central hydrogen bonding interactions are the same as in the
ES complex, there is a change in the magnitude of these
bonding interactions. These differences and specific inter-
actions that stabilize the substrate and Fe-bound 2OG in the
superoxo complexes are further discussed in the SI (Pages S42
to 43 and Figure S37).

DCCA and PCA are performed to understand the correlated
motions in the superoxo complex (Figures S38 and S39) in
comparison to the ES complex. The correlated motions
present in the ES complex are also conserved in the superoxo
complex. Further, residues of the JmjC domain that interact
with the active site residues form a region utilizing β9, β10, α12,
α13, and the loop connecting them. This region shows intense
anticorrelated motion with α4, α5, α7, and α8 in me2-SO and
not in me1-SO, which may influence the productive active site
conformation. PCA of me1/me2-SO shows greater flexibility
for the C-terminal, as demonstrated in the ES complex.
Additionally, α4 and α5 in me2-SO show greater flexibility
toward the active site, and this might influence the enzyme
activity.

3.5. Reaction Mechanism of the O2 Activation for
Converting the In-Line Fe(III)-Superoxo to the In-Line
Fe(IV)�O Complex. We further performed a mechanistic
study to understand the reaction mechanism for the O2
activation from the in-line KDM2A·Fe(III)−OO•− intermedi-
ate with mono- and dimethylated substrates obtained from the
MD simulations. The QM/MM-optimized geometry of the

Fe(III)-superoxo complex with the dimethylated substrate
(RC3-me2) shows Fe−Op and Op−Od (Op: proximal oxygen
and Od: distal oxygen) distances as 2.06 and 1.28 Å,
respectively (Figure S40). The mechanism begins with the
decarboxylation process, where the Od of the dioxygen attacks
C2 carbon to form a succinyl-peroxide intermediate (IM3-
me2). The activation energy for the decarboxylation reaction is
14.9 kcal/mol, making it the rate-determining step (RDS)
within the O2 activation. The formation of IM3-me2 is highly
exothermic (−42.93 kcal/mol), possibly due to the release of
carbon dioxide to form succinate, similar to other FE(II)/2OG
enzymes.36,37,41,73,97 Homolytic cleavage of the Op−Od bond
in IM3-me2 forms the IM4-me2 intermediate. Formation of
IM4-me2 is a low-energy process with an energy barrier of 4.85
kcal/mol (at the QM(B2)/MM level of theory); the inclusion
of zero-point energy (ZPE) correction makes it barrierless.
Then, the formed intermediate rearranges to break the partial
bond between Op and Od to form an in-line ferryl complex
(PD3-me2). Formed PD3-me2 is highly stable with −63.9
kcal/mol as the relative energy. The Fe−Op distance (1.62 Å)
in PD3-me2 corresponds to the in-line ferryl intermediate,
further characterized by the spin density (3.06). The reaction
energy for the O2 activation process is −64.43 kcal/mol, which
is highly exergonic. The QM/MM potential energy profile and
optimized geometries of the stationary points in the O2
activation process of KDM2A bound to H3K36me2 are
provided in Figures 8 and S40. The O2 activation process in
KDM2A with monomethylated lysine manifests similar trends
to that of dimethylated lysine (Pages S46−S47 and Figures
S41 and S42). The activation energy barrier for the RDS in
KDM2A·Fe(III)−OO•− with monomethylated lysine is 10.80
kcal/mol (Figure S41). We further explored energetic
contributions from the SCS for stabilizing the transition state
using EDA.66,124 Figures S43 and S44 show that few residues
commonly stabilize and destabilize TS3-me1 and TS3-me2.
Residues D109, I144, K229, and E315 stabilize the TS, while
charged residues like D74, K323, R325, and histone lysine
residues H3K37 destabilize the TS and are illustrated in Figure

Figure 8. Potential energy surface for the dioxygen activation in KDM2A·H3K36·me2. Energies are provided in kcal/mol at UB3LYP/def2-TZVP
(red) and with ZPE (black).
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9. Correlated motions of the EDA residues revealed that the
EDA-stabilizing residues make a synchronized motion with a

few regions of the protein. For instance, D109 correlates with
β6, I144 correlates with β13, and D210 correlates with β9, α12,
α13, β10, and the loop connecting them. Although these EDA
residues are commonly found to stabilize the TS during the
dioxygen activation of mono- and dimethylated substrates,

these correlated motions are present only in me2-SO and not
in me1-SO, implying the possibility for the better production
of active conformations in me2 for the oxidation process.
DCCA shows that the EDA-stabilizing residue E215 positively
correlates with the β sheets (β10−14) of the JmjC domain in
me1-SO and me2-SO; this correlated motion might be
significant for the dioxygen activation process.

3.6. What are the Interactions and Dynamics in the
Fe(IV)�O Intermediate? The ferryl intermediate plays a
vital role in the catalytic cycle of Fe(II)/2OG-dependent
enzymes.74 Experimental125 and computational126,127 studies
on the 2OG-dependent enzymes have shown that the
orientation of the C−H and Fe−O bonds influences the
HAT reaction of substrate oxidation. Thus, 1 μs MD
simulation was performed to understand the conformational
dynamics of the in-line ferryl intermediate of KDM2A with
mono- and dimethylated lysine (me1-ferryl and me2-ferryl).
Experimental studies have shown that residues N298 and
D214 might orient methylated K36 toward the Fe center; these
interactions in the MD simulations are discussed in detail in
the SI (Pages S51 and S52).38 Therefore, we further measured
the distances between ferryl oxygen and methylated carbons
and between ferryl oxygen and nitrogen in me1-ferryl and me2-
ferryl (Figures S45 and S46). In me2-ferryl, one of the methyl
groups in dimethylated lysine points toward ferryl oxygen;
however, another methyl group orients toward the residue

Figure 9. Residues shown in the blue ball and stick stabilize/
destabilize TS3-me1 and TS5-me2 during the dioxygen activation.

Figure 10. Conformation of the methyl group(s) in ferryl dynamics. (A) Strict orientation of the methyl groups in dimethylated lysine. One methyl
group points toward the Fe center, and the other points toward Y199. The hydrogen bonding interaction between N298 and methylammonium
hydrogen is shown in red. (B, C) Flexibility of the monomethylated group in the ferryl dynamics of KDM2A·H3K36·me1. (B) Methylammonium
nitrogen points toward ferryl oxygen. (C) Methylated carbon points toward ferryl oxygen. Here, M1L and M2L represent monomethylated and
dimethylated lysine.
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Y199. The strict orientation of the two methyl groups in
dimethylated lysine arises from the hydrogen bond of
methylammonium hydrogen with the residue N298 (Figures
10A and S47). Interestingly, in me1-ferryl, the methyl group
accepts two orientations where nitrogen orients toward the
metal center, while the other methyl group points away from
the iron center, and the other orientation is the reverse of it
(Figure 10B,C). Monomethylated lysine’s flexibility may be
due to its smaller size and the missing interaction between the
methyl group and Y199. Cluster analysis along the MD
trajectories confirmed the differential substrate orientations
with mono/dimethylated lysine in KDM2A (Figure S48).
DCCA and PCA of the ferryl complex show a similar trend to
those of the ES complex and superoxo dynamics, as shown in
Figures S49 and S50.

3.7. Mechanism of the Hydrogen Atom Transfer. To
gain insights into the hydroxylation mechanism of KDM2A·
Fe(IV)�O·H3K36me2, we perform QM/MM studies on
multiple snapshots obtained from the MD of me2-ferryl.
Hydroxylation is a two-step process, wherein the HAT reaction
leads to rebound hydroxylation. During the HAT, the C−H
bond on the substrate cleaves and binds with the ferryl oxygen;
this involves electron transfer from the sigma C−H bond of
the substrate to the 3d orbital of the Fe(IV) center. Previous
studies have shown that electron transfer can occur via the σ or
π channels.36,37,66,78,128−134 σ transfer involves the transfer of
the α electron from the substrate to the σ*z2 of the metal,
whereas π transfer involves the transfer of the β electron to the
π* orbitals of the metal, i.e., the π*xz/π*yz. Fe−O−H angle at
the TS tends to correlate with the electron transfer
pathway.35−37,78,129,135 For the σ transfer of an electron, the
Fe−O−H angle will be close to 180°, and for π transfer, the
angle will be closer to 120°.129,135 Analysis of the TS structure
shows that in five snapshots, the Fe−O−H angle varies from
128 to 150°, suggesting a σ transfer of the electrons (Table
S3). Essentially, the interaction of the residue I144 and the
methyl group stabilizes this angle of the TS. Calculation of the
spin density of the TS shows a negative spin density of the
substrate carbon in all of the snapshots, confirming the σ
transfer (Table S3). The HAT transition state’s spin natural
orbitals (SNOs) were calculated and are represented in Figure
S51, confirming the σ transfer mechanism. Experimental and
computational studies also show that frontier molecular
orbitals (FMOs) involved in the HAT reactions are σ*z2 and
πxz/yz.

37,66,78,111,129 Analysis of the MOs for all of the snapshots
involved in the HAT also indicates a preference for σ*z2 since
σ*z2 is the lowest unoccupied MO (LUMO). The LUMO is
stabilized ∼3 kcal/mol to that of π*xz in all of the snapshots
(Figure 11 and Table S4).

The potential energy surface for the HAT reaction is
depicted in Figures 12 and 13. The Boltzmann average
activation barrier from the five HAT reaction paths is 21.96
kcal/mol, with the lowest and highest values being 21.19 and
24.84 kcal/mol, which is comparable to the other computa-
tional studies of similar enzymes (Figure 13).35−37,66,106 The
reaction energy profile for the HAT process indicates that the
intermediate (IM5-me2) is endothermic in all of the snapshots.
The intermediate represents forming a Fe(III)−OH bond and
a substrate radical (Table S5). The spin densities and Mulliken
charges of the optimized geometries in the HAT are tabulated
in Figure 14 and Tables S5 and S6. Additional calculations
were performed using (i) different MM regions (6 and 10 Å),
(ii) extended QM regions (including residues T209 and Y222,

Figure S52), and (iii) D3 dispersion correction to validate the
results obtained in the HAT. All calculations show consistent
activation and reaction energies, and the results are presented
in Table S1.

SCS residues have been found to stabilize the HAT
TSs37,66,108,136,137 and were actively explored as a tool to
alter enzyme activity and specificity.138−140 In KDM2A, N298
forms a hydrogen bond with the hydrogen of methylated
carbon pointed away from the metal center (Figure 15A).
Additionally, the nonbonding oxygen of D214 makes hydrogen
bonding interactions with dimethylamino hydrogen; the
noncoordinating oxygen of succinate forms a hydrogen
bonding interaction with the hydrogen of hydroxylating carbon
in the substrate (Figure 15A). EDA of the lowest energy
snapshot in the HAT reveals that the residues N142, D167,
K229, and E315 mainly stabilize the TS, whereas residues
D109, I144, R159, D291, and R325 destabilize TS5-me2
(Figures 15B and S53). Correlated motions of the EDA
residues of the HAT reveal the strong positive correlations
with the β-sheets and α-helixes of the JmjC domain (Figure
S50). For instance, residues N142 and D167 show a
correlation with β6, β7, α11, β8, β10, and β13, which might
influence the orientation of the active site for the oxidative
reaction. The TS-destabilizing MM residue I144 positively
correlates with the residue N298, signifying the tight substrate
orientation. Further, the correlated motions are much more
intense in me2-ferryl than in me1-ferryl as in the superoxo
dynamics, implying the role of correlated motions in the
catalytic mechanism.

3.8. Rebound Hydroxylation. The rebound hydroxyla-
tion mechanism involves the transfer of OH− from Fe(III)−
OH to the substrate carbon radical. Herein, the hydroxyl group
in IM5-me2 is transferred to the substrate radical to form a
hydroxylated product (PD) by reducing Fe(III)−OH to
Fe(II). Product formation is rapid and highly favorable since
the energy barrier for the rebound mechanism is 1.4 kcal/mol,
in parallel with the other computational studies (Figure
12).107,141 The low energy barrier for the rebound reaction
may be due to the hydrogen bonding interaction with
succinate’s noncoordinating oxygen with the hydroxyl group

Figure 11. Frontier molecular orbitals of the Fe(IV)�O intermediate
in KDM2A-H3K36me2.
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Figure 12. Potential energy surface for the HAT and rebound reaction in KDM2A-H3K36me2. Energies are provided in kcal/mol at UB3LYP/
def2-TZVP (red) and with ZPE (black).

Figure 13. (A) Reaction profile of the HAT in KDM2A for the different snapshots. Energies are provided in kcal/mol at UB3LYP/def2-TZVP with
ZPE corrections. QM/MM-optimized geometries of the HAT transition state. (B) Snapshot 1, (C) snapshot 2, (D) snapshot 3, (E) snapshot 4,
and (F) snapshot 5. Key angles, spin density, and Mulliken charges are provided in Tables S3, S5, and S6. Here, M2L represents dimethylated
lysine.
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in IM1. The PD formed is highly exothermic, and the reaction
energy is −42.35 kcal/mol. The PD is stabilized by the
hydrogen bond of the substrate with the nonbonded oxygens
of aspartate and succinate. Spin densities of the transition state
and the product in the rebound reaction are consistent with
the previous studies and are provided in Figure 14.36,142,143

EDA analysis of the rebound transition state (TS6-me2 −IM5-
me2) shows that residues N142, D167, and E315 stabilized the
TS, whereas residues I144, R159, and D210 destabilized it
(Figure S54). The correlated motions of these EDA residues
are like those observed in the HAT.

3.9. Do the Same SCS Residues Stabilize the TSs of
the Different Reaction Steps? A detailed comparison of the
EDA at various catalytic steps reveals that few SCS residues
significantly stabilize the TS structures. Residues K229 and
E315 stabilize the TSs in all steps in the catalytic process,

whereas R325 destabilizes them. Therefore, we performed
QM/MM of the HAT step, additionally including the TS-
stabilizing residues K229 and E315. The activation energy and
reaction energy were found to be similar to that of the
calculations with the standard QM region (Table S1).
Interestingly, all MD simulations show that correlated motions
of K229, E315, and R325 with the residues of the JmjC
domain remain the same, signifying the role of long-range
correlations in the catalytic mechanism. K229 plays a central
role in stabilizing all catalytic steps, most significantly the
conformational change of Y222 from off-line to in-line. EDA
analysis reveals that the residue I144 plays a dual role in the
dioxygen activation and the HAT and rebound process. During
the dioxygen activation, the residue I144 stabilizes TS3-me1/
me2, whereas it destabilizes TS5-me2 and TS6-me2 in the

Figure 14. Optimized geometries of the stationary points during the HAT and rebound process in KDM2A·H3K36·me2. Distances and spin
densities are shown in violet and red.

Figure 15. SCS interacting residues. (A) Sterically TS-stabilizing residues during the HAT reaction. (B) Residues (from EDA) shown in the blue
ball and stick energetically stabilize/destabilize TS5-me2 with respect to RC4-me2 during the HAT. Here, M2L represents dimethylated lysine.
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HAT and rebound process, illustrating the role of SCS residues
in controlling the reaction mechanism.

To elucidate the role of SCS residues in stabilizing the TSs
during the oxidation process in KDM2A, we compared them
to the energetic contributions of the SCS residues in other
KDMs such as KDM4A,35 KDM6A/B,37 and PHF8
(KDM7B).36,66 The equivalent of the TS-stabilizing residue
E315 in KDM2A is E350 in PHF8, which again shows TS
stabilization. The other residues that stabilize the TS in PHF8
are Y265 and N279. Interestingly, the corresponding residue to
K229 in KDM4A (K206) shows a similar hydrogen bonding
interaction with the C5 carboxylate of 2OG. However, no
identical residues stabilizing the active site or the TS during the
oxidation reaction are found in KDM6. The observed
correlated motions of the TS-stabilizing residues with the
JmjC domain are also reflected in other KDMs, signifying the
role of domain architecture in the catalytic process.

4. CONCLUSIONS
Our study utilized a series of MD-based QM/MM simulations
to explore the catalytic mechanism of KDM2A. Like other
2OG oxygenases, KDM2A follows a general mechanism where
the cosubstrate (2OG) and the substrate binding replace the
water molecules to form a 5-coordinated ES complex.
Dioxygen binds to the Fe(II) center in the ES complex,
resulting in a Fe(III)-superoxo complex. The formed Fe(III)-
superoxo complex then undergoes a decarboxylation reaction
to form a ferryl complex and succinate. MD simulation of the
ES complex of KDM2A·H3K36·me1/me2/me3 reveals
fundamental hydrogen bonding interactions and correlated
motions of the ES complex favoring the substrate orientation
to the Fe(II) center.

Dioxygen transport simulations show that the tunnel-
forming protein residues direct the dioxygen to the Fe(II)
center and adequately orient the dioxygen in an in-line (trans
to H284) fashion. QM/MM calculations show that forming
the in-line ferric-superoxo complex from the 5-coordinated
enzyme−substrate complex in KDM2A is unproductive
without the change in the orientation of the side chain of
the SCS residue Y222 and the change of the coordination
mode of 2OG from off-line to in-line modes. The study
demonstrated that the conformational change of the side chain
of Y222 controls the formation of partial in-line geometry in
K36me1 and K36me2; however, the bulkier nature of K36me3
prevents the 2OG rearrangement and, therefore, blocks the
catalytic reaction at this stage.

The QM/MM study of the in-line binding of dioxygen to
the Fe(II) center with in-line Y222 leads to the formation of
the productive Fe(III)-superoxo complex. The QM/MM
calculations of the Y222A variant showed that the 2OG
rearrangement from off-line to in-line proceeds almost
barrierless, thus confirming the role of Y222 to be a gatekeeper
of the catalytic reaction.

Further, MD simulation of the ferryl complex demonstrated
a preference for H3K36me2 over H3K36me1 because of the
hydrogen bonding interaction with the SCS residue N298.
QM/MM calculation of the HAT and rebound hydroxylation
reactions in KDM2A·H3K36·me2 showed that the HAT
proceeds via the σ transfer. The rebound pathway is
energetically favored and requires a much lower activation
energy compared to that of the HAT. EDA analysis coupled
with DCCA shows that SCS residues K229, E315, and R325
play a vital role in the catalytic process and positively correlate

with residues of the JmjC domain. Further, I144 plays a role in
dioxygen activation and the HAT and rebound process,
signifying the role of the SCS residue in the catalytic process.
We believe that our study will contribute to understanding the
complexity of the catalytic mechanisms of Fe(II)/2OG-
dependent KDMs and will help identify better inhibitors for
KDM2A that do not influence other KDMs and other Fe(II)/
2OG enzymes.
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