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Abstract

The enzyme human DNA polymerase η (Pol η) is critical for bypassing lesions during DNA 

replication. In addition to the two Mg2+ ions aligning the active site, experiments suggest that a 

third Mg2+ ion could play an essential catalytic role. Herein the role of this third metal ion is 

investigated with quantum mechanical/molecular mechanical (QM/MM) free energy simulations 

of the phosphoryl transfer reaction and a proposed self-activating proton transfer from the 

incoming nucleotide to the pyrophosphate leaving group. The simulations with only two metal 

ions in the active site support a sequential mechanism, with phosphoryl transfer followed by 

relatively fast proton transfer. The simulations with three metal ions in the active site suggest that 

the third metal ion may play a catalytic role through electrostatic interactions with the leaving 

group. These electrostatic interactions stabilize the product, making the phosphoryl transfer 

reaction more thermodynamically favorable with a lower free energy barrier relative to the 

activated state corresponding to the deprotonated 3’OH nucleophile, and also inhibit the 

subsequent proton transfer.
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Introduction

DNA polymerase η (Pol η) is an essential enzyme for the replication of DNA and is capable 

of repairing damage caused by exposure to solar radiation. In particular, ultraviolet (UV) 

radiation causes the formation of covalent bonds between adjacent thymine nucleotides in 

the DNA, forming thymine-thymine dimers that lead to stalls during replication. Pol η 
rescues the stalled replication forks at thymine-thymine dimers by extending the primer with 

the correct complementary bases and hence bypassing the lesion.1–2 The lack of fully 

functional Pol η leads to Xeroderma pigmentosum, a disease that is associated with UV-

induced skin damage and skin cancer.3 Furthermore, Pol η has been shown to interfere with 

Pt-based anticancer agents, enabling cancer cells to proliferate during chemotherapy 

treatment.4 As a result, Pol η is a target for the development of skin cancer drugs and 

strategies to overcome cancer chemotherapy resistance.

Given the biomedical importance of Pol η, numerous experimental and computational 

studies have been conducted to examine its mechanism.2, 5–19 Recently, evidence of a 

possible catalytic role for a third metal ion in the active site of Pol η was revealed through 

time-resolved X-ray crystallography, where the electron densities associated with the third 

metal ion and the catalytically formed new phosphodiester bond appear simultaneously at 

~60 s and continue to grow concurrently until ~600 s.8 However, these data do not 

definitively show whether the third metal ion is required for catalysis or is a result of 

catalysis. A third metal ion has also been observed in the active site of other polymerases 

and ribozymes, but the catalytic role of this third metal ion in these systems is also not fully 

resolved, although several proposals have been examined.18, 20–27

The objective of this paper is to investigate the role of the third divalent metal ion in the 

active site of Pol η, as depicted in Figure 1. Specifically, we examine the possibility that this 

third metal ion may play a catalytic role in the phosphoryl transfer mechanism. Previous 

quantum mechanical/molecular mechanical (QM/MM) simulations of Pol η focused on the 

proton transfer steps relevant to the proposed self-activated mechanism involving proton 

transfer from the nucleophilic 3’OH to the pyrophosphate leaving group and did not 

simulate the phosphodiester bond cleavage part of the mechanism.16 Moreover, these 
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previous QM/MM simulations included only two metal ions in the active site and considered 

the third metal ion to be transiently bound only in the product state, with the predominant 

roles of assisting the exit of the pyrophosphate leaving group and preventing the reverse 

reaction. Another recent computational study using the empirical valence bond method 

suggested that the main role of the third metal ion is to lower the barrier for product release, 

but this study used a small number of specific reaction coordinates that did not enable the 

simulation of the entire catalytic reaction, also noting that investigation of catalysis would 

require QM/MM simulations with more extensive sampling.18

To investigate the possible catalytic role of the third metal ion, we utilized a finite 

temperature string method with umbrella sampling in conjunction with a QM/MM 

treatment28–29 to generate the minimum free energy path and explore the relevant regions of 

the multidimensional free energy surface. In addition to the phosphoryl transfer reaction, we 

also examined the possibility of proton transfer from 3’OH to O2B, thereby protonating the 

pyrophosphate leaving group (Figure 2), as proposed in the previous theoretical studies that 

included only two metal ions in the active site.16 Our simulations considered the possibility 

of both sequential and concerted mechanisms for the phosphoryl transfer and proton transfer 

steps. A comparison of the minimum free energy paths and free energy surfaces for the 

reaction with two and three metal ions in the active site elucidates the role of the third metal 

ion.

Methods

Our simulations were based on the crystal structures corresponding to PDB ID: 3MR2 and 

PDB ID: 4ECS for the reactant and product, respectively, with two metal ions in the active 

site and PDB ID: 4ECV for the reactant and product with three metal ions in the active site.
7–8 The QM region was composed of 124 and 140 atoms for the two-metal and three-metal 

systems, respectively, including the active site metal ions, the metal-coordinated ligands, the 

incoming nucleobase, and the active site water molecules within 3 Å of the active site metal 

ions (Figure 1). The remainder of the system was treated with the AMBER ff14SB force 

field30–34 within the QM/MM framework with the QM region at the DFT/B3LYP/6–31G** 

level.35–36 The triphosphate of dATP, which has three oxygen atoms coordinated to MgB in 

the reactant state and an oxygen coordinated to MgC in the product state of the three-metal 

system, is assumed to be fully deprotonated based on the experimentally measured pKa of 

4.6 for Mg2+-bound dATP37 (Table S1). The free energy surface was computed as a function 

of eleven and fifteen reaction coordinates for the two-metal and three-metal systems, 

respectively (Figure S1). These reaction coordinates were chosen to describe the structural 

changes occurring during the phosphoryl transfer and proton transfer reactions. The 

QM/MM free energy simulations were performed with a QChem38/CHARMM39 interface, 

and the computational details are given in the SI.

For each system, two independent finite temperature string simulations starting from 

different initial strings were performed. The two initial strings corresponded to the 

sequential mechanism, in which the phosphoryl transfer reaction results in a stable 

intermediate prior to the proton transfer, and the concerted mechanism, in which both 

reactions occur in the absence of a stable intermediate (i.e., a single barrier connects the 
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reactant and product associated with both phosphoryl transfer and proton transfer). Previous 

simulations of the HDV ribozyme indicated that this simulation approach is robust enough to 

produce the same final mechanism from mechanistically distinct initial strings.29 Similarly, 

our simulations on Pol η indicate that the two mechanistically distinct initial strings lead to 

the same mechanism in the converged string, although quantitative differences in the 

reaction free energies and free energy barriers were observed due to limitations in sampling 

(Figures S2 and S3). For each system, we present the results from the string that was better 

converged due to a greater number of images, but we provide the results from the other 

independent string in the SI to illustrate that the final mechanism is independent of the initial 

string.

Results/Discussion

We calculated the multidimensional free energy surface as a function of the eleven and 

fifteen reaction coordinates for the two-metal and three-metal systems, respectively. Figure 3 

depicts the multidimensional free energy surfaces projected onto the two-dimensional space 

defined by the proton transfer coordinate (R1 – R2) and the coordinate associated with 

phosphorous-oxygen bond breaking and forming (R3 – R4) for the two-metal and three-

metal systems, where R1 through R4 are defined in Figure 1. For each system, the minimum 

free energy path (MFEP) is depicted in black on the two-dimensional free energy surface, 

and the free energy along the MFEP is provided in a one-dimensional plot shown as an 

insert. Figure 4 depicts the values of key reaction coordinates along the MFEP, where the 

reaction coordinates are defined in Figure 1. Analysis illustrating the convergence of the 

strings is provided in Figures S5 and S6.

For the two-metal system, the MFEP corresponds to a sequential mechanism, in which the 

phosphoryl transfer reaction precedes the proton transfer reaction (Figure 3A). The 

intermediate is ~4 kcal/mol higher than the reactant with a barrier of ~18 kcal/mol for the 

first step. The product is ~10 kcal/mol higher than the reactant with a barrier of ~5 kcal/mol 

for the second step. For this system, the reactant is defined to be the structure on the left side 

of Figure 2 after the initial proton abstraction, the intermediate is defined to be the structure 

on the right side of Figure 2, and the product is the result of the proton transfer indicated on 

the right side, all in the absence of the third metal. The sequential mechanism for the two-

metal system is also illustrated by Figure 4A, which depicts the four key reaction 

coordinates R1 through R4 along the MFEP, clearly indicating that the P–O bond breaking/

forming (red/magenta curves in Figure 4A) occurs prior to the proton transfer (blue/black 

curves in Figure 4A). The proton transfer barrier in this sequential mechanism is 

qualitatively consistent with previous metadynamics simulations of the two-metal system, 

which produced a free energy barrier of ~2 kcal/mol.16 This previous work did not 

investigate the three-metal system.

For the three-metal system, the MFEP corresponds to only the phosphoryl transfer reaction 

without a subsequent proton transfer reaction, and the reaction is thermodynamically 

downhill with no observable barrier (Figure 3B). Our simulations suggest that the proton 

transfer reaction does not occur in the three-metal system because of electrostatic effects. 

Thus, for this system, the reactant is defined to be the structure on the left side of Figure 2 

Stevens and Hammes-Schiffer Page 4

J Am Chem Soc. Author manuscript; available in PMC 2019 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



after the initial proton abstraction, and the product is defined to be the structure on the right 

side of Figure 2. According to the X-ray crystal structures (PDB ID: 4ECV)8 of the reactant 

and product states, the third divalent metal ion in the active site loses a water ligand and 

coordinates to the highly negatively charged leaving group of pyrophosphate in the product 

(Figure 2). The presence of the positively charged metal ion partially neutralizes the 

negatively charged leaving group and thereby disfavors protonation. The coordination of the 

third metal ion to the O3A oxygen of the pyrophosphate leaving group (R5 in Figure 1) is 

illustrated by the shortening of this distance during the phosphoryl transfer reaction (Figure 

4B, purple curve, decreasing as the red/magenta curves indicate phosphoryl transfer).

In the reactant state for these free energy simulations, the 3’OH nucleophile is already 

activated by deprotonation, and all free energies are computed relative to this activated state. 

Analogous to previous studies on the HDV ribozyme,29 if the 3’OH deprotonation were in 

rapid equilibrium, the observed rate constant could be expressed as the product of an 

equilibrium constant associated with O3’ activation and the rate constant associated with 

phosphoryl transfer. This equilibrium constant is determined by the pKa difference between 

3’OH and the deprotonating base, which is expected to be similar for the two-metal and 

three-metal systems. Assuming the pre-equilibrium constant is similar for these two systems, 

the free energies relative to the activated state can be compared. Moreover, the low barrier 

for the three-metal system should be viewed in the context of the high free energy of the 

activated state relative to the ground state prior to proton abstraction, leading to a small 

preequilibrium constant.

The base that deprotonates 3’OH prior to attacking the phosphate group is unknown, but 

various possibilities for Pol η and other polymerases have been discussed in the literature. 

The pKa of 3’OH in Pol η has not been quantified, but comparisons to the measured pKa of 

RNA 2’OH in solution (13.9)40 and DNA 3’OH in RNA polymerase with Mn2+ (8.2),41 as 

well as computed values of 8 – 9.5 in Pol β,42 suggest that it is at least 8, even when 

coordinated to Mg2+, as shown in Figure 2. Thus, the proposals43,44 of Asp, Glu, or bulk 

water as the base (pKa’s of 3.71, 4.15, and −1.74, respectively) are problematic unless the 

pKa values are increased significantly in the protein environment. In addition, both Asp115 

and Glu116 in Pol η are coordinated to MgA, further decreasing their pKa values. Another 

possibility is the water-mediated and substrate-assisted mechanism, where the 3’OH is 

deprotonated by the α-phosphate through a bridging water molecule, followed by additional 

water-mediated proton transfers to the γ- and β-phosphates.45

We performed additional calculations to investigate the possibilities for the activating base. 

First we performed a hydrogenbonding analysis of 150 ns classical MD trajectories with the 

3’OH protonated for the two- and three-metal systems (Tables S2 and S3). The predominant 

hydrogen-bonding partners of 3’OH for the two-metal and three-metal systems were the α-

phosphate of dATP (83% and 54%) and bulk water (9% and 13%). These observations are 

consistent with the transient water molecule observed in the crystal structure8 and the 

watermediated deprotonation mechanism proposed previously.45

We propose another water-mediated deprotonation involving Mg2+-bound hydroxide, whose 

pKa of ~11.2 is high enough to deprotonate 3’OH when it is also coordinated to Mg2+ 
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(Figure 2). Thus, we investigated the possibility of a hydroxide ion coordinated to MgA 

acting as the base. In this case, the MgA
2+bound water is assumed to be deprotonated by a 

buffer molecule or other base whose pKa would determine the pre-equilibrium constant, and 

this water would mediate the proton abstraction from 3’OH. To test this hypothesis, we 

propagated additional QM/MM MD trajectories, where the starting structures were 

configurations in the reactant region of the converged string, subsequently adding a proton to 

O3’ and deprotonating the Mg2+-bound water, allowing a hydrogen bond to form. For the 

two-metal system, we found that the Mg2+-bound hydroxide deprotonated the 3’OH for 

configurations corresponding to 3’OH starting to attack the phosphate, which decreases its 

pKa. For the three-metal system, this hydroxide deprotonated a water molecule coordinated 

to MgC. These simulations suggest that a hydroxide ion bound to MgA could potentially 

deprotonate 3’OH prior to the arrival of MgC. Computational details and a movie are 

provided in the SI.

The mechanism by which the pyrophosphate leaving group is protonated is another open 

question. For the two-metal system, the previously proposed16 proton transfer from the 

nucleophilic 3’OH is possible. For the three-metal system, three of the oxygen atoms are 

coordinate to Mg2+ following phosphoryl transfer (Figure 2), and the pKa is most likely 

~4.6. This protonation could occur in bulk solution as the pyrophosphate group is shuttled 

from the active site, possibly via a Mg2+-bound water molecule.

A previous study25 of Pol β found that the energy barrier in the forward direction was 

similar with two or three metal ions in the active site. This finding is consistent with 

experiments in which a non-bridging oxygen of the α-phosphate of the incoming nucleotide 

was substituted with sulfur, appearing to prevent binding of the third divalent metal ion but 

only decreasing the rate of nucleotide insertion by three-fold. Although compelling, the 

crystallographic experiments were performed with Mn2+ rather than Mg2+, weakly bound 

ions could dissociate during crystallization, and small amounts of unsubstituted nucleotide 

could dominate the kinetics. Moreover, analogous experiments have not been performed for 

Pol η. Additionally, the previous calculations did not include conformational sampling or 

entropic contributions and consisted of geometry optimizations of a 100atom QM region 

along a single reaction coordinate, the O3’-P distance, in a frozen MM environment. These 

previous calculations also assumed that the triphosphate was protonated and that the base 

deprotonating the O3’H was an Asp. These methodological differences, in conjunction with 

the inherent differences between Pol η and Pol β, prevent a direct comparison between the 

two studies. However, the proposal25 that a possible role of the third metal in Pol β is to 

inhibit the reverse pyrophosphorolysis reaction may also apply to Pol η.

Conclusions

The simulations presented in this paper provide evidence that the third metal ion in the 

active site of Pol η may play a catalytic role through electrostatic interactions with the 

pyrophosphate leaving group, thereby stabilizing the product. These electrostatic 

interactions make the phosphoryl transfer reaction more thermodynamically favorable with a 

lower free energy barrier relative to the activated state corresponding to the deprotonated 

3’OH nucleophile. In addition, these electrostatic interactions may prevent proton transfer 
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from the nucleophilic 3’OH and therefore disfavor the previously proposed self-activated 

mechanism.16 However, several mechanistic questions remain unresolved, including the 

timing of the sequence of events. If the third metal ion enters the active site after the 

phosphoryl transfer reaction, it would not be able to effectively facilitate catalysis through 

these electrostatic interactions.

Another unresolved issue is the identity of the base that abstracts the proton from the O3’ 

oxygen prior to attacking the phosphate group. Our calculations support the possibility of a 

water mediated mechanism with Mg2+-bound hydroxide acting as the base that deprotonates 

O3’H. The mechanism by which the pyrophosphate group might be protonated when the 

third metal ion is present is another open question that could also involve Mg2+-bound water. 

The previously proposed role of the third metal ion in guiding the pyrophosphate leaving 

group out of the active site16, 18, 23, 25 and reducing the barrier for product release18 may be 

a crucial part of the overall mechanism. Additional experimental and computational studies 

will be necessary to further elucidate the mechanism of this complex yet biomedically 

important enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

We acknowledge financial support from the National Institutes of Health Grant GM056207. This work used the 
Extreme Science and Engineering Discovery Environment (XSEDE),46 which is supported by National Science 
Foundation grant number ACI1548562. Specifically, this work used Comet at the San Diego Supercomputer Center 
through allocation TG-MCB120097. We thank Alexander Soudackov for useful discussions. DS is grateful to 
Elizabeth Neumann, Matthew Hesson-McInnis, and Grant Haab for their stimulating and motivating discussions.

Funding Sources

National Institutes of Health Grant GM056207

REFERENCES

1. McCulloch SD; Kokoska RJ; Masutani C; Iwai S; Hanaoka F; Kunkel TA, Preferential cis-syn 
thymine dimer bypass by DNA polymerase eta occurs with biased fidelity. Nature 2004, 428, 97–
100. [PubMed: 14999287] 

2. Choi JY; Guengerich FP, Adduct size limits efficient and error-free bypass across bulky N2-guanine 
DNA lesions by human DNA polymerase eta. J. Mol. Biol 2005, 352, 72–90. [PubMed: 16061253] 

3. Johnson RE; Kondratick CM; Prakash S; Prakash L, hRAD30 Mutations in the Variant Form of 
Xeroderma Pigmentosum. Science 1999, 285, 263. [PubMed: 10398605] 

4. Cruet-Hennequart S; Villalan S; Kaczmarczyk A; O’Meara E; Sokol AM; Carty MP, 
Characterization of the effects of cisplatin and carboplatin on cell cycle progression and DNA 
damage response activation in DNA polymerase eta-deficient human cells. Cell Cycle 2009, 8, 
3039–50. [PubMed: 19713747] 

5. Steitz TA, DNA polymerases: structural diversity and common mechanisms. J. Biol. Chem 1999, 
274, 17395–8. [PubMed: 10364165] 

6. Washington MT; Johnson RE; Prakash L; Prakash S, The mechanism of nucleotide incorporation by 
human DNA polymerase eta differs from that of the yeast enzyme. Mol. Cell Biol 2003, 23, 8316–
22. [PubMed: 14585988] 

Stevens and Hammes-Schiffer Page 7

J Am Chem Soc. Author manuscript; available in PMC 2019 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Biertumpfel C; Zhao Y; Kondo Y; Ramon-Maiques S; Gregory M; Lee JY; Masutani C; Lehmann 
AR; Hanaoka F; Yang W, Structure and mechanism of human DNA polymerase eta. Nature 2010, 
465, 1044–8. [PubMed: 20577208] 

8. Nakamura T; Zhao Y; Yamagata Y; Hua YJ; Yang W, Watching DNA polymerase eta make a 
phosphodiester bond. Nature 2012, 487, 196–201. [PubMed: 22785315] 

9. Patra A; Nagy LD; Zhang Q; Su Y; Muller L; Guengerich FP; Egli M, Kinetics, structure, and 
mechanism of 8Oxo-7,8-dihydro-2’-deoxyguanosine bypass by human DNA polymerase eta. J. 
Biol. Chem 2014, 289, 16867–82. [PubMed: 24759104] 

10. O’Flaherty DK; Guengerich FP, Steady-state kinetic analysis of DNA polymerase single-nucleotide 
incorporation products. Curr. Protoc. Nucleic Acid Chem 2014, 59, 7 21 1–13.

11. Yang W, An overview of Y-Family DNA polymerases and a case study of human DNA polymerase 
eta. Biochemistry 2014, 53, 2793–803. [PubMed: 24716551] 

12. Ucisik MN; Hammes-Schiffer S, Comparative Molecular Dynamics Studies of Human DNA 
Polymerase eta. J. Chem. Inf. Model 2015, 55, 2672–81. [PubMed: 26562587] 

13. Yang J; Wang R; Liu B; Xue Q; Zhong M; Zeng H; Zhang H, Kinetic analysis of bypass of abasic 
site by the catalytic core of yeast DNA polymerase eta. Mutat. Res 2015, 779, 134–43. [PubMed: 
26203649] 

14. Su Y; Egli M; Guengerich FP, Mechanism of Ribonucleotide Incorporation by Human DNA 
Polymerase eta. J. Biol. Chem 2016, 291, 3747–56. [PubMed: 26740629] 

15. Yang W; Weng PJ; Gao Y, A new paradigm of DNA synthesis: three-metal-ion catalysis. Cell 
Biosci. 2016, 6, 51. [PubMed: 27602203] 

16. Genna V; Vidossich P; Ippoliti E; Carloni P; De Vivo M, A Self-Activated Mechanism for Nucleic 
Acid Polymerization Catalyzed by DNA/RNA Polymerases. J. Am. Chem. Soc 2016, 138, 14592–
14598. [PubMed: 27530537] 

17. Genna V; Gaspari R; Dal Peraro M; De Vivo M, Cooperative motion of a key positively charged 
residue and metal ions for DNA replication catalyzed by human DNA Polymerase-eta. Nucleic 
Acids Res. 2016, 44, 2827–36. [PubMed: 26935581] 

18. Yoon H; Warshel A, Simulating the fidelity and the three Mg mechanism of pol eta and clarifying 
the validity of transition state theory in enzyme catalysis. Proteins 2017, 85, 1446–1453. [PubMed: 
28383109] 

19. Ucisik MN; Hammes-Schiffer S, Effects of Active Site Mutations on Specificity of Nucleobase 
Binding in Human DNA Polymerase eta. J. Phys. Chem. B 2017, 121, 3667–3675. [PubMed: 
28423907] 

20. Shan SO; Yoshida A; Sun SG; Piccirilli JA; Herschlag D, Three metal ions at the active site of the 
Tetrahymena group I ribozyme. Proc. Natl. Acad. Sci. U.S.A 1999, 96, 12299–12304. [PubMed: 
10535916] 

21. Bakhtina M; Lee S; Wang Y; Dunlap C; Lamarche B; Tsai MD, Use of viscogens, dNTP alpha S, 
and rhodium(III) as probes in stopped-flow, experiments to obtain new evidence for the 
mechanism of catalysis by DNA polymerase beta. Biochemistry 2005, 44, 5177–5187. [PubMed: 
15794655] 

22. Ivanov I; Tainer JA; McCammon JA, Unraveling the three-metal-ion catalytic mechanism of the 
DNA repair enzyme endonuclease IV. Proc. Natl. Acad. Sci. U.S.A 2007, 104, 1465–70. [PubMed: 
17242363] 

23. Perera L; Freudenthal BD; Beard WA; Shock DD; Pedersen LG; Wilson SH, Requirement for 
transient metal ions revealed through computational analysis for DNA polymerase going in 
reverse. Proc. Natl. Acad. Sci. U.S.A 2015, 112, E5228–36. [PubMed: 26351676] 

24. Vyas R; Reed AJ; Tokarsky EJ; Suo Z, Viewing Human DNA Polymerase beta Faithfully and 
Unfaithfully Bypass an Oxidative Lesion by Time-Dependent Crystallography. J. Am. Chem. Soc 
2015, 137, 5225–30. [PubMed: 25825995] 

25. Perera L; Freudenthal BD; Beard WA; Pedersen LG; Wilson SH, Revealing the role of the product 
metal in DNA polymerase beta catalysis. Nucleic Acids Res. 2017, 45, 2736–2745. [PubMed: 
28108654] 

Stevens and Hammes-Schiffer Page 8

J Am Chem Soc. Author manuscript; available in PMC 2019 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Walker AR; Cisneros GA, Computational Simulations of DNA Polymerases: Detailed Insights on 
Structure/Function/Mechanism from Native Proteins to Cancer Variants. Chem. Res. Toxicol 2017, 
30, 1922–1935. [PubMed: 28877429] 

27. Reed AJ; Vyas R; Raper AT; Suo Z, Structural Insights into the Post-Chemistry Steps of 
Nucleotide Incorporation Catalyzed by a DNA Polymerase. J. Am. Chem. Soc 2017, 139, 465–
471. [PubMed: 27959534] 

28. Rosta E; Nowotny M; Yang W; Hummer G, Catalytic mechanism of RNA backbone cleavage by 
ribonuclease H from quantum mechanics/molecular mechanics simulations. J. Am. Chem. Soc 
2011, 133, 8934–41. [PubMed: 21539371] 

29. Ganguly A; Thaplyal P; Rosta E; Bevilacqua PC; Hammes-Schiffer S, Quantum mechanical/
molecular mechanical free energy simulations of the self-cleavage reaction in the hepatitis delta 
virus ribozyme. J Am Chem Soc 2014, 136, 1483–96. [PubMed: 24383543] 

30. Cornell WD; Cieplak P; Bayly CI; Gould IR; Merz KM; Ferguson DM; Spellmeyer DC; Fox T; 
Caldwell JW; Kollman PA, A Second Generation Force Field for the Simulation of Proteins, 
Nucleic Acids, and Organic Molecules. J. Am. Chem. Soc 1995, 117, 5179–5197.

31. Cheatham TE; Cieplak P; Kollman PA, A Modified Version of the Cornell et al. Force Field with 
Improved Sugar Pucker Phases and Helical Repeat. J. Biomol. Struct. Dyn 1999, 16, 845–862. 
[PubMed: 10217454] 

32. Hornak V; Abel R; Okur A; Strockbine B; Roitberg A; Simmerling C, Comparison of multiple 
Amber force fields and development of improved protein backbone parameters. Proteins 2006, 65, 
712–725. [PubMed: 16981200] 

33. Pérez A; Marchán I; Svozil D; Sponer J; Cheatham TE; Laughton CA; Orozco M, Refinement of 
the AMBER Force Field for Nucleic Acids: Improving the Description of α/γ Conformers. 
Biophys. J 2007, 92, 3817–3829. [PubMed: 17351000] 

34. Maier JA; Martinez C; Kasavajhala K; Wickstrom L; Hauser KE; Simmerling C, ff14SB: 
Improving the Accuracy of Protein Side Chain and Backbone Parameters from ff99SB. J. Chem. 
Theory Comput 2015, 11, 3696–3713. [PubMed: 26574453] 

35. Lee C; Yang W; Parr RG, Development of the Colle-Salvetti correlation-energy formula into a 
functional of the electron density. Phys. Rev. B 1988, 37, 785–789.

36. Becke AD, Density‐functional thermochemistry. III. The role of exact exchange. J. Chem. Phys 
1993, 98, 5648–5652.

37. Sigel H; Griesser R, Nucleoside 5’-triphosphates: self-association, acid-base, and metal ion-
binding properties in solution. Chem. Soc. Rev 2005, 34, 875–900. [PubMed: 16172677] 

38. Shao Y; Molnar LF; Jung Y; Kussmann J; Ochsenfeld C; Brown ST; Gilbert ATB; Slipchenko LV; 
Levchenko SV; O’Neill DP; DiStasio RA; Lochan RC; Wang T; Beran GJO; Besley NA; Herbert 
JM; Lin CY; Van Voorhis T; Chien SH; Sodt A; Steele RP; Rassolov VA; Maslen PE; Korambath 
PP; Adamson RD; Austin B; Baker J; Byrd EFC; Dachsel H; Doerksen RJ; Dreuw A; Dunietz BD; 
Dutoi AD; Furlani TR; Gwaltney SR; Heyden A; Hirata S; Hsu CP; Kedziora G; Khalliulin RZ; 
Klunzinger P; Lee AM; Lee MS; Liang W; Lotan I; Nair N; Peters B; Proynov EI; Pieniazek PA; 
Rhee YM; Ritchie J; Rosta E; Sherrill CD; Simmonett AC; Subotnik JE; Woodcock HL; Zhang W; 
Bell AT; Chakraborty AK; Chipman DM; Keil FJ; Warshel A; Hehre WJ; Schaefer HF; Kong J; 
Krylov AI; Gill PMW; HeadGordon M, Advances in methods and algorithms in a modern 
quantum chemistry program package. Phys. Chem. Chem. Phys 2006, 8, 31723191.

39. Brooks BR; Brooks CL, 3rd; Mackerell AD, Jr.; Nilsson L; Petrella RJ; Roux B; Won Y; Archontis 
G; Bartels C; Boresch S; Caflisch A; Caves L; Cui Q; Dinner AR; Feig M; Fischer S; Gao J; 
Hodoscek M; Im W; Kuczera K; Lazaridis T; Ma J; Ovchinnikov V; Paci E; Pastor RW; Post CB; 
Pu JZ; Schaefer M; Tidor B; Venable RM; Woodcock HL; Wu X; Yang W; York DM; Karplus M, 
CHARMM: the biomolecular simulation program. J. Comput. Chem 2009, 30, 1545–614. 
[PubMed: 19444816] 

40. Castro C; Smidansky E; Maksimchuk KR; Arnold JJ; Korneeva VS; Gotte M; Konigsberg W; 
Cameron CE, Two proton transfers in the transition state for nucleotidyl transfer catalyzed by 
RNA- and DNA-dependent RNA and DNA polymerases. Proc. Natl. Acad. Sci. U.S.A 2007, 104, 
4267–72. [PubMed: 17360513] 

Stevens and Hammes-Schiffer Page 9

J Am Chem Soc. Author manuscript; available in PMC 2019 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Usher DA; Richardson DI; Oakenfull DG, Models of ribonuclease action. II. Specific acid, specific 
base, and neutral pathways for hydrolysis of a nucleotide diester analog. J. Am. Chem. Soc 1970, 
92, 4699–4712. [PubMed: 5428880] 

42. Florian J; Goodman MF; Warshel A, Computer simulations of protein functions: searching for the 
molecular origin of the replication fidelity of DNA polymerases. Proc. Natl. Acad. Sci. U.S.A 
2005, 102, 6819–24. [PubMed: 15863620] 

43. Ikeda T; Saito K; Hasegawa R; Ishikita H, The Existence of an Isolated Hydronium Ion in the 
Interior of Proteins. Angew. Chem. Int. Ed. Engl 2017, 56, 9151–9154. [PubMed: 28613440] 

44. Lide David R., ed., CRC Handbook of Chemistry and Physics, Internet Version 2005, CRC Press, 
Boca Raton, FL, 2005

45. Wang L; Yu X; Hu P; Broyde S; Zhang Y, A watermediated and substrate-assisted catalytic 
mechanism for Sulfolobus solfataricus DNA polymerase IV. J. Am. Chem. Soc 2007, 129, 4731–7. 
[PubMed: 17375926] 

46. Towns J; Cockerill T; Dahan M; Foster I; Gaither K; Grimshaw A; Hazlewood V; Lathrop S; Lifka 
D; Peterson GD; Roskies R; Scott JR; Wilkins-Diehr N, XSEDE: Accelerating Scientific 
Discovery, Computing in Science & Engineering, 2014, 16, 62–74.

Stevens and Hammes-Schiffer Page 10

J Am Chem Soc. Author manuscript; available in PMC 2019 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Left: Structure of Pol η (PDB ID: 4ECV) with domains colored as follows: palm (cyan), 

finger (orange), thumb (yellow), and polymerase-associated domain (green). Right: The 

active site of Pol η containing three Mg2+ ions in the reactant state. For the QM/MM 

simulations presented herein, the atoms in red are in the QM region, and the dashed lines 

indicate the QM/MM boundaries. The key reaction coordinates are labeled R1 through R5, 

and the ten other reaction coordinates used in the simulations are depicted in Figure S1 of 

the Supporting Information (SI).
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Figure 2. 
The proposed mechanism of Pol η. An undetermined base B deprotonates the O3’ of 

thymine, preparing it for the phosphoryl transfer reaction shown in this figure, followed by 

the possibility of a self-activating deprotonation of the incoming nucleotide (adenine) to 

protonate the leaving group, as indicated by a question mark.
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Figure 3. 
Two-dimensional free energy surface as a function of the proton transfer coordinate (R1 – 

R2) and the P–O bond breaking/forming coordinate (R3 – R4) for the Pol η system with (A) 

two metal ions and (B) three metal ions in the active site. For each system, the MFEP is 

shown in black, with the images along the string depicted as black circles, and the free 

energy along the MFEP is shown in the inset as a function of evenly spaced images. The 

two-metal system follows a sequential mechanism, with phosphoryl transfer preceding 

proton transfer, while the three-metal system exhibits only phosphoryl transfer with no 

subsequent proton transfer. The results from two independent string simulations 

corresponding to two different initial mechanisms, along with statistical error bars, are given 

in Figures S2 and S3 for the systems with two metal ions and three metal ions, respectively.
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Figure 4. 
Plots of select reaction coordinates (defined in Figure 1) along the MFEPs shown in Figure 3 

for Pol η with (A) two metal ions and (B) three metal ions in the active site. The reaction 

coordinates correspond to the following distances: R1 (O3’-P, magenta); R2 (P-O3’, red); R3 

(HO3’-O2B, black); R4 (O2B-HO3’, blue); and R5 (MgC-O3A, purple).
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