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Figure 4.2. The structure of TET2 showing the locations of the individual substituted

residues (A) and QM region used for the QM/MM calculations (B).

4.2 Computational Methods

4.2.1 System Preparation

X-ray crystal structure of human TET2-dsDNA (PDB code, 4NM6'%) was used as the
initial structure, and the missing residues were added using Modeller.>* The N-
oxalylglycine (NOG) used for crystallization was converted to 20G by replacing the NH
in NOG with methylene (CH2) group using GaussView 6.0. The protonation states of the

ionizable side chains were evaluated with the Propka software,*® and the histidine residues
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that are coordinated to the Fe(Il) center were assigned protonation states based on visual

inspection of their local environments.

The active site Fe(Il) is octahedrally coordinated to the co-substrate 20G in a bidentate
manner, to two histidines (His1382 and His1881), an aspartate (Asp1384) residue, and a
water molecule. To generate parameters for the Fe(Ill)-superoxo complex, the water
molecule was substituted with O2, bound in an end on manner. The active site parameters
were prepared using the Metal Center Parameter Builder (MCPB.py),*® in Amber 18. Bond
and angle force constants were derived using the Seminario method;*’ point charge
parameters for the electrostatic potential were obtained using the ChgModB method. The
zinc ion and its coordinating residues in the Zn finger regions were described using the
Zinc Amber force field (ZAFF) method.*® The parameters for 20G and the substrate (5SmC)
were generated using the Antechamber module of Amber 18.%° The Leap module in Amber
was used to add hydrogen atoms to the protein systems and then neutralized using Na*
counter ions. The systems were surrounded by a rectangular box solvated with TIP3P water
molecules*® within a distance of at least 10 A from the protein’s surface. Previous
molecular dynamics simulations using these parameter generation procedures have
successfully reproduced the geometry of non-heme iron systems.*'* Similar procedures
were used to prepare the parameters for the ferryl complex, where the 20G co-substrate
was substituted with succinate, which was modeled with monodentate binding of the
coordinating carboxylate. The parameters for all the mutants were developed by making

use of the wild-type parameter after manually substituting the various mutants’ residues.
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4.2.2 Molecular Dynamic Simulations

A two-stage minimization of the geometries using MM was first performed before the MD
simulations. Only water molecules and Na® were minimized in the first stage of the
minimization, while the solute molecules were restrained with 500 kcal.mol"' A harmonic
potential and all atoms were optimized without restraints during the final minimization
stage. The systems were subjected to 5000 steps of steepest descent, followed by 5000

steps of conjugate gradient energy minimization.

The minimized systems were first heated for 50 ps by linearly increasing the temperature
from 0 to 300 K in a canonical ensemble (NVT) using Langevin thermostat.** The heated
systems were further subjected to constant temperature heating (at 300 K) for 1 ns in an
NPT ensemble. The solute molecules were restrained with the harmonic potential of 10
kcal mol™! A? during the heating processes. After that, the systems were equilibrated within
an NPT ensemble at a fixed temperature and pressure of 300 K and 1 bar, respectively, for
3 ns without any restraints on solute molecules. The MD productive runs were performed
for 1 pus in an NPT ensemble with a target pressure set at 1 bar and constant pressure
coupling of 2 ps. The pressure was held constant using Berendsen barostat,** and the
SHAKE algorithm*® was used to constrain the bond lengths of those bonds involving
hydrogen atoms. The simulations were performed using the GPU version*’ of the PMEMD
engine integrated with Amber18.*® The FF14SB* force field was used in all the

simulations, and periodic boundary conditions were employed in all simulations. Long-
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range electrostatic interactions were calculated using the Particle Mesh Ewald (PME)

method®® with a direct space and vdW cut-off of 10 A.

The hydrogen bonding analysis was done using CPPTRAJ,>! and the dynamic cross
correlation analysis was done with Bio3D.?> The binding free energy values were
calculated using molecular mechanics/ generalized Born surface area (MM/GBSA)>

method as implemented in Amberl8.

4.2.3 QM/MM Calculations

QM/MM calculations were performed using the ChemShell package,>* that combines
Turbomole® (for QM region) and DL POLY>® (for MM region). The electronic
embedding method was used to describe the interaction between the QM and MM regions.
Hydrogen linked atoms were used to complete valences of bonds spanning between the
two regions. The MM region was described with the Amber force field, and the QM part
was represented with the unrestricted B3LYP (UB3LYP) functional. The non-heme iron
center, the primary coordinating sphere residues, and the substrate-bound in the active site
were included in the QM region [Figure 4.2B]. The QM/MM geometry optimizations were
performed with the def2-SVP basis set (labeled as B1) for all the atoms. After that, linear
transit scans along the reaction coordinate were performed with 0.1 A increments to locate
the transition states using DL-find optimizer.’’ Transition states were reoptimized using
the partitioned rational function optimization (P-RFO) algorithm implemented in the
HDLC code.’® The fully optimized geometries of the minima and the transition states were

characterized via frequency calculations. The energies of the optimized stationary points
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were recalculated via single-point energy calculation using a larger basis set, def2-TZVP
(labeled as B2) for all the atoms. Electric field calculations were done using TITAN code®
as in other studies.®®®! Energy decomposition analysis (EDA)?'*® calculations were then
carried out on the optimized reactants, and transition states geometries to determine the

non-bonded interactions of all the residues.

The primary kinetic isotope effects (KIEs) were computed and compared with the
experiment. The tunneling correction was considered during the calculations using the
zero-curvature tunneling (ZCT) method as implemented in ChemShell. Hessian
calculations were carried out in DL-FIND using ChemShell. The rate constant and KIEs

were calculated on both deuterated and non-deuterated systems using transition state theory

(TST).

4.3 Results and Discussion

4.3.1 Conformational Dynamics Facilitates the Formation of a
Reactive Complex between TET2 Fe(IV)=0O and the 5mC

(dsDNA) substrate (TET2:-Fe(IV)=0/dsDNA)

The active oxidizing species necessary for the oxidation of the methylated substrates in
non-heme Fe(Il) and 20G-dependent enzymes is the ferryl intermediate. We performed
MD simulations to explore the role of the structural dynamics of this reactive complex.
TET2-Fe(IV)=0 forms a stable complex with dsDNA (an average RMSD of 2.57 A)

[Figure 4.3A]. The plots of the time-dependent fluctuations of the distance between the
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oxygen (O) from the oxo group of Fe(IV)=0 and the methyl carbon (C) of the substrate
[Figure 4.3B], and the Fe-O-C angle [Figure 4.3C], which determine the efficiency of the
substrate oxidation showed average values of 3.66 A and 143.32°, respectively. The proper
orientation of the substrates’ 5-methylcytosine ring with respect to the iron-oxygen bond
of Fe(IV)=0 is stabilized by a stacking interaction with the phenyl ring of Tyr1902. The
dsDNA substrate in the TET2-Fe(IV)=0/dsDNA complex exhibits similar shape and
orientation as in the crystal structure [Figure C3] supported by a hydrogen bonding network
with Ser1828 (72.4%), His1904 (60.2%), and Argl262 (64.6%). The substrate and the
Fe(IV) center coordinated ligands are stabilized by a series of second sphere residues via
hydrogen bonding interactions. For example, the non-coordinating (C4) succinate
carboxylate group is stabilized by hydrogen bonding interactions with Arg1896 (89.6%),
and Ser1898 (54.9%). In contrast, in the human AlkBH2-dsDNA (a human non-heme
Fe(II)- and 20G-dependent enzyme that demethylates N-methylated bases in dsDNA), the
C4 succinate carboxylate is stabilized by hydrogen bonds with Arg248 (84%) and Tyr161
(84%).2* The lower stability of the hydrogen bond with Ser1898 in TET2 compared to the
one with Tyr161 in AIkBH2 might lead to more flexible succinate binding in TET2-dsDNA
when compared to AlkBH2-dsDNA. The backbones of the Fe-coordinating histidines
(His1382 and His1881) are stabilized additionally via hydrogen bonding interactions
(87.8%) with each other. In contrast to AIkBH2-dsDNA, in TET2-dsDNA the non-
coordinating oxygen of the aspartate ligand (Asp1384) is stabilized by Asn1387 -23% of

the trajectory and by a stable solvent-mediated hydrogen bonding interaction (74.7%).
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Comparing the MD simulations and the crystal structures of TET2-dsDNA with AlkBH2-
dsDNA reveals key differences in the DNA interactions and binding in both enzymes'*!"->

(The detailed comparison is presented in the SI).

The principal component analysis (PCA) [Figure 4.4], which shows the main direction of

motions in a protein®>63

reveals that the cysteine-rich N-terminal (Cys-N) region, the GS
linker region, loop 2 (L2), and the DNA are flexible regions in TET2-Fe(IV)=0/dsDNA.
The Cys-N region moves toward the DSBH core for more significant interaction and better
stability. The L2 and GS linker residues move towards DNA and the L2 forms scissors
around DNA. These motions collectively enhance the binding of the DNA to the protein.
The dynamic cross-correlation provides insights into the collective, correlated motions of
the different domains of the proteins. Long-range correlated motions have been implicated
in substrate binding, allosteric regulation, product release and protein folding.®*®< The
DCCA map illustrates the covariance matrix of a carbon atoms and ranges from +1 to -1,
denoting correlated and anti-correlated motions, respectively. The dynamic cross-
correlation analysis (DCCA) [Figure 4.5], of the flexible regions observed in the PCA
reveals that the residues that contribute to the motion in the Cys-N region have a positive
correlation with the Zn2 finger and its four coordinating residues (Cys1193, Cys1271,

Cys1273, and His1380), and two - sheets from the DSBH core (B8 and 17), which are

directly opposite to the Fe center and its first coordinating sphere residues.

Furthermore, the residues from the L2 and GS linker regions of the protein, which

participate in the essential motion with the DNA substrate show a positive correlation with
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each other, the Zn3 finger, and its coordinating residues as well as DNA. The GS linker
also shows a positive correlation with the loop 1 (L1) region, and the iron coordinating
HxD loop. Even though the function of the GS linker remains elusive, its correlated
motions with L1, L2, DNA, Zn3 finger, and the iron-coordinating HxD loop suggests about
its importance in DNA binding. Overall, the long-range correlated motions observed in
the WT ferryl complex might aid catalysis as well as DNA interactions and binding,
resulting in stabilizing the overall structure of the WT TET2-dsDNA complex. In
comparison, the studies on the AIkBH2-dsDNA complex show main direction of motions
at the hydrophobic B-hairpin region which moves toward the Fe center, resulting in a

complex that likely favor catalysis.??

4.3.2 Single/Double Mutations in the Second Sphere and Beyond
Influence the Substrate Binding in TET2-Fe(IV)=0O/dsDNA

Complex

TET2 mutations influence substrate binding, catalysis, and DNA interactions,'* and can
also result in various diseases such as myelodysplastic syndrome and refractory
anemia.'’3? The TET2 mutations subject of this study have either been performed
experimentally in vitro or clinically related to diseases. They include second sphere
substitutions (W1291A, N1387A, Y1902A, and H1904R), substitutions in remote to the
active site regions (M1293A-Y1294A, and K1299E-S1303N), or a combination of both
(S1290A-Y1295A) [Figure 4.2A]. Mutant forms W1291A and K1299E-S1303N are

mutations clinically linked to myelodysplastic syndrome and refractory anemia,
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1332 while the rest of the studied mutant forms are experimentally-performed

respectively,
in vitro mutations found to influence the substrate binding and the TET2 enzymatic
activity.!? The distance between the oxo group (O) of the Fe(IV)=0 intermediate and the
alpha carbon (CA) of the respective substituted residue varies between 9.2 and 25.9 A in
the mutant forms of TET2- Fe(IV)=0/dsDNA (Table C1). To understand how these mutant
forms affect the binding of dsDNA substrate to TET2, we performed a series of 1 us MD
simulations of all the seven single and double mutants: H1904R, K1299E-S1303N,
M1293A-Y1294A, N1387A, S1290A-Y1295A, W1291A, and Y1902A. The mutation
sites are located close to the SmC dsDNA substrate binding region and loop2 (L2), as
depicted in Figure 4.2A. The simulations show stable systems with average RMSDs
[Figure 4.3A] between 2.61 and 3.35 A (Table C2) compared to 2.57 A in the WT TET2,

suggesting some structural perturbations upon the mutation with the most profound effect

in M1293A-Y1294A and W1291A mutant forms.

4.3.3 Effects of the Mutations on the Structure of the Substrate

Binding Site and the Iron Center

The average O - C distances [Figure 4.3B] varies between 3.78 and 11.27 A (Table C2)
while the average Fe-O-C angles [Figure 4.3C] ranges between 111.56 and 140.06° (Table
C2) in comparison with 3.66 A and 143.32°, respectively, for the WT
TET2-Fe(IV)=0/dsDNA. The changes in the key HAT geometric parameters (distance and
angle) in the mutant forms can lead to changes in the rate and mechanism of the HAT
reaction. Furthermore, in all mutant forms, the substrate participates in a smaller number
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of hydrogen bonds when compared to the WT, suggesting that the residue substitutions
might influence its stability. For example, while in the WT TET2-Fe(IV)=0/dsDNA
complex, the substrate is stabilized by interactions with Ser1828 (72.4%), His1902
(60.2%), and Argl262 (64.6%), in K1299E-S1303N, N1387A, and S1290A-Y1295A
mutants, the substrate is supported by hydrogen bonds with Ser1828 (25.1%, 43.4%, and
32.6%, respectively). In contrast in S1290A-Y1295A and Y1902A mutants, the hydrogen
bonds between the substrate and Argl262 are found to be 21.6% and 38.4%, respectively.
The N1387A mutant form shows a hydrogen bonding interaction between the substrate and
His1904 in 42.4% of the MD trajectories. Interestingly, the substitute Arg in the H1904R
mutant stabilized the substrate (89.9%) more than His1904 in the WT, however other
hydrogen bonding interactions observed in the WT are lost in this mutant. All these results
indicate weaker stabilization of the substrate in the mutant forms when compared to the
WT. The mutations also influence the overall stability of the iron center where the non-
coordinating (C4) succinate carboxylate group is stabilized by a hydrogen bond with
Argl1896 with a presence between 15.3% and 42.3% (Table C2) and Ser1898 (between
11.8% and 35.8%) (Table C2) in comparison to WT values of 89.6% and 54.9%,
respectively. Also, the hydrogen bonding interaction between the two coordinating
histidines (His1382 and His1881) backbones varies between 14.3% and 61.6% in
comparison to 87.8% in the WT (Table C2). The above interactions are weaker when
compared to the observed in the WT. This indicates that in both mutant forms the substrates

are less stabilized in the active sites.
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4.3.4 Effects of Mutations on the Substrate Binding Affinity and

Long-Range Correlated Motions

The effects of the mutations on the stability of the TET2-Fe(IV)=0/dsDNA complex were
further confirmed by calculating the binding free energies between the substrate and the
protein using MM/GBSA.>* The binding free energies of the mutant forms suggest a
weaker substrate binding (see the SI) and vary between -108.43 kcal/mol and -63.98
kcal/mol (Table C2) in reference to -122.09 kcal/mol in the WT. The most profound effect
is observed in the mutant form W1291A. Even though there are variations in the stability
of the active site of the protein-DNA complexes, in the mutant forms and the WT, the
radius of gyration (ROG) [Figure 4.3D] shows a similar volume of TET2 enzyme for all
WT and mutation forms. This indicates that the mutations only influence the delicate
interactions in the tertiary structure of TET2 and dsDNA, however, does not lead to a more

dramatic disruption of the overall structure.
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Figure 4.3. Plots of RMSD (A), distance between oxo group (O) of the ferryl and the
substrate methyl carbon (B), angle between Fe, O and the substrate methyl carbon (C), and
the radius of gyration (D) of both the WT TET2-Fe(IV)=0/dsDNA and the mutants.

The PCA of the double mutant forms [Figure 4.4] K1299E-S1303N, M1293A-Y1294A,
and S1290A-Y1295A show a motion in the GS linker region, which moves it away from
the DNA in K1299E-S1303N and S1290A-Y1295A forms, thus weakening the DNA-
linker interactions. Interestingly, in the M1293A-Y1294A mutant form, the GS linker
moves towards DNA as in the WT complex, thus enhancing the interactions of DNA with

the protein. DCCA [Figure C7-C9] of the GS linker in these mutant forms reveals a positive
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