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ABSTRACT

Human polymerases are vital for genetic information management. Their function involves catalyzing the
synthesis of DNA strands with unparalleled accuracy, which ensures the fidelity and stability of the human
genomic blueprint. Several disease-associated mutations and their functional impact on DNA polymerases
have been reported. One particular polymerase, human DNA polymerase kappa (Pol k), has been reported
to be susceptible to several cancer-associated mutations. The Y432S mutation in Pol k, which is associated
with various cancers, is of interest due to its impact on polymerization activity and markedly reduced thermal
stability. Here, we have used computational simulations to investigate the functional consequences of the
Y432S by means of classical molecular dynamics (MD) and coupled quantum mechanics/molecular
mechanics (QM/MM) methods. Our results suggest that Y432S results in structural effects on domains
involved in nucleotide addition and ternary complex stabilization while maintaining catalytic competence.
Calculation of the minimum energy path associated with the reaction mechanism of wild type (WT) and
Y432S Pol k indicate that while both enzymes are catalytically competent, the cancer mutation results in a
slightly endoergic reaction and an increase in the catalytic barrier. Interactions with a third magnesium ion
and environmental effects on non-bonded interactions, particularly involving key residues, contribute to the
kinetic and thermodynamic distinctions between the WT and mutant during the catalytic reaction. The
energetics and electronic findings suggest that active site residues favor the catalytic reaction with dCTP3-
over dCTP4-.
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1 INTRODUCTION

DNA damage is a constant threat arising from both internal and external agents. DNA adducts, when
formed, have the potential to cause mutations that can subsequently lead to diseases and the death of
cells.” DNA undergoes spontaneous hydrolysis inside the cell, affecting its phosphodiester, N-glycosylic,
and amino bonds. Additionally, DNA is under constant attack by oxygen free radicals, which harm the sugar
and bases. Sunlight and exposure to chemical pollutants further exacerbate this issue. Even though DNA
lesions can be corrected through nucleotide excision repair? (NER) and base excision repair® (BER)
processes, many remain unrepaired. These unrepaired lesions obstruct ongoing transcriptional elongation

by RNA polymerases and replication by DNA polymerases.

DNA polymerases are organized into seven families: A, B, C, D, X, Y, and reverse transcriptase (RT).*
The Y-family polymerases can perform trans-lesion synthesis (TLS), which involves bypassing a damaged
DNA site by performing untemplated synthesis.5 & This family is conserved across all life domains, including
bacteria, archaea, and eukaryotes, and it plays a crucial role in DNA repair and replication. Under certain
conditions, this function may occur when the DNA template is compromised or contains various lesions,

such as DNA adducts or thymine dimers resulting from exposure to UV radiation.”®

Y-family polymerases bypass specific lesions with varying accuracies and efficiencies, depending on
the type of adduct.® DNA polymerase kappa (Pol ) is a part of this family and exhibits differences in
nucleotide incorporation specificity and mismatch extension capability when compared to other Y-family
polymerases, i.e., Pol 1, Pol , and REV1. It demonstrates the highest level of fidelity among the other three
members, with a misincorporation rate ranging from ~10-3 to 10-* when dealing with all four template
bases.'® However, Pol k effectively extends mispaired primer termini, exhibiting an extension frequency of
~10-" to 10-2."" In both in vitro settings and within mammalian cells, Pol k exhibits a remarkable capacity
for nearly error-free bypass of bulky lesions linked to the amino group of guanine located within the B-DNA

minor groove;'%15 however, it can be inhibited by major groove adducts.6-°

Y-family members share common structural elements with replicative DNA polymerases, including the
thumb, palm, and fingers domains. The palm domain is where DNA binds during polymerase activity and is
also the site for phosphoryl transfer/nucleotide addition. The thumb domain is generally involved in
positioning and guiding DNA through the polymerase, while the fingers domain aligns the incoming
nucleotide with the template strand and may contribute to recognizing the correct incoming nucleotide.?°
The Y-family also possesses a distinctive fourth domain, referred to as the little finger or polymerase-

associated domain (PAD), which engages with the major groove of DNA.21-25

Pol k features an additional, unique N-terminal domain known as the N-clasp (Figure 1A).26.27 This N-
clasp domain has been observed to interact with DNA and plays a role in stabilizing the ternary complex
formed by the polymerase, DNA, and deoxyribonucleotide triphosphate (ANTP).28 2° This is accomplished
through interactions involving the catalytic core, the PAD, and the DNA duplex region.3® Pol k consists of
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870 amino acid residues; however, investigations using protein truncations and primer extension assays
have revealed that amino acids 19-526 are sufficient to preserve polymerization activity comparable to wild
type (WT).26. 31,32 Notably, truncated protein versions have demonstrated enhanced stability compared to
the full-length protein, making them more prevalent in experimental studies.3! 33 Conversely, the removal
of the N-clasp notably diminishes activity, with implications for lesion bypass, as this domain interacts with
the DNA.34 35

Several single nucleotide polymorphisms (SNPs) associated with different cancer phenotypes,
resulting in missense mutations on Pol k, have been reported.’®¢ Subsequently, some of these cancer-
associated SNP variants, along with many others, have been identified in the POLK gene, potentially
influencing the Pol k function in various ways.3! Mutations reducing Pol k activity can heighten cell sensitivity
to DNA-damaging agents, including certain chemotherapeutics. Changes in Pol k fidelity might influence
the genomic stability of tumors. Furthermore, SNP variants in Pol k with enhanced lesion bypass capability

can contribute to resistance against DNA-damaging chemotherapy.®’

Song et al.3® and Antczak et al.3® characterized several cancer-associated variants of Pol k with similar,
lower, or higher activity than the WT protein. Among the studied variants, the Y432S mutant (Figure 1B)
exhibited considerably lower polymerase activity than the WT, with 20- to 34-fold decreases in k., /K,, for
dCTP insertion opposite G compared to that of WT38 and significantly reduced thermal stability.®* Moreover,
molecular dynamics (MD) simulations with undamaged DNA revealed that when this variant is paired with
the correct incoming nucleotide, it mimicked the behavior of WT with the incorrect incoming nucleotide,
suggesting an adoption of an inactive conformation.3® However, whether this mutation affects the dynamics,
the kinetics of the catalytic polymerization reaction, or both, remains elusive. Furthermore, a thorough
examination of both proximal and distal effects of enzyme residues on the active site during the pre-catalytic
and catalytic stages of the reaction could offer valuable insights into predicting other variants' behavior that

have not been discovered thus far.

In the present study, we have investigated the effects of the Y432S variant on the dynamics and kinetics
of the polymerization reaction compared to that of WT Pol « via classical molecular dynamics (MD) and
coupled quantum mechanics/molecular mechanics (QM/MM) to study the thermodynamics and kinetics of
the reaction between the WT and Y432S with dCTP as the incoming nucleotide. The following sections of
the paper outline our approach for MD and QM/MM simulations, encompassing structural, dynamic, and
kinetic analyses for both the WT and Y432S systems. Subsequent segments present and discuss the
results for each system, exploring their implications in relation to one another. Finally, concluding remarks

summarizes the discussion.
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Figure 1. (A) 3D structure of human DNA polymerase k with three magnesium cations in the active site, modeled from
the 20H2 crystal structure. (B) Close-up magnifications illustrating the position of the Y432S mutation. (C) 3D close-
ups of the active site for WT Pol k and the Y432S variant. (D) Stereochemistry of the three-metal active site for the WT
and Y432S mutant reactant, along with the proposed Sn2 nucleophilic attack in this study. Orange arrows indicate Sn2
nucleophilic attacks, and coordinated water molecules to the metal centers are labeled in blue. In the WT, one water
molecule is coordinated to Mg1, and four are coordinated to Mg3. In the Y432S variant, three water molecules are
coordinated to Mg3, while two dC3 phosphodiester bridge oxygens are coordinated to Mg1 and Mg3.

2 COMPUTATIONAL METHODS

2.1 Molecular Dynamics (MD) Simulations

The WT Pol k system was modeled based on a ternary structure of Pol k (PDB ID: 20H23%) bound with

the cytidine triphosphate ligand. This specific PDB structure was chosen to maintain consistency with a

5
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previous QM/MM study on Pol k.4 A longer missing region in the palm domain (224-282) was replaced
with a three-residue linker of GIn225, Ser226, and Gly281 using MODELLER?3 7* incorporated into UCSF
Chimera*! (Figure S1). This was done as the longer missing residue could not be reasonably modeled.
Previous data from a homolog of Pol k indicates that the absence of the identified region does not impact
the structural or functional features of the palm domain.26:42 The crystal structure was checked for clashes
and protonated using MolProbity*3 after determining protonation states from PROPKA.44 45 The parameters
for the incoming nucleotide (dCTP) and other nonstandard residues produced during the polymerization
reaction were obtained from the R.E.D. Server,*6-4? while the missing bonded parameters were added by
ANTECHAMBERS? 51 (Figure S2). All the AMBER parameters for the non-standard residues are provided
in the Supporting Information. The WT system was mutated in silico (Y432 to S) using the Dunbrack
library of Chimera.52 Both systems (WT and Y432S) were neutralized using K* ions and then solvated using
a TIP3P53 cubic water box of 88.3 x 101.7 x 94.2 A3, extending at least 12 A from the surface of the protein-
DNA complex with the LEaP module5* of AMBER. The pmemd.cuda®® % code from the AMBER18 suite was
utilized to perform all MD simulations5” with the ff14SB58 and the OL155%° force fields for the protein and the
DNA, respectively. An initial minimization was performed for a total of 10,000 cycles, with 5,000 cycles using
the steepest descent algorithm and the other 5,000 cycles using the conjugated gradient algorithm, followed
by heating to 310 K using Langevin dynamics®%-62 with a collision frequency of 2 ps~' and 100 kcal mol-' A-
2 restraint on all heavy atoms. Subsequently, 50 ns of NVT equilibration was applied to the systems,
gradually reducing restraint on heavy atoms, while higher restraints were maintained on the 3' terminal
primer residue (dC3') and dCTP until stability was achieved. Once equilibrated, each system was subjected
to 500 ns of unrestrained NPT ensemble with a time step of 2fs. These steps were carried out in triplicates,
resulting in a total of 1.5 ps simulation time (Table S1). All bonds involving hydrogen atoms were treated
using SHAKES®3, and long-range Coulomb interactions® were handled with the smooth particle mesh Ewald

method®® with a 12 A cutoff for non-bonded interactions.

The analysis of production dynamics, including root mean square deviations (RMSD), root mean
square fluctuations (RMSF), and correlation matrices, was conducted using the CPPTRAJ module®® of
AMBER18 (Figures S3-S8). Normal mode analysis was also executed using the ProDy®” code integrated
into VMD.®8 Python libraries such as NumPy,% 70 Matplotlib,”' Pandas,’? statsmodels” module, and
Gnuplot™ command-line were employed for further data processing and graphing. Clustering was
performed on 150,000 trajectories from all three replicates of each system through a multi-dimensional
analysis via the k-means algorithm?5 implemented in AMBER's CPPTRAJ. Each dimension of this analysis
on the reaction’s active site corresponds to the distances and angles between the O3’ of dC3' and the Pa
of dCTP and other important distances of the coordinated residues to Mg?* ions. Five representatives for
each system with the highest population abundance and the best orientations of the active site’s residues
involved in the polymerization reaction were selected for further QM/MM optimizations (Figures S9 & S$10).

PDB files of the representatives chosen for each system are provided as the Supporting Information.
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2.2 QM/MM Calculations

All the QM/MM calculations of the studied systems were carried out via LICHEM,”® 77 interfacing
between Gaussian1678 and TINKER.”® The QM region and the MM environment were described with the
wB97X-D/6-31G(d,p)8%82 level of theory and AMBER ff14SB force field, respectively. The QM/MM long-
range electrostatic correction (QM/MM-LREC) method??® with a 12 A cutoff, and the particle mesh Ewalds4
(PME) method were employed for the QM subsystem and the MM calculations, respectively. The QM
subsystem in both systems includes 1106, D107, M108, D109, A110, D198, E199, dC3’, dCTP3/dCTP*-,
three Mg?* cations, and coordinated water molecules to the metal ions (Figure S11). The total number of
QM atoms for WT with five coordinated water molecules to the metal ions and Y432S with three coordinated
water molecules to the metal ions are 152 and 146, respectively. The remaining residues and all solvent
molecules were described with the ff14SB potential. To treat the covalent boundaries of the QM subsystem’s
amino acids, the pseudobond approach® was applied. The iterative QM/MM optimization protocol, as
implemented in LICHEM76,76 77 involved optimizing all QM atoms and all MM atoms within a 30 A radius
of the catalytic Mg?* ion (Figure S11). After optimizing each system’s selected reactant representatives, the
one with the lowest QM/MM energy was considered the most stable reactant, and the product was designed
based on that structure (Figures 89 & S10). Utilizing the optimized structures of reactants and products for
each system, the quadratic string method (QSM) was employed in conjunction with the restrained-MM
procedure, implemented in LICHEM,”” to analyze and compare the potential energy surface along the
reaction pathway. The initial restraint on the MM environment was initially set to 50 kcal mol-' A2 and
gradually removed. The reaction path was modeled as a chain of fourteen beads connecting the reactant
(bead 0) and the product (bead 15), totaling sixteen beads in the sequence. One negative imaginary
frequency was obtained for the approximate transition states corresponding to the motion along the reaction

coordinates (see Movies $S1-S3 in the Supporting Information).
2.3 NCI and ELF Analyses

The non-covalent interactions (NCI) between the incoming nucleotide and surrounding amino acids in
the active site®® were examined using the promolecular density method® incorporated into the Multiwfn V.
3.8 program.®” This analysis provides a qualitative depiction of chemical bonding and weak noncovalent
interactions by evaluating the relationship between electronic density and the reduced density gradient in
regions of low electron density. The NCI surfaces' strength and characteristics are depicted in the RGB
scale, with green and blue surfaces indicating strong and weak interactions, such as hydrogen bonds and
van der Waals forces, while red surfaces signify repulsive interactions. These surfaces were visualized with
the isovalue of 0.4 a.u and the color scale of —0.05 a.u < sign(A2)p < 0.05 a.u. All the wave functions for the
electron localization function (ELF) analysis® were obtained from the structures of the reactant, product
and the approximate TS optimized by the QM/MM calculations. The ELF calculations were performed via

the basin analysis® % embedded in the Multiwfn V.3.8 program. A cubic grid of 200 a.u. with an isovalue of
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0.8 a.u. and medium quality grid with a spacing of 0.10 Bohr were selected for the basin illustration. The

images were rendered with visual molecular dynamics (VMD)% and GaussView 6.1°" programs.
2.4 Energy Decomposition Analysis (EDA)

Calculation of the average energies of non-bonded intermolecular interactions (Coulomb + van der
Waals) with respect to specific reference residue(s) can provide insight into the role of individual residues.
EDA has been proven effective in exploring MD simulations and QM/MM calculations for various protein
systems.?2% EDA was calculated using the AMBER-EDA code® on the pre-catalytic stage of the
polymerization reaction by WT and Y432S systems, the analysis was run on 25000 snapshots of the last
500 ns of the MD simulations. The obtained results were then averaged over the three replicates of each
system to qualitatively investigate the stabilizing and destabilizing effects of the amino acids. The R code
V.4.1.2% and Python libraries, NumPy,8° 70 Matplotlib,”* and Pandas,’? were used to generate and illustrate
the EDA graphs. Sections 8 and 10 of the Supporting Information provide a comprehensive explanation

of the calculation of the EDA and the interpretation of its results.

3 RESULTS AND DISCUSSION

3.1 Structural Effects of the Mutation

Experimental studies®-1% and computational investigations*® 105114 on various eukaryotic and
prokaryotic DNA polymerases have shown that the polymerization step is catalyzed via a two-metal-ion
mechanism for these DNA polymerases. Lior-Hoffmann et al. revealed the importance of two metal ions for
nucleotide addition by means of QM/MM-MD simulations.*® Additionally, a recent ternary crystal structure
of Pol k in complex with DNA and a non-standard nucleotide obtained by Jha and Ling (PDB ID: 6CST)

supports a two-metal-ion active site.2°

Recently a third metal ion has been shown to be required during catalysis for two X- and one A-family
DNA polymerases: Pol p,1%° Pol n,102.115.116 gnd Pol 8.103. 117,118 QM/MM studies on Pol n'1® 120 and Pol B2
have suggested that the third Mg?* in the active site can either lower the activation barrier or stabilize the
product primarily through its electrostatic effects. Yang et al.'?2 and Nakamura et al.'?® also proposed that
the third metal ion is a general feature, suggesting that all polymerization reactions of nucleic acids occur
through three-metal-ion catalysis. Taking into account the outlined points on the importance of the third
metal ion and to make a comparison with the mentioned-above QM/MM study on the two-metal-ion
mechanism,*? the three-metal-ion active site system was considered here for both the WT Pol k and the
Y432S variant (Figure 1C).

RMSD analysis, both for the backbone and by residue, indicates the stability of both systems
throughout the 500 ns of MD simulations (Figures S$3-S8). The RMSF analysis reveals mostly similar

fluctuations between the WT and the mutant, with higher fluctuations observed in the N-clasp domain, as
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well as some regions of the thumb and palm domains in the mutant (Figure $12). Notably, the palm and
N-clasp domains play crucial roles in nucleotide addition and proper catalysis, respectively, making these
increased fluctuations in the mutant, particularly intriguing. Similar results are suggested by dynamic cross-
correlation analysis, wherein the motions within the N-clasp and palm domains, as well as their movement
with respect to each other become less correlated (more anti-correlated) in the mutant compared to the WT
(Figure S13).

Interestingly, no significant differences were observed in the motions within the PAD between the WT
and the mutant. When considered alongside the similar RMSFs of the PAD in both the WT and the mutant—
with minor fluctuations in some regions in the mutant—these results suggest that the mutation does not
significantly affect the engagement of the protein with the DNA.

The motion of DNA is seen to be more correlated with the PAD domain in the WT, whereas the mutant
shows a higher anti-correlation movement with the fingers and palm domains. The heatmap in Figure
2A&B, which depicts the correlation of residues with the incoming nucleotide as the reference, suggests
that the movements of various domains in the WT system with respect to dCTP are comparable to those in

the mutant, showing no significant differences.

Taken together, the RMSF, dynamic cross-correlation, and normal mode analyses suggest that the
mutation has a minor structural effect on the Pol k domains involved in protein-DNA complexation while
exerting a more noticeable impact on domains responsible for stabilizing the ternary complex and engaging
in nucleotide addition. Additionally, a clustering analysis focusing on the population distribution based on
the catalytic distance and angle between dC3' and dCTP suggests that most of the sample structures exhibit
similar distances between Pa and O3’ for both the WT and the mutant (Figures S9 and $10). Antczak et
al. also suggested that the Y432S mutation does not significantly alter the structural features of the
polymerase, increasing the Pa-O3' distance by about 0.02A on average from the WT, even though the
active site and the metal positions show larger distortions.3 This change in the active site and metal position
might cause different coordination shells observed for the two systems studied here. The Y432S system
showed more structural similarity to a mismatched (dG:dT) WT system. These findings suggest that despite
the mentioned structural impacts of the mutant, it does not significantly affect the catalytic distance to the

extent of rendering it catalytically incompetent.

In addition to the structural effects of the mutation on the dynamics of the reaction, the results of the
EDA analysis also suggest its impact on the non-bonded interactions between the active site and the
mutation site with the protein environment. As shown in Figure S14, several residues have considerable
non-bonded interactions with the active site of both systems. However, some residues become more
stabilizing or destabilizing in the mutant compared to the WT. Notably, the residues of the N-clasp and palm
regions—where the mutation has more pronounced structural effects—are seen to exhibit larger changes

to the non-bonded interactions with the active site of the mutant.
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Figure 2. Plots of the principle component analysis on the root-mean-square fluctuations (first mode) along with the
residue-wise correlation with respect to the incoming nucleotide as a heatmap projected on the protein for the (A) WT
and (B) Y432S mutant. The black arrows show fluctuations more significant than 0.5 A and point toward the direction
of the highest-ranked eigenvector, and their amplitude is directly proportional to the length of the arrow. Areas with
correlated movements in the heatmap are colored blue (0.5), non-correlated areas are white (0.0), and anti-correlated
movements are red (—0.5). (C) A color-coded representation of Pol k with a similar orientation to A and B for enhanced
comparison of movements and domains. (D) Representation of the residues in the first- and second-shell with
considerable stabilizing and destabilizing effects (colored in blue and red, respectively) on the mutant’'s active site
compared to the WT. All H-atoms are omitted for more clarity. (E) A close-up of the residues with substantial
stabilizing/destabilizing effects (depicted in blue/red) on the mutation site of the mutant compared to the WT. Residue

S432 is displayed with a different color from Y432. The threshold for the selection is AE45 "¢ ' > |10| kcal mol-' (Eq.
$2) and AE}y = 0.5] kcal mol' (Eq. S3).
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Figure 2D shows the residues in the first- and second-shell of the active site having considerable
stabilizing or destabilizing effects on the mutant's active site compared with the WT. The calculated
AEfstve site yalues based on Eq. S2 are presented in Table S2. Several residues around the active site,
including K25, R144, R149, K182, S196, and K328, become more stabilizing (or less destabilizing) in the
mutant. This stabilizing impact is reflected in the sum of the total difference in non-bonded intermolecular
interactions between the WT and Y432S systems, i.e., SAEfSve site ~ —174 kcal mol-'. Although EDA is a
qualitative tool, the considerable negative value of YAE{5 e sit¢ suggests a significant stabilizing effect from
the protein’s environment on the active site of the mutant compared to the WT. This might indicate that
electronic changes in the protein’s environment, particularly in the residues around the active site, become
more favorable for the nucleotide binding, countering the mentioned structural effects imposed by the
mutation.

Figure S15 shows that the major interactions of the mutation site residue are with the amino acids in
its vicinity in the PAD domain with no considerable interactions observed with residues from other domains.
Figure 2E shows the orientation of the residues with considerable stabilizing and destabilizing effects on
residue 432 of the mutant compared to the WT. The calculated AEy3? values based on Eq. S3 are listed in
Table S2. As expected, the EDA results suggest that the mutation does not significantly change the total
difference in the non-bonded interactions between either of these residues at the mutation site and the
protein environment (YAEx3? = 5.4 kcal mol-'). However, the small positive value of YAER3? shows slightly

more destabilizing effects the mutant experiences than the WT at the mutation site.
3.2 Catalytic Effects of the Mutation

The mutation of Y to S at position 432 results in structural differences in the coordination mode of the
Mg1 and Mg3 metal ions in the two systems. As schematically shown in Figure 1D, in the WT system, Mg1
is coordinated to D107, D198, E199, O3’ of dC3’, one of the Oa atoms of the dCTP, and a water molecule.
Mg2 is coordinated to Oa, Of3, and Oy atoms of the dCTP, D107, M108, and D198, while Mg3 is coordinated
to the Oa and Oy atoms of the dCTP and four water molecules. In Y432S, Mg1 is coordinated to D107,
D198, E199, O3’ of dC3', one of the Oa atoms of the dCTP, and one of dC3’ phosphate bridge’s oxygen.
The coordination mode of Mg2 is similar to that in the WT, whereas Mg3 is coordinated to the Oa and Oy
atoms of the dCTP and one of the dC3' phosphate bridge’s oxygen. Based on the simulated dynamics, it
appears that the distal effect of the mutation on the active site is orienting the dC3' primer terminus in a
manner that forces its phosphodiester oxygens to coordinate to Mg1 and Mg3. In contrast, in the WT, two
water molecules fulfill this role.

1

https://doi.org/10.26434/chemrxiv-2024-ksg1l ORCID: https://orcid.org/0000-0002-4051-0844 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ksg1l
https://orcid.org/0000-0002-4051-0844
https://creativecommons.org/licenses/by-nc-nd/4.0/

v

-"_ / 7 i / '_ / y ) P J A
WP s o P, {or.par(p®e”
£ 03...Pa=03g= 1712~ 2 03"../,P0—Q3u = 178" z 0%...Pa=05" -Jw =

y

=

"__t e | ‘..-'. & o -
% -l 03 Pacotaz 105 g S g
w%’--mavow/m" > o Aty B ’

T

=]

£

®

£

[

2

o

s

w

@

=

5

s ~
- WT =
- Y4325 Bead No.

Figure 3. (A) Optimized geometries of the reactant, transition state, and product of the phosphoryl-transfer reaction in
the active site of the WT Pol k (top) and Y432S mutant (bottom). The protein and DNA chains are displayed in white
and blue ribbons. The critical distances with the corresponding values are shown in dotted lines. (B) Optimized QM/MM
minimum energy path (kcal mol-') for the catalytic reaction by each system calculated at wB97X-D/6-31G(d,p) level of

theory with AMBER ff14SB force field.

The catalytic O3'...Pa distances and O3'...Pa...0O3a angles in the WT and the mutant’s ternary
complex are 2.81 A and 2.65 A, respectively, with corresponding angles of 171° and 167° (refer to Figure
3A). NCl index visualizations in Figure 4A also show green and blue surfaces between the O3’ of dC3' and
the Pa of dCTP in the reactant of both systems, indicating strong attraction interactions between them on
the NCI scale. The activation energies (AE*) are 9.3 and 13.9 kcal mol-' for WT and Y432S, respectively,
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suggesting a higher energetic barrier imposed by the mutation. The transition state in both systems is a
pentacovalent phosphorane structure with the O3'...Pa...O3a angle close to 180°, which results from an
Sn2-like nucleotidyl-transfer reaction, wherein the O3'-Pa bond forms, while the Pa-O3a bridge bond
breaks (see Movies S4 and S5 in the Supporting Information). ELF calculations, illustrated in Figure 4B,
also indicate the formation of two tri-synaptic basins in the transition state, corresponding to the O3'...Pa
bond formation and the breaking of the Po—Pf bond. Calculated electron populations in the ELF basins
(refer to Table S3) demonstrate the formation of (C3',03',Pa) and (Pa,03a,Pp) trisynaptic basins during

the reactant-TS pathway in both systems, each with an electron population of 2.74-3.15 e~.

As depicted in Figure 3A, the geometry around the phosphorus atom in the new phosphodiester bridge
is approximately tetrahedral. The electron populations for the newly formed (O3',Pa) disynaptic basin are
1.78 e~ and 1.66 e in the WT and mutant, respectively, indicating the formation of an O3'-Pa single bond
(see Figure $16). The produced PP;i in both systems’ product exhibits multiple non-covalent attraction
interactions with water molecules and residues around the active site's cavity, including D109, A110, F111,
T138, R144, and K328 (in the mutant), as illustrated in Figure S16.

The catalytic reaction by WT is exoergic (AE = —2.2 kcal mol-'), while the reaction by the mutant is
endoergic (AE = 6.0 kcal mol-"). The experimental kcat values for the WT Pol « range from 0.46 to 0.28 s~
1,14,16,124,125 According to transition state theory, the corresponding upper bound barrier for these kcat values
is ~19 kcal mol-'. Considering these observations, although both reactions are kinetically feasible, the
product of the WT is ~8 kcal mol~' more stable than that of Y432S. This implies that the nucleophilic attack

is thermodynamically more favorable in the WT.

As mentioned before, Lior-Hoffmann et al.*® performed a comprehensive study of the two-metal-ion
mechanism for the WT Pol k, where they proposed that the phosphoryl-transfer step of the reaction with
the dCTP3- is exergonic with the activation and reaction free energies of 10.6 and approximately —1.6 to —
1.8 kcal mol-', respectively. Our calculated values mentioned above are consistent with these results.
Nevertheless, it appears that the third magnesium ion has a non-negligible influence on the kinetics and

thermodynamics of the reaction through its electrostatic effects (see below).

Compared with the WT, the changes induced by the mutation on both proximal and distal non-bonded
interactions with the active site are consistent with the energetics results along the nucleophilic attack. EDA
results suggest more stabilizing effects from the protein’s environment on the Reactant to TS (R—TS) and
Reactant to Product (R—P) pathways of WT Pol k compared to the mutant. The values of Y AE3~Reactant
(see Eqg. S4) in Figures S$20 and S21 indicating a stabilizing environment for the active site of WT, with a
value of —23.1 kcal mol-'. In contrast, the active site of Y432S experiences a destabilizing environment, as
reflected by a value of 7.4 kcal mol-'. It seems that the higher energy barrier for the mutant compared to
the WT (AAE?* = 4.6 kcal mol-') might at least partially come from the non-covalent effects of the protein’s
environment. The Y AEFoduct-Reactant \q)yes (see Eq. S4) in Figures $20 and S21 are —136.0 kcal mol-’

for WT and —103.4 kcal mol-' for Y432S. This indicates a consistent trend in the R—P pathway, with the
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active site of WT experiencing a more stabilizing environment than the mutant. EDA results also suggest
that residues R144, K321, and K328, located in the first- and second-coordination shell of the active site,
play a crucial role in providing significant stabilizing contributions to the catalytic reaction in both systems
(refer to Figure $22). These contributions are likely to facilitate the progress of the reaction.

V(C3',03' Pa) = 3.15 V(C3',03'Pa) = 2.95
V{Pa,030,Pp) = 2.74 V(Pa,03a,PR) = 3.01

Figure 4. (A) Non-covalent interactions (NCI) between dCTP and surrounding residues in the reactant of WT and
Y432S. Close-ups provide zoomed-in views of NCI surfaces between the O3' of dC3' and the Pa of dCTP. The NCI
visualization uses an isovalue of 0.35 a.u, with a color scale of —0.05 a.u < sign(A2)p < 0.05 a.u. QM region residues
are represented in ball-and-stick, while amino acids and water molecules are shown in sticks. The protein and hydrogen
atoms of the QM residues are omitted for clarity. Coordinated water molecules to Mg atoms are distinguished by a
different color from other water molecules. (B) ELF basins (isovalue = 0.8 a.u.) for the reactant and TS along the
catalytic reaction pathway by the WT and Y432S. Zoomed-out images depict the reactant for each system, while
zoomed-in frames show TS structures with values indicating trisynaptic basins for the critical forming/cleaving bonds.

Residues with significant differences in intermolecular interactions with the active site of the two
systems along the R—TS and R—P catalytic pathways are shown in Figure 5A. As can be seen, in addition
to those mentioned above that showed stabilizing contribution to the catalytic reaction pathway in both

systems, several other residues become significantly more stabilizing or less destabilizing in the WT

14

https://doi.org/10.26434/chemrxiv-2024-ksg1l ORCID: https://orcid.org/0000-0002-4051-0844 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ksg1l
https://orcid.org/0000-0002-4051-0844
https://creativecommons.org/licenses/by-nc-nd/4.0/

compared to the mutant. Some of these residues with substantial (AAENE ~"**%%) 15 proauct Values (see Eq.
S5) are located in the first- and second shell of the active site, as illustrated in Figure 5B. These results
also suggest that several residues around the active site, such as R144, L197, S310, D325, and K328,
exhibit significant changes between the two systems along the R—TS and the R—P catalytic pathways in

response to the distal tyrosine-to-serine mutation.

Residue R144 has a stabilizing effect on the active site of both systems along the R—TS pathway
(Figures S20 and S21), though this effect is more pronounced in the case of WT compared to the mutant,
as reflected by the (AAEYT Y4325),¢ of —2.6 kcal mol-' in Figure 5B. This residue becomes particularly
more stabilizing in the R—P pathway of both systems, with a more significant impact on the mutant system
((AAEYT Y4325 auee = 22.7 kcal mol="). Similar behavior can be observed from K328 with a stabilizing
effect on the active site of both systems along the R—TS pathway but with a slightly larger impact on the
WT ((AAENT~Y4325) . = —2.4 kcal mol-'). However, this effect becomes considerably more stabilizing in the

mutant compared to the WT, as reflected by its (AAEYT ~Y*325) poquce Value of 15.8 kcal mol-".

Residues L197 and S310 exhibit different behavior with respect to the catalytic pathways of each
system. L197 is stabilizing in the R—>TS pathway of both systems, having a slightly larger effect on the
mutant ((AAEYT ~Y4325) ¢ = 1.6 kcal mol-1), while it becomes destabilizing in the R—P pathway of both, with
more destructive contribution to the mutant ((AAEYT ~Y*325) 1 quce = —2.2 kcal mol-'). Residue S310 shows
a similar trend as L197 with (AAEYTY4325) ¢ and (AAEYT Y*325) b oauce Values of 4.2 and —5.1 kcal mol-,
respectively. Notably, D325 destabilizes the R—TS pathway of both systems, while its effect is less in the
WT as reflected by (AAEYTY4325),¢ of —3.4 kcal mol-'. However, this residue becomes significantly
stabilizing in the R—P pathway of WT while still destabilizing the mutant, leading to a significant value of —
12.5 for the (AAEYT ~Y*4325) b oauct -

Overall, the difference in intermolecular interactions between the two systems implies substantial
facilitation of the catalytic reaction by the active site residues in the WT system. Furthermore, the EDA
results for the catalytic reaction reveal that non-bonded contributions from the protein's environment
enhance the thermodynamics of the reaction in both systems, with a more pronounced impact observed in
the WT system. Conversely, the protein's environment, particularly the residues surrounding the active site
(refer to values in Figure 5B), significantly destabilizes the transition state of the mutant, adversely affecting

the kinetics of the reaction in the mutant system.
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Figure 5. (A) The difference in non-bonded intermolecular interactions between the WT Pol k and Y432S mutant
systems along the R—TS (left) and the R—P (right) catalytic pathways. Residues with negative
(AAERE Y325 ) 16 proauce Values in blue stabilize (or less destabilize) the active site of the WT compared to Y432S along
the pathway of interest. In contrast, residues with positive (AAEWSY*3%5) 1 produce Values in red have the opposite
effect (refer to Eq. S5). Residues given in frames are located in the active site's first- or second coordination shell. (B)
lllustration of the first- and the second-coordination shell amino acids with a considerable difference of non-bonded
intermolecular interactions with the active site. Residues in blue/red with negative/positive (AAENEY*32%)15 product
values in parenthesis (kcal mol~') stabilize/destabilize the active site of WT compared to Y432S system along the

R—TS (left) and R—P (right) catalytic pathway. All hydrogen atoms, except the y-hydrogen of dCTP, are omitted for
more clarity.

3.3 Catalytic Effects of the Third Magnesium lon

As discussed previously, recent structural findings highlight the involvement of a third metal ion in
charge stabilization during the catalytic reactions in Pol y, Pol n, and Pol (.100. 102, 103, 115-118, 122, 123 A

comparison of phosphoryl transfer initiation in two- versus three-metal-ion catalysis by Yang et al.'??
suggested that, in the latter, the third metal ion might initiate the reaction by breaking the existing
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phosphodiester bond in dNTP, thereby driving the phosphoryl transfer reaction. Conversely, QM/MM studies
on Pol n and Pol B suggest that a third Mg?* in the active site may either lower the activation barrier or

stabilize the product primarily through its electrostatic effects.19-121

To our knowledge, no study has investigated the catalytic polymerization reaction by Pol k involving a
third metal in the active site. As mentioned above, the 20H2 PDB was chosen as the initial structure, which
only involves one metal in the active site. For consistency with previous studies, the nucleotide-binding
metal was included with the incoming nucleotide. Interestingly, during the MD simulations, the third metal
was observed to diffuse to the active site in the initial stages, and remain bound to the triphosphate
throughout the remainder of the simulations. The octahedral coordination mode of Mg1 and Mg2 in our
modeled system aligns with their QM/MM-MD simulated structure; detailed stereochemistry is explained in
Section 3.2. The third magnesium ion in our WT Pol k modeled system is coordinated to the Oa and Oy

atoms of the dCTP and four water molecules (see Figure 1D).

While the QM/MM approaches utilized in the present study and the work by Lior-Hoffmann et al.#° differ,
the energy barriers (9.3 vs. 10.6 kcal mol-') and reaction energies (—2.2 vs. —1.6 to —1.8 kcal mol-) are
consistent. Notably, the phosphorane transition state in both studies is stabilized by key amino acids,
namely R144 and K328 (refer to Figure S20A). Our EDA results reveal that other residues, such as H105
and K321 in the binding cavity, stabilize the R—TS pathway despite lacking direct hydrogen bonding with
the active site (see Figure S22A). The diffusion of the third magnesium into the active site appears to
influence the geometries surrounding the dCTP phosphate chain through interactions with its Oa and Oy
atoms. This orientation of the phosphate chain not only sustains the direct and indirect (mediated by water
molecules) hydrogen-bonding interactions with A110, T138, R144, and K328 (refer to Figure 6A) observed
in the TS of the two-metal system,*® but also gives rise to additional non-covalent interactions with D109

and water molecules, as illustrated in Figure 6B.

As previously noted, Yang et al.'?2 proposed that the third metal ion might trigger the reaction in three-
metal-ion catalysis by cleaving the pre-existing phosphodiester bond in dNTP, thereby initiating the
phosphoryl-transfer reaction. However, our calculated ELF populations for all three systems in Table S3
show no evidence of trisynaptic basins between Mg3 and phosphodiester bonds during the R—TS pathway.
This suggests that the third magnesium is not directly involved in the bond-forming/breaking process in the
studied systems. Notably, the active site orientation in the product of both WT systems (with dCTP3- and
dCTP*) indicates non-covalent interactions between Mg3 and O3q, resulting in a distorted octahedral
geometry around Mg3. Despite the Mg3...03a distances of ~3.0 A and the presence of green NCI surfaces
between Mg3 and O3a (refer to Figure 6C), ELF results in Table S3 indicate the creation of (O3a,Mg3)
disynaptic basins in the products of WT—dCTP3- and WT—dCTP4-, with electron populations of 2.97 e~ and

3.78 e, respectively.

In the Y432S product, a green NCI surface is observed between Mg3 and O3a. However, the distance

of 3.58 A prevents the formation of a disynaptic basin between them, as indicated in Table S3. This
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maintains the product's octahedral geometry of the Mg3 stereocenter (see Figure S23). In addition to the
formation of (O3a,Mg3) basin in the product of WT systems, (02a,Mg3) and (O2y,Mg3) disynaptic basins
in all three systems (WT and Y432S) show considerable electron population increase along the R—>TS—P
catalytic pathway (refer to Table S3). This suggests that Mg3 may alleviate the accumulating negative
charge on the O3a-bridging oxygen (only in WT), as well as on the O2y and O2a oxygens, during the

elongation and cleavage of the Pa—O3a bridge bond.

Y432S—dCTP*- WT—dCTP*

00
-02
-04
-08
08

-1.0 -0.90 097 -0.90 oy ~0.93

-12 . -|.097 =112 =111

093 096 -10

-1.06 -1.08 -
1.8 122 115 12
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-18 -16

GROUP CHARGE

-1.8 S - -18

. 184
-20 185 190 185 | 50

Reactant ™ Product Reactant TS Product Reactant L Product

Ba-phosphate OB-phosphate By-phosphate

Figure 6. (A) Amino acids in the active site engaging in direct and indirect hydrogen-bonding interactions with the
pentacovalent phosphorane transition state in the WT. Coordinated waters to Mg3 are displayed in purple to distinguish
them from water molecules involved in hydrogen bonds. (B) NCI Surfaces in the transition state of WT-dCTP3~:
Interactions between the incoming nucleotide and surrounding residues. (C) Stereoview of the product in WT-dCTP3-
and WT-dCTP* systems, highlighting the geometry of the Mg3 stereocenter. Oxygen atoms coordinated to Mg3 are
labeled in purple. Zoomed-in circles display NCI surfaces between Mg3 with O3a and O2y atoms. (D) ESP charges for
a-, B-, and y-phosphate groups of dCTP at key stationary points in the catalytic reaction. The partial charge of the
bridging oxygen atoms is evenly distributed among neighboring phosphate groups.

Calculated ESP charges for the reactants (Figure 6D) indicate that the y-phosphate has the most
negative partial charge among the phosphate groups of dCTP4-, which is relieved in the protonated
systems.*0: 126 The y-phosphate’s ESP charge in the WT-dCTP#- system is —1.74 e-, while the values for
WT-dCTP3- and Y432S-dCTP3- are —0.90 e~ and —1.11 e, respectively. Notably, the ESP charge of the a-
phosphate in the reactant of all three systems exhibits the lowest value compared to the other two

phosphate groups. This may be attributed to the fact that the oxygens of the a-phosphate are coordinated
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to all three metal centers, contributing to alleviating the negative charge. This alignment is further supported
by the calculated electron populations in the (O1a,Mg1), (O1a,Mg2), and (0O2a,Mg3) disynaptic basins in
the reactants of all three systems, as detailed in Table $3. The ESP charges on the a-phosphate in the
product of all three systems exhibit no significant differences (-0.90 to —1.06 &), likely attributable to the
phosphoryl transfer and the formation of the newly established dC—dC3’ phosphodiester bridge. Comparing
the total ESP charges on the pyrophosphates of the WT-dCTP3- (2.8 e-) and Y432S—-dCTP3- (3.1 )
systems and considering the formation of the (O3a,Mg3) basin in the former system's product, suggests
that the third magnesium contributes more to the charge stabilization in the PPi product of the former system

than in the latter.

Collectively, insights derived from non-covalent interaction analyses (EDA + NCI) and electronic
population analyses (ELF + ESP) suggest that the third metal center positively influences the catalytic
reaction in all three systems. This effect is likely a result of its electrostatic impact rather than direct

participation in the bond-forming/breaking process.
3.4 Deprotonated dCTP as the Incoming Nucleotide

QM/MM studies on Pol 8,114 115,127,128 Pg| A, 110.129 gnd HIV reverse transcriptase3% suggest protonated
dNTPs (dNTP3-) in the reactant of the catalytic reaction. Conversely, other experimental®®. 100, 102,104,116 gnd
computational0. 105-113, 119-121 inyestigations across various DNA polymerases support the incorporation of
dNTPs in their deprotonated form (dNTP*) upon the formation of the ternary complex at pH ~7.0-7.5.
Furthermore, in the various proposed mechanisms from the mentioned computational studies, the O3’ of
the deprotonated 3'-end deoxyribose can attack the a-phosphate of either dNTP3- or dNTP*- during the
chemistry step. The final by-product of the polymerization reaction in these studies can be either PP3- or
PP,

In the scenario where PP~ is usually the by-product, it is suggested that before the Sn2-like
nucleophilic attack by O3' on Pa, dNTP4- can either directly absorb the proton from 3'-OH or utilizes a
shuttle of mediating water molecules (see Scheme 1A&B). In a proposed mechanism by Genna et al.,
named the Self-Activated Mechanism, the proton can be transferred intramolecularly from the 3'-OH of
dNTP* to its PB, also resulting in the formation of PP;3- as the by-product.''? In the other scenario, where
both PPi* or PPi#*- can be the by-products, the 3-OH proton is absorbed by one of the conserved
aspartate/glutamic acid residues in the active site, followed by the O3’ attacking the Pa of dNTP (see
Scheme 1C).

Castro et al. have suggested that the transfer of two protons occurs in the chemistry step of several
polymerases, involving the deprotonation of 3'-OH and the protonation of the leaving pyrophosphate.'31. 132
Thus, as elaborated above, the second proton transfer either might occur during the catalytic reaction or
can be absorbed from ambient water after the release of PPi*-. Building on the discussed potential

protonation states of dNTP and the resulting PPi, we also conducted tests with deprotonated dCTP as the
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incoming nucleotide (WT—-dCTP*- system) to understand better the impact of charge accumulation on the
triphosphate group during the phosphorylation step.

o PL\‘ o
0// E’\PI;;/
o \

_/,,.,4-0
o

Ner

Asp/Glu

Scheme 1. Three commonly proposed mechanisms for the catalytic polymerization reaction by the DNA polymerases.
Blue and orange arrows indicate proton transfers and Sn2 nucleophilic attack, respectively.

QM/MM and NCI results in Figure 7 indicate that the orientation of the active site in the optimized
reactant of WT—-dCTP*- is conducive to the catalytic reaction. The catalytic O3'...Pa distance and
03'...Pa....03a angle in Figure 7A for the optimized reactant is 2.69 A and 171°, respectively, favorable
for an Sn2-like nucleotidyl transfer. Blue and green NCI surfaces in Figure 7B between the O3’ and Pa also
suggest strong attraction interactions among these atoms, facilitating the nucleophilic attack. As depicted
in Figure 7B, the optimized geometries of the reactant's active site with dCTP*- resemble those observed
with dCTP3- (see Figure 4A). The primary distinction lies in the orientation of the water molecule involved
in hydrogen bonding with the protonated/deprotonated Oy.

As shown in Figure 7A, the energy barrier for WT-dCTP4- is 7.9 kcal mol-', comparable with the 9.3
kcal mol-' for WT-dCTP?3-. Similar with the other two systems, the transition state of WT—dCTP*- exhibits
a pentacovalent phosphorane structure arising from an Sn2-like nucleotidyl-transfer reaction (see Movie
S6 of the Supporting Information). The presence of trisynaptic basins with V(C3',03',Pa) = 3.40 e~ and
V(Pa,03a,PB) = 2.73 e further indicates the formation and cleavage of O3'...Pa and Pa—Pf bonds in the
transition state (refer to Table S3). Notably, the reaction with dCTP3- was exergonic (AE = —2.2 kcal mol-
1), while the reaction with dCTP4- is slightly endergonic (AE = 0.7 kcal mol-"). Although both reactions are
kinetically feasible, considering the product with dCTP3- is ~3 kcal mol-' more stable than dCTP*-, the

nucleophilic attack seems more thermodynamically favorable with the protonated nucleotide.

The non-bonded interactions between Pol k and the active site along the nucleophilic attack also
suggest more stabilizing effects from the protein’s environment on the reactant— TS and reactant— product
pathways with dCTP3- than dCTP*-. The Y AEL3 Reactant yalue of —23.1 kcal mol-' (depicted in Figure S20)
suggests a stabilizing environment for the active site of WT—dCTP3-. Conversely, the active site of WT—

dCTP*-, similar to the mutant, encounters a destabilizing environment with a Y AET5 Reactant yalue of 14.5
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kcal mol- in Figure S24. Similarly, the JAEfEoduct—Reactant yglyes in Figures S20 and S24 are —136.0 kcal
mol~' for WT—dCTP3- and —91.4 kcal mol-' for WT—dCTP*-, respectively. This suggests a consistent pattern
along the R—P pathway, where the active site of WT—dCTP3- encounters a more stabilizing environment
than WT—dCTP+-.

A

...Pa-02a = 1047
'...Ra—05'=103"

i J U s
£03'...Pa-Ota=106" / ?“5:--,
1 L8 e

Relative Energies (kcal mol-)
=W AN~ 0W

w0

[E199)

Reactant Product

Figure 7. (A) Optimized QM/MM minimum energy pathway and optimized geometries for the reactant, TS, and product
of the catalytic reaction by the WT with dCTP*-. Structures are minimized at wB97X-D/6-31G(d,p) level of theory with
AMBER ff14SB force field. (B) NCI surfaces between the incoming nucleotide and surrounding residues in the reactant
and product of WT—dCTP*-. Close-up frames provide zoomed-in views of NCI surfaces for the phosphate chain of
dCTP*.

Residues with significant differences in intermolecular interactions with the active site between WT—
dCTP3- and WT-dCTP*- systems along the R—TS and R—P catalytic pathways are shown in Figure 8A.
Residues R144, K321, and K328 demonstrate a notably more substantial stabilizing effect on the catalytic
pathways in WT—dCTP3- than in WT-dCTP4-, consistent with the observed trend in the comparison

between WT—dCTP3- and the Y432S—-dCTP3-. Notably, the results in Figure 8B suggest that residues S310
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and D325, situated in the active site's first- and second-coordination shell, respectively, exhibit significant

changes in response to the protonation state of the nucleotide.

As shown in Figures S20 and S24, D325 destabilizes the active site in both systems along the R—TS

pathway. In contrast, this effect is much more noticeable in the case of dCTP* compared to dCTP3-

((AAEGETP?™=dCTP™™y o = _31.4 kcal mol-', see Eq. S6). Interestingly, D325 becomes considerably

stabilizing in the R—P pathway of both system, with a larger impact observed in the case of dCTP3-

((AAEGETP? ™ —dcTP™y L o =—1.9 kcal mol-, see Eq. S6). Given the negatively charged character of D325
and its position in the second coordination shell of the active site, it exerts a destabilizing influence on the
active site along the R—TS pathway. The accumulation of negative charge on dCTP*- further amplifies this
destabilizing effect. The alleviation of this destructive effect in the product is likely attributed to changes in

charge distribution, as D325 does not engage in any hydrogen bonds with the active site residues.

In Figures S20 and S24, it is shown that residue S310 exhibits a destabilizing effect on the R—>TS

pathway of WT—dCTP3- while exerting a negligible stabilizing effect on WT—dCTP4 ((AAEZSTP®™—dCTP ™y
= 4.1 kcal mol-'). Remarkably, this effect does the opposite by considerably stabilizing the R—P pathway

of WT—dCTP3-, while significantly destabilizing WT—dCTP4 ((AAE4STP* = dCTP ™y | o = —12.0 kcal mol-
1). Taking into account the location of S310 in the first coordination shell of the active site (lacking hydrogen
bonds with the nucleotide) and the lone pairs of the polar hydroxyl group in its side chain, this may elucidate
its destabilizing impact on the transition state and product of the deprotonated nucleotide, attributed to an
increased concentration of negative charge. Lin et al."'* also argued that the excessive negative charge
accumulation around the active site of Pol 8 with dTTP*- leads to the formation of a highly negatively

charged pyrophosphate product, which is unfavorable.

Collectively, the difference in intermolecular interactions between the two protonation states suggests
that the active site residues significantly facilitate the catalytic reaction in favor of the protonated
deoxycytidine triphosphate as the incoming nucleotide. Additionally, the EDA results for the catalytic
reaction indicate that non-bonded contributions from the protein environment enhance the thermodynamics
of the reaction in both systems, with a more pronounced impact observed in the WT—dCTP3- system.
However, the transition state of the WT—-dCTP*- is destabilized by the protein's environment, adversely

affecting the kinetics of the reaction with the unprotonated nucleotide.
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Figure 8. (A) The difference of non-bonded intermolecular interactions between the WT-dCTP3- and WT-dCTP*-
systems along the R—-TS (left) and the R—P (right) catalytic pathways. Residues with negative

(AAE%%”’F"’CTP%)Ts/Product values in blue stabilize (or less destabilize) the active site of the WT-dCTP3- compared

to the WT-dCTP*- system along the pathway of interest, while the residues in red have the opposite effect (see Eq.
S6). Residues in frames are located in the first- or second-coordination shell of the active site. (B) Representation of
the first- and second-coordination shell amino acids having considerable differences in non-bonded intermolecular

interactions with the active site. Residues in blue/red with negative/positive AAE4ETP* ~dCTPY yaiyes in parenthesis
(kcal mol~") stabilize/destabilize the active site of WT-dCTP3- compared to WT-dCTP*- along the R—TS (left) and
R—P (right) catalytic pathway. The protein and DNA chains and the hydrogen atoms of the active site residues are not
displayed for clarity.

4 CONCLUSION

In this study, molecular dynamics (MD) simulations and coupled quantum mechanics/molecular
mechanics (QM/MM) optimizations were employed to study the mechanism of phosphoryl-transfer reaction
with deoxycytidine triphosphate (dCTP) in the active site of WT Pol k and its cancer-associated variant,

Y432S. The characteristics of the three-metal-ion active site, the electrostatic effects of the third metal ion
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(Mg3) on the catalytic reaction, and the influence of charge accumulation on the incoming nucleotide on
the catalytic reaction were examined. The investigation of structural effects revealed intriguing dynamics
within the protein’s domains, suggesting that the mutation has a small impact on the structural integrity of
Pol kK domains involved in protein-DNA complexation, but it more noticeably influences domains responsible
for stabilizing the ternary complex and participating in nucleotide addition. The majority of the ensemble
remains catalytically competent for both WT and mutant, highlighting the robustness of the polymerization
process despite observed structural effects. Analysis of the pre-catalytic non-bonded interactions during
the protein-DNA-nucleotide ternary complexation suggests a pronounced stabilizing effect from the
protein’s environment on the mutant's active site, confronting the structural effects caused by the mutation.
The kinetics and thermodynamics of the catalytic reaction indicate that the mutation not only induces
structural effects on the active site, altering the coordination mode of Mg1 and Mg3 metal ions, but also
leads to higher activation/reaction energies of 13.9/6.0 kcal mol~' for Y432S compared with 9.3/-2.2 kcal
mol-! for the WT, implying a less favorable nucleophilic attack in the mutant. Compared with a previous
study on the two-metal-ion mechanism for the WT Pol k, it appears that the electrostatic effects of the third
magnesium in tandem with distal and proximal non-bonded interactions influence the kinetics and
thermodynamics of the reaction catalyzed by the WT. The energetics and electronic results also suggest
that the binding cavity residues play a crucial role in favoring the catalytic reaction with the protonated
deoxycytidine triphosphate (dCTP3-) as the incoming nucleotide compared to the deprotonated nucleotide
(dCTP#). Results of the non-bonded interactions suggest that the contributions from the protein
environment enhance the thermodynamics of the reaction in both systems, with a more significant impact
in the WT-dCTP?3- system, while the protein's environment destabilizes the transition state in the WT-
dCTP*, adversely affecting the kinetics of the reaction with the unprotonated nucleotide. The results of this
study on the effects of the Y432S variant on the dynamics and kinetics of the phosphoryl-transfer reaction
in comparison to the WT Pol k may provide valuable insights into the structural and functional aspects of
this DNA polymerase variant and also the substantial electrostatic contribution of the third metal ion into the
reaction.
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