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ABSTRACT  

The phosphodiester backbone in nucleic acids is remarkably resistant to degradation. 

Although high stability is essential for storage of genetic information and proper cell 

function, some circumstances necessitate the cleavage of the nucleic acid backbone. For 

example, breaking the DNA backbone is critical to repair damage and maintain genetic 

integrity, while RNA cleavage is necessary for quality control during protein synthesis. 

Nucleases are enzymes that facilitate the challenging phosphodiester bond cleavage by 

accelerating the uncatalyzed reaction. Many nucleases utilize metals to enhance catalysis. 

Despite several experimental studies on enzymes that cleave phosphodiester bonds in 

nature, the mechanism for bond cleavage used by many enzymes, including the role and/or 

number of metal ions involved, is still unclear. Computer modeling is a powerful tool to 

investigate enzyme-catalyzed reaction mechanisms and discern the roles of the metal/s and 

amino acids involved in the reaction. This thesis uses computational techniques (i.e., 

quantum mechanics calculations, molecular dynamics simulations, and quantum 

mechanics–molecular mechanics calculations) to gain an atomic-level understanding of the 

phosphodiester bond cleavage reaction catalyzed by nucleases, specifically focusing on 

APE1, I-PpoI, and EndoV. These enzymes are particularly interesting since they either 

invoke a single metal ion for catalysis, which conflicts with the two-metal mediated 

mechanism generally proposed for most nucleases, or the metal-dependence is unknown. 

The mechanistic details uncovered by this thesis will open the door for new and improved 

applications of these enzymes in the fields of disease diagnostics, genetic engineering, and 

therapeutics. 
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Chapter 1: Introduction 

1.1. General Overview 

The backbone of nucleic acids contains phosphodiester bonds, which are 

exceedingly resistant to degradation.1-2 While this stability is critical for maintaining 

genome integrity and regulating gene expression, there are many circumstances that 

necessitate the cleavage of the nucleic acid backbone including repairing damaged DNA 

and processing RNA in cells. Enzymes are biological catalysts, some of which facilitate 

this challenging backbone cleavage by increasing the reaction rate by ~1017 times over the 

uncatalyzed reaction.3 Many enzymes utilize metal ions to accelerate this catalysis. 

However, despite several experimental studies on enzymes that cleave phosphodiester 

bonds in nature, the mechanism for bond cleavage used by some enzymes, including the 

role and/or number of metal ions involved, is still unclear. This thesis investigates the 

phosphodiester bond hydrolysis pathways of three such enzymes, namely APE1, I-PpoI, 

and EndoV. A fundamental understanding about the catalytic function of these enzymes 

can open the door for applications in biotechnology and medicine, including disease 

diagnostics, genetic engineering, and the design of small molecule inhibitors to target a 

host of diseases ranging from neurological disorders to cancer.4-18  

Although experimental studies provide valuable information regarding enzyme 

function, it is difficult to gain atomic-level details of the mechanism of action and isolate 

high energy reaction intermediates using experimental techniques. Computational 

modeling is a powerful tool to investigate enzyme-catalyzed reaction mechanisms, 

characterize high energy intermediates, and discern the roles of the metal/s and amino acids 

involved in the reaction. This thesis uses computer modeling to demonstrate how to 
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accurately model the metal-mediated phosphodiester bond cleavage reaction, and thereby 

provide answers for the remaining questions related to metal identity and the catalytic 

mechanisms used by the above-mentioned enzymes. The following sections of the 

introduction will discuss nucleic acid structure, the processing of nucleic acids, nucleases, 

the metal dependence of nucleases, and computer modeling of nucleases, as well as provide 

a brief summary of how a multipronged computational approach was used in this thesis to 

provide a detailed description of enzyme-facilitated phosphodiester bond cleavage of 

nucleic acids. 

 

1.2. Nucleic Acid Structure  

Nucleic acids are biopolymers consisting of nucleotide subunits. Each nucleotide 

subunit contains a nucleobase, sugar (2ʹ-deoxyribose in DNA and ribose in RNA), and a 

phosphate group (Figure 1.1a). Nucleotides are linked together through phosphodiester 

bonds to form polymers that can fold into a variety of structures. DNA naturally exists as a 

double-stranded helix (dsDNA) that contains two complementary strands in an antiparallel 

orientation (Figure 1.2a). Each strand consists of four canonical DNA nucleobases, namely 

adenine (A), thymine (T), cytosine (C), and guanine (G, Figure 1.1b), which form selective 

Watson-Crick hydrogen bonds with the nucleobases from the complementary strand. 

Specifically, A pairs with T through two hydrogen bonds and G pairs with C through three 

hydrogen bonds (Figure 1.1c). Furthermore, dsDNA has two grooves, one being the deep 

and wide major groove in which the sugar phosphate backbones are far apart (12 Å wide) 

and the other being the narrow and shallow minor groove in which the sugar phosphate 

backbones are close together (6 Å apart, Figure 1.2a).  
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Like DNA, RNA is also composed of four canonical nucleobases, except T is 

substituted by uracil (U, Figure 1.1b). Another important structural difference is the 

presence of a 2ʹ-OH group on the sugar in RNA. Like DNA bases, the nucleobases in RNA 

can form complementary pairs (A:U and G:C) to yield the secondary structure of RNA, 

which can fold into three-dimensional structures consisting of tertiary motifs such as 

coaxially stacked helices, hairpin loops, tetraloops, quadruplexes, and pseudoknots (Figure 

1.2b).  

Although maintaining nucleic acid structure is important for preserving crucial cell 

functions, disruptions to the chemical composition and canonical structure are common 

occurrences. These structural changes can have deleterious outcomes such as altered 

genetic information and lead to the formation of aberrant proteins. The following section 

discusses strategies cells use to deal with altered nucleic acids. 

 

 

Figure 1.1. a) The structure of the subunits of a nucleic acid including nucleobase, sugar, 

and phosphate, where R = H for DNA or OH for RNA, b) chemical structure and atom 

numbering of the canonical DNA and RNA nucleobases, and c) structure of the 

complementary Watson-Crick base pairs in canonical DNA.  
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Figure 1.2. The structures of a) a dsDNA helix, showing the major groove and minor 

groove, and b) RNA with a helical stem connected by two loops (mRNA, left) and four 

helical stems folding into an L-shape (tRNA, right). 

 

1.3. Processing of Nucleic Acids 

 DNA can be damaged from various endogenous (such as reactive oxygen species 

and S-adenosylmethionine) and exogenous (such as pollution and UV light) sources,19-22 

which can result in mutations and cell death.23 To combat the detrimental effects of DNA 

damage, cells possess multiple repair pathways including base excision repair (BER) to 

remove non-bulky lesions,24 and nucleotide excision repair (NER) to remove bulky adducts 

or crosslinks.25 Defects in DNA damage repair pathways have been linked to various 

diseases including neurodegenerative disorders, cardiovascular diseases, and cancer.23, 26 

In contrast, although modifications to RNA are necessary to create genetic and protein 

diversity,27 when the modification balance is tipped such that RNA is over or under 

modified, codon changes can arise that impact protein translation fidelity, leading to 

harmful consequences such as neurological disorders28-30 and cancer.31-32 Therefore, it 

becomes important to remove damaged/modified nucleotide sites, a process that involves 

breaking the phosphodiester backbone.  
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Although phosphodiester bonds must be cleaved to repair DNA damage and 

maintain modification balance in RNA, these bonds have an enormous resistance to 

hydrolysis, taking up to 110 years for RNA and 30 million years for DNA hydrolysis.1-2 

Therefore, specialized enzymes that drastically change the hydrolysis barrier are required 

to make the P–O bond dissociation feasible. This thesis examines the phosphodiester bond 

cleavage mechanisms employed by enzymes called nucleases which are discussed in the 

following section. 

 

1.4. Nucleases 

Nucleases form a broad family of enzymes that facilitate the challenging 

phosphodiester bond cleavage in nucleic acids, enhancing the rate by ~1017-fold over the 

uncatalyzed reaction.3, 33 Nucleases can be classified into various categories depending on 

their function, such as DNA endonucleases (DNA repair),34 homing endonucleases (genetic 

exchange), tyrosine or serine recombinases (DNA recombination),35 topoisomerases 

(structural alteration of nucleic acids),36 group I or II introns (RNA splicing),37-38 

ribonucleases (RNA metabolism and interference),39 5ʹ to 3ʹ RNA exonucleases (RNA 

processing),40 and DNases (programmed cell death).41 Nucleases have been successfully 

manipulated and reprogrammed for applications in the field of genome engineering and 

biotechnology.4, 18, 42-43 Additionally, defective nuclease function has been related to a 

variety of diseases ranging from auto-immune disorders to cancers.44-46 Therefore, a deeper 

understanding of the function of nucleases is critical to create new applications in gene 

therapy, and design therapeutic solutions to treat a host of diseases. This thesis focuses on 

understanding the mechanism of action of select nucleases that are involved in DNA 

repair,47-48 RNA metabolism,48-49 and genetic exchange.50-51 These nucleases are known to 
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use metal ions to mediate catalysis; however, there are gaps in the literature regarding the 

number of metal ions required for P–O bond cleavage, which is discussed in detail in the 

subsequent section. 

 

1.5. Metal Dependence of Nucleases 

Although there is a plethora of metal ions that can be used as cofactors in 

metalloenzymes, Mg2+ is considered to be the most common and versatile metal cofactor 

among nucleases.33 This specificity for Mg2+ mainly arises due to properties like the high 

natural abundance of this cation in cells, the high charge density due to the small ionic radii, 

its redox inertness, slow solvent exchange rates, and strict coordination geometry and 

ligand requirements.52 The metal co-factors not only influence substrate recognition and 

binding, but can be directly involved in the chemical step.53 Although an overwhelming 

majority of nucleases are known to use metals to enhance catalysis,33 the role and number 

of metal ions required for the chemical step has been a topic of constant debate and 

controversy in the literature.53-56 The two-metal mediated pathway is the general proposed 

mechanism for P–O bond cleavage for the majority of the nucleases.57-59 The first metal 

(MA
2+) activates the nucleophilic water, while the second metal (MB

2+) promotes leaving 

group departure either through direct coordination or using a metal-activated water, and the 

substrate charge stabilization is provided by both metals (Figure 1.3a).57-59 However, the 

universality of the two-metal mediated mechanism has been called into question based on 

studies investigating the metal concentration dependence of nucleases in solution.53, 60-64 

For example, despite two metals being present in the active sites of X-ray crystal structures 

of several nucleases,65-69 experimental kinetic studies (cleavage rates obtained as a function 

of metal ion concentration) indicate these enzymes follow single-metal-mediated 
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catalysis,63-64 which underscores the potential for inconsistencies between kinetic and 

structural data. These experimental observations suggest that although endonucleases can 

have two metal-binding sites, some enzymes require only one metal for phosphodiester 

bond cleavage. In these cases, the role of the first metal in nucleophile activation must be 

taken by a basic amino acid in the active site (Figure 1.3b). This proposal is further 

corroborated by the emergence of a rising number of crystal structures of nucleases 

containing a single metal in the active site.33, 70-75 Nevertheless, the conflicting evidence 

from X-ray crystallography and solution studies highlights the need for more 

comprehensive insight into the role and number of metals required in the phosphodiester 

bond hydrolysis mediated by nucleases.  

An abundance of experimental work on nucleases using different methods like X-

ray crystallography,49, 70-74, 76 kinetic,62, 77-80 and mutational studies81-86 has provided 

valuable information regarding the structure of enzymes, enzyme–substrate binding 

affinity, catalytic rates, and the identity of key residues involved in catalysis. However, 

these methods cannot give a full picture of the chemical mechanism used for 

phosphodiester bond hydrolysis. Computer modeling is a powerful tool for capturing 

atomic-level details of reaction surfaces and characterizing key stationary points, 

particularly transition states, which are hard to conclusively characterize experimentally. 

This thesis performs detailed investigations into the chemistry of nucleases to understand 

their mechanism of action using computer modeling techniques that are briefly described 

in the following section.  
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Figure 1.3. The general proposed mechanisms for a) two-metal and b) one-metal mediated 

phosphodiester bond cleavage (R = H for DNA or OH for RNA). 

 

1.6. Computer Modeling of Nucleases  

There are a variety of computational tools available to obtain an atomic-level 

understanding of nucleases. One such tool is a quantum mechanics (QM) cluster approach 

in which a limited number of atoms that represent the active site are extracted from the X-

ray crystal structure of the enzyme, while the periphery atoms are fixed to the experimental 

structure coordinates and the model is placed in a dielectric cavity representing the enzyme 

surroundings.87-88 All atoms in the cluster model are treated using an accurate density 

functional theory (DFT) method. Molecular dynamics (MD) simulations are another useful 

tool that use classical molecular mechanics (MM) principles to propagate a system through 

time and study the structural dynamics of complex biomolecular systems under 

physiological conditions.89 Finally, quantum mechanical−molecular mechanics (QM/MM) 

techniques are another effective computational approach to characterize enzyme-catalyzed 
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reaction mechanisms in which the active site of the enzyme is described using high-level 

QM methods, while the rest of the enzyme−nucleic acid complex is described by cost-

effective MM methods.90-91 

QM cluster modeling, MD simulations, and QM/MM calculations have been 

successfully applied in the literature to investigate the catalytic mechanism of several two-

metal dependent nucleases such as bacterial phosphotriesterase,92 RNase H,93-94 BamHI,95 

CRISPR-Cas9,96 retroviral integrase,97 HIV-1 reverse transcriptase,98 and HIV-integrase.99 

These studies have provided insight into how the phosphodiester bond hydrolysis is 

mediated by two metals and clarified the catalytic role of the metals and select active site 

residues. 

In contrast, theoretical studies on single-metal mediated catalysis are scarce.100  

Only a single computational study exists for a single-metal dependent enzyme that used a 

combined QM cluster and QM/MM approach on APE1 to elucidate the phosphodiester 

bond cleavage pathway and reveal the identity of the general base and general acid as well 

as the role of the metal in the reaction.100 The fundamental understanding gained from the 

catalytic mechanism of APE1 can be applied to investigate other single-metal dependent 

nucleases for which the mechanism has not been firmly established using computational 

methods or even proposed based on experimental techniques. Overall, this thesis describes 

a comprehensive investigation of catalytic pathways and the metal-dependence of select 

nucleases to fully understand the intricacies of the phosphodiester bond cleavage reaction 

and gain insight into whether nucleases use a unified mechanism, or if different active site 

compositions result in differential catalytic mechanisms.  
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1.7. Scope of the Thesis 

This thesis uses a multi-scale computational approach to gain an atomic-level 

understanding of the phosphodiester bond cleavage reaction catalyzed by nucleases. 

Specifically, Chapter 2 uses a range of cluster models to clarify how to efficiently model 

the chemistry mediated by nucleases that invoke only a single metal ion. APE1 (Figure 

1.4a) was used as a prototypical example due to the availability of abundant experimental 

crystallographic,47, 75, 101-102 kinetic,75, 103 mutational,75, 101-102, 104 and computational data.100 

This chapter underscores the importance of correct design of the cluster model size, and the 

DFT functional and basis set combination required for an accurate structural description of 

the one-metal mediated phosphodiester bond hydrolysis. The DFT functional and basis set 

combination recommended from this chapter is used for the rest of the chapters in this 

thesis.  

 

 

Figure 1.4. Enzymes (left) and the corresponding active sites (right) from the X-ray crystal 

structures of a: a) RC of thio-substituted APE1 bound to a dsDNA substrate, b) RC of the 

H98A mutant of I-PpoI bound to a dsDNA substrate, c) PC of the wild-type bacterial 

EndoV bound to a single-stranded DNA substrate, and d) apo-human EndoV. 
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Chapter 3 uses a QM/MM approach to understand the metal dependence of APE1. 

Despite using Mg2+ as the native metal cofactor, APE1 has also been shown to remain 

catalytically active in the presence of several metals, with the rate decreasing as Mg2+ > 

Mn2+ > Ni2+ > Zn2+, while Ca2+ completely abolished the catalytic activity.105-107 However, 

a chemical explanation for this metal dependence is still missing in the literature. This 

chapter provides a structural rationalization and reproduces the experimentally-observed 

trend in the barrier heights for the metal dependence of APE1. Furthermore, this chapter 

provides clarification on how Ca2+ inhibits single-metal mediated APE1.  

Chapter 4 uses both QM cluster and QM/MM approaches to elucidate the catalytic 

pathway used by I-PpoI, which displays a single metal (Mg2+) in the active site of the X-

ray crystal structures (Figure 1.4b).70, 76 I-PpoI belongs to the homing endonuclease (HE) 

family that transfers genes that encode the HE into a host genome.51 Although a catalytic 

mechanism has been proposed based on the crystal structures70 and mutational data,77 the 

roles of the metal and key amino acids need to be clarified in addition to the required 

computational verification of the experimentally-proposed reaction pathway. Through 

comparison to Chapter 3, Chapter 4 also sheds light on how a single metal can play diverse 

roles depending on the active site environment of the enzyme.  

Chapter 5 uses a multi-pronged computational approach including MD simulations 

and QM/MM calculations to provide the first proposed mechanism for bacterial EndoV. 

Bacterial EndoV is a single metal (Mg2+) containing nuclease (Figure 1.4c)74 that removes 

deaminated DNA and RNA nucleobases by cleaving the phosphodiester bond one 

nucleotide away from a deaminated nucleobase in the 3ʹ direction.108 Despite the 

availability of a crystal structure and abundant kinetic and mutational data,62, 74, 79, 109 a 
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catalytic mechanism has not been proposed in the literature. Chapter 5 uncovers a novel 

catalytic mechanism for bacterial EndoV that uses a previously unseen combination of 

general base, general acid, and metal-binding architecture for a single-metal dependent 

nuclease.  

Chapter 6 uses MD simulations and QM/MM calculations to provide the first details 

of the mechanism of action of human EndoV, which removes deaminated RNA nucleobases 

as a part of RNA metabolism.110-111 Unlike its bacterial counterpart, the crystal structure of 

human EndoV (Figure 1.4d) does not contain the substrate or the metal cofactor/s.49 

Therefore, a catalytic mechanism for the phosphodiester bond cleavage has never been 

proposed. Furthermore, there have been no experimental or computational studies that have 

examined the role or number of metal/s required for catalysis. The prediction of metal 

dependence is further complicated by the fact that bacterial EndoV has only one metal 

(Mg2+) in its active site, while mouse EndoV has two metals (Mg2+) in its active site.49, 74 

Despite the sequence conservation among EndoV species, the usage of a different number 

of metals to facilitate the same phosphodiester bond hydrolysis reaction raises questions 

about the number of metal/s and overall mechanistic pathway used by human EndoV. This 

chapter performs a comprehensive investigation of one- versus two-metal mediated 

phosphodiester bond cleavage pathways to afford the first proposed mechanism of action 

for human EndoV.  

Finally, Chapter 7 summarizes how this thesis used a multi-pronged computational 

approach to emphasize the intricate details involved in cleaving the phosphodiester bond 

in nucleic acids and illustrates that the metal can play different roles to facilitate the same 

reaction depending on the active site composition of the nuclease. This chapter also 
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provides possible directions for future investigations of other metal-dependent enzymes 

that can be built based on the fundamental understanding gained from this thesis.  
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Chapter 2: The Impact of DFT Functional, Cluster Model Size, and 

Implicit Solvation on the Structural Description of Single-metal Mediated 

DNA Phosphodiester Bond Cleavage: The Case Study of APE1 

Preface: Chapter 2 has been published [Kaur, R.; Nikkel, D. J.; Aboelnga, M. M.; Wetmore, 

S. D., The impact of DFT functional, cluster model size, and implicit solvation on the 

structural description of single-metal-mediated DNA phosphodiester bond cleavage: The 

case study of APE1. J. Phys. Chem. B. 2022, 126 (50), 10672-10683]. In this chapter, all 
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2.1. Introduction 

Although the stability of DNA and RNA is necessary for storing and regulating 

genetic information, the cleavage of phosphodiester bonds in nucleic acids is required for 

many cellular processes including signaling, energy transduction, protein synthesis, and 

maintaining genomic integrity.1-2 As a specific example, the repair of damaged DNA 

involves breaking the phosphodiester bond near the lesion site,3 which is essential to 

combat the effects of exposure to harmful substances (such as tobacco smoke,4 UV 

radiation,5 processed meats,6 pollution7 and chemotherapeutics) that lead to cancers,8 

cardiovascular diseases,9 and neurodegeneration.10 Despite the reaction being 

biochemically ubiquitous, the uncatalyzed hydrolysis of nucleic acid phosphodiester bonds 

is exceedingly slow, with a half-life ranging from 110 years for RNA to 30 million years 

for DNA under mild conditions.11 

Nucleases are a broad class of enzymes that can afford 1017-fold rate enhancements 

over the uncatalyzed cleavage of phosphodiester bonds in nucleic acids.2 This family of 

enzymes includes DNA endonucleases,12 5′ to 3′ RNA exo and endonucleases,13 3′ to 5′ 

exonucleases,14 restriction enzymes,15 polymerases,16 ribozymes,17 topoisomerases,18 

sequence-specific recombinases,19 Holliday junction (HJ) resolvases,20 and 

ribonucleases,21 to name but a few examples. Each enzyme is responsible for recognizing, 

positioning and stabilizing the substrate, activating the water nucleophile, and promoting 

leaving group departure.2, 22 A large number of nucleases also relies on metals to enhance 

catalysis, with the role of the metal ions being a topic of debate.  

The most accepted catalytic pathway for metal-dependent nucleases involves two-

metal ions.23 The first metal initiates the reaction by lowering the pKa of the nucleophilic 
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water, while the second metal stabilizes the penta-coordinated intermediate and aids leaving 

group departure through direct metal ligation (Figure 2.1a). Support for the two-metal 

mediated mechanism has been obtained for several nucleases, including RNase II,24 RNase 

III,25 RNase D,26 RNase E,27 RNase H,23 BamHI,2 EcoRV,28 UvrC,29 MutL,30 MutH,31 Tn5 

transposase,32 T7 endonuclease I,33 Rrp6p,34 polymerase η,35 and ribozymes (hammerhead-

ribozyme,36 group I intron,37 and group II intron38). 

 

 

Figure 2.1. The general proposed mechanism for phosphodiester bond hydrolysis by a a) 

two-metal or b) one-metal dependent nuclease. 

 

To complement literature on nucleases that involve multiple catalytic metals, there 

is growing evidence that many nucleases employ only a single metal ion for catalysis.2, 22 

To the best of our knowledge, the list of enzymes in this class currently includes human 

apurinic/apyrimidinic endonuclease (APE1),39-40 Pvu II endonuclease,41 E. coli restriction 

endonuclease I (EcoRI),42 colicin E9,43 colicin E7,44 Vibrio vulnificus nuclease (Vvn),45 

Serratia nuclease,46 phage T4 endonuclease VII (T4 Endo VII),47 staphylococcal 

nuclease,48 Moraxella nonliquefaciens restriction endonuclease II (MnlI),49 HNH homing 

endonuclease (I-Hmul),50 Klebsiella pneumoniae restriction endonuclease (Kpn1),51 
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Helicobacter pylori restriction endonuclease (HpyAV),52 Enterobacter hormaeche 

restriction endonuclease (Ehol),53 and intron-encoded endonuclease from Physarum 

polycephalum (I-PpoI).54-55 Experimental kinetics studies, mutational data, and crystal 

structures suggest that the single metal ion is bound to several water molecules and 

aspartate, glutamate and/or histidine residues to facilitate leaving group departure, while an 

active site basic residue initiates the reaction by activating the water nucleophile (Figure 

2.1b). For example, an aspartate has been proposed to initiate the reaction facilitated by 

APE1 (D210, Figure 2.2a),39-40 a histidine residue may play this role for I-HmuI (H75, 

Figure 2.2b) and I-PpoI (H98, Figure 2.2c), and glutamate is the base in staphylococcal 

nuclease48 (E43, Figure 2.2d). As for other nucleases, additional active site residues in each 

single metal-dependent enzyme have other important roles, ranging from reorganizing and 

positioning the substrate39-40, 46, 55 to stabilizing the leaving group.44-45, 54-55 

Many studies on a wide variety of enzymes have proven the usefulness of 

computational approaches to decipher the intricate details of the mechanism of action of 

enzymes and thereby complement experimental data (see for example 23, 36, 44, 56-61). 

Although computational methodologies have provided mechanistic insights for nucleases 

that use two metal ions to facilitate phosphodiester bond cleavage,23, 36, 57-59, 62 relatively 

few studies have considered single-metal dependent nucleases.40, 44, 48 Quantum 

mechanical–molecular mechanics (QM/MM) approaches are particularly desirable as they 

allow for accurate reaction mechanism mapping in the context of the entire enzyme–nucleic 

acid system and permit direct comparisons to experimental data.63 However, due to the 

computational expense of such methods, a more tractable approach is often to initially use 

density functional theory (DFT) coupled with cluster models in which a limited number of 



29 

 

atoms that represent the active site are extracted from X-ray crystallographic data and the 

periphery atoms are fixed to the experimental structure.60, 64 Such cluster models have 

proven to provide valuable insight by permitting comparison of the structural and energetic 

features of multiple pathways, and thereby can direct subsequent large-scale QM/MM 

modeling.56, 60 Unfortunately, however, it is currently unclear how to accurately design QM 

cluster models for single-metal dependent nucleases. 

Due to the lack of computational studies on the single-metal mediated 

phosphodiester bond cleavage mechanism and previous successes describing 

metalloenzymes using cluster modelling approaches,60-61, 65 the present work uses a range 

of cluster models coupled with DFT to clarify how to design accurate QM cluster models 

to study the chemistry facilitated by nucleases that invoke only one metal ion. APE1 is 

considered as a prototypical single-metal dependent nuclease due to the availability of an 

abundance of experimental kinetic,39, 66 mutational39, 67-69 and crystallographic data,3, 39, 67-

68 as well as previous QM/MM (ONIOM) work that has characterized the atomic level 

details of the preferred reaction pathway.40 Furthermore, APE1 plays critical roles in 

biology, being best known for cleaving the phosphodiester backbone 5' with respect to 

abasic sites during DNA repair.39, 67-68 APE1 is also involved in other important cellular 

processes including interstrand cross-link repair, nucleotide incision repair (NIR), 

transcription regulation, RNA metabolism, and gene expression,70-73 while subtle mutations 

to APE1 have been linked to cancer,74 ageing,75 and cardiovascular76 and neurological 

diseases.77 This functional versatility has made APE1 an attractive therapeutic target for 

ocular diseases and various cancers, with an influx of recent research focusing on designing 

efficient inhibitors to complement those in clinical trials.78-80  
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Figure 2.2. Examples of one-metal dependent nucleases that catalyze phosphodiester bond 

cleavage using different general bases, including a) D210 in APE1 (PDB ID: 5DG0), b) 

H75 in I-HmuI (PDB ID: 1UE3), c) H98 in I-PpoI (PDB ID: 1A73), and d) E43 in 

staphyloccocal nuclease (PDB ID: 2SNS). 

 

Starting from a high-resolution X-ray crystal structure of an APE1 reactant mimic 

(Figure 2.2a),39 the present work considers the structural and energetic changes that occur 

during the phosphodiester bond cleavage reaction using a range of DFT functionals, basis 

sets, and the smallest model that encapsulates the role of the metal center and active site 

general base. Subsequently, the impact of systematically increasing the model size up to 

185 atoms is investigated by including additional active site amino acids and altering the 

model truncation points. Finally, the effect of the surrounding enzymatic environment is 

scrutinized using a continuum solvation model. Through this systematic approach, our 

work provides the impact of DFT functional, cluster model size, and implicit solvation on 

the single-metal mediated phosphodiester bond cleavage facilitated by APE1 as a 

representative nuclease as the preferred mechanism has been previously established using 
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larger QM/MM models.40 The conclusions drawn regarding how to accurately model the 

chemistry facilitated by a nuclease that relies on a single metal ion can be generalized to 

investigate other single-metal dependent enzymes (e.g., Pvu II endonuclease,41 EcoRI,42 

colicin E9,43 colicin E7,44 Vvn,45 Serratia nuclease,46 T4 Endo VII,47 staphylococcal 

nuclease,48 MnlI,49 I-Hmul,50 Kpn1,51 HpyAV,52 Ehol,53 and I-PpoI54-55) and to direct future 

large-scale modeling to further our understanding of this complex chemistry. 

 

2.2. Computational Details 

Each cluster model was built from an X-ray crystal structure of a Mn(II)-containing 

APE1–DNA thiosubstrate reactive complex analogue (PDB ID: 5DG0; 1.8 Å resolution, 

Figure 2.2a).39 Our smallest model (69 atoms, Figure 2.3a) includes only the essential 

features to understand the role of the single metal ion. Specifically, this model incorporates 

the abasic substrate, D210 as the base that activates the water nucleophile, and the Mg(II) 

ion with four coordinating waters, D70 and E96. Since no additional water molecules are 

present in the APE1 active site based on available crystal structures, no additional water 

molecules were added to any model.39 In the substrate model, the abasic site is truncated at 

C3′ and the sugar from the 5′-adjacent nucleotide truncated at C4′, while the associated 

nucleobase is replaced with a hydrogen atom. Experimental mutational data supports the 

importance of D210 in APE1 function based on a 10,000-fold decrease in nuclease activity 

for the D210N mutation.68 The impacts of D70 and E96 mutations are not as significant, 

with D70A or D70R resulting in a 26-fold loss of activity and E96Q leading to a 600-fold 

decrease in activity.39 However, D70 and E96 are essential for maintaining the octahedral 

coordination of Mg(II) and therefore are included in all models. Expanded models were 
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then considered that incorporate active site residues that have been previously proposed to 

participate in the catalytic mechanism by stabilizing the transition state or aiding leaving 

group departure as well as residues that may be responsible for positioning key amino acids 

(namely H309, Y171, N212, N68, N174, D308, and/or D283).39, 68-69, 81-82 The impact of 

including the 5′-nucleobase (cytosine) of the substrate was also explored. All amino acids 

were included in their native protonation states, except H309, which was considered to be 

cationic based on the experimentally observed pKa
81 and NMR data.83 Each amino acid was 

initially truncated at the  carbon or in other words the boundary was placed between Cβ–

Cα bond, Cα was replaced with a hydrogen atom, and the location of Cβ was fixed to the 

crystallographic coordinates. Since QM cluster studies differ in model truncation points,84-

88 the effects of altering the truncation points to the a carbon were also considered or in 

other words the boundary was placed between the Cα–C(backbone) bond, the unsaturated 

carbon was replaced with a hydrogen atom, and the position of Cα was frozen. As a result, 

all residues in the largest cluster models were truncated at the α carbon except E96, which 

was consistently truncated at the β carbon. In all cluster models, truncation points were 

constrained to the respective crystal structure coordinates. 

 

 

Figure 2.3. Schematic representation of the a) smallest model considered in the present 

work (69 atoms) and b) the associated concerted mechanism for the single-metal mediated 

phosphodiester bond hydrolysis.  
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As described in the Results and Discussion, a variety of density functional and basis 

set combinations were initially investigated for the smallest model. Based on comparisons 

of the various DFT methods, B3LYP-D3/6-31G(d,p) was chosen to optimize all remaining 

systems, with relative Gibbs energies that include thermal corrections (based on the 

harmonic approximation) determined using M06-2X/6-311+G(2df,2p) single-point 

calculations. The default convergence criteria were used for optimizations (i.e., max. force 

= 0.000450, RMS force = 0.00030, max. displacement = 0.001800, and RMS displacement 

= 0.001200). To investigate the impact of the surrounding environment, a polarized 

continuum model (IEF-PCM) was used for single-point energy calculations at the M06-

2X/6-311+G(2df,2p) level of theory. A dielectric constant of ε=4 was used to represent the 

enzymatic environment for all continuum solvent calculations, which provides an accurate 

representation of the APE1 active site which is highly sequestered from water.89 We note 

that our models as well as the previous QM/MM (ONIOM) model reference point do not 

account for the conformational dynamics of the active site, which can be important in 

enzymatic reactions. 

All calculations were performed using Gaussian 09 (revision E.01).90 Additional 

details of models and computational methodologies are provided in the Results and 

Discussion section. 

 

2.3. Results and Discussion 

2.3.1. Different Basis Sets and Density Functional Combinations Yield Similar 

Structural Features, But Large Variations in Reaction Energetics  
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Previous computational studies have examined nucleic acid phosphodiester bond 

hydrolysis using different DFT approaches,91-92 including the widely used B3LYP93-96 and 

M06-2X40, 97-98 functionals. Although rigorous testing of the accuracy of DFT methods 

compared to CCSD(T)/CBS energetic data has been performed for the hydrolysis of 

dimethylphosphate in the absence of a metal,99 it is not clear whether the same conclusions 

will hold for the reaction catalyzed by a single-metal dependent nuclease. Although the size 

of our model prohibits testing against gold standard techniques such as CCSD(T), our 

smallest model allows for comparison of the structural and energetic descriptions of the 

one-metal assisted hydrolysis characterized by a range of DFT functionals. Specifically, 

using APE1 as a representative example (Figure 2.3a), our model includes the (truncated) 

substrate, D210 to activate the water nucleophile, and Mg(II) coordinated to four water 

molecules, D70 and E96, with all amino acids truncated at the β carbon. This results in a 

model of 69 atoms with an overall charge of –2. The gas-phase incision mechanism 

characterized using this model involves a single, concerted step, with D210 abstracting a 

proton from the nucleophilic water to initiate the reaction at the same time as the 

nucleophile approaches the phosphate group and a proton is transferred to the leaving group 

from a metal-activated water to cleave the phosphodiester bond (Figure 2.3b). 

Prior to considering a variety of DFT functionals, the impact of the basis set size 

was investigated using the M06-2X functional based on its ability to accurately describe 

kinetics involving main-group elements and non-covalent interactions,100 as well as 

enzymatic reactions.101-102 As the Pople basis set used for the geometry optimizations is 

systematically increased from 6-31G(d) to 6-311+G(2d,2p), the calculated Gibbs energy of 

activation varies from 91.4 to 142.7 kJ/mol, a variation of 51.3 kJ/mol (ΔǂGOPT, Table 2.1). 

Specifically, the addition of polarization functions on hydrogen atoms to 6-31G(d) 
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increases the reaction barrier by 15.7 kJ/mol, while subsequent inclusion of heavy atom 

diffuse functions or expansion to the triple-zeta variant leads to a negligible energy impact 

(0.6 – 3.2 kJ/mol). The inclusion of heavy atom diffuse functions to 6-311G(d,p) increases 

the activation energy more significantly (7.0 kJ/mol). More importantly, further expansion 

of the basis set to 6-311+G(2d,2p), 6-311+G(2df,p) or 6-311+G(2df,2p) results in much 

larger and more consistent barriers of approximately 140 kJ/mol.  

 

Table 2.1. M06-2X gas-phase Gibbs activation energy (kJ/mol) for the phosphodiester 

bond cleavage reaction calculated using a variety of basis sets.a 

basis set no. of basis functions Δ‡GOPT
b Δ‡GSP

c
 

6-31G(d) 588 91.4 119.1 

6-31G(d,p) 693 107.1 140.1 

6-31+G(d,p) 829 107.7 123.8 

6-311G(d,p) 838 110.3 124.0 

6-311+G(d,p) 974 117.3 122.6 

6-311+G(2d,2p) 1249 142.7 145.1 

6-311+G(2df,p) 1382 140.4 141.1 

6-311+G(2df,2p) 

average 

stdev. 

1657 140.4 

119.7 

19.2 

140.4 

132.0 

10.5 
aThe smallest 69 atom model with a charge of –2 was used (Figure 2.3a). bCalculated using 

M06-2X geometries and energies obtained with the indicated basis set. cCalculated using 

M06-2X/6-311+G(2df,2p) single-point calculations on M06-2X geometries obtained with 

the indicated basis set. 

 

Careful analysis of key catalytic distances obtained with each basis set suggests 

minimal geometric differences (Figures A.1– A.2, Tables A.1– A.3, Appendix A), with the 

largest deviation across basis sets occurring in the distance between O3′ of the leaving 

group and the proton from the metal-activated water in the reactant complex (1.804 – 2.181 

Å, r5, Table A.1, Appendix A). Indeed, when M06-2X/6-311+G(2df,2p) single-point 

calculations are performed on each optimized structure, the range in the computed Gibbs 
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energy of activation decreases to 26.0 kJ/mol (ΔǂGSP, Table 2.1). Most importantly, when 

6-311+G(2df,2p) single-point calculations are performed on geometries obtained with 6-

31G(d,p), the activation barrier is within 0.3 kJ/mol of that obtained using the geometry 

optimized with the largest basis set considered in the present work (6-311+G(2df,2p)). 

Additionally, there is less than an 8% deviation in the 6-31G(d,p) and 6-311+G(2df,2p) 

optimized structures (Tables A.4–A.6, Appendix A). Thus, the 6-31G(d,p) basis set will be 

used for all subsequent geometry optimizations, while the reaction energetics will be 

evaluated using 6-311+G(2df,2p) single-point calculations.  

The gas-phase concerted mechanism for the phosphodiester bond cleavage 

facilitated by a single metal was subsequently considered using 18 DFT functionals (Table 

2.2 and Figure 2.4). The average Gibbs activation energy is 148.017.6 kJ/mol across all 

functionals. M06-HF, PBEPBE and BP86 result in the smallest barrier (113.5 – 120.3 

kJ/mol), while the largest barrier is predicted with M05 (178.1 kJ/mol). Removing these 

functionals from the comparison results in an average barrier of 152.410.0 kJ/mol, which 

highlights the similar description of the reaction by the remaining methods. Indeed, the 

structural changes in the stationary points along the reaction pathway across these 

functionals are minimal (Tables A.7–A.9, Appendix A), suggesting that the differences in 

the energy barriers arise from the energetic rather than the structural description provided 

by the heterogeneously designed DFT functionals. Indeed, there is a small variation in 

M06-2X/6-311+G(2df,2p) energies obtained with structures optimized using the different 

functionals (Table 2.2 and Figure 2.4, green), while single-point calculations with each 

functional on a consistent M06-2X/6-31G(d,p) geometry leads to highly varied energetics 

(Table 2.2 and Figure 2.4, orange). The varied reaction energetics obtained for APE1 are in 
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line with other DFT studies and arise due to the unique design of each functional, with each 

having different strengths and weaknesses.99-100  

 

Table 2.2. Gas-phase Gibbs activation energies (kJ/mol) for the phosphodiester bond 

cleavage reaction calculated using a variety of DFT functional combinations.a 

functional X X//Xb M06-2X//Xc X//M06-2Xd 

M06-HF 113.5 139.7 120.5 

PBEPBE 119.3 127.5 132.6 

BP86 120.3 126.7 133.0 

PBEPBE-D3 136.5 143.1 135.9 

M06-2X 140.1 140.1 140.1 

B3LYP-10%HF 140.5 127.8 147.8 

M06-2X-D3 141.6 139.9 141.6 

M06-L 146.4 140.0 152.1 

MN15 151.0 147.7 135.5 

M11 152.4 142.9 151.7 

MPWB1K 152.9 145.8 151.6 

B3LYP 155.9 127.3 160.2 

M06 160.9 144.0 161.7 

M11-L 161.4 155.7 152.7 

MN12-SX 163.4 149.5 157.5 

B3LYP-D3 164.4 141.6 163.5 

MN12-L 165.8 160.4 159.1 

M05 178.1 150.6 172.3 

average 148.0 141.7 148.3 

stdev.   17.6     9.7   13.4 
aAll single-point calculations were performed with 6-311+G(2df,2p) and optimizations 

were performed with 6-31G(d,p) using the smallest 69 atom model with a charge of –2 

(Figure 2.3a). bSingle-point calculations and optimizations were performed with the 

indicated functional X. cM06-2X single-point calculations were performed on geometries 

obtained with the indicated functional X. dSingle-point calculations were performed with 

the indicated functional X on geometries obtained with M06-2X. 
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Figure 2.4. The gas-phase Gibbs activation energies for the rate-determining step (ΔǂG) 

calculated using various DFT functionals (X) for optimizations and/or single-point 

calculations and the smallest model considered in the present work (see Figure 2.3a). 

Single-point calculations and optimizations were performed with the indicated functional 

X (blue), M06-2X single-point calculations were performed on geometries obtained with 

the indicated functional X (green), and single-point calculations were performed with the 

indicated functional X on M06-2X geometries (orange). 

 

Overall, the functionals investigated in this section were specifically chosen based 

on literature supporting their use for phosphate hydrolysis, barrier heights in general, 

enzymatic reactions, and/or group II metal chemistry.91-92, 99 Our data suggests that many 

heterogeneously designed functionals provide a similar description of the structures of key 

stationary points along the single-metal mediated phosphodiester bond cleavage reaction. 

Furthermore, although the predicted barrier can vary significantly with functional, several 

functionals yield similar reaction energetics. Importantly, our data supports the use of 

standard functionals (M06-2X and B3LYP-D3) for these reactions, which have been widely 

used in the literature to study other enzymatic mechanisms.40, 97-98 Regardless, the model 

used so far is minimal and larger cluster models must be considered to determine the impact 

of additional amino acids on the reaction mechanism and associated barriers.  
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2.3.2. Large Fluctuations in Both Structure and Reaction Energetics Occur Upon 

Model Expansion, Emphasizing That Caution is Required When Designing Cluster 

Models 

 Although the minimal model considered in the previous section highlights the 

importance of both an active site general base (modeled as truncated aspartate) and the 

metal activated water in the overall nucleic acid phosphodiester bond cleavage reaction, 

greater information can be obtained about the enzymatic mechanism by systematically 

expanding the computational model. Due to the size of the models to be considered and the 

similar performance of most methods on the minimal model, we will evaluate the energies 

using M06-2X single-point calculations on B3LYP-D3 geometries. We note that comparing 

the predicted barriers directly to experimental values is not recommended since the full 

enzyme is not present. Instead, the goal of this work is to determine the minimum number 

of atoms required for the accurate structural description of the one-metal mediated 

phosphodiester bond hydrolysis. 

 

2.3.2.1. Expansion of the Substrate Preserves the Concerted Phosphodiester Bond 

Hydrolysis Mechanism: The first place to enhance our computational model is the substrate. 

Specifically, the substrate model was expanded by adding the nucleobase (cytosine) on the 

5′-nucleoside with respect to the abasic site, a hydroxymethyl group to the 5′-terminus, and 

a hydroxy group to C3′ of the abasic site (Figure 2.5). Cytosine was chosen as the 

nucleobase to include in the model due to its presence in the crystal structure from which 

the models were built. As per the smallest model, all amino acids were truncated at the α 

carbon, which results in a model containing 85 atoms and a charge of –2. The concerted 
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mechanism previously predicted for the smallest model (Figure 2.3b) is preserved for this 

expanded model and the barrier increases by 11.8 kJ/mol to a value of 176.3 kJ/mol. This 

higher barrier arises due to a later transition state (i.e., r4 (P–O3ʹ) is 0.4 Å longer in when 

the substrate is expanded (Figure A.3, Appendix A)) compared to the smallest model 

(Figure A.2, blue, Appendix A). The predicted barrier increase is in line with experimental 

evidence that replacement of the 5′-cystosine with thymine reduces APE1 activity by 5-

fold,39 which emphasizes that the 5′-nucleobase impacts the overall reaction.  Therefore, all 

the subsequent models include this expanded substrate. 

 

 

Figure 2.5. Schematic of the expanded computational models considered in the present 

work: smallest model (black), expanded substrate model (black + dark blue, expanded 

substrate), model 1 (model 0 + orange, H309), model 2 (model 1 + green, Y171), model 3 

(model 1 + purple, N212), model4 (model 1 + pink, N68), model 5 (model 1 + red, D308), 

model 6 (model 1 + brown, D283), model 7 (model 2 +purple, N212), model 8 (model 7 + 

cyan, N174), model 9 (model 8 + pink, N68), and model 10 (all residues). 

 

2.3.2.2. Inclusion of the General Acid (Model 1) Results in a Stepwise Pathway and 

Significantly Reduces Reaction Barriers: Following expansion of the substrate, we turn our 

attention to the inclusion of additional active site residues. Although model 0 contains the 
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general base to activate the water nucleophile and the metal-activated water to facilitate 

leaving group departure, substrate charge stabilization by amino acids could greatly impact 

the reaction pathway. In the case of APE1, this role may be played by positively charged 

H309, which has been proposed to be important in substrate binding and stabilization of 

the penta-coordinated transition state/intermediate.39, 68, 81 When H309 is positioned relative 

to the substrate as per the APE1 crystal structure (model 1, Figure 2.5), the model charge 

changes to –1. With model 1, a two-step hydrolysis pathway is characterized (Figure 2.1b). 

In the first reaction step, D210 maintains the role of the general base that deprotonates the 

water nucleophile and promotes nucleophilic attack. This yields a phosphorane 

intermediate that has similar structural features to the corresponding intermediate 

characterized for the reaction facilitated by two-metal dependent nucleases.2, 23, 25 In the 

second reaction step, a metal activated water stabilizes the leaving group by transferring a 

proton to O3ʹ of the 5ʹ-nucleotide in the model substrate to cleave the phosphodiester bond. 

The change from a one-step to a two-step reaction upon inclusion of H309 emphasizes the 

important role of this residue in substrate stabilization. Indeed, H309 is protonated at the 

beginning of the reaction and hydrogen bonds with a non-bridging oxygen of the substrate 

phosphate moiety (Figure A.4, Appendix A). From TS1 to IC, H309 transfers a proton to a 

non-bridging oxygen of the phosphate group, which in turn stabilizes the IC and PC (Figure 

A.4, Appendix A). The second step is rate limiting, with a corresponding Gibbs activation 

energy of 112.8 kJ/mol (Table 2.3), which is 63.5 kJ/mol lower than the barrier in the 

absence of H309 in the expanded substrate model. This correlates with experimental data 

indicating a H309N mutation decreases the APE1 catalytic rate by 2,500-fold.68 This also 

underscores the critical role of an acid in substrate stabilization for the phosphodiester bond 

cleavage catalyzed by single-metal dependent nucleases. Therefore, all further models 
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include H309. We note that a concerted pathway could not be characterized upon inclusion 

of H309, while the stepwise mechanism could not be isolated in the absence of this 

important residue. 

 

Table 2.3. Relative gas-phase Gibbs energies (ΔG, kJ/mol) for the phosphodiester bond 

cleavage reaction calculated using model 1 with the truncation point for select amino 

acid(s) extended to the α carbon.a,b 

Residue Expanded to Cα 

D210 H309 D70/E96 RC TS1 IC TS2 PC 

   0.0 56.7 58.6 112.8  87.0 

X   0.0 31.9 30.9 92.2 –69.7 

 

 

X 

 

 

X 

0.0 

0.0 

37.8 

56.5 

37.7 

57.9 

94.4 

104.7 

–33.9 

–78.1 

X X  0.0 35.0 37.5 90.6 –39.2 

X  X 0.0 41.4 42.4 89.8 –16.4 

 X X 0.0 47.1 49.1 101.9  50.1 

X X X 0.0 45.0 36.1 85.7 –26.9 
aE96 was truncated to the b carbon. bRelative energies were obtained using M06-2X/6-

311+G(2df,2p) single-point calculations on B3LYP-D3/6-31G(d,p) geometries. 

 

2.3.2.3. Expansion of Amino Acid Models to Include the α Carbon Enhances Model 

Flexibility and Results in Significant Structural and Energetic Changes Along the 

Phosphodiester Bond Hydrolysis Pathway: It is important to recognize that the truncation 

points in the above models were fixed to the X-ray crystallographic positions for each 

amino acid residue (i.e., the α carbon). It is possible that inclusion of a greater portion of 

the side chain will increase the flexibility of the model and affect the structural description 

of the reaction along with energy barriers. Furthermore, QM cluster studies in literature 

differ in the choice of model truncation points.84-88 Therefore, prior to adding additional 

amino acids, different combinations of extending the truncation point to the α-carbon for 

D210, H309, and D70 are examined (Table 2.3), with the length of E96 kept consistent with 
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D70 in each model since both residues are strongly coordinated to the metal center and 

likely play similar roles.  

Although expansion of key amino acid side chain(s) to Cα does not change the two-

step mechanism predicted with model 1 (Table 2.3), large structural and energetic 

differences occur along the reaction pathway regardless of whether one or multiple amino 

acids are expanded. Indeed, the barrier associated with the first step can change by up to 

24.8 kJ/mol (or 44%) relative to model 1 and that for the second (rate-determining) step 

can change by up to 27.1 kJ/mol (or 24%) upon expansion of the amino acid residue. Model 

truncation has even larger effects on the relative energy of the intermediate (27.7 kJ/mol or 

47%) and product (165.1 kJ/mol or 190%) complexes. These energetic changes can be 

understood based on structural adjustments that occur upon amino acid expansion as 

discussed below.  

Structural comparisons of different truncated models reveal that model 1 is heavily 

constrained (Table A.10, Appendix A), which results in a smaller average distance between 

the water nucleophile and the phosphate backbone in the reactant complex compared to the 

other models (i.e., r3 decreases by up to 0.657 Å, Table A.10, Appendix A). Furthermore, 

the leaving group is unable to move away from the phosphate atom in the product complex 

for model 1 (i.e., r4 deviates by 0.766 Å compared to other models, Table A.10, Appendix 

A). When D210 is expanded to Cα (Table 2.3), the first barrier decreases by 24.8 kJ/mol, 

the second barrier decreases by 20.6 kJ/mol, and the product is highly stabilized. The first 

reaction barrier is reduced due to a more reactive RC in which the nucleophilic water is 

better positioned (i.e., r3 is smaller compared to model 1 by 1.8 Å, Figure A.5 and Table 

A.10, Appendix A). The lower second barrier arises since expanded D210 promotes 
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enhanced alignment of the substrate with respect to the Mg(II)-activated water (Figure A.5, 

Appendix A) and leads to a PC that is further along the reaction pathway compared to model 

1 (i.e., r4 is 0.4 Å larger and r8 is 0.4 Å smaller, Table A.10, Appendix A). Additionally, the 

proton is transferred from the phosphate to H309 in the PC upon D210 expansion, leading 

to an exergonic reaction and regenerating the enzyme for another reaction (Tables A.3 and 

A.10, Appendix A). 

Expansion of H309 to the Cα truncation point also lowers the barriers and stabilizes 

the product (Table 2.3). First, the enhanced flexibility of the model permits H309 to form 

a weak hydrogen bond between a Cα–H and the water nucleophile in the RC (Figure A.6a, 

Appendix A), which situates the nucleophilic water closer to the phosphate moiety (i.e., r3 

is smaller by 1.9 Å, Figure A.1, Table A.10, Appendix A) and thereby decreases the barrier 

for the first reaction step by 18.9 kJ/mol compared to model 1. Second, increased model 

flexibility allows H309 to reposition with respect to the substrate for the second reaction 

step (Figure A.6c-e, Appendix A), which lowers the rate-determining barrier by 18.4 kJ/mol 

(Table 2.3). Despite the energetic benefits of the individual expansion of D210 and H309, 

the reaction energetics are highly similar when either H309 or both residues are expanded 

to Cα (Table 2.3), suggesting these effects are not additive.  

Finally, since the Mg(II)-coordinating residues (D70 and E96) are far removed from 

the reaction center, expansion of D70 to Cα and E96 to Cβ alone does not significantly 

change the reaction parameters (Table A.10, Appendix A) or barriers (Table 2.3) compared 

to model 1, although the final product is more stable. Therefore, these residues likely have 

structural roles, including maintaining Mg(II) octahedral coordination. When D70/E96 

expansion is coupled with larger D210 and/or H309 models, the barriers for the reaction 
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(Table 2.3) are similar to those for the corresponding model with smaller D70/E96 models. 

However, the product complex is earlier due to greater motion of the metal (r4, Figure A.8 

and Table A.10, Appendix A) and significantly destabilized compared to models with only 

D70/E96 expanded (by up to 128.2 kJ/mol, Table 2.3). When all residues are expanded to 

Cα (Table 2.3), the lowest rate-determining barrier is obtained, at least in part because D210 

and the nucleophilic water are better aligned with respect to substrate in the RC (i.e., r3 is 

1.7 Å smaller, Figure A.8a and Table A.10, Appendix A). Additionally, the product is 

exergonic (by 26.9 kJ/mol, Table 2.3) due to the later PC (r4 increases by 1.8 Å), H309 

regaining a proton, and the reorganization of active site (Figure A.8 and Table A.10, 

Appendix A). 

Overall, the lowest barrier (85.7 kJ/mol, Table 2.3) for the rate-determining step 

obtained from the expansion of D210, H309, and D70 to Cα falls within the range of the 

barriers typically observed for metallonucleases facilitated phosphodiester bond hydrolysis 

reactions (58 – 96 kJ/mol),47, 103-104 suggesting there is an advantage of model expansion to 

include Cα of key amino acids. This result underscores the importance of ensuring that 

residues have the flexibility necessary to capture the chemistry occurring within the 

enzymatic environment. Indeed, truncation at Cα restricts the computational model and 

thereby affects the structures and energetics of stationary points along the phosphodiester 

bond cleavage reaction. Thus, each amino acid residue in all models considered in the 

remainder of this study is truncated at Cα except for E96, which is truncated at Cβ to be 

consistent in size with D70. 
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2.3.2.4. Inclusion of Additional Amino Acid Residues Leads to Significant Active Site 

Rearrangement, Which Impacts the Reaction Barrier (Models 2 – 9): Despite model 1 

(truncated at Cα) yielding a barrier typical for the enzymatic phosphodiester bond cleavage 

reactions (58 – 96 kJ/mol),47, 103-104 the nucleophilic water is hydrogen bound to H309 in 

the reactant complex (Figure A.8a, Appendix A) and therefore not optimally aligned for the 

reaction. Indeed, there is no evidence in the X-ray crystal structure of the APE1 reactant 

complex (PDB ID: 5DG0) of a hydrogen bond between H309 and the nucleophile, with 

H309 being 4.6 Å from an active site water. Additionally, a hydrogen bond exists between 

5′-OH of cytidine and a non-bridging oxygen of the phosphate group throughout the 

reaction (Figure A.8, Appendix A), which is an artifact of the model lacking a continuing 

DNA chain. Therefore, there is room for improvement in the cluster model. Indeed, 

experimental kinetic data reveals that D210 and H309 mutations significantly impact the 

catalytic power of APE1,68 and the Y171F mutation leads to a 1,200-fold decrease in the 

catalytic rate,39, 68 while the N212A mutation leads to a 70,000-fold rate decrease.69 The 

proposed roles of Y171 include positioning of the nucleophile and/or substrate charge 

stabilization,39-40 while N212 has been proposed to orient the D210 general base for the 

reaction.39, 69, 82 Therefore, the impacts of Y171 and N212 are initially considered by 

building upon model 1.  

Upon addition of Y171 to the cluster model (model 2), the substrate rearranges such 

that Y171 simultaneously hydrogen bonds to a non-bridging oxygen of the substrate 

phosphate in the first step and 5′-OH of cytidine throughout the reaction (Figure A.9, 

Appendix A). This stabilizes the RC compared to model 1, which increases the first reaction 

barrier by 16.7 kJ/mol (Table 2.4). Even though the second step has a later TS (i.e., r5 is 
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0.5 Å longer, Table A.11, Appendix A), the second barrier increases by only 5.5 kJ/mol 

since Y171 rotates to stabilize the leaving group through hydrogen bonding (Figure A.9d, 

Appendix A). Nevertheless, this active site arrangement might not be possible in the 

enzymatic environment, suggesting that further model expansion is required.  

Adding N212 to the cluster model 1 (model 3) reduces the barrier to 66.3 kJ/mol 

(Table 2.4). This may arise because of additional hydrogen bonding in the active site, 

such as interactions between N212 and D210 or the substrate, and a change in metal 

coordination from octa- to penta-coordinated in the second reaction step (Figure A.10, 

Appendix A). Similar active site reorganization exists when both Y171 and N212 are 

present (model 7, Figure A.11, Appendix A), emphasizing the need for more balanced 

models than models 3 and 7. 

Other residues in the active site that might play important roles in the reaction 

include N68, D308 and D283. Indeed, the N68A mutation reduces APE1 catalytic activity 

by  600-fold,39 while D308A and D283A reduce the activity by 5-25 fold66 and 10-fold,66, 

82 respectively. However, when any one of these residues is added to model 1, significant 

structural changes occur along the reaction path, which result in high barriers and/or 

unstable PC (Table 2.4 and A.11, Appendix A). Specifically, when N68 is added to the 

cluster model (model 4), H309 rotates away from the substrate, which then interacts with 

E96 (Figure A.12, Appendix A). Upon D308 addition (model 5) to model 1, the net charge 

of the model changes to –2, and the energy along the step-wise pathway continuously 

increases from the RC to the PC due to reorganization of the active site (Table 2.4 and 

Figure A.13, Appendix A). When D283 is included in model 1 (model 6, charge changes to 
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–2), D210 interacts with the abasic site and is unable to sufficiently activate the nucleophile 

(Figure A.14, Appendix A). 

Due to the recognized importance of Y171 and N212 in the reaction pathway, larger 

models that include both residues along with additional amino acids were considered. In 

model 8, N174 was included due to its proposed role in substrate alignment,39-40, 72 with the 

N174Q mutation reducing APE1 activity by 9-fold.105 Addition of N174 to cluster model 7 

leads to two additional hydrogen bonds between the substrate and the Mg-ligated water or 

Y171 that are not possible in the enzymatic system when the substrate is part of a 

continuous DNA chain (Figure A.15, Appendix A). Similarly, subsequent addition of N68 

(model 9) results in a hydrogen-bonding network between N68 and D210 as well as E96, 

which increases the barrier (Table 2.4), and the system maintains unrealistic artifacts from 

the previous model (Figure A.16, Appendix A). 
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Table 2.4. Relative gas-phase Gibbs energies (kJ/mol) for the phosphodiester bond cleavage reaction calculated using models 

of varying size.a,b 

model (no. atoms; charge) Y171 N212 N68 N17

4 

D308 D283 RC TS1 IC TS2 PC 

model 1 (110; –1)       0.0 45.0 36.1 85.7 –26.9 

model 2 (129; –1) X      0.0 61.7 65.4 91.2 –85.8 

model 3 (122; –1)  X     0.0 40.0 38.8 19.4 –68.0 

model 4 (122; –1)   X    0.0 143.6 146.8 136.5 35.4 

model 5 (120; –2)     X  0.0 53.7 76.1 95.6 113.0 

model 6 (120; –2)      X 0.0 195.4 153.8 155.5 34.7 

model 7 (141; –1) X X     0.0 61.0 62.5 108.5 –56.5 

model 8 (153; –1) X X  X   0.0 51.5 43.1 70.0 –49.8 

model 9 (165; –1) X X X X   0.0 84.5 88.1 145.2 108.9 

model 10 (185; –3) X X X X X X 0.0 79.3 59.7 79.1 –21.7 
aRelative energies were obtained using M06-2X/6-311+G(2df,2p) single-point calculations on B3LYP-D3/6-31G(d,p) 

geometries. bAll models contain D210 and H309. See Figure 2.5 for the schematic of the models. All amino acids were truncated 

at the α carbon, except for E96 (β carbon truncation). 
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  Extending the cluster model further to include both D308 and D283 (model 10) 

increases the net charge to –3. This model yields an improved description of the active site 

chemistry (Figure A.17, Appendix A). In fact, the overall structure, including the hydrogen-

bonding network between the amino acids and substrate, and metal coordination, is highly 

similar to that characterized for the full enzyme–DNA complex with the ONIOM 

methodology.40 In agreement with NMR and crystallographic data, H309 remains cationic 

in the reactant complex (Table A.11 and Figure A.17, Appendix A)39, 68, 81 and a 

thermodynamically stable PC is obtained. The excellent agreement between the predicted 

structural data and previous ONIOM geometries40 suggests structural convergence occurs 

at a cluster model with 185 atoms and corroborates previous conclusions that large cluster 

models containing secondary shell amino acids can yield geometries consistent with 

QM/MM data.106-107 This finding is also in line with proposals that the correct 

representation of various enzymatic reactions occurs with model sizes of 150 – 200 

atoms.56, 60 Indeed, recent QM cluster studies have used 150 – 220 atoms to successfully 

map the reaction pathways for a range of other enzymes.61, 108 

Overall, the cluster models considered in the present work highlight the importance 

of key APE1 active site amino acids. Specifically, D210 acts as a general base that initiates 

the reaction and H309 is the general acid that stabilizes the charge on the substrate, while 

second shell amino acids (N212, N68, and D283) help ensure the correct orientation of 

these critical residues. Equally important is the correct alignment of the substrate for the 

reaction with respect to these residues, which is facilitated by N174. While D70 and E96 

are clearly necessary for maintaining Mg(II) octahedral coordination, D308 is also 

important for preventing inaccurate penta-coordination seen in smaller models. These 
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primary amino acids that play the roles of the general base and acid, stabilize the substrate, 

and maintain the metal octahedral coordination, as well as secondary residues that facilitate 

these amino acids must be included in the model. This leads to a 185-atom limit for a QM-

cluster model of APE1. In addition to these key roles for active site amino acids, the large 

fluctuations in the predicted barriers emphasize that care must be taken when designing 

cluster models for phosphodiester bond cleavage, with a minimum model of 185 atoms 

required to accurately describe the reaction facilitated by APE1. This work corroborates 

previous literature highlighting the need for cautious model building to achieve accurate 

representation of enzymatic reactions.60 Specifically, although smaller models can be a 

good starting point for early investigations of multiple mechanisms, they can lead to 

artificial strain and yield incorrect energy profiles.  

 

2.3.2.5. Accounting for the Broader Enzymatic Environment Does Not Significantly Change 

the Barrier for the Rate-Determining Step: Although the previous calculations were 

performed in the gas phase, literature on other enzymes has illustrated that including the 

effects of the surrounding environment of the residues included in a cluster model through 

single-point calculations with continuum solvation models provides a good compromise 

between accuracy and computational cost.109-110 Therefore, the impact of solvent-phase 

single-point calculations on the gas-phase geometries was considered in the present work 

using the polarizable continuum model and a dielectric constant of 4,89 which can provide 

a good representation of active sites that are at least partially sequestered from water and 

has been successfully used to map other enzymatic reactions using cluster models.87, 108, 111 

Accounting for the broader environment does not significantly change the barrier for the 
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rate-determining step for most models (less than ~10%, Figure 2.6 and Table A.12, 

Appendix A). The largest effect occurs for model 5, where the barrier decreases by 29.1 

kJ/mol upon inclusion of implicit solvation (~30% change). Most importantly, all previous 

conclusions regarding the impact of model size based on the trends in the rate-limiting 

barrier identified in the gas phase hold true in an enzymatic environment (Figure 2.6 and 

Table A.12, Appendix A), suggesting that models 1 – 10 are large enough to capture the 

impact of the broader enzymatic environment on catalysis. Indeed, previous DFT studies 

on other enzymes have emphasized that the magnitude of additional environment effects 

dissipates for models larger than 100 atoms.109 

 

 

Figure 2.6. Comparison of the M06-2X Gibbs activation energies (ΔǂG) for the rate-

determining step obtained from gas-phase (orange) or IEF-PCM (ε=4, red) single-point 

calculations on gas-phase geometries for models of varying size. Models are defined in 

Figure 2.5. 

 

2.4. Conclusion 

The present study considers the impact of the DFT functional and basis set, cluster model 

size, and implicit solvation on the single-metal mediated phosphodiester bond cleavage 
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facilitated by APE1 to unveil how to accurately model such reactions in an efficient manner. 

APE1 is used as a prototypical example due to its known functional versatility, including 

important roles in DNA repair and as a therapeutic target to combat several human diseases. 

As the simplest cluster model illustrates that several functionals and basis sets provide 

similar descriptions of the phosphodiester bond cleavage reaction, our work highlights that 

common functionals (e.g., M06-2X and B3LYP-D3) can be combined with 6-31G(d,p) to 

reliably describe the structures of important stationary points, with the larger 6-

311+G(2df,2p) basis set used to obtain more accurate reaction energetics. However, there 

are clear limitations in smaller cluster models (< 122 atoms), which induce artificial strain 

and can lead to incorrect metal coordination geometries. Nevertheless, the impact of 

accounting for the broader enzymatic environment using continuum methods is negligible 

for larger models. Overall, our work suggests that the general acid and base, residues that 

maintain the metal octahedral coordination, and amino acids that stabilize the substrate, as 

well as residues that facilitate these primary amino acids, must be included in the QM 

cluster model to achieve an accurate structural description of the phosphodiester bond 

hydrolysis facilitated by APE1, which results in a minimum of 185 atoms. Indeed, although 

smaller models that contain only the primary amino acids can characterize a two-step 

(rather than concerted) reaction, larger models that include secondary amino acids are 

required to maintain the active site architecture and reproduce experimental reaction 

energetics. This work thereby underscores the importance of correctly choosing the cluster 

model size for the reliable prediction of possible reaction pathways associated with other 

single-metal mediated nucleases. Similarly designed cluster models can be used to 

efficiently characterize different mechanistic possibilities for a range of single-metal 

dependent nucleases and thereby direct future QM/MM modelling to further explore 
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whether a single metal is enough for catalytic cleavage of the stable phosphodiester bond 

in nucleic acids.  
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Chapter 3: The Metal Dependence of Single-Metal Mediated 

Phosphodiester Bond Cleavage: A QM/MM Study of a Multifaceted 

Human Enzyme 

Preface: Chapter 3 has been published [Kaur, R.; Aboelnga, M. M.; Nikkel, D. J.; Wetmore, 

S. D., The metal dependence of single-metal mediated phosphodiester bond cleavage: a 

QM/MM study of a multifaceted human enzyme. Phys. Chem. Chem. Phys. 2022, 24 (47), 

29130-29140]. In this chapter, all authors contributed to the reviewing and editing of the 

manuscript. I aided conceptualization of the project and performed the computational 

characterization of the phosphodiester bond cleavage pathways involving Mg2+, Ni2+ 

(square-planar and octahedral), Zn2+, and Ca2+. In addition, I performed the overall 

data/results analysis, wrote the first draft of the manuscript, and generated all the figures 

for the publication. D. J. Nikkel performed calculations on the pathway involving Mn2+ and 

contributed to the formal data analysis. M. M. Aboelnga contributed towards 

conceptualization and project administration, while S. D. Wetmore was involved in project 

conceptualization and administration, supervision, funding and resource acquisition, data 

visualization and interpretation, and writing the original draft of the manuscript. 

 

3.1. Introduction 

Metalloenzymes are among the most powerful enzymes in human cells, providing 

1010 – 1023 fold rate increases over uncatalyzed transformations with the assistance of many 

different metal cofactors1 and thereby permitting unique biochemistry. Metallonucleases 

are particularly interesting as these biocatalysts are responsible for cleaving the highly 
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stable phosphodiester backbones in nucleic acids, which have estimated half-lives of up to 

30 million years under mild conditions.1 The most well-established catalytic mechanism 

for phosphodiester bond cleavage involves two Mg2+ ions, the first producing an active site 

hydroxide that attacks the electrophilic phosphorus atom to initiate the reaction and the 

second stabilizing the charge on the phosphate group to be cleaved through direct ligation.2-

4 Nevertheless, literature is growing that suggests three2, 4-7 or even a single metal ion3-4 can 

support phosphodiester bond scission activity, although the associated catalytic 

mechanisms are currently debated. 

A particularly interesting nuclease is human apurinic/apyrimidinic endonuclease 

(APE1) due to its significant roles in human health,8-9 including inflammatory responses, 

diabetic neuropathy, inflammatory bowel disease, macular edema and degeneration, 

atherosclerosis, and liver, lung, bladder and pancreatic cancers.10-15 Indeed, cells 

genetically engineered to be deficient in APE1 are not viable,16 overexpression of APE1 

has been directly connected to disease,12 and APE1 has shown promise as a therapeutic 

target.14 APE1 is perhaps best known for its role in DNA repair,17 cleaving the 

phosphodiester backbone 5' with respect to cytotoxic abasic sites (AP sites)18 as part of the 

base excision repair (BER) pathway.19-20 However, APE1 also exhibits 3′-5′-exonuclease 

and 3′-phosphatase activity and is involved in many other critical cellular pathways, such 

as nucleotide incision repair (NIR), interstrand cross-link repair, RNA processing, 

transcription regulation, and gene expression.16, 21-26 APE1 is also noteworthy because its 

activity has been shown to rely on the presence of only a single metal.9, 19-20, 27 When 

coupled with its wide-ranging functions, this makes APE1 an interesting case study for 
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experimental and computational works geared toward understanding catalytic pathways for 

phosphodiester bond cleavage.  

The general proposed two-step APE1 catalytic mechanism17-20, 28-31 involves attack 

of a nucleophilic water on the phosphorus reaction center to generate a phosphorane 

intermediate followed by proton transfer from a metal-activated water to stabilize the 

leaving group, yielding the 3ʹ-hydroxyl and 5ʹ-phosphate products (Figure 3.1a). 

Nevertheless, the catalytic pathway remains controversial at least in part due to different 

metal coordination environments observed in crystal structures. Indeed, although an 

octahedral coordination geometry consistently occurs that involves E96 and active site 

waters, the substrate is ligated to the metal in the product complex (PDB ID: 4IEM; Figure 

3.1b),18 while D70 is coordinated to the metal in the apo-enzyme (PDB ID: 4QHE)20 and 

reactant analogue (PDB ID: 5DG0; Figure 3.1c).19 The lack of direct coordination of the 

substrate to the metal is supported by previous QM cluster calculations, which determined 

the metal binding architecture present in the crystal structure of the reactant analogue to be 

the most energetically favorable.9 There are also varied proposals for the roles of active site 

amino acid residues, which have recently been reported to be pH dependent.17 A D210N 

mutation has the largest impact on APE1 catalytic efficiency (10,000-fold reduction),18 

suggesting that D210 is most likely responsible for activating the water nucleophile, 

although other roles such as neutralizing the leaving group have been previously proposed.9, 

29 Other significant mutational effects occur for Y171F (1,200-fold reduction),18-19 which 

has led to proposals that Y171 positions the substrate and water nucleophile9, 17 or attacks 

the phosphate group,32 and H309N (2,500-fold reduction),18 which supports suggestions 

that H309 aids nucleophilic activation or substrate charge stabilization.9, 18-19, 33 Mutational 
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effects also occur for N212 (N212A results in a 7,000-fold rate reduction),34 which may 

orient and/or stabilize the general base (D210).9, 17 Smaller rate reductions were seen upon 

mutation of N174 (N174Q leads to a 9-fold reduction),35 which has been proposed to align 

the abasic site,19 and D308 (D308A reduces the activity by 5–25 fold),36 which is within 

hydrogen-bonding distances to metal ligated waters18-20 and has been proposed to be 

involved in metal binding or positioning.31, 37 

 

 

Figure 3.1. a) Proposed stepwise mechanism for APE1-catalyzed phosphodiester bond 

cleavage. Active site of APE1 from X-ray crystal structure of the b) Mg2+-containing 

product complex (PDB ID: 4IEM) and c) Mn2+-containing thio-substituted reactant 

analogue complex (PDB ID: 5G0). d) The QM/MM model (9445 atoms, left), and the QM 

region (129 atoms, red box, right) used in the present work. 
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Despite uncertainties regarding the roles of active site residues, a metal cofactor is 

accepted to be essential for APE1 activity.38 Although Mg2+ is the native metal, APE1 

remains active in the presence of several metals, with the catalytic rate decreasing as Mg2+ 

> Mn2+ > Ni2+ > Zn2+.38-40 The preference for Mg2+ and retention of activity in the presence 

of other metals correlates with the behaviour reported for other proposed single-metal 

dependent nucleases (Moraxella nonliquefaciens restriction endonuclease II (MnII), group 

I intron-encoded endonuclease from Physarum polycephalum (I-Ppol) and HNH homing 

endonuclease (I-Hmul)),41-43 while other potential enzymes in this class exhibit enhanced 

activity with transition metals (Klebsiella pneumoniae restriction endonuclease (Kpn1), 

Enterobacter hormaeche restriction endonuclease (Ehol), and Helicobacter pylori 

restriction endonuclease (HpyAV)).44-46 In contrast to transition metals, APE1 activity is 

completely abolished in the presence of Ca2+.38-40 The replacement of Mg2+ by Ca2+ has 

been shown to inhibit catalysis and permit crystallization of many two-metal dependent 

nucleases,47-49 a concept supported by computational work.47-50 While some single-metal 

dependent nucleases are also inhibited by Ca2+ (I-Hmul and Staphylococcus epidermidis 

restriction endonuclease (SepMI)),42, 46 others maintain catalytic activity albeit at a reduced 

rate (Kpn1, HpyAV, MnlI, and I-Ppol).41, 43-45 Although the impact of the metal identity 

across single-metal dependent nucleases points to the high plasticity of these active sites, 

the fundamental reason for the observed metal dependence is unclear. Indeed, while 

computational studies have provided atomic level explanations for the metal dependence 

of a variety of enzymes,47, 49, 51-54 including two-metal mediated nucleases,51-52, 54-55 no such 

work has been done to date on a single-metal dependent nuclease. 
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To provide the first atomic-level explanations for the observed metal dependence 

of a single-metal mediated nuclease, the present work uses computational chemistry to 

rationalize the metal-dependent activity of APE1. Due to the key insights provided by 

combined quantum mechanics–molecular mechanics (QM/MM) methodology within the 

ONIOM formalism for the catalytic mechanism of other enzymes,56-57 including 

metalloenzymes,58-59 QM/MM (ONIOM) is used to map the phosphodiester bond cleavage 

mechanism catalyzed by APE1 in the presence of a broad spectrum of metals, namely Mg2+, 

Mn2+, Ni2+, Zn2+, and Ca2+. The structural differences in the characterized stationary points 

along the reaction pathway facilitated by the various metals rationalize the trend in the 

associated barrier heights, which correlates with the experimentally reported relative APE1 

activity.38-40 As a result, this work provides computational support for the controversial 

single-metal mediated phosphodiester bond cleavage mechanism and clarifies the 

ambiguity regarding the role of the metal and metal identity in this important reaction. This 

detailed appreciation of the activity of a one-metal dependent nuclease can be more broadly 

applied to understand other nucleases as well as other enzymes that share similar active 

sites or mechanistic features (e.g., DNase-I or inositol 5-phosphatase (IPP) that use metals 

to catalyze the hydrolysis of substrates ranging from ss/dsDNA, RNA:DNA hybrids, or 

inositol polyphosphates).60 This work also paves the way for exploiting APE1 and similar 

enzymes to engineer artificial metalloenzymes with improved catalytic functions, that 

facilitate novel chemistry for medicinal applications (e.g., disease diagnosis or drug 

design), or as biochemical tools (e.g., to detect nucleic acid modifications).  
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3.2. Computational Methodology 

The previously proposed two-step phosphodiester bond cleavage mechanism 

(Figure 3.1a)9, 60 was used as the basis to explore the catalytic pathway for APE1 in the 

presence of five different metals (Mg2+, Mn2+, Ni2+, Zn2+, and Ca2+). Specifically, the 

QM/MM model was built using a previously reported representative structure from MD 

simulations,9 which were initiated from the crystal structure of the APE1–DNA product 

complex (PDB ID: 4IEM, Figure 3.1b), while modifying the metal coordination geometry 

to match the preferred architecture identified using QM cluster models.9 The physiological 

protonation states of titratable amino acid residues were verified using the propKa server 

(Table B.1, Appendix B). The QM/MM model includes the entire APE1–DNA system, the 

metal ion, 15 Na+ counterions to neutralize the system, and all water molecules for which 

any atom is within 4 Å of any atom in the DNA–protein complex (total 9445 atoms and 

1453 water molecules, Figure 3.1d).  

The QM region (129 atoms) contains the metal, the AP site and 5-dC, five water 

molecules (including the nucleophile), and all active site residues whose mutation impacts 

catalysis (i.e., D70, E96, D210, Y171, H309, N212, N174 and D308).18-19, 29, 31, 33-36 The 

total charge of the QM region is –2. This represents the most complete QM region for APE1 

considered in the literature to date, which is critical for the investigation of the metal 

dependence of the catalytic activity since accommodation of different sized metals with 

unique chemical properties may influence the active site configuration.  

The full catalytic mechanism was individually mapped for each metal. While Mg2+, 

Zn2+ and Ca2+ were considered with a spin multiplicity of 1, Mn2+ was treated in the sextet 

ground state (octahedral coordination geometry), while Ni2+ was considered in both the 
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singlet state (square planar coordination geometry) and triplet state (octahedral). During all 

geometry optimizations, the QM atoms were described using the B3LYP-D3(BJ) 

functional, which includes Grimme’s D3 empirical dispersion correction with Becke-

Johnson damping (D3-BJ), in combination with the 6-31G(d,p) basis set.61-63 The 

remaining atoms were included in the MM region, which was treated with the AMBER 

(ff14SB) force field64 without constraints on the APE1-DNA complex or water. The 

QM/MM boundary was described using mechanical embedding (ME), which has proven 

to be a powerful tool for investigating the catalytic mechanism of many DNA repair,9, 65 

metal-dependent66-67 and other enzymes.56, 68 We note that previous computational work on 

APE1 reported insignificant differences between the geometries and energy barriers 

obtained with ME versus electronic embedding (EE).9 The current study implements a 

larger QM region (addition of D308) and different level of theory compared to the previous 

literature,9 which is justified based on improved agreement with the experimentally 

reported incision rate.19 The corresponding experimental incision rate constant (36 s-1) was 

measured at 37°C and pH 7.5 with 100nM DNA substrate and 30 nM of APE1.19 Additional 

details of comparisons to the experimental data can be found in the Results and Discussion. 

Initially, each reactant complex (RC) was optimized (including the enzyme, DNA, 

metal, and water). Subsequently, an initial guess for the corresponding transition state (TS) 

complex was obtained by manually scanning important reaction coordinates. Specifically, 

in a stepwise approach, the distance between the nucleophilic water and the electrophilic 

phosphorus of the scissile phosphate moiety was decreased, constrained, and the remainder 

of the system optimized to identify a guess for TS1. Similarly, the distance between the 

phosphorus and O3ʹ leaving group was increased to isolate a guess for TS2. The structures 
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corresponding to the energy maximum on the resulting potential energy surfaces were then 

fully optimized. The nature of the fully optimized TS was confirmed using frequency 

calculations (single imaginary frequency) at the same level of theory. Finally, intrinsic 

reaction coordinate (IRC) calculations69-70 were performed to identify the corresponding 

minima (i.e., RC, product complex (PC) or intermediate complex (IC)). The ICs obtained 

from the corresponding IRCs for both TS1 and TS2 have similar geometrical and energetic 

features (Figure B.1, Appendix B), highlighting that the entire pathway is connected. 

Frequency calculations were performed at same level of theory to confirm the nature of all 

stationary points and determine thermal corrections to the Gibbs energy. The relative 

energies for all APE1–DNA models were obtained using ONIOM(M06-2X/6-

311+G(2df,p):AMBER) single-point calculations. For comparison, single-point 

calculations were also performed with ONIOM(B3LYP-D3(BJ)/6-311+G(2df,p):AMBER) 

for the Mg2+-containing complexes, which resulted in small (< 8 kJ/mol) overall barrier 

reductions. Although metastable ICs were observed for some metals following the addition 

of thermal corrections to the single-point energies (Tables B.2–B.3, Appendix B), attempts 

to isolate TSs corresponding to concerted mechanisms were unsuccessful. 

We acknowledge that some uncertainty in the reported relative energies for each 

pathway arises since a single catalytically relevant active site conformation was considered 

rather than exploring conformational sampling along the free energy reaction pathway. 

Nevertheless, the high levels of theory employed coupled with the necessarily large QM 

region make our QM/MM (ONIOM) approach the most tractable for reliably studying this 

chemistry. The consistency of our trend in the calculated barriers and the experimentally 
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observed reduction in enzymatic activity as a function of metal, as well as our structural 

analysis, further testifies to this point. 

The Gaussian 16 program (revision B.01) was used for all calculations.71 

 

3.3. Results and Discussion 

3.3.1. Octahedral Coordination of a Single Magnesium Permits APE1 to Efficiently 

Catalyze Phosphodiester Bond Cleavage 

Experimental kinetic data suggests that APE1 achieves optimum catalytic activity 

in the presence of Mg2+.19-20, 38-40 In the corresponding QM/MM RC (Figures 3.2 and 3.3), 

D210 is suitably positioned to abstract a proton from an active site water (r(OD210⋯HW) = 

1.819 Å), which is appropriately aligned with respect to the phosphate backbone to act as 

the nucleophile (r(OW⋯P) = 2.620 Å, Figure 3.3). A catalytically conducive relative 

orientation of the nucleophilic water and substrate is adopted through hydrogen bonds 

involving key active site residues. Specifically, N212 hydrogen bonds to D210, Y171 

hydrogen bonds to the water nucleophile (Figures 3.2 and B.2, Appendix B), and H309 

donates a proton to and hydrogen bonds with a non-bridging oxygen of the substrate at the 

phosphodiester bond cleavage site. N174 provides further stabilization of the relative 

nucleophile and substrate arrangement by hydrogen bonding to N212 and interacting with 

O4ʹ of the abasic sugar (Figure B.2, Appendix B). Mg2+ adopts octahedral coordination that 

includes D70, E96 and four active site waters, with an average distance across all ligands 

of 2.082 ± 0.034 Å (Figure B.3, Appendix B). D308 forms hydrogen bonds to Mg2+ ligated 

water molecules (Figure B.3, Appendix B), including a water that interacts with the 
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bridging oxygen at the substrate cleavage site. The predicted RC correlates with the X-ray 

crystal structure for the reactant analogue (Figure B.4a, Appendix B).19 

In the first transition state (TS1), a proton is partially transferred from the 

nucleophilic water to D210 and the hydrogen bond between N212 and D210 lengthens (by 

0.3 Å) as water approaches the phosphate moiety (Figures 3.3 and B.2, Appendix B). The 

remaining active site interactions are highly similar in the RC and TS1 (RMSD = 0.14 Å, 

Figure B.2 and B.5a, Appendix B). The overall barrier for nucleophilic attack is 64.8 kJ/mol 

(Figure 3.4 and Table B.3, Appendix B), which leads to a phosphorane intermediate 

(Figures 3.3 and B.2, Appendix B). The IC has structural features similar to those 

characterized for two metal-mediated phosphodiester bond cleavage reactions catalyzed by 

other enzymes.2, 72-74 Specifically, the OW–P bond is shortened and the P–O3′ bond is 

elongated relative to the TS1, and a proton has been transferred to D210 (Figure 3.3). All 

other active site features are similar to TS1, including the metal coordination geometry and 

substrate interactions with H309 and N212 (Figure B.2, Appendix B). Thus, the IC is only 

slightly (3.9 kJ/mol) more stable than TS1, falling 60.9 kJ/mol above the RC (Figure 3.4 

and Table B.3, Appendix B).  
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Figure 3.2. QM/MM optimized stationary points along the Mg2+-catalyzed APE1 

mechanism with key bond distances (Å). Important residues for each step are highlighted 

in dark grey tubes, while the remainder of the QM region is shown in light grey tubes. 

 

Figure 3.3. Mechanism and key calculated bond distances (Å) for the APE1-catalyzed 

phosphodiester bond cleavage facilitated by Mg2+ (green), Mn2+ (orange), or Ni2+ 

(octahedral coordination, blue). 
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Figure 3.4. Relative Gibbs energy barriers for the APE1-catalyzed phosphodiester bond 

cleavage facilitated by Mg2+ (green), Mn2+ (orange), Ni2+ (blue, octahedral), Zn2+ (yellow), 

and Ca2+ (red).  

 

In the second step of the reaction, the metal activated water transfers a proton to 

O3 of the leaving group to cleave the phosphodiester bond. In the corresponding transition 

state (TS2), the proton on the Mg2+-ligated water shifts toward O3 (r(Hw⋯O3′) decreases 

by 0.3 Å compared to IC), while the P–O3ʹ bond is partially cleaved (bond lengthens by 

0.2 Å, Figure 3.3). Although the substrate position shifts due to the pending bond cleavage, 

which alters APE1–substrate interactions (active site RMSD = 0.3 Å, Figure B.5c, 

Appendix B), substrate stabilization is provided through direct hydrogen bonds between 

nonbridging oxygen atoms and H309, N212 and Y171 (Figure B.2, Appendix B). While 

D308 no longer hydrogen bonds to the Mg2+-coordinated water responsible for leaving 

group protonation, the octahedral metal binding architecture is maintained (Figure B.3, 

Appendix B). The resulting phosphodiester bond cleavage barrier is 65.1 kJ/mol (Figure 

3.4 and Table B.3, Appendix B), which leads to a thermodynamically stable product (by 

57.4 kJ/mol). The PC maintains the key orientations of active site residues observed in other 

reaction steps (Figure B.5, Appendix B) and the crystallized product complex (Figure B.4b, 
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RMSD = 0.894 Å, Appendix B),18 with the experimentally reported high active site 

flexibility following the chemical step rationalizing deviations in the position of the metal 

and E96 side chain.19-20, 75-76 

Overall, the predicted mechanism for APE1-catalyzed phosphodiester bond 

cleavage correlates with an abundance of experimental structural,18-20, 29 mutational,31, 33-36 

and kinetic data,19, 36 which lends confidence to the proposed mechanism and clarifies the 

catalytic roles of active site amino acid residues that have been disputed in the literature. 

Specifically, the metal binding architecture matches that in the crystal structure for the 

reactant analogue,19 with D70 and E96 coordinated to Mg2+. Furthermore, although not 

directly ligated to the metal,37 D308 helps maintain the correct metal binding architecture 

by hydrogen bonding to several metal-ligated waters, including the water that protonates 

the substrate to cleave the phosphodiester bond, which supports the experimentally-

observed contribution to catalysis.36 The relative orientations of key active site residues and 

the substrate also agree with experimental structural data.18-19 Although previously 

proposed to neutralize the leaving group,31 the predicted role of D210 as the general base 

is rationalized by its relative position with respect to the substrate (as observed in crystal 

structure)29 and the experimentally reported largest mutational effect for this residue.18 The 

catalytically conducive orientations of D210, the nucleophilic water and the substrate are 

maintained through an intricate hydrogen-bonding network established in the early stages 

of the reaction. Indeed, N212 forms a strong hydrogen bond with D210, while N174 

interacts with N212, which confirms the proposed roles for both residues of substrate 

stabilization and/or positioning.9, 17, 19, 25, 34 While Y171 aids alignment of the nucleophile 

in the first reaction step, a change in active site conformation permits a role in substrate 
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stabilization and positioning in the second stage of the reaction, which is consistent with 

previous experimental and computational mutational data.9 Regardless, as previously 

proposed,18-19, 33 H309 provides the most significant charge stabilization to the substrate by 

neutralizing the backbone early in the catalytic pathway, which contrasts the proposal that 

H309 may activate the nucleophile.18 Most importantly, the single metal plays a critical role 

in facilitating leaving group departure in the phosphodiester bond cleavage, which has a 

predicted barrier (65.1 kJ/mol) that is in close agreement with the estimated experimental 

barrier for the incision of a DNA substrate (66.8 kJ/mol).19   

 

3.3.2. Despite a Similar Size as Magnesium, Subtle Changes in the Active Site 

Geometry upon Incorporation of Manganese Slightly Increase the Overall Reaction 

Barrier 

Due to their similar size, Mg2+ and Mn2+ equally prefer to adopt an octahedral 

coordination geometry. Nevertheless, the chemistry of these metals is inherently different, 

with Mn2+ existing as a sextet and Mg2+ as a closed shell singlet.77 Mn2+ can replace the 

metal in some Mg2+-dependent enzymes, including DNA polymerases74, 78-79 and 

endonucleases,44-45, 80 while retaining the overall catalytic mechanism with similar or 

enhanced activity. In contrast, the metal in Mn2+-containing systems cannot be replaced 

with Mg2+,77 mainly due to the higher affinity of Mn2+ for N and S-containing ligands, as 

well as the low energetic cost for Mn2+ to change from hexa to penta or tetra-coordination.77 

Although the role of the metal in APE1 is in line with that of many native Mn2+-containing 

enzymes,74, 81 the replacement of Mg2+ by Mn2+ in the APE1 active site slightly decreases 

the catalytic activity39-40 and the reasons for this behaviour are unclear.  
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Upon replacement of Mg2+ with Mn2+, most QM/MM structural features along the 

wild-type (Mg2+) pathway are maintained (active site RMSD < 0.2 Å, Figures 3.3, B.2 and 

B.6, Appendix B). Nevertheless, subtle structural differences exist. Specifically, although 

the octahedral coordination at the metal center is maintained in the RC, the average 

coordination distance is slightly longer for Mn2+ than Mg2+ (by 0.1 Å; Figure B.3, Appendix 

B). Furthermore, the distance between the proton in the metal-ligated water and the leaving 

group increases in TS1 in the presence of Mn2+ (by 0.25 Å, Figure 3.3) and remains 0.2 Å 

longer in the IC. This results in a more significant change when the IC is converted into 

TS2, with the distance between the leaving group and metal-activated water decreasing by 

0.9 Å for Mn2+ compared to 0.3 Å for Mg2+ (Figures 3.3). As a result, Mn2+ leads to a 

slightly later second transition state (TS2) as evidenced by the (0.14 Å) longer P–O3ʹ bond 

and (0.33 Å) shorter hydrogen bond between the Mn2+-ligated water and the substrate 

(Figure 3.3), which leads to a barrier of 71.5 kJ/mol for the phosphodiester bond cleavage 

step. The metal–hydroxide distance is also elongated in the PC for Mn2+ (by 0.1 Å, Figure 

B.3, Appendix B), suggesting less charge stabilization and leading to a less exergonic 

reaction (PC is –30.3 kJ/mol with respect to the RC).  

Overall, since Mn2+ is a softer metal than Mg2+ (see computed charge-to-size ratio, 

Table B.4, Appendix B), the metal-ligated water is not as strongly activated in the IC, which 

results in a later transition state for the phosphodiester bond cleavage step. Furthermore, 

the hydroxide ion is less stabilized (i.e., more weakly coordinated to the metal, Figure 3.3), 

leading to a less exergonic product complex (Figure 3.4). When coupled with the similarity 

of the remaining APE1 active site structural features throughout the reaction (Figure B.6, 

Appendix B), these factors result in a slight (6.4 kJ/mol) increase in the barrier for the 
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phosphodiester bond cleavage step for the Mn2+ over Mg2+-facilitated reaction. Although 

we acknowledge that these small differences in the computed barrier heights can arise from 

the choice of the single reactant complex used to map the reaction, our computed trend in 

barrier heights is consistent with the experimentally reported modest reduction in catalytic 

rate upon replacement of Mg2+ with Mn2+.39-40  

 

3.3.3. Regardless of Whether a Square Planar or Octahedral Coordination Geometry 

is Adopted, Nickel Increases the Barrier for APE1-Catalyzed Phosphodiester Bond 

Cleavage 

Ni2+ is a borderline metal that prefers nitrogen and sulfur-containing ligands, but has 

also been found bound to harder oxygen-containing ligands.82 Ni2+ can exist in both low-

spin complexes with square planar coordination and high-spin complexes with octahedral 

coordination, depending on the ligand environment.83 Indeed, in Ni2+-dependent enzymes, 

the metal can maintain a square-planar coordination geometry with nitrogen or sulfur-

containing ligands (e.g., [NiFe]-hydrogenase, CO dehydrogenase, methyl-coenzyme M 

reductase, acetyl-coenzyme A synthase)82 or an octahedral coordination geometry with 

oxygen-containing ligands (e.g., glyoxalase I, acidoreductone dioxygenase, urease, 

Klebsiella aerogenes accessory protein (UreE) and Helicobacter pylori nickel-dependent 

repressor (NiKR)).82-83 When Ni2+ replaces Mg2+ in the APE1 active site, the catalytic rate 

decreases.39-40 To explore the structural and energetic impact of this metal substitution, both 

the square-planar and octahedral metal binding architectures reported for other enzymes 

were considered within the APE1–DNA complex.  
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To adopt the square planar coordination geometry, two water molecules originally 

coordinated to Mg2+ in the APE1 RC become unbound to Ni2+ and instead interact with 

other (low layer) residues (N68 or the 5ʹ-dC with respect to the abasic site, Figure B.7, 

Appendix B). However, both D70 and E96 remain directly coordinated to the metal center. 

The metal ligands are bound more tightly to Ni2+ than Mg2+, with the average metal 

coordination distance being 0.2 Å shorter (Figure B.7, Appendix B). Although there are 

many subtle structural differences in the stationary points along the Mg2+ and Ni2+-

mediated pathways due to deviations in the metal coordination geometry, the relative 

orientations of key active site residues and the substrate are generally maintained (Figure 

B.8 and B.9, Appendix B). As a result, the barriers for nucleophilic attack in the presence 

of Mg2+ and Ni2+ are within 2 kJ/mol (Table B.2, Appendix B). However, the leaving group 

is 0.1–0.3 Å closer to the proton of the metal-ligated water for square-planar Ni2+ compared 

to octahedral Mg2+ throughout the reaction (Figure B.8, Appendix B). Furthermore, the 

distance between the metal-activated water and the leaving group in the second reaction 

step (i.e., from IC to TS2) decreases by 0.5 Å for Ni2+ compared to 0.3 Å for Mg2+ (Figures 

3.3 and B.10, Appendix B). Overall, these changes result in a rate-limiting barrier of 74.7 

kJ/mol in the presence of square-planar coordinated Ni2+, which is 9.6 kJ/mol above the 

barrier for the wild-type (Mg2+-facilitated) reaction.  

Although the square-planar metal binding architecture is well accommodated in the 

APE1 active site, the large number of oxygen-containing ligands suggest that Ni2+ may 

preferentially adopt an octahedral coordination geometry as found for other enzymes.82-83 

Indeed, the APE1 RC corresponding to octahedral metal coordination (triplet state) is 187.7 

kJ/mol more stable than that containing square-planar Ni2+ (singlet state), likely due at least 
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in part to the active site rearrangement required to adopt the square-planar binding 

configuration. When the octahedral Ni2+ coordination geometry is considered, the average 

metal coordination distance in the RC is only slightly (0.02 Å) shorter than that for Mg2+ 

(Figure B.3, Appendix B). However, D70 no longer hydrogen bonds to a neighboring water 

molecule (3.037 Å, Figure B.3, Appendix B), a binding configuration previously shown to 

be less stable for Mg2+.9 Furthermore, the change in the metal size impacts the active site 

geometry such that the nucleophile is further from D210 (by 0.15 Å) and the phosphorus 

center of attack (by 0.1 Å, Figure 3.3). As a result, the barrier for the first reaction step 

increases by 9.5 kJ/mol in the presence of Ni2+ (Figure 3.4 and Table B.3, Appendix B). 

Although the IC complexes are highly similar (Figure B.11, Appendix B), the TS associated 

with the second step is later for Ni2+ than Mg2+. Specifically, the P–O3′ distance is 0.1 Å 

longer and the distance between the substrate and metal activated water is 0.3 Å shorter 

(Figure 3.3). Furthermore, octahedral Ni2+ has an even lower charge-to-size ratio than Mn2+ 

(Table B.4, Appendix B), which further reduces the acidity of the metal bound water. These 

factors collectively increase the barrier for the phosphodiester bond cleavage to 88.8 

kJ/mol.  

In summary, the APE1 active site can accommodate Ni2+ in both a square planar and 

octahedral coordination geometry. However, the reactant complex with the octahedral 

metal binding configuration is significantly more stable, emphasizing that the active site 

environment plays a large role in determining the optimal metal coordination geometry. 

Regardless of the metal binding architecture, the barrier for the phosphodiester bond 

cleavage facilitated by Ni2+ is enzymatically feasible. Furthermore, the catalytic barrier is 



86 

 

predicted to be up to 23.7 kJ/mol larger in the presence of Ni2+ than Mg2+, which is in line 

with the experimentally observed rate reduction in APE1 activity for Ni2+.39-40  

 

3.3.4. Zinc Permits APE1 to Achieve Catalysis by Changing the Metal Environment 

Along the Reaction Pathway 

Zn2+ is a much stronger Lewis acid compared to Mg2+. In fact, Zn2+ is the metal of 

choice for many metallohydrolases, such as carbonic anhydrase and β-lactamases.83 Zn2+ is 

a borderline metal that prefers softer ligands, although it can also bind to O-containing 

molecules.83 The coordination sphere of Zn2+ is more flexible than Mg2+, varying from 4 to 

6. Although Mg2+ cannot replace Zn2+, Zn2+ has been shown to successfully replace Mg2+ 

in several enzymes including a response regulator protein CheY and catechol-O-

methyltransferase.50-51, 83 The reason for this unique behavior lies in the fact that the 

majority of Zn2+-dependent enzymes bind the metal in buried or more rigid active sites that 

result in a tetrahedral metal-binding geometry to relieve coordination strain, an architecture 

not well-suited to Mg2+.83 In contrast, Zn2+ can adopt an octahedral coordination geometry 

in catalytic sites, typically those that are solvent exposed.83-84  As the APE1 active site is 

also solvent exposed, it may not be surprising that the enzyme maintains activity in the 

presence of Zn2+.38, 40 Nevertheless, the experimentally observed reduction in the APE1 

catalytic rate upon replacement of Mg2+ with Zn2+ has yet to be explained.40 

Unlike the other metals discussed thus far, the structures and energetics along the 

APE1 catalytic pathway change considerably in the presence of Zn2+. Although the RC 

complex is overall highly similar for Mg2+ and Zn2+ (active site RMSD = 0.06 Å, Figure 
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B.12, Appendix B), Y171 reorientates in TS1 to hydrogen bond with a nonbridging 

substrate oxygen of the scissile phosphate (Figure B.6, Appendix B) rather than the 

nucleophile as in the Mg2+ complex (Figure B.2, Appendix B). As a result, the metal-ligated 

water responsible for protonating the leaving group, hydrogen bonds to the water 

nucleophile to aid active site alignment in the first reaction step (Figure 3.5). These factors 

contribute to a larger barrier for nucleophilic attack in the presence of Zn2+ (91.1 kJ/mol, 

Table B.3, Appendix B). The structural differences at the metal center persist in the IC, 

which occurs further along the reaction coordinate compared to that for any other metal 

discussed thus far. Indeed, the distance between the metal-activated water and the leaving 

group decreases by 0.9 Å compared to TS1, while the nucleophile O–P bond is formed 

(1.662 Å) and the substrate P–O bond is elongated (1.733 Å, Figure 3.5). In TS2, Zn2+ 

becomes penta-coordinated due to detachment of D70 (Figures 3.5 and B.13, Appendix B), 

resulting in significant active site structural rearrangement near the metal and substrate 

(Figure B.12d, Appendix B). The adoption of similar penta-coordination along the reaction 

pathway has been reported for other native Zn2+-containing enzymes, including 

phospholipase C,85 nuclease P1,85 and endonuclease IV.5 This reorganization contributes to 

the very large rate-determining barrier (109.2 kJ/mol) and only slightly thermodynamically 

favorable product (–20.9 kJ/mol relative to the RC; Figure 3.4, Table B.3, Appendix B). 

 

Figure 3.5. Mechanism and key calculated bond distances (Å) for the APE1-catalyzed 

phosphodiester bond cleavage facilitated by Zn2+. 
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Overall, in contrast with the vast majority of Zn2+-dependent enzymes, Zn2+ adopts 

an octahedral binding configuration at the start of the APE1 catalyzed reaction, which is 

consistent with literature suggesting that Zn2+ prefers octahedral coordination in more 

solvent exposed environments and the local architecture of the APE1 catalytic site. 

However, the metal coordination environment changes to penta-coordinated during the 

Zn2+-catalyzed reaction. Although this is the first time a decrease in the Zn2+ coordination 

number (from 6 to 5) during a reaction has been reported, this finding parallels changes 

from tetra to penta-coordination observed along the pathway catalyzed by Zn2+-dependent 

enzymes.5, 85 This flexibility in metal coordination rationalizes why softer metals can be 

accommodated by Mg2+-dependent enzymes. Indeed, although the energetic costs to 

reorganize the metal coordination environment and active site more broadly result in a high 

barrier, APE1 is still catalytically active in the presence of Zn2+. The 44.1 kJ/mol larger 

barrier predicted for Zn2+ compared to Mg2+-facilitated phosphodiester bond cleavage 

correlates with the experimentally observed larger reduction in the APE1 catalytic rate upon 

metal replacement for Zn2+ compared to the other metals discussed above.40 Importantly, 

the impact of replacing Mg2+ is larger for Zn2+ than all metals discussed above despite the 

larger charge-to-size ratio of Zn2+ compared to Ni2+ (Table B.4, Appendix B), highlighting 

the significant effect of the change in coordination number during the reaction as well as 

the many factors that change the barrier upon metal replacement.   
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3.3.5. APE1 Activity is Maintained in the Presence of Different Metal Co-factors for a 

Variety of Reasons, Highlighting the Mg2+ Preference yet Promiscuity of the Active 

Site 

 As emphasized in the Introduction, many previous experimental studies have 

highlighted the broad metal specificity for single-metal dependent nucleases,41-46 including 

APE1.38-40 Our pioneering computational study has provided the structural data required to 

understand this catalytic behaviour. Importantly, our work reveals that an interplay between 

several factors, each being unique to a specific metal, is responsible for increased, yet 

catalytically viable, barriers for the APE1 reaction in the presence of transition metals. 

Specifically, although similar metal size has been used to explain preserved active site 

conformations and therefore catalytic activity in the presence of Mg2+ and Mn2+ for a 

variety of enzymes,74, 78 our work highlights that the inherent chemistry of Mn2+ results in 

subtle structural changes in the APE1 active site. Indeed, the change in the charge-to-size 

ratio (Table B.4, Appendix B) decreases the acidity of the metal coordinated water that is 

responsible for protonating the leaving group, decreases the stability of the PC and 

increases barrier for the phosphodiester bond cleavage step. In contrast, Ni2+ results in 

greater structural changes in the APE1 active site, disrupting the relative orientation of the 

water nucleophile, general base, and substrate at the start of the reaction, resulting in a later 

transition state for the phosphodiester bond cleavage step, and leading to an even greater 

barrier. Although octahedral coordination is maintained for Mg2+, Mn2+ and Ni2+ 

throughout the APE1-catalyzed reaction, incorporation of Zn2+ changes the metal 

coordination geometry along the reaction pathway, which further increases the overall 

reaction barrier. In fact, the computed trend in the barriers with respect to the active site 
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metal (Mg2+ < Mn2+ < Ni2+ < Zn2+, Figure 3.4) is consistent with the experimentally 

reported changes in the APE1 catalytic rates (Mg2+ > Mn2+ > Ni2+ > Zn2+).38-40 Therefore, 

in addition to rationalizing the metal dependence of APE1, our work underscores the power 

of computational studies for understanding metalloenzyme function. Our predicted 

structural changes induced in the APE1 active site by different metals impact the catalytic 

barrier complement a recent experimental study86 that used X-ray crystallographic data to 

explain changes in the catalytic rate with different metals for carbonic anhydrase II, a 

single-metal dependent enzyme that catalyzes the reversible hydrolysis of carbon dioxide. 

Overall, when combined with previous experimental studies, our work emphasizes that the 

preference of APE1 for Mg2+ may arise in part due to greater bioavailability, but likely also 

because of several competing factors such as the inherent chemistry of the metal (e.g., high 

charge-to-size ratio, hardness, acidity of the metal coordinated water) and the active site 

environment (e.g., oxo-ligands, octahedral metal coordination). Indeed, although the 

calculated metal charge-to-size ratio (Table B.4, Appendix B) correlates with the trend in 

APE1 barrier reduction for Mg2+ > Mn2+ > Ni2+, which maintain octahedral coordination 

throughout the reaction pathway, the change in coordination geometry for Zn2+ during the 

reaction results in the highest barrier.  

 

3.3.6. Changes in the Metal Coordination Geometry Upon Accommodation of 

Calcium in the APE1 Active Site Affect the Role of the Metal and Completely Inhibit 

Phosphodiester Bond Cleavage 

Although both hard metals that prefer oxygen-containing ligands, Ca2+ is 

significantly larger than Mg2+.83, 87 Indeed, the coordination number of Ca2+ in proteins 
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varies from 6 to 8,83 allowing more ligands to bind to the metal center. Furthermore, the 

higher charge density makes Mg2+ a better Lewis acid than Ca2+.48 Therefore, the majority 

of native Mg2+-containing enzymes are generally inhibited by Ca2+, including ATPases,87 

polymerases,78 nucleases,47-49 dUTPases,88 adenylyl cyclases,49 and kinases.89 

Nevertheless, some enzymes, including HpyAV restriction endonuclease44 and 

topoisomerase II,90 show enhanced activity in the presence of Ca2+ over Mg2+. In the case 

of APE1, Ca2+ completely abolishes the catalytic activity.38, 40  

Substitution of Mg2+ with Ca2+ results in significant rearrangement of the APE1 

active site in the RC (RMSD = 0.4 Å, Figure B.14a, Appendix B). This arises, at least in 

part, because Ca2+ adopts a hepta-coordinated geometry. Specifically, Ca2+ maintains 

coordination with the same residues as Mg2+ (D70, E96 and 4 water molecules) and the 

seventh ligand is the nucleophilic water (r(Ca2+⋯OW) = 2.725 Å, Figure B.15, Appendix 

B). The possibility a new water molecule as the nucleophile after the original water 

nucleophile directly coordinates with Ca2+ was discarded as there is no space for an 

additional water molecule to bind in the active site, which agrees with previous QM/MM 

free energy calculations for two-metal dependent RNaseH1.49 Although the average ligand 

coordination distance to Ca2+ (2.479 ± 0.106 Å) is also 0.4 Å longer than that to Mg2+, the 

coordination of the nucleophilic water to the metal hinders activation by D210, which lies 

3.025 Å away from the nucleophile (Figure 3.6). Furthermore, in the transition state 

corresponding to nucleophilic attack, the Ca2+ coordination necessarily changes from the 

preferred hepta-coordination to octa-coordination (Figure B.15, Appendix B), resulting in 

greater active site rearrangement along the reaction for Ca2+ (RMSD= 0.45 Å, Figure B.16a, 

Appendix B) compared to Mg2+ (RMSD= 0.19 Å, Figure B.14b, Appendix B). As a result, 
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the barrier for the first reaction step is very high (137.7 kJ/mol, Figure 3.4 and Table B.3, 

Appendix B). Although the metal binding architecture reverts to hepta-coordination for the 

remainder of the reaction, D70 becomes unbound from Ca2+ in TS2 in favor of direct 

coordination with the leaving group of the substrate (Figures 3.6 and B.15, Appendix B), 

which yields a barrier for the second step of 100.1 kJ/mol. In fact, the leaving group remains 

directly coordinated to Ca2+ in the PC, which leads to a nearly thermodynamically neutral 

reaction (PC falls only 11.9 kJ/mol below RC). This mechanism contrasts protonation of 

the leaving group by a metal-activated water, but resembles the metal binding architecture 

in the X-ray crystal structure of the product analogue (PDB ID: 4IEM; Figures 3.1b and 

B.17, Appendix B) and the role of a similarly positioned metal in the two-metal mediated 

reaction.18  

 

 

Figure 3.6. Mechanism and key calculated bond distances (Å) for the APE1-catalyzed 

phosphodiester bond cleavage facilitated by Ca2+. 

 

Overall, weakening of the nucleophile in the reactant complex, the change of the 

metal coordination geometry throughout the reaction pathway, and the direct ligation of the 

substrate to the metal during the phosphodiester bond cleavage step (rather than substrate 

protonation) collectively change the APE1 rate-determining step in the presence of Ca2+ 

compared to Mg2+ and the transition metals. Furthermore, the rate-limiting reaction barrier 
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(137.7 kJ/mol, Figure 3.3 and Table B.3, Appendix B) is not enzymatically feasible. These 

structural and energetic findings rationalize the experimentally-observed complete 

abolishment of APE1 activity in the presence of Ca2+.38, 40, 91 Indeed, crystals of an APE1–

DNA complex with the phosphodiester bond intact have been grown in the presence of 

CaCl2.
76 Furthermore, similar metal hepta-coordination and phosphodiester bond cleavage 

barriers (~130 kJ/mol) have been computationally predicted for the two-metal mediated 

bond cleavage facilitated by RNase H48-49 and BamHI in the presence of calcium.47 

Therefore, the present work extends the concept of Ca2+ inhibition of phosphodiester bond 

cleavage to single-metal dependent nucleases. In fact, the replacement of only a single Mg2+ 

in the two-metal dependent RNase H that is bound with respect to the substrate in a similar 

way as the metal in APE1 also abolishes catalysis.49 Thus, our work further emphasizes that 

one metal is enough to facilitate phosphodiester bond cleavage reactions and supports the 

proposed role of the single metal in the second step of this difficult reaction.   

 

3.4. Conclusion 

In this study, QM/MM calculations were used to map the APE1-faciliated 

phosphodiester bond cleavage pathway in the presence of a range of metals (Mg2+, Mn2+, 

Ni2+, Zn2+, and Ca2+) as a prototypical example of a single-metal dependent nuclease. 

Despite an overall favored octahedral coordination geometry, our work highlights that 

replacing native Mg2+ with Mn2+, Ni2+ or Zn2+ results in unique structural differences in the 

active site along the reaction pathway that differentially increase the barrier for the 

phosphodiester bond cleavage step for a variety of reasons. Nevertheless, all of these metals 

result in an enzymatically feasible barrier, highlighting the promiscuity of the APE1 active 
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site towards different metal cofactors. In contrast, Ca2+ substitution expands the APE1 

metal coordination from octa to heptacoordination, which results in a prohibitively high 

barrier and enzyme inhibition. The trend in the computed barriers as a function of the 

various metal co-factors and the inhibition by calcium correlate with the experimentally 

observed changes in the APE1 catalytic rate, which provides additional support for the 

single-metal mediated mechanism that is disputed in the literature. This suggests that the 

preference of APE1 for Mg2+ likely arises for a variety of reasons, including greater 

bioavailability, inherent chemistry of the metal, and the active site environment.  The 

clarified role of the metal and the rationalized dependence of the catalytic activity on the 

metal identity are critical for exploiting APE1 as a therapeutic target for disease diagnosis 

or treatment.92-93 Additionally, previous work on other enzymes emphasizes that this new 

structural insight can be used to guide the engineering of new proteins with different metal 

preferences for improved substrate binding94 or enhanced catalytic activity,95 or that can 

even facilitate new chemical transformations.96   
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Chapter 4: Elucidation of the Catalytic Mechanism of a Single-Metal 

Dependent Homing Endonuclease using QM and QM/MM Approaches: 

The Case Study of I-PpoI 

Preface: Chapter 4 has been submitted for a publication [Kaur, R.; Frederickson, A.; 

Wetmore, S. D., Elucidation of the catalytic mechanism of a single-metal dependent 

homing endonuclease using QM and QM/MM approaches: The case study of I-PpoI. Phys. 

Chem. Chem. Phys. 2024, Accepted (manuscript ID: CP-ART-12-2023-006201.R1)]. In 

this chapter, I aided conceptualization of the project and performed the computational 

characterization of the phosphodiester bond cleavage pathways using QM cluster Model 4 

and QM/MM model involving direct Mg–O3ʹ coordination and QM cluster Models 1–4 

and QM/MM model involving indirect Mg–O3ʹ coordination. In addition, I performed the 

overall data/results analysis, wrote the first draft of the manuscript, contributed to 

reviewing and editing, and generated all figures for the publication. Angela Frederickson 

performed calculations using QM cluster Models 1–3 involving direct Mg–O3ʹ 

coordination, while S. D. Wetmore was involved in project conceptualization and 

administration, supervision, funding and resource acquisition, data visualization and 

interpretation, writing the original draft of the manuscript, and reviewing and editing.  

 

4.1. Introduction 

Homing endonucleases (HEs), which are also known as meganucleases, are highly 

specific DNA cleaving enzymes that are prevalent among bacteria, archaea, and eukarya.1-

2 HEs are known for their ability to self-propagate genetic elements, specifically moving or 
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transferring the genes that encode them into the host genome.3 In particular, a homing 

endonuclease gene (HEG) is transcribed and spliced, and then translated into a HE, which 

generates double-strand DNA breaks in the uninterrupted host genome that does not contain 

the intervening sequence.1 Subsequently, the HEG is incorporated into the host genome 

through homologous recombination repair in combination with DNA replication, 

completing the homing process.1, 3 The human genome is known to be populated with a 

large number of such mobile genetic elements (~ 40%).4 Although these insertion elements 

may help shape the human genome, their insertion has also been linked to human diseases 

such as hemophilia,5 breast cancer,6 and muscular dystrophy.7  

Due to their ability to create double-strand breaks in complex genomes, HEs have 

been used for genome engineering,8 including applications such as gene targeting,9 

cloning,10 and therapy.11-12 HE-directed gene therapy has been applied in various 

applications such as correcting the human XPC gene to treat xeroderma pigmentosum,13-15 

and the mutated Duchenne muscular dystrophy (DMD) gene associated with DMD.16 

Engineered HEs have also been used to target human RAG1 genes, presenting a viable 

option for treating severe combined immunodeficiency.17-18 Gene disruption by HEs has 

been exploited to downregulate the expression of chemokine receptor 5, which carries the 

HIV infection into cells.19 HE-based strategies for genetic control of vector-borne diseases 

have also proven useful for creating transgenic mosquitoes with a high level of sterility, 

thus confirming the suitability of this approach for controlling diseases like malaria.20-22 

The vast applications of HEs warrant a deeper understanding of their catalytic function. 

Like most endonucleases, HEs use metals to facilitate catalysis.3, 23 Although the 

majority of nucleases have been proposed to use two metals to cleave phosphodiester 
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bonds24-25 and therefore the two-metal mediated reaction has been widely studied,26-34 

evidence has grown that some endonucleases use only one metal for the chemical step.35-45 

Among members of the HE family, I-PpoI (intron-encoded endonuclease from Physarum 

polycephalum) is an example of an enzyme that may use only a single metal for catalysis.23, 

39 Indeed, kinetic studies have demonstrated that Mg2+ is essential for I-PpoI catalytic 

activity46 and X-ray crystallographic data reveal a single Mg2+ bound in the I-PpoI active 

site (Figure 4.1a–b).38-39 Nevertheless, despite being one of the most well-characterized 

members of HE family through experimental biochemical and structural techniques,20-21, 39, 

46-60 no consensus has been reached regarding the I-PpoI catalytic mechanism.  

I-PpoI recognizes and binds to the DNA major groove and cleaves across the minor 

groove to generate 3ʹ-overhangs that are 4-nucleotides long.3, 61 In the experimentally-

proposed I-PpoI mechanism of action, the single metal directly coordinates to the O3ʹ-

leaving group and non-bridging oxygen of the scissile phosphate, and thereby promotes 

leaving group departure through simultaneous substrate stabilization and leaving group 

protonation by a metal-activated water (Figure 4.1c).39, 57 Because of the position of H98 

with respect to the substrate in the product complex (PC) for wild type I-PpoI (Figure 

4.1b)38 and the complete loss of enzyme activity upon H98A mutation,57 H98 was proposed 

to be the general base that activates the water nucleophile to initiate the reaction (Figure 

4.1c).39 The N119A mutation also kills catalytic activity as N119 is the only amino acid 

coordinated to Mg2+ (Figure 4.1a–b). Furthermore, N119 is within hydrogen-bonding 

distance of the O5ʹ-bridging oxygen of the scissile phosphate in the reactant complex (RC) 

analogue of the H98A I-PpoI mutant (Figures 4.1a and C.1a, Appendix C), and therefore 

has been proposed to stabilize the scissile phosphate through hydrogen bonding.57 Although 
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the R61A mutation leads to only a slight reduction in I-PpoI activity, R61 has been 

suggested to stabilize the substrate39, 57 and may inhibit the reverse reaction by hydrogen 

bonding with the cleaved phosphate backbone (Figures 4.1b and C.1b, Appendix C).38-39 

Indeed, I-PpoI binds tightly to cleaved DNA, with product release being the proposed rate-

determining step.57 Finally, although the H78A mutation does not significantly impact I-

PpoI catalytic activity,57 H78 is within hydrogen-bonding distance of the water nucleophile 

in the X-ray crystal structure of the RC analogue of the H98A I-PpoI mutant39 and close to 

H98 in the PC for wild type I-PpoI,39 which suggests that H78 may facilitate the overall P–

O bond cleavage process (Figures 4.1 and C.1, Appendix C). Collectively, this data serves 

as an excellent starting point for modeling, which can provide further insights into the roles 

of various active site residues, the metal, and metal-ligated water, in the phosphodiester 

bond cleavage mediated by a representative HE.  

Since computational techniques are powerful tools to investigate enzyme-catalyzed 

reaction mechanisms, characterize high energy intermediates, shed light on the roles of 

amino acids in the reaction, and compare multiple mechanisms to predict preferred 

pathways,25, 62-63 this study uses a combined quantum mechanics (QM) and quantum 

mechanics-molecular mechanics (QM/MM) approach within the ONIOM formulism to 

provide atomic-level details of the catalytic pathway used by I-PpoI. Specifically, starting 

from a high-resolution X-ray crystal structure of the RC analogue of the H98A I-PpoI 

mutant,39 several cluster models of varying size are used to map the phosphodiester bond 

cleavage mechanism using density functional theory (DFT). Subsequently, QM/MM 

(ONIOM) is used to characterize the phosphodiester bond hydrolysis pathway within the 

context of the solvated enzyme–DNA complex, which permits comparison of the obtained 
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Gibbs energy barriers to the experimental values (~86–95 kJ/mol)56-57 and thereby 

identification of the preferred catalytic pathway. The fundamental understanding about I-

PpoI function obtained from the present work can be used to further explore its potential 

use in the areas of genome engineering for biotechnological and therapeutic solutions.8, 11 

Furthermore, our improved mechanistic understanding can direct future computational 

investigations on other HEs, such as I-HmuI41  and Hpy188I,44 which share the active site 

metal-binding arrangement of I-PpoI, but differ in the composition and arrangement of 

active site amino acids. In addition, this work contributes to the growing body of literature 

supporting that one metal is enough to facilitate phosphodiester bond cleavage in nucleic 

acids,35-37 with comparison to the literature on other single metal-dependent nucleases40-42, 

64-67 highlighting that this chemistry can be achieved in diverse ways. 

 

 

Figure 4.1. I-PpoI active site from an X-ray crystal structure of the a) Mg2+-containing RC 

for the H98A mutant and b) Mg2+-containing PC for the wild-type enzyme. c) The 

experimentally proposed phosphodiester bond cleavage pathway for I-PpoI.39 
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4.2. Computational Methodology 

4.2.1. QM Calculations 

Each QM cluster model was built from a 1.93 Å resolution X-ray crystal structure 

of the RC analogue of the H98A I-PpoI mutant (PDB ID: 1CYQ; Figure 4.1a), with the 

alanine mutation at position 98 manually reverted to histidine using PyMOL 2.5.68 The 

smallest QM cluster model (Model 1, 92 atoms, Figure 4.2a) includes residues that have 

been proposed to be essential for catalysis.46, 57 Specifically, the nucleotides containing the 

scissile P–O bond (dA189 and dG190), H98 (the proposed general base), and a nucleophilic 

water were included. Additionally, the model incorporated Mg2+ that is directly coordinated 

to N119 and three water molecules, S97, and a water molecule that may facilitate 

maintenance of the octahedral metal coordination geometry by simultaneously hydrogen 

bonding to a Mg2+-coordinated water molecule and a non-bridging phosphate oxygen. An 

additional water molecule was either hydrogen bonding to another Mg2+-coordinated water 

molecule (Figure 4.2a) or directly coordinated to Mg2+ (Figure C.2a, Appendix C). In the 

smallest model, the substrate was truncated at O3′ of dG190 and O5′ of dA189, with the 

truncation points frozen to the crystallographic coordinates and capped with hydrogen 

atoms. The associated nucleobases (A on the 5ʹ-side and G on the 3ʹ-side of the scissile 

bond) were also replaced with hydrogen atoms. Each amino acid was truncated at the α 

carbon, meaning the Cα–C/N(backbone) bonds were cut, the unsaturated C(backbone) 

replaced with a hydrogen atom, and the location of Cα fixed to the crystallographic 

coordinates, as previously recommended based on a QM cluster study of a one-metal 

dependent nuclease.67 Subsequent cluster models were built from the smallest model. All 

larger models include an extended substrate that contains the nucleobases in the nucleosides 
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on either side of the the scissile bond (dA189 and dG190). The 134-atom model also 

contains H78 (Model 2), the 141-atom model includes R61 (Model 3), and the 163-atom 

model contains H78, R61, and the 5ʹ-phosphate of dA191 on the 3ʹ-side of dG190 (Model 

4, in which the 5ʹ-phosphate is capped and frozen at C5ʹ; Figures 4.2a and C.2a, Appendix 

C). 

Since the inclusion of implicit solvent during optimizations has been shown to 

minimally impact the energetics of enzyme-catalyzed reactions for cluster models larger 

than 100 atoms,67, 69-71 each QM cluster RC was optimized in the gas phase using B3LYP-

D3(BJ)/6-31G(d,p) calculations. Subsequently, a guess for a concerted TS was generated 

by constraining the key reaction parameters involved in the attack of nucleophilic water on 

the phosphorus reaction center (r(P⋯Ow) = 1.9–2.2 Å) and cleavage of phosphodiester 

bond (r(P–O3ʹ) = 1.9–2.2 Å). The distance constraints for the key reaction parameters were 

chosen based on values reported for a similar phosphodiester bond hydrolysis reaction 

catalyzed by one-metal dependent APE1.67 For a stepwise mechanism, the P⋯Ow distance 

was constrained (r(P⋯Ow) = 1.9–2.2 Å) in the first calculation phase to obtain a guess for 

TS1. After optimizing the corresponding intermediate complex (IC), the P–O3ʹ distance 

was then constrained (r(P–O3ʹ) = 1.9–2.2 Å) to obtain a guess for TS2. After fully 

optimizing each TS, intrinsic reaction coordinate (IRC) calculations72 were performed to 

obtain the associated RC, IC, and/or PC, which were then fully optimized. For the one 

stepwise pathway characterized in the present work, the IRCs from TS1 and TS2 gave rise 

to structurally and energetically similar ICs (Figure C.3, Appendix C), verifying the 

pathway is connected. The nature of the optimized stationary points were confirmed using 

frequency calculations at same level of theory (i.e., minima have all positive and TSs have 
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one negative frequency), which also afforded the thermal corrections to the Gibbs energy. 

Furthermore, to account for the surrounding enzymatic environment, IEF-PCM-M06-2X/6-

311+G(2df,p) single-point energy calculations were performed on the QM cluster models 

using a dielectric constant of ε=4 that provides an accurate representation of the enzyme 

surroundings.73 Minimal differences in the reported relative energies occur when single-

point energy calculations were instead performed using ωB97M-V, which was recently 

suggested to be among the most reliable functionals for describing enzymatic reactions74 

(Figure C.4 and Table C.1, Appendix C). 

 

 

Figure 4.2. a) Schematic of QM cluster models considered in this work: Model 1 (black), 

Model 2 (Model 1 + H78 (blue) + expanded substrate (red)), Model 3 (Model 1 + R61 

(green) + expanded substrate), Model 4 (Model 1 + H78 + R61 + 5ʹ phosphate moiety of 

dA191 on the 3ʹ-side of dG190 (orange)). b) The enzyme–DNA QM/MM (ONIOM) model 

(left) and the corresponding QM region (black box, right). 
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4.2.2. QM/MM Calculations 

QM/MM calculations were performed within the ONIOM formulism due to 

previous successes of this methodology in providing accurate structural and energetic 

descriptions for other enzymatic reactions.63, 65-66, 75-77  The QM/MM model was built using 

the X-ray crystal structure of the RC analogue of the H98A I-PpoI mutant (PDB ID: 1CYQ, 

Figure 4.1a) as calculations initiated from an X-ray crystal structure have been successfully 

used to elucidate the reaction mechanisms for several enzymes.78-82 The alanine mutation 

at position 98 in the crystal structure was manually reverted to H98 using PyMOL based 

on the residue orientation in the crystal structure of the wild type I-PpoI PC (1.80 Å 

resolution; PDB ID: 1A73, Figure 4.1b). The enzyme–DNA complex was solvated in a 10 

Å TIP3P octahedral water box and PROPKA was used to assign the protonation states of 

titratable amino acids.83 All water molecules with any atom further than 6 Å from the 

enzyme–substrate complex were removed. The solvated enzyme–DNA complex was 

minimized using AMBER18.84-85 

The QM region for the QM/MM model includes Mg2+ along with the directly 

coordinated three water molecules and N119. Furthermore, the QM layer contains S97, 

H98, H78, R61, a nucleophilic water, an additional water molecule simultaneously 

hydrogen bonded to a Mg2+-coordinated water and a non-bridging phosphate oxygen, the 

nucleotides containing the scissile P–O bond (dA189 and dG190), and the phosphate from 

dA191 on the 3ʹ-side of dG190. Finally, depending on the metal–substrate binding 

configuration, an additional water molecule was incorporated into the QM region that either 

hydrogen bonded to a Mg2+-coordinated water (Figure 4.2b) or directly coordinates to Mg2+ 

(Figure C.2b, Appendix C). The QM/MM model contains 137 atoms in the QM region, 
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which has a charge of +1. The MM region includes the remaining I-PpoI–DNA complex 

and the surrounding water molecules. The overall charge of the entire model is –23. The 

QM/MM boundary was placed between Cα and Cβ of each amino acid, and C4ʹ and C5ʹ of 

dA189 and dA191 of the substrate. Mechanical embedding (ME) was used to describe the 

boundary in all QM/MM models, while electrostatic embedding (EE) was subsequently 

employed for the preferred mechanism. 

Each RC was fully optimized using B3LYP-D3(BJ)/6-31G(d,p) for the QM region67 

and the AMBER force field (OL15 for DNA85 and ff14SB for the enzyme84) for the MM 

region. Next, scans of key reaction distances were performed to obtain initial guesses for 

TSs, where each parameter was increased/decreased in 0.10–0.15 Å increments. 

Specifically, a TS guess was obtained by successively decreasing the P⋯Ow distance. The 

bond was then frozen to the distance corresponding to a maximum on the potential energy 

surface, and the P–O3ʹ bond distance was subsequently increased. Full TS optimizations 

were then performed and IRC calculations run to obtain the associated RC and PC. 

Frequency calculations were conducted at the same level of theory to confirm the nature of 

the stationary points (i.e., minima have all positive and TSs have one imaginary frequency) 

and obtain thermal corrections to the Gibbs energies. Finally, single-point calculations at 

the ONIOM(M06-2X/6-311+G(2df,p):AMBER) level of theory were used to calculate the 

relative Gibbs energies.  

Each characterized catalytic mechanism was carefully compared to experimental 

structural,38-39 mutational,46, 57 and kinetic data.56-57 Specifically, the geometries of each 

optimized RC and PC were assessed in relation to the crystal structures of the RC analogue 

of the H98A I-PpoI mutant (PDB ID: 1CYQ)39 and PC for wild type I-PpoI (PDB ID: 



115 

 

1A73), respectively.38 The observed roles of active site amino acids were correlated with 

experimental mutational data, including the complete loss of I-PpoI catalytic activity for 

the H98A and N119A mutants57 and slight reduction in catalytic activity for the H78A46, 57 

and R61A mutants.57 The predicted QM/MM activation barriers were compared to the 

barrier for the overall process (~86–95 kJ/mol) calculated using the experimental kcat 

(0.046–1 min-1) measured at 37 °C and pH 7.5, with 10–50 nM of a DNA substrate (42-

base pair oligonucleotide) and 5–100 pM of I-PpoI.56-57 

The Gaussian 16 program (revision B.01) was used to perform all QM cluster and 

QM/MM calculations,86 with the exception of ωB97M-V QM cluster calculations which 

were performed using ORCA (version 5.0.4).87 

 

4.3. Results and Discussion 

4.3.1. The Smallest QM Cluster and Large-scale QM/MM Models Suggest That the 

Experimentally-proposed Pathway in Which the Metal Aids Leaving Group 

Departure Through Direct Coordination and Simultaneous Protonation by a Metal-

activated Water is not Feasible. 

As discussed in the computational details, the smallest QM cluster model of I-PpoI 

includes all essential residues for catalysis (denoted Model 1). Specifically, Mg2+ and three 

water molecules directly coordinated to the metal in the crystal structure of the RC analogue 

of the H98A I-PpoI mutant were incorporated since it is known that a single metal is 

essential for I-PpoI catalytic activity (Figure 4.1a).38-39, 46 Furthermore, Mg2+-coordinating 

N119 and the proposed general base (H98) were added as mutation of either residue has 
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been shown to kill enzymatic activity.57 Finally, S97 and two additional water molecules 

were included in Model 1 as these residues may facilitate maintenance of the octahedral 

metal coordination geometry by hydrogen bonding to Mg2+-coordinated water molecules 

(Figure 4.2a). This leads to a model containing 92 atoms, with a net charge of +1. 

The X-ray crystal structure of the RC analogue of the H98A I-PpoI mutant (Figure 

4.1a) was the basis for the proposal that Mg2+ assists leaving group departure through direct 

coordination to O3ʹ coupled with protonation of the leaving group by a metal-activated 

water during phosphodiester bond cleavage (Figure 4.1c).39 Indeed, a water molecule falls 

within hydrogen-bonding distance of O3ʹ (3.4 Å, Figure C.1a, Appendix C). However, the 

corresponding TS could not be characterized using QM cluster Model 1 as the hydrogen-

bond distance and angle between the Mg2+-ligated water and the substrate is unfavorable 

in the optimized RC (Figure C.5a, Appendix C). To ensure that the inability to characterize 

the experimentally-proposed mechanism was not due to insufficient model size, attempts 

were made to map the same reaction mechanism using our large-scale QM/MM model. As 

found for Model 1, there remains a poor relative alignment of the active site water and 

substrate in the QM/MM optimized RC (Figure C.5b, Appendix C), which prevents 

successful characterization of the corresponding TS. Together, QM cluster Model 1 and the 

QM/MM model highlight that simultaneous direct metal coordination to O3ʹ and leaving 

group protonation by a metal activated water is not possible during the P–O bond cleavage 

step within the confines of the I-PpoI active site. Nevertheless, we acknowledge that 

protonation of the leaving group by metal-activated or bulk water likely occurs after the 

chemical step as metal migration and active site rearrangement commonly occur in 
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conjunction with product release for both one- and two-metal dependent nucleases.24, 29, 35, 

37, 88-91 

 

4.3.2. The Smallest QM Cluster Model Indicates That Leaving Group Protonation by 

a Metal-ligated Water During P–O bond Cleavage is Infeasible. 

When the experimentally-proposed pathway was investigated using QM cluster 

Model 1 and QM/MM models, a water molecule in the second metal coordination sphere 

migrated between the metal and O3ʹ during TS optimizations, while direct metal 

coordination to the non-bridging oxygen was maintained. This suggests that a water may 

be aligned to facilitate leaving group protonation during P–O bond cleavage as put forward 

in the experimentally-proposed pathway39 if indirect (water-mediated) rather than direct 

metal coordination to O3ʹ of the substrate is present. Indeed, a similar indirect metal–

substrate binding architecture has been reported for one-metal dependent EcoRI (Figure 

C.6a, Appendix C)92 and two-metal dependent BamHI (Figure C.6b, Appendix C).26, 93 

Therefore, the reaction was explored using QM Model 1 from a I-PpoI RC that positions a 

water molecule between Mg2+ and O3ʹ of the scissile phosphate (Figure C.2a, Appendix 

C). In the optimized RC, H98 hydrogen bonds to a potential water nucleophile, while Mg2+ 

aids substrate stabilization through direct coordination to a non-bridging oxygen of the 

scissile phosphate in the optimized RC (Figure 4.3). Further substrate stabilization is 

supplied by a Mg2+-coordinated water through a water chain to the other non-bridging 

phosphate oxygen (Figure C.7a, Appendix C). The water nucleophile is positioned for 

attack (r(Ow⋯P) = 3.549 Å, Figure 4.3b) and the reaction proceeds through a concerted TS 

in which proton transfer from the nucleophilic water to H98 is coupled with attack at the 
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phosphorus reaction center (r(Ow⋯P) = 1.845 Å, Figure 4.3). Simultaneously, the P–O3ʹ 

bond lengthens (2.126 Å) and the water between Mg2+ and O3ʹ partially transfers a proton 

to the leaving group. Together, these structural features lead to a barrier of 182.3 kJ/mol 

and a highly endergonic PC (by 115.0 kJ/mol, Figure 4.4 and Table C.2, Appendix C). 

Although direct comparison of QM cluster barriers to experimental data is not 

recommended due to the missing enzymatic environment,67 our predicted phosphodiester 

bond cleavage barrier involving indirect metal coordination to the leaving group is much 

larger than other P–O bond cleavage barriers evaluated using QM cluster models (~50–95 

kJ/mol).65, 94-96 Therefore, an alternate mechanism must be considered.  

 

 

Figure 4.3. a) The proposed reaction pathway and b) key reaction parameters (Å) for each 

stationary point of the I-PpoI catalyzed  phosphodiester bond cleavage involving indirect 

Mg2+ coordination to the leaving group characterized in the present work using QM cluster 

Model 1 (red), Model 3 (purple), Model 4 (orange), or QM/MM (green). See Figures C.7–

C.10 (Appendix C) for additional structural parameters for QM cluster Models 1–4. 
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Figure 4.4. Relative Gibbs energies (kJ/mol) for the I-PpoI catalyzed phosphodiester bond 

cleavage characterized using QM cluster (Models 1 – 4) or QM/MM models. Dashed lines 

refer to the pathways involving indirect (water-mediated) Mg2+ coordination to the leaving 

group, while solid lines refer to the pathways involving direct Mg2+ coordination to the 

leaving group.  

 

4.3.3. The Smallest QM Model Suggests That Direct Metal Coordination to the 

Leaving Group is Necessary for P–O Bond Cleavage. 

In the crystal structure of the RC analogue of the H98A I-PpoI mutant, Mg2+ adopts 

bidentate coordination to the substrate through the O3ʹ-leaving group and a non-bridging 

oxygen of the scissile phosphate (Figure 4.1a). A similar coordination has been observed 

for other one-metal (T4 endonuclease VII (Figure C.6c, Appendix C)42 and I-HmuI (Figure 

C.6d, Appendix C)41) and two-metal (Aquifex aeolicus RNase III (AaRNase III, Figure 

C.6e, Appendix C)97 dependent endonucleases. In these cases, direct coordination to the 

metal has been proposed to aid leaving group departure without the necessity of 

simultaneous protonation during P–O bond cleavage.41-42, 97 An I-PpoI RC based on Model 
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1 can be optimized which preserves the direct Mg2+ coordination to the O3ʹ-bridging 

oxygen as seen in the crystal structure of the RC analogue of the H98A I-PpoI mutant 

(Figures 4.1 and 4.5a), while N119 interacts with the other bridging oxygen of the scissile 

phosphate (O5ʹ of dG190, Figure C.7b, Appendix C). In this active site configuration, the 

water nucleophile sits close to the phosphorus reaction center (r(Ow ⋯P) is 0.6 Å shorter 

than in the corresponding RC involving indirect metal coordination to leaving group, 

Figures 4.3b and 4.5b). The RC evolves into a concerted TS in which the P–O bond 

cleavage happens earlier than in the first mechanism (r(P⋯O3ʹ) is 0.3 Å shorter, Figures 

4.3 and 4.5). In fact, these structural changes coupled with a strong Lewis acid stabilizing 

the leaving group (direct Mg2+ coordination) reduces the barrier by 90.7 kJ/mol compared 

to the pathway involving indirect (water-mediated) Mg2+–O3ʹ coordination (Figure 4.4 and 

Table C.3, Appendix C). As a result, the new pathway leads to a barrier (ΔǂG = 91.6 kJ/mol) 

that falls within the range of those calculated for other metalloenzyme-facilitated 

phosphodiester bond cleavage reactions using QM cluster models (~50–95 kJ/mol).65, 94-96  

 

 

Figure 4.5. a) The proposed reaction pathway and b) key reaction parameters (Å) for each 

stationary point of the I-PpoI catalyzed phosphodiester bond cleavage involving direct 

Mg2+ coordination to the leaving group characterized in the present work using QM cluster 

Model 1 (red), Model 2 (yellow), Model 3 (purple), Model 4 (orange), or QM/MM (green). 

See Figures C.7–C.10 (Appendix C) for additional structural parameters for QM cluster 

Models 1–4. 
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Although the experimental proposal that direct coordination to the leaving group 

and O3ʹ protonation occur at the same time is not feasible, pathways for the chemical step 

involving either element can be characterized. The smallest QM-based I-PpoI model 

reveals that the mechanism involving direct metal–O3ʹ coordination as seen in the X-ray 

crystal structure of the RC analogue of the H98A I-PpoI mutant39 is preferred over the 

water-mediated coordination necessary for leaving group protonation by a metal-activated 

water. Nevertheless, H98 activates the water nucleophile and N119 stabilizes the substrate 

as proposed based on experimental data.38-39, 57 Despite suggestions from structural (Figure 

C.1b, Appendix C) and mutational studies that H98 helps stabilize the cleaved product,57 

H98 interacts with S97 rather than the newly formed P–O bond in the PC (Figure C.7b, 

Appendix C). This is likely an artifact caused by the absence of the broader surrounding 

enzymatic environment in Model 1, suggesting the need to include additional residue(s) 

that may help align H98. To ensure the conclusion reached regarding the relative 

importance of direct metal–O3ʹ coordination versus leaving group protonation is not the 

result of model size, both mechanisms successfully characterized for Model 1 will be 

considered in expanded models moving forward. 

 

4.3.4. H78 Primarily Plays a Structural Role in I-PpoI Catalysis, Positioning the Water 

Nucleophile and the General Base in QM Model 2. 

X-ray crystallographic data reveals that H78 is within hydrogen-bonding distance 

of the nucleophilic water in the RC analogue of the H98A I-PpoI mutant39 and H98 in the 

PC for wild type I-PpoI (Figure C.1, Appendix C),38 while mutational data shows a slight 

reduction in I-PpoI catalytic activity upon H78 mutation to alanine.57 This suggests that 
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H78 may be important for catalysis and this residue was added to Model 1 (Model 2, 134 

atoms). Upon consideration of indirect (water-mediated) Mg2+–O3ʹ coordination that 

permits leaving group protonation using Model 2, H78 hydrogen bonds to H98 throughout 

the reaction, which situates the general base further from the nucleophile in the RC 

compared to Model 1 (r(NH98⋯Hw) is 0.8 Å longer, Figures 4.3b, 4.6 and C.8a, Appendix 

C). Nevertheless, a water molecule is well positioned between Mg2+ and the substrate to 

protonate the leaving group in Model 2 (Figure 4.6). The corresponding phosphodiester 

bond cleavage progresses through a stepwise mechanism, where TS1 involves proton 

release from the nucleophilic water to H98 and concomitant attack on the electrophilic 

phosphorus. TS1 collapses into a stable phosphorane intermediate (16.6 kJ/mol below TS1, 

Figure 4.4 and Table C.2, Appendix C) from which the P–O bond dissociates in the second 

step. The rate-determining barrier is 70.8 kJ/mol lower for Model 2 than Model 1 (Figures 

4.4, 4.6 and Table C.2, Appendix C). Nevertheless, the barrier for phosphodiester bond 

hydrolysis involving indirect metal coordination to the leaving group remains high (ΔǂG = 

111.5 kJ/mol, Figure 4.4 and Table C.2, Appendix C). 

 

 

Figure 4.6. Key reaction parameters (Å) for each stationary point of the I-PpoI catalyzed 

phosphodiester bond cleavage involving indirect Mg2+ coordination to the leaving group 

characterized in the present work using QM cluster Model 2. See Figure C.8a (Appendix 

C) for additional structural parameters for QM cluster Model 2. 
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When direct Mg2+ coordination to the leaving group is considered with Model 2, 

H78 hydrogen bonds to the water nucleophile in the RC, which is consistent with 

experimental structural data (Figures C.1a and C.8b, Appendix C).39 This results in a 0.3 Å 

longer nucleophilic distance in the RC compared to Model 1 (Figures 4.3b and 4.5b). In the 

concerted TS, H78 reorients to hydrogen bond to the general base (H98) as water attacks 

the phosphorus reaction center (Figure C.8b, Appendix C). Although the energy barriers for 

Models 1 and 2 are nearly equal (within 1 kJ/mol, Figure 4.4 and Table C.3, Appendix C), 

the PC for Model 2 is significantly more stable (by 34.4 kJ/mol) due to a hydrogen bond 

between (protonated) H98 and the newly formed P–O bond (Figure 4.6), which agrees with 

the experimental proposal that H98 stabilizes the cleaved product (Figure C.1b, Appendix 

C).38, 57  

Overall, similar to Model 1, the pathway involving direct metal coordination to the 

leaving group is preferred over the pathway in which the leaving group is protonated by an 

intervening water molecule for Model 2. Furthermore, despite a similar activation barrier 

as Model 1, Model 2 highlights that H78 can position the water nucleophile and the general 

base (H98), which is consistent with structural38-39 and mutational data.57 Nevertheless, 

H78 interacts with a substrate nucleobase in the 3ʹ direction with respect to the scissile P–

O bond (O6 of dG190) throughout the reaction and the cleaved phosphate in the PC for 

Model 2 (Figure C.8b, Appendix C), which is not consistent with crystallographic data 

(r(NH78⋯OdG190) ~11 Å and r(NH78⋯Onon-bridging) ~5 Å, PDB ID: 1CYQ and 1A73)38-39 due 

to the presence of an active site residue (R61) between H78 and the substrate (Figure C.1, 

Appendix C). This suggests further model refinement is required. 
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4.3.5. R61 Hydrogen Bonds With the 3ʹ-nucleobase With Respect to the Scissile P–O 

Bond in QM Model 3. 

In the crystal structures of the RC analogue of the H98A I-PpoI mutant (PDB ID: 

1CYQ)39 and the PC for wild type I-PpoI (PDB ID: 1A73),38 R61 hydrogen bonds to the 

substrate and thereby has been suggested to stabilize the TS and the cleaved phosphate 

group in the PC (Figure C.1b, Appendix C), which may inhibit the reverse reaction.38 This 

proposal is supported by the R61A mutant having slightly reduced I-PpoI catalytic 

activity.57 Therefore, prior to expanding Model 2, R61 was added to Model 1 (Model 3, 141 

atoms, Figure 4.1). In Model 3, R61 hydrogen bonds to the nucleobase of dG190 regardless 

of whether indirect or direct Mg2+ coordination to the leaving group is considered (Figure 

C.9, Appendix C). When the indirect (water-mediated) Mg2+ coordination that permits 

leaving group protonation is considered, N119 hydrogen bonds to a metal-ligated water 

(Figure C.9a, Appendix C), which in turn provides significant stabilization to O3ʹ in the RC 

compared to Model 1 (r(Ow⋯Hw) decreases by 2.1 Å, Figure 4.3b). In the concerted TS, a 

proton has not yet transferred from the water nucleophile to H98 (Figure 4.3b). These 

factors substantially decrease the activation barrier compared to Model 1 (by 87.5 kJ/mol, 

Figure 4.4 and Table C.2, Appendix C). Despite the reasonable activation barrier for 

phosphodiester bond cleavage (94.8 kJ/mol), there is a 13.2 kJ/mol decrease in the Gibbs 

energy barrier when direct bidentate metal–substrate coordination is considered (Tables 

C.2–C.3, Appendix C). Although most of the reaction parameters observed for Model 1 are 

retained in the RC and TS for Model 3 involving direct metal–O3ʹ coordination (Figure 

4.5b), protonated H98 hydrogen bonds to the newly formed P–O bond in the Model 3 PC 

as implied by the crystal structure of the wild type I-PpoI PC (Figure C.1 Appendix C),38 
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which yields a 40.7 kJ/mol more stable product (Figure 4.4 and Table C.2, Appendix C). 

Although the pathway involving leaving group stabilization through direct Mg2+ 

coordination remains the preferred mechanism for Model 3 (Figure 4.4 and Tables C.2–

C.3, Appendix C), an interaction between R61 and the 3ʹ-nucleobase (N7 and O6 of dG190) 

with respect to the scissile P–O bond arises (Figure C.9b, Appendix C) that is absent in the 

I-PpoI crystal structures (Figures 4.1 and C.1, Appendix C),38-39 suggesting that the model 

needs to be further expanded. 

 

4.3.6. Inclusion of Both H78 and R61 as well as the Phosphate on the 3ʹ-side of the 

Scissile P–O Bond Affords Correct Positioning of the General Base and Stabilization 

of the Substrate in QM Model 4. 

Models 2 and 3 indicate that H78 and R61 each play important roles in the 

phosphodiester bond cleavage by positioning the general base, water nucleophile, and/or 

substrate, as well as stabilizing charges in the active site. Furthermore, the crystal structure 

of the RC analogue of the H98A I-PpoI mutant reveals that R61 is within hydrogen-bonding 

distance of the phosphate on the 3ʹ-side of the scissile P–O bond (dA191, Figure C.1a, 

Appendix C).39 Therefore, H78, R61, and the additional phosphate moiety were 

simultaneously added to Model 1 (Model 4, 163 atoms) and the reaction pathways were 

remapped. Regardless of the metal coordination geometry considered using Model 4, R61 

hydrogen bonds to the 3ʹ-phosphate and H78 positions the general base (H98) through 

hydrogen bonding as implied by experimental structural data (Figures 4.1, C.1 and C.10a, 

Appendix C).39 Although H98 is situated further from the water nucleophile than in Model 

1 with indirect metal–leaving group coordination (r(NH98⋯Hw) is 0.9 Å longer, Figures 
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4.3b), the water nucleophile is close to the phosphorus reaction center and a metal-ligated 

water is well aligned for O3ʹ protonation. These structural factors collectively reduce the 

activation barrier by 58.1 kJ/mol compared to Model 1 (Figure 4.4 and Table C.2, Appendix 

C). Nevertheless, the P–O bond cleavage barrier for the pathway involving water-mediated 

metal coordination to leaving group remains high (ΔǂG = 124.3 kJ/mol). On the other hand, 

when Model 4 with direct metal–O3ʹ coordination is considered, the majority of Model 1 

structural parameters are maintained (Figures C.7b and C.10b), with the exception of a 

slightly increased nucleophilic attack distance (r(P⋯Ow) is 0.2 Å longer, Figure 4.5b), 

which raises the activation barrier for P–O bond cleavage by 11.6 kJ/mol (Figure 4.4 and 

Table C.3, Appendix C) and stabilizes the PC (by 49.6 kJ/mol).  

Regardless of the energetic differences between Models 1 and 4, the phosphodiester 

bond cleavage pathway involving direct Mg2+–O3ʹ coordination remains preferred over 

indirect (water-mediated) Mg2+–O3ʹ coordination for Model 4. Furthermore, Model 4 

highlights that H78, R61, and the 3ʹ-phosphate with respect to the scissile phosphate are 

necessary to properly position the general base (H98) and stabilize the substrate, as 

proposed based on experimental structural and mutational data.38-39, 57 Furthermore, 

inclusion of these residues overcomes some of the artifacts of the previous QM models 

including eliminating interactions between H78 or R61 and the substrate nucleobase 

(dG190, Figure C.10b, Appendix C). However, due to the absence of the surrounding 

environment, interactions between H78 and R61, and between H78 and the 3ʹ-phosphate 

exist in Model 4, despite these residues being separated by > 5 Å in the X-ray crystal 

structures (r(NH78⋯NR61) and r(NH78⋯OP1dG190), PDB ID: 1CYQ and 1A73).38-39 

Furthermore, interactions between (protonated) H98 and the newly formed P–O bond are 
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lost in the PC (Figure 4.5b). This underscores the need to characterize the phosphodiester 

bond cleavage pathway in the presence of the broader enzymatic environment. Indeed, QM 

cluster models containing multiple shells of amino acids (300–400 atoms) have been shown 

to be necessary for accurate descriptions of some enzymatic reactions.82, 98-101 Nonetheless, 

our QM cluster calculations provide valuable insights into the residues that must be 

included in the QM region of QM/MM models of I-PpoI. 

 

4.3.7. QM/MM Calculations Further Highlight That the Preferred Mechanism in the 

Presence of the Surrounding Enzymatic Environment Involves Direct Metal 

Coordination to the Leaving Group. 

As discussed in the computational details, the QM region of the QM/MM model of 

I-PpoI contains all residues included in QM cluster Model 4. The QM/MM RC involving 

indirect (water-mediated) Mg2+–O3ʹ coordination maintains all interactions observed in the 

I-PpoI active site based on the crystal structures (Figures 4.1, 4.7a and C.1a, Appendix 

C).38-39 Specifically, unlike any QM cluster model, H78 simultaneously positions the water 

nucleophile and orients the general base (H98), N119 provides substrate stabilization by 

hydrogen bonding to the O5ʹ-bridging oxygen of dG190, and R61 hydrogen bonds with the 

3ʹ-phosphate with respect to the scissile phosphate (Figures 4.7a and C.7a–C.10a, Appendix 

C). As a result, the water nucleophile is in close proximity to the general base (H98) and 

the electrophilic phosphorus atom (Figure 4.3b), and the QM/MM RC goes through a 

concerted pathway to cleave the phosphodiester bond. Since most reaction parameters in 

the TS of Model 4 are preserved (Figure 4.3), the activation barriers are similar (within 6.6 

kJ/mol, Figure 4.4 and Table C.2, Appendix C). Therefore, the QM/MM activation barrier 
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for the pathway involving O3ʹ protonation by a metal-ligated water (130.9 kJ/mol) is 

significantly higher than the experimental value for I-PpoI (~86–95 kJ/mol) 56-57 and typical 

experimental barriers for metallonucleases catalyzed reactions (~58–96 kJ/mol),45, 102-105 

suggesting this pathway is energetically infeasible. This supports the conclusions from all 

QM cluster models that the water-mediated metal–substrate coordination necessary for 

leaving group protonation cannot effectively catalyze the P–O bond cleavage reaction. 

 

 

Figure 4.7. Key distances, reaction parameters, and metal coordination distances (Å) in the 

I-PpoI active site for the phosphodiester bond cleavage pathway characterized using 

QM/MM with a) indirect or b) direct Mg2+ coordination to the leaving group. 

 

When the pathway involving direct coordination of the metal to the leaving group 

is considered using QM/MM, H78 interacts with both the water nucleophile and the general 

base (H98), while R61 hydrogen bonds to the phosphate 3ʹ to the scissile P–O bond in the 

RC (Figure 4.7b). Despite a smaller nucleophilic attack distance (r(Ow⋯P) = 2.757 Å) and 
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the metal being closer to the leaving group (2.096 Å, Figure 4.5b) in the QM/MM RC than 

any QM cluster RC, the proton has not transferred from the water nucleophile to H98 and 

the P–O bond cleavage is more advanced (2.347 Å) in the QM/MM TS compared to any 

QM model. Nevertheless, the barrier for the mechanism involving direct metal–leaving 

group coordination (54.1 kJ/mol) is lower than that for any other model (by 24.3–38.5 

kJ/mol, Figure 4.4 and Table C.3, Appendix C). Furthermore, the direct bidentate metal–

substrate binding architecture observed in the crystal structure of the RC analogue of the 

H98A I-PpoI mutant (Figure 4.1a) results in a 76.8 kJ/mol lower barrier than water-

mediated metal coordination to the leaving group (Figure 4.4 and Tables C.2–C.3, 

Appendix C). Direct metal–O3ʹ coordination is consistent with X-ray crystallographic data 

for I-PpoI38-39 as well as other one-metal dependent endonucleases (e.g., T4 EndoVII 

(Figure C.6c, Appendix C),42 I-HmuI (Figure C.6d, Appendix C),41, and Hpy188I (Figure 

C.6f, Appendix C)44). Furthermore, the alignments of key active site amino acids in the 

QM/MM optimized RC and PC are consistent with the crystal structures of the RC analogue 

of the H98A I-PpoI mutant and the PC for wild-type I-PpoI (Figure C.11, Appendix C). We 

also note that minimal changes occur in the reaction parameters (Figure C.12a, Appendix 

C) and orientations of active site residues (Figure C.12b, Appendix C) upon reoptimization 

of the preferred pathway using EE. Although the activation barrier slightly increases (by 

23.3 kJ/mol, Table C.3, Appendix C) and the PC is slightly more exergonic (by 28 kJ/mol) 

for the EE characterized pathway, the computed Gibbs activation barrier for the mechanism 

involving direct Mg2+ coordination to the leaving group (ΔǂG = 77.4 kJ/mol) remains below 

the experimental value (~86–94 kJ/mol) for the overall process,56-57 with product release 

being the rate-determining step.57 Thus, our QM/MM models collaborate the conclusion 
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from QM cluster calculations that direct metal–leaving group coordination is critical for 

the chemical step facilitated by I-PpoI. 

The roles of the amino acid residues uncovered from the preferred QM/MM 

mechanism are also in line with mutational data.46, 57 Specifically, H98 initiates the reaction 

by activating the water nucleophile, which agrees with the experimentally observed 

complete loss of catalytic activity upon H98A mutation.57 Our in silico H98A mutational 

results further support this proposal. Specifically, although the reaction parameters and 

orientation of active site residues are preserved upon H98A mutation (Figures 4.5, 4.7, and 

C.13, Appendix C), the water nucleophile repositions to be activated by H78 in the 

QM/MM RC, which substantially increases the activation barrier compared to the wild-

type mechanism (by 79.8 kJ/mol, Figure C.13 and Table C.3, Appendix C). In our proposed 

wild-type I-PpoI mechanism, N119 stabilizes the substrate through hydrogen bonding, 

while holding the metal in place to facilitate the reaction, which correlates with 

experimental mutational data showing complete enzyme inactivation upon N119 

mutation.57 Furthermore, H78 and R61 play structural roles including positioning and 

stabilizing the nucleophilic water, the general base (H98), and the substrate for efficient 

catalysis, which correlates with reported slight reductions in enzymatic activity upon 

mutating these residues.46, 57 Overall, our proposed phosphodiester bond hydrolysis 

pathway involving direct Mg2+ coordination to the leaving group is fully consistent with 

experimental kinetic,56-57 structural,38-39 and mutational data.46, 57 
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4.3.8. Our Proposed Pathway for One-Metal Mediated I-PpoI Catalysis Draws 

Similarities, Yet Differences from Those Facilitated by Other One- and Two-metal 

Dependent Nucleases.  

For enzyme-catalyzed phosphodiester bond hydrolysis reactions to proceed, a water 

nucleophile must be activated, the leaving group must depart, and the charge on the 

substrate must be stabilized.90, 106 A metal-ligated water has commonly been proposed to 

act as the general acid, protonating the leaving group of the substrate for several nucleases 

(e.g., one-metal dependent EcoRI (Figure C.6a, Appendix C),92 APE1,65 and Vvn,40 and 

two-metal dependent EcoRV28 and BamHI (Figure C.6b, Appendix C)26). Despite an 

equivalent proposal in the literature for I-PpoI based on crystallographic data,39 our QM 

cluster and QM/MM calculations show that the I-PpoI pathway involving leaving group 

protonation by a metal-activated water is infeasible. Nevertheless, leaving group departure 

has also commonly been proposed to be facilitated though direct coordination of the metal 

to the substrate for various one-metal dependent nucleases (e.g., T4 EndoVII (Figure C.6c, 

Appendix C),42 I-HmuI (Figure C.6d, Appendix C),41 and Hpy188I (Figure C.6f, Appendix 

C)44). Furthermore, experimental structural data for two-metal mediated AaRNase III 

(Figure C.6e, Appendix C)97 and computational studies on CRISPR-Cas934 have suggested 

one metal (MgB
2+) directly aids leaving group departure. Our calculations reveal the 

preferred P–O bond cleavage pathway for I-PpoI also involves direct Mg2+–O3ʹ 

coordination, with the single metal in the I-PpoI active site being equivalently positioned 

with respect to substrate as the second metal in two-metal mediated endonucleases (MgB
2+, 

Figure C.14, Appendix C).  
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The charge on a non-bridging oxygen of the scissile phosphate has generally been 

suggested to be stabilized by both metals (MA
2+ and MB

2+) for two-metal mediated 

nucleases (e.g., BamHI26 and AaRNase III,97 Figures C.6b and C.6e, Appendix C), while 

diverse residues have been proposed to adopt this role for single-metal dependent enzymes 

in addition to the metal. For example, I-HmuI contains Y39,41 while Hpy188I contains K73 

and R8444 appropriately positioned with respect to the substrate for charge stabilization 

(Figure C.6d–e, Appendix C). Despite sharing similar metal-binding architectures with I-

HmuI and Hpy188I (Figures 4.1, and C.6d and f, Appendix C), our calculations reveal that 

I-PpoI uniquely uses a water chain between Mg2+ and a non-bridging phosphate oxygen to 

complement the substrate charge stabilization provided by the metal directly coordinated 

to the other non-bridging oxygen of the scissile phosphate (Figure 4.2a). In terms of 

nucleophile activation, the first metal (MA
2+) is generally proposed to facilitate nucleophilic 

attack in the well-accepted mechanism for two-metal dependent nucleases.34, 97 In contrast, 

a histidine residue (H98) acts as the general base for I-PpoI, fulfilling the role of the first 

metal (MA
2+) in a two-metal mediated reaction. The proposed role of histidine as the general 

base in the I-PpoI mechanism of action is in agreement with the experimental structural38-

39 and mutational data for I-PpoI,57 as well as experimental crystallographic studies on other 

single-metal dependent nucleases such as T4 EndoVII (H41, Figure C.6c, Appendix C),42 

I-HmuI (H75, Figure C.6d, Appendix C),41 and Vvn (H80),40 and mutational studies on 

Serratia nuclease (H89).64 Therefore, our calculations coupled with kinetic46 and structural 

data38-39 on I-PpoI supports the proposal that one metal is enough for enzymatic cleavage 

of phosphodiester bonds. 
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This is only the second time the feasibility of single-metal mediated catalysis of 

phosphodiester bond cleavage has been demonstrated for an endonuclease using 

computational techniques, with previous work focused on one-metal dependent APE1.65-67 

In contrast to I-PpoI, QM cluster calculations on single-metal dependent APE1 revealed 

that direct bidentate metal–substrate coordination is not feasible.65 Instead, as confirmed 

using QM/MM calculations, an indirect metal-binding architecture is preferred in the APE1 

active site. Differences between APE1 and I-PpoI arise because of the distinct active site 

compositions (Figure 4.8). Specifically, the presence of a strong negatively charged general 

base (D240) coupled with a positively charged histidine (H309) positioned to stabilize the 

charged substrate allows APE1 to use a metal-coordinated water to facilitate leaving group 

departure. In contrast, the neutral general base (H98) and the absence of a positively 

charged residue close to the scissile phosphate forces the single metal of I-PpoI to play a 

more active role in promoting leaving group departure and substrate charge stabilization 

through direct bidentate coordination. This comparison underscores how a single metal can 

play diverse roles depending on the active site environment of the enzyme and how the 

same phosphodiester bond hydrolysis can be achieved in slightly different ways. The 

fundamental understanding of the unique I-PpoI chemistry afforded by the present work 

may inspire studies on other single-metal dependent enzymes (e.g., T4 EndoVII (Figure 

C.6c, Appendix C),42 Vvn,40 and Serratia nuclease64), as well as other HEs (e.g., I-HmuI41 

and Hpy188I,44 Figure C.6d and f, Appendix C). Such future work is necessary to 

understand how nature cleaves the P–O bond in unique ways, depending on the identity of 

the proposed general base, mode of charge stabilization, and/or number of metals in the 

active site. 



134 

 

 

Figure 4.8. Comparison of the proposed phosphodiester bond cleavage pathways for a) 

APE165-67 and b) I-PpoI (present work). 

 

4.4. Conclusion 

In the present study, a combined QM and QM/MM approach was used to provide 

atomic-level details of the catalytic pathway employed by I-PpoI to cleave phosphodiester 

bonds in DNA. In the experimentally-proposed I-PpoI mechanism of action,39 a single 

metal facilitates P–O bond cleavage through direct coordination to the substrate coupled 

with simultaneous leaving group protonation via a metal-activated water. However, this 

previously proposed pathway could not be characterized using our smallest QM cluster or 

QM/MM model due to geometrical constraints imposed by the I-PpoI active site. Although 

QM cluster and QM/MM models of varying size permitted the characterization of a 

pathway involving leaving group protonation by a metal-activated water, an indirect (water-

mediated) metal binding configuration to the leaving group is required to achieve this 

chemistry and this mechanism is not energetically feasible regardless of the model size. 

Instead, QM cluster calculations uncovered a preferred mechanism for phosphodiester bond 

hydrolysis in which H98 activates the water nucleophile, while the metal provides substrate 

charge stabilization and promotes leaving group departure through direct coordination. 

QM/MM calculations verified the feasibility of this preferred pathway within the context 
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of the solvated enzyme–DNA complex, yielding a mechanism that is fully consistent with 

experimental structural,38-39 kinetic,56-57 and mutational data.46, 57 Despite our calculations 

highlighting that simultaneous direct metal coordination to O3ʹ and leaving group 

protonation by a metal activated water is not possible during the P–O bond cleavage step 

within the confines of the I-PpoI active site, we acknowledge that protonation of the leaving 

group by metal-activated or bulk water likely occurs after the chemical step as metal 

migration and active site rearrangement are common events in conjunction with product 

release for both one- and two-metal dependent nucleases.24, 29, 35, 37, 88-91 The fundamental 

understanding gained about I-PpoI function from the present work can be used to further 

explore its potential in the areas of gene therapy and genome engineering for 

biotechnological and therapeutic solutions. Furthermore, our new mechanistic 

understanding of I-PpoI can direct computational investigations on other members of the 

HE family (e.g., I-HmuI41 and Hpy188I44) which share the metal-binding configuration of 

I-PpoI, but differ in the identities and arrangements of active site amino acids. Additionally, 

our work will inspire studies on other one-metal dependent nucleases (e.g., T4 EndoVII,42 

Vvn,40 and Serratia nuclease64), with the goal to better understand how nature cleaves 

extremely stable phosphodiester bonds.  
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Chapter 5: Is Metal Stabilization of the Leaving Group Required or Can 

Lysine Facilitate Phosphodiester Bond Cleavage in Nucleic Acids? A 

Computational Study of EndoV 

Preface: Chapter 5 has been published [Kaur, R.; Wetmore, S. D., Is metal stabilization of 

the leaving group required or can lysine facilitate phosphodiester bond cleavage in nucleic 

acids? A computational study of EndoV. J. Chem. Inf. Model. 2024, 64 (3), 944-959]. In 

this chapter, both authors contributed to the reviewing and editing of the manuscript. I aided 

conceptualization of the project and conducted all calculations. In addition, I performed the 

overall data/results analysis, wrote the first draft of the manuscript, and generated all figures 

for the publication.  S. D. Wetmore was involved in project conceptualization and 

administration, supervision, funding and resource acquisition, data visualization and 

interpretation, and writing the original draft of the manuscript. 

 

5.1. Introduction 

Deamination of DNA is a common event triggered by exposure to endogenous (e.g., 

free radicals generated from inflammation or infection) and exogenous (e.g., pollution and 

UV light) agents.1-2 On the other hand, deamination of RNA is a key post-transcriptional 

modification that arises from spontaneous hydrolysis or nitrosative stress, imbalanced 

purine metabolism, or the action of adenosine deaminases.3-4 Deamination alters the 

interactions of a nucleobase with the surrounding nucleotides, which can in turn influence 

a range of biological processes. For example, deamination of DNA nucleobases can lead to 

mispairs during replication or transcription,5 while dysregulation of RNA deamination 
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results in codon changes and alters protein translation.6 As a result, high accumulation of 

deaminated sites in nucleic acids has been linked to various diseases including cancer 

(glioblastoma)7 and cardiovascular (atherosclerosis)8 or neurological (epilepsy,9 ALS,10 

autism,11 Alzheimers,12 and schizophrenia)13 disorders. 

Endonuclease V (EndoV) is a conserved family of enzymes across all domains of 

life that is involved in removing deaminated nucleobases by facilitating the challenging 

cleavage of the phosphodiester bond in the nucleic acid backbone.6, 14 For example, 

bacterial EndoV breaks the DNA phosphodiester bond one nucleotide away from a 

deaminated nucleobase in the 3ʹ direction as part of the alternative excision repair 

pathway,15-19 while mammalian EndoV is involved in RNA metabolism.6 Beyond these 

roles in the cell, the nicking activity of EndoV has proven to be a powerful tool in 

biotechnology and medicine. For example, Thermotoga maritima (Tma) EndoV along with 

a DNA ligase has been used to detect mutations in the BRCA1 gene linked to breast and 

ovarian cancers and the p53 gene related to colorectal tumors.20-22 EndoV in conjunction 

with a DNA polymerase has also been successfully applied in DNA amplification23 to 

rapidly and accurately detect infectious diseases24 and antimicrobial resistance.25 

Furthermore, EndoV has proven useful to enhance detection of RNA editing sites that are 

upregulated in brain development, autism spectrum disorder, glioblastoma, and 

schizophrenia.26-27 EndoV has been implicated in the development of hepatocellular 

carcinoma in mice and overexpression of the enzyme in humans leads to an enhanced 

sensitivity towards hepatocellular carcinoma treatments.28 EndoV has also been used for 

directed evolution via in vitro DNA shuffling.29-30 To build upon these applications and 
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further exploit the enzyme in interdisciplinary applications, the catalytic mechanism used 

by EndoV must be understood.  

EndoV is related to several endonucleases that have a conserved DDD/E motif, 

including those whose catalytic function relies on two metals such as RNase H (PDB ID: 

1ZBI)31 and FLAP endonuclease 1 (PDB ID: 3Q8M).32 The two-metal mediated 

mechanism has been well established and proposed to be the general pathway used by many 

nucleases.33-36 In this mechanism (Figure 5.1a), the first metal (MgA
2+) activates the water 

nucleophile and the second metal (MgB
2+) promotes leaving group departure, while both 

metals likely provide substrate charge stabilization during transition state (TS) formation. 

Although eukaryotic (mouse) EndoV contains a DDD motif and the active site arrangement 

resembles that in two-metal containing endonucleases (Figure D.1a, Appendix D),17 an X-

ray structure of bacterial EndoV has uncovered a DDH motif (Figure 5.2a) and proposed 

the enzyme uses a single metal for catalysis.19 Although the enzyme must facilitate 

nucleophile activation, leaving group departure, and substrate (transition state) charge 

stabilization, the mechanisms of action of nucleases that depend on a single metal for 

catalysis are not well understood. 
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Figure 5.1. The proposed general mechanisms of action for a) two-metal and b) one-metal 

dependent endonucleases (B = basic amino acid residue). 

 

There is growing evidence that supports the ability of nucleases to exhibit catalytic 

activity in the presence of a single metal ion.37-46 Indeed, kinetic studies have investigated 

the metal concentration dependence of different enzymes and concluded that only one metal 

is required for their catalytic activity.37, 45, 47-48 X-ray crystal structures have also revealed a 

single metal bound in the active site of various nucleases, including human 

apurinic/apyrimidinic endonuclease (APE1),49-50 Vibrio vulnificus nuclease (Vvn),41 T4 

endonuclease VII,51 EcoRI,52 homing endonuclease I-HmuI,53 and intron-encoded 

endonuclease from Physarum polycephalum (I-PpoI, Figure 5.3).39, 54 This has led to 

proposals that subtleties in active site architectures allow different enzymes to replace the 

first metal (MgA
2+) that is involved in nucleophile activation by an amino acid (Figure 

5.1b). For instance, a histidine residue (H98) in I-PpoI has been proposed to activate the 

water nucleophile, while the single metal directly coordinates with the substrate to provide 
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TS stabilization and promote leaving group departure (Figure 5.3c).39, 54-55 In contrast, 

D210 activates the water nucleophile in the proposed mechanism of action for APE1, while 

a metal-activated water stabilizes the leaving group and H309 delivers charge stabilization 

to the scissile phosphate during TS formation (Figures 5.3a and 5.3b), which hints the 

remaining metal may be involved in the reaction in different ways.49-50, 56 However, no 

proposals have been made for the chemical pathway used by single-metal dependent 

bacterial EndoV. 

Although the structures of the reactant complexes (RCs) for the D110N Tma EndoV 

mutant crystallized in the presence of Ca2+ (PDB ID: 6OZF, Figure D.2a, Appendix D) and 

the E89Q mutant crystallized with Mg2+ (PDB ID: 6OZG, Figure D.2b, Appendix D) have 

been characterized,57 the crystal structure of the product complex (PC, Figure 5.2a) 

suggests that these structures were obtained by mutating residues critical for metal 

coordination, which raises questions about the position of the metal in the RC of the wild-

type enzyme. On the other hand, the crystal structure of the PC for Tma EndoV (PDB ID: 

2W35) has provided valuable insights into the base recognition mechanism (Figure 5.2a), 

including multiple interactions with the phosphate backbone, flipping of the lesion into the 

recognition pocket, the ability of the PYIP motif to occupy the space left in DNA after 

lesion flipping, and mainchain interactions between amino acids and the deaminated base 

that mediate recognition.17 Furthermore, the PC highlights that the active site contains a 

single metal, with direct metal–substrate coordination through the O3ʹ leaving group, and 

the remainder of the metal octahedral coordination satisfied by 2 aspartates (D43 and D110) 

and 3 water molecules, while E89 interacts with Mg2+-coordinated waters (Figure 5.2a). 

H214 and K139 are also uncovered as potentially important residues, falling within 
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hydrogen-bonding distance of the cleaved substrate. To complement structural information, 

experimental kinetic data has shown that the H214A mutation reduces catalytic activity by 

20%,47 while mutation of the conserved K155 to alanine in the mouse homologue 

completely abolishes enzymatic activity, supporting important roles for these residues in 

catalysis.57  

Despite the currently available structural information for bacterial EndoV based on 

the PC, previous literature has revealed that the metal-binding architecture can vary in the 

crystallized RC and PC of nucleases at least in part because of the well-accepted active site 

rearrangement that occurs prior to final product formation due to metal ion migration.31, 45, 

48, 58-60 Therefore, crystal structures of PCs have led to incorrect conclusions about the metal 

coordination geometry and catalytic role for other single-metal mediated endonucleases. 

For example, although the PC analogue of APE1 (PDB ID: 4IEM, Figure 5.3a) displays 

direct metal–substrate ligation,49 the phosphorothioate RC analogue shows indirect Mg2+ 

coordination to the substrate (PDB ID: 5DG0, Figure 5.3b),50 and QM and QM/MM 

calculations initiated from the crystal structure of the PC suggest that indirect metal–

substrate ligation is preferred.56 Furthermore, while several computational works have 

characterized the pathway for various two-metal-dependent nucleases,61-68 to the best of 

our knowledge the mechanism of one-metal mediated phosphodiester bond cleavage has 

only been investigated for APE1.56, 69-70 Therefore, the catalytic mechanism of one-metal 

dependent EndoV is unclear, with missing atomic-level information leaving unanswered 

questions surrounding the identity of the residues that activate the water nucleophile, 

provide TS charge stabilization, and promote leaving group departure, as well as the role 

of the single metal. 
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Figure 5.2. a) Active site from an X-ray crystal structure of the Mg2+-containing wild-type 

PC of Tma EndoV bound to a ssDNA substrate and b) a representative enzyme–DNA 

quantum mechanics-molecular mechanics (QM/MM) model. 

 

Due to the successful characterization of the catalytic pathways of many 

metalloenzymes using computational techniques56, 61, 63, 65, 71-76 and the important 

applications of the EndoV family of enzymes,20-23, 26-30 the current contribution uses 

molecular dynamics (MD) simulations and QM/MM calculations within the ONIOM 

formulism to map the bacterial EndoV mechanism of action. MD simulations were initially 

performed on the one metal-containing EndoV–DNA RC to gain an understanding of the 

structural dynamics and identify multiple active site arrangements that correspond to 

different potential chemical pathways. Based on structural data from the MD simulations, 

eight unique catalytic mechanisms were characterized for wild-type EndoV using QM/MM 

that deviate in the metal coordination to the substrate (direct versus indirect), the general 

base that activates the water nucleophile, and the general acid that facilitates leaving group 

departure. Furthermore, in silico mutations to H214 and K139 were considered to further 
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explore the roles of these residues in phosphodiester bond hydrolysis. As a result, we 

propose preferred catalytic pathways that involve previously unseen combinations of a 

general base, general acid, and metal-binding architecture for a one-metal dependent 

endonuclease. Our proposed mechanisms are fully consistent with experimental 

structural,17 kinetic,16 and mutational data.47, 57 As the single metal in the active site of 

bacterial EndoV is in a similar position with respect to the substrate as the second metal 

(MB
2+) in many two-metal dependent nucleases (Figures 5.2 and 5.3), our work further 

confirms that an appropriately positioned active site residue can replace one metal by 

facilitating water nucleophile activation and thereby emphasizes that one metal is enough 

for the chemical step. The fundamental understanding gained from this study will aid 

exploration of new and improved applications of bacterial EndoV in biotechnology20-23, 29-

30 and medicine,26-28 including the detection of disease inducing gene mutations and the 

design of therapeutic solutions for ailments such as neurological disorders and carcinomas. 

 

5.2. Computational Methodology 

5.2.1. Model Building  

The crystal structure of the Tma EndoV–DNA product complex (PDB ID: 2W35) 

in which 3ʹ-O of the substrate is directly ligated to Mg2+ and the remainder of the octahedral 

coordination is fulfilled by 3 water molecules, D43, and D110 (Figure 5.2a) was used to 

build all starting models. The PC was modified to generate two reactant complexes based 

on the metal coordination environments observed in X-ray structures of RC mimics for 

other single-metal mediated endonucleases (Figure 5.3b and 5.3e).39, 50 Specifically, the 
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metal directly coordinates with the substrate in one RC and indirectly coordinates with the 

substrate through a metal-ligated water in the second RC (Figure D.3, Appendix D). The 

model containing direct metal–substrate ligation was built by forming a phosphodiester 

bond between the 5ʹ-phosphate of dA230 and 3ʹ-O of dG229, and directly coordinating the 

non-bridging oxygen of the scissile phosphate to Mg2+. This led to an octahedral Mg2+ 

coordination geometry involving direct ligation to D43, D110, 3ʹ-O of dG229, 5ʹ-phosphate 

of dA230, and two water molecules. The model containing indirect ligation was similarly 

built with the exception of replacing 3ʹ-O of dG229 and the 5ʹ-phosphate of dA230 with 

two additional water molecules directly coordinated to Mg2+. Subsequently, the positions 

of the metal and coordinating residues were manually adjusted to ensure Mg2+ adopts an 

octahedral coordination geometry that involves four water molecules, D43, and D110, with 

one Mg2+-ligated water hydrogen bonded to the non-bridging oxygen of the scissile 

phosphate and another to the O3ʹ-leaving group. We note that Mg2+ is known to prefer an 

octahedral coordination geometry with hard oxygen-containing ligands such as the Asp 

residues present in the EndoV active site, and this is the standard coordination geometry 

found in many other Mg2+-dependent enzymes, including nucleases (Figure 5.2). In each 

model, the non-standard deoxyinosine (dI) residue was considered in its tautomeric enol 

form since structural data suggests dI undergoes tautomerization upon complexation with 

EndoV.14, 17 The physiologically-relevant protonation states of the titratable amino acids at 

pH 7.0 were assigned using PROPKA.77 Two in silico K139A EndoV mutant models were 

built by mutating K139 to alanine in QM/MM models in which H214 or a substrate 

phosphate group was aligned to activate the water nucleophile. The in silico H214A EndoV 

mutant was built by mutating H214 to alanine in the QM/MM model in which a substrate 
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phosphate group was positioned to activate the water nucleophile (see the results section 

for further discussion and justification of the mutant models). 

 

 

Figure 5.3. Active sites from X-ray crystal structures of a: a) PC of wild-type APE1, b) RC 

of thio-substituted APE1, c) RC of the H98A mutant of I-PpoI, d) PC of wild-type I-HmuI, 

e) RC of the N62D mutant of T4 endonuclease VII, f) RC of the D132N mutant of RNase 

H, g) PC of wild-type Aquifex aeolicus RNase III, h) RC of the H80A mutant of Vvn 

nuclease, i) RC of favipiravir-RTP containing SARS-CoV2 RNA-dependent RNA 

polymerase, and j) PC of wild-type EcoRI. 
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5.2.2. MD Simulation Protocol 

The AMBER ff14SB78 and OL1579 force fields were used to describe EndoV and 

DNA, respectively, and the missing force field parameters for dI were supplemented 

according to the generalized AMBER force field (GAFF)80 using ANTECHAMBER 

17.3.81 Partial charges were assigned using the restrained electrostatic potential (RESP) 

from the R.E.D.v.III.4 program and the B3LYP/6-31G(d) level of theory.82 The parameters 

for Mg2+ were adopted from Allner et al. and the +2 formal charge was maintained.83 The 

enzyme–DNA complex was neutralized with Na+ ions using the LEaP module of 

Amber1884 and solvated in a truncated octahedral TIP3P water box, with a minimum of 

10.0 Å between the solute and the box faces. PMEMD module was used to minimize the 

system in six steps. The first minimization phase involved 2500 steps of the steepest descent 

and 5000 steps of the conjugate gradient method, with a force constraint of 100 kcal mol-1 

Å-2 applied to the solute while the solvent was minimized. In the second step, solute 

hydrogen atoms were minimized while the rest of the solute was restrained (100 kcal mol-

1 Å-2). The third step involved solute minimization while applying restraints (100 kcal mol-

1 Å-2) to the solvent and Mg2+-coordination distances to maintain an octahedral coordination 

geometry. The whole enzyme–DNA complex along with the solvent was minimized while 

keeping restraints (100 kcal mol-1 Å-2) only on the Mg2+-coordination distances in the fourth 

step. The fifth step involved solute minimization while restraining the solvent, and the final 

step minimized the entire enzyme–DNA complex and surrounding water with no restraints.  

The minimized system was heated from 10 to 310 K in 50 K increments using a 

Langevin thermostat, with a restraint of 25 kcal mol-1 Å-2 placed on the solute. Furthermore, 

200 ps of equilibration was performed with the restraints on the system gradually released 



158 

 

from 20 kcal mol-1 Å-2 to 1.5 kcal mol-1 Å-2. A cut-off of 10.0 Å was used to describe the 

non-bonded interactions, while the particle mesh Ewald (PME) method was used to treat 

long-range electrostatic interactions in all simulations. Finally, 500 ns MD production 

simulations were performed in triplicate without restraints under NPT conditions using the 

periodic boundary condition and applying the SHAKE algorithm to all bonds involving 

hydrogen atoms.  

The resulting trajectories were analyzed using the cpptraj (V18.01) module of the 

Ambertools 2018 suite.84 A hydrogen bond was considered to be present when the distance 

between the two heavy atoms was < 3.4 Å and the hydrogen-bond angle was > 120°. Root-

mean-square deviations (RMSDs) for the enzyme, DNA, and enzyme–DNA complex were 

evaluated based on the backbone atoms of the enzyme and/or DNA with respect to first 

frame of the production simulation. The RMSD for the active site, which was calculated 

based on the heavy atoms of D43, D110, H214, K139, E89, the nucleotides connected by 

the phosphodiester bond being cleaved (dG229 and dA230), and an additional nucleotide 

(dG231) on the 3ʹ side of dA230, indicate that all complexes were stable (Figure D.4 and 

Table D.1, Appendix D). Furthermore, per residue root-mean-square fluctuations (RMSFs), 

which were calculated with respect to all heavy atoms in the amino acid residue, indicate 

that metal-coordinating residues (D43 and D110) are considerably stable (Figure D.5, 

Appendix D). Nevertheless, the EndoV active site was extremely dynamic due to the highly 

flexible nature of the single-stranded DNA substrate (Figure D.4c–d, Appendix D), which 

resulted in the enzyme being easily able to adopt and convert between multiple catalytically 

active conformations throughout the MD simulations. Representative structures for the 

catalytically-active conformations for different mechanistic possibilities were obtained 
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using reaction parameter-based criterion (Figure D.6 and Table 5.1, Appendix D). 

Specifically, the Mg2+-ligated water or K139 was considered to be well aligned to function 

as the general acid when the hydrogen-bonding distance between the heavy atoms and the 

O3ʹ leaving group was < 3.4 Å. Mg2+ was considered to be positioned to directly coordinate 

to the leaving group when the distance to the O3ʹ leaving group was < 2.5 Å. The substrate 

phosphate or H214 was considered to be a possible general base when the distance between 

the non-bridging oxygen of the substrate phosphate or Nε of H214 and the phosphorus 

reaction centre was < 6.5 Å. A nucleophilic water was deemed posed for the reaction when 

the distance between oxygen of the water and the phosphorus reaction centre was < 4 Å. A 

water chain was considered to bridge D43 and the phosphorus reaction center when a water 

molecule was within 3.4 Å of Oδ of D43 and 3.4 Å of oxygen in another water that was 

within 4 Å of the phosphorus centre. 

 

5.2.3. QM/MM Calculations 

Based on our detailed analysis of the conformational dynamics of the EndoV active 

site, eight unique MD snapshots were extracted across the three MD simulation replicas to 

characterize the catalytic mechanism with QM/MM that differ in the combination of the 

general base and acid, and metal coordination environment (Figure D.6 and Table 5.1, 

Appendix D). QM/MM calculations were performed using the ONIOM formulism due to 

this approach successfully characterizing the reaction pathways for many enzymes, 

including endonucleases.56, 62, 85-88 Regardless of the metal–substrate coordination 

geometry, the QM region included D43, D110, and two water molecules directly 

coordinated to Mg2+, H214, K139, E89, a nucleophilic water, the (dG229, dA230) 
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nucleotides directly involved in the reaction, and an additional phosphate (dG231) on the 

3ʹ side of dA230 that may activate the nucleophilic water (Figures 5.2b and D.7, Appendix 

D). In addition to the residues mentioned above, the QM region for models involving 

indirect metal–substrate ligation included two additional water molecules coordinated to 

Mg2+ to fulfill the octahedral coordination geometry (Figure 5.2b), models for direct 

bidentate metal–substrate ligation included two additional water molecules that hydrogen 

bonds to D43 or E89 in the QM region (Figure D.7a, Appendix D), and models with direct 

monodentate metal–substrate ligation included an additional water directly coordinated to 

Mg2+ to fulfill the octahedral coordination geometry and another water that hydrogen bonds 

to D43 (Figure D.7b, Appendix D). As a result, all models contain a QM region of 129 

atoms and a charge of –2. The MM region contained the remaining EndoV–DNA complex 

and all water molecules for which any atom is within 6 Å of the enzyme–DNA complex. 

The MM region had an overall charge of –1. 

The QM/MM boundary was placed between C4ʹ and C5ʹ of dG231 and dG229 of 

the DNA substrate, and Cα and Cβ of the amino acids. Mechanical embedding (ME) was 

used for all QM/MM models due to the large number of pathways investigated and the 

proven ability of this approach to accurately describe enzymatic reaction mechanisms,56, 72, 

89-92 while electrostatic embedding (EE) was also used for select QM/MM models (see the 

results and discussion section for additional details). 

Each RC generated from the MD snapshots was fully optimized (including EndoV, 

DNA, water, and Mg2+) using B3LYP-D3(BJ)/6-31G(d,p) to describe the QM region93-94 

and the AMBER force fields (OL15 for DNA and ff14SB for EndoV) to describe the MM 

region. Subsequently, scans were performed to identify possible concerted and stepwise 
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pathways for each model. Specifically, for concerted mechanisms, the distance between 

oxygen of the nucleophilic water and the electrophilic phosphorus of the scissile backbone 

was reduced by 0.10–0.15 Å stepwise. Subsequently, the P–O distance was frozen to that 

observed at the potential energy surface maximum, while the distance between the 

phosphorus and the O3ʹ leaving group was systematically increased (by 0.10–0.15 Å) to 

obtain an initial guess for the transition state (TS). For stepwise mechanisms, the distance 

between the phosphorus reaction centre and the oxygen of the water nucleophile in the 

QM/MM optimized RC was decreased (by 0.10–0.15 Å) to obtain a guess for TS1, while 

the distance between the O3ʹ leaving group and the phosphorous was elongated (by 0.10–

0.15 Å) from the corresponding IC to obtain a guess for TS2. Each TS guess was then fully 

optimized followed by intrinsic reaction coordinate (IRC) calculations95-96 to identify the 

associated RC, intermediate complex (IC), and/or PC. The natures of the optimized TS 

(single imaginary frequency) and corresponding minima were confirmed using frequency 

calculations at the same level of theory, which also gave the thermal corrections to the 

Gibbs energy. Finally, the relative Gibbs energies were calculated using single-point 

calculations at the ONIOM(M06-2X/6-311+G(2df,p):AMBER) level of theory. This choice 

of methodology was based on previous work that extensively investigated the impact of 

method on the description of one-metal mediated phosphodiester bond cleavage reactions 

facilitated by enzymes.69-70 All calculations were performed using the Gaussian 16 program 

(revision B.01).97 

To identify the preferred catalytic pathway, we compare each computed mechanism 

to experimental structural,17 kinetic,16 and mutational data.47, 57 Specifically, computed 

geometries were compared to the crystal structure of the EndoV product complex (PDB ID: 
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2W35).17 The calculated activation barriers were assessed against the experimental barrier 

(92.5 kJ/mol) for product generation in the dI-containing substrate, which was calculated 

using the apparent rate constant (0.1 min-1) for Salmonella typhimurium EndoV measured 

at 37 °C, pH 7.4, 10 nM DNA substrate, and 10 nM of EndoV.16 Finally, the predicted roles 

of active site amino acid residues were cross checked against experimental mutational data, 

including the 20% reduction in the catalytic activity upon introduction of the H214A 

mutation in bacterial EndoV47 and the completely abolished catalytic activity upon 

mutation of the conserved K155 to alanine in the mouse homologue.57 
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Table 5.1. Summary of the phosphodiester bond cleavage pathways characterized in the present work and the reaction parameter-based 

criterion used to choose corresponding MD snapshots for subsequent QM/MM calculations.a  

P–O bond cleavage pathway
b
 General base General acid Reaction parameter-based criterion 

 H214  D43 Phosphate Mg2+ Mg2+-ligated 

water 

K139  

 

Direct (H214, Mg2+) X   X   r(NH214⋯P) < 6.5 Å; r(O3ʹ⋯Mg2+) < 2.5 Å 

Direct (D43, Mg2+)  X  X   r(OδD43 ⋯ Obridging water) < 3.4 Å; r(O3ʹ⋯Mg2+) < 2.5 Å 

Direct (H214, Mg2+-ligated water) X    X  r(NH214⋯P) < 6.5 Å; r(O3′ ⋯ Hw –O) < 3.4 Å 

Direct (Phosphate, Mg2+-ligated 

water) 

  X  X  r(Onon-bridging⋯ P) < 6.5 Å; r(O3′ ⋯ Hw –O) < 3.4 Å 

Indirect (H214, Mg2+-ligated 

water) 

X    X  r(NH214⋯P) < 6.5 Å; r(O3′ ⋯ Hw –O) < 3.4 Å 

Indirect (Phosphate, Mg2+-ligated 

water) 

  X  X  r(Onon-bridging⋯ P) < 6.5 Å; r(O3′ ⋯ Hw –O) < 3.4 Å 

Indirect (H214, K139) X     X r(NH214⋯P) < 6.5 Å; r(O3ʹ⋯H–NK139) < 3.4 Å 

Indirect (Phosphate, K139)   X   X r(Onon-bridging⋯ P) < 6.5 Å; r(O3ʹ⋯H–NK139) < 3.4 Å 

aFor all pathways, a nucleophilic water was deemed posed for the reaction when r(Ow⋯P) < 4 Å. bNomenclature for pathways 

identifies the type of metal coordination (direct versus indirect) and the general base and acid in parentheses. 
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5.3. Results and Discussion 

5.3.1. Despite Being Ubiquitous Among Two-Metal Dependent Endonucleases, Direct 

Bidentate Metal Ligation to the Substrate Renders EndoV Catalytically Inactive. 

In the crystal structure of the PC for EndoV, the O3ʹ leaving group is directly 

coordinated to the metal (Figure 5.2a). Two-metal dependent enzymes typically form 

bidentate metal ligation to both the O3ʹ bridging oxygen and a non-bridging oxygen of the 

substrate (see, for example, the active sites of Rnase H (Figure 5.3f)31 and Aquifex aeolicus 

Rnase III (Figure 5.3g)).98 Furthermore, similar bidentate metal coordination to the 

substrate has been reported in the crystallized PC of other single-metal dependent 

nucleases, including APE149 (Figure 5.3a) and I-HmuI (Figure 5.3d),53 as well as the 

crystallized RC of single-metal dependent I-PpoI39 (Figure 5.3c) and T4 endonuclease VII51 

(Figure 5.3e). However, metal ions have also been shown to move after the chemical step 

catalyzed by both one-metal and two-metal mediated endonucleases, highlighting that 

active site arrangements can be different before and after phosphodiester bond cleavage 

and suggesting the metal position in the crystal structure of PCs may be unreliable as a 

basis for modelling the RC.31, 45, 48, 58-60 Based on this collection of structural data, a metal 

binding architecture that involves bidentate Mg2+ coordination to the O3ʹ leaving group and 

a non-bridging oxygen of the substrate in the RC was initially considered for EndoV (Figure 

D.3a, Appendix D). 

Bidentate coordination of the metal to a non-bridging oxygen and O3ʹ of the 

substrate was observed in the post-equilibration RC for EndoV (Figure D.8, Appendix D). 

In this structure, the metal is 2.4 Å away from the O3ʹ leaving group and 2.0 Å from a non-

bridging oxygen of the phosphate moiety. The remainder of the octahedral metal 
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coordination is fulfilled by two water molecules, D43, and D110. This metal coordination 

is maintained in the corresponding QM/MM optimized RC (Figure D.9a, Appendix D). 

Furthermore, H214 is suitably positioned to activate the nucleophilic water (within 1.871 

Å), which is in line for attack on the scissile backbone (r(Ow⋯P) = 3.330 Å). Additional 

substrate charge stabilization is supplied by K139, which hydrogen bonds to the second 

non-bridging oxygen of the phosphate moiety (r(Onon-bridging⋯HK139) = 1.864 Å, Figure 

D.10a, Appendix D). From this RC, a concerted TS was identified (Figure 5.4a) in which a 

proton from the nucleophilic water is partially transferred to H214, a new P–Ow bond 

partially formed (1.936 Å), the P–O3ʹ bond lengthened (by 0.2 Å), and Mg2+ moves 0.3 Å 

closer to the leaving group. The TS is converted into a PC in which the P–Ow bond is fully 

formed, the P–O3ʹ bond cleaved, and the leaving group is more strongly coordinated to 

Mg2+ (Figure D.10a, Appendix D). Although K139 offers substrate charge stabilization 

early in the reaction through hydrogen bonding to a non-bridging oxygen of the phosphate 

moiety, a proton is fully transferred to the leaving group in the PC, which correlates with 

the significant role of K139 implied by experimental mutational data.57 The roles of 

histidine in activating the water nucleophile, and the metal in substrate charge stabilization 

and aiding leaving group departure are consistent with the proposed mechanisms for other 

one-metal dependent endonucleases such as I-PpoI (H98, Figure 5.3c),39, 55 I-HmuI (H75, 

Figure 5.3d),53 and T4 endonuclease VII (H41, Figure 5.3e).51, 99 Nevertheless, the 

activation barrier associated with this EndoV pathway is too high (144.6 kJ/mol), falling 

over 50 kJ/mol above the experimental barrier,16 and the reaction is not thermodynamically 

favorable (by 36.5 kJ/mol, Figures 5.4a and 5.5).  
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Figure 5.4. The mechanisms characterized in the present work for phosphodiester bond 

cleavage involving bidentate metal–substrate coordination, with Mg2+ aiding leaving group 

departure and a) H214 or b) D43 via a water chain activating the water nucleophile. Relative 

Gibbs energies (kJ/mol) are provided in parentheses. 

 

Although H214 is aligned to initiate the reaction in post-equilibration models of the 

EndoV RC with bidentate metal coordination to the substrate, MD simulations reveal a 

second active site arrangement in which D43 is suitably oriented to accept a proton from 

the water nucleophile through a bridging water molecule (Figure D.6b, Appendix D). 

Nevertheless, the key reaction parameters are similar in the QM/MM RC regardless of the 

identity of the general base (i.e., metal coordination geometry, nucleophilic attack distance, 

P–O3ʹ distance, and K139 hydrogen-bonding distance to the substrate, Figures D.9b and 

D.10b, Appendix D). Support for a metal-ligated aspartate activating a water nucleophile 

is found in crystallographic and biochemical data for two-metal mediated RNase P and 

EcoRV.100-101 Similar to the mechanism with H214 as the general base, QM/MM 

calculations reveal a SN2 pathway (Figure 5.4b) in which proton abstraction from the 
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bridging water molecule by D43 and nucleophilic attack on phosphorus are coupled with a 

more advanced phosphodiester bond cleavage than the H214-mediated mechanism (P–O3ʹ 

bond is ~ 0.5 Å longer), while K139 hydrogen bonds with the O3ʹ leaving group (Figure 

D.10, Appendix D). D43-mediated phosphodiester bond hydrolysis results in a lower 

activation barrier than when H214 acts as the general base (by 23 kJ/mol, Figures 5.4b and 

5.5), yet still significantly higher than the experimental barrier (by 29.1 kJ/mol).16 This 

reaction pathway also leads to an endergonic PC (by 48.2 kJ/mol) despite the leaving group 

being more strongly coordinated to the metal (r(O3ʹ⋯Mg2+) is 0.2 Å shorter, Figure D.10, 

Appendix D).  

 

 

Figure 5.5. The relative Gibbs energies (kJ/mol) for the phosphodiester bond hydrolysis 

via each chemical pathway characterized in the present work facilitated by wild-type (solid 

lines) or in silico mutated (dashed lines) EndoV. Legend describes the type of metal 

coordination (direct versus indirect) and identifies the general base and acid in parentheses, 

and mutants in square brackets. 



168 

 

Overall, regardless of whether H214 or D43 activates the water nucleophile, the 

reaction barrier corresponding to bidentate metal coordination to the substrate is well above 

the experimental barrier16 and the PCs are thermodynamically unfavorable (each by ~ 35–

50 kJ/mol). Therefore, despite being proposed for other nucleases,31, 39, 51, 53-55, 98-101 an 

EndoV catalytic pathway involving direct bidentate metal coordination to the substrate is 

unlikely.  

 

5.3.2. Direct Metal Coordination to the Non-bridging Oxygen and Indirect Metal 

Coordination to the O3ʹ Leaving Group of the Substrate Results in Unfavorable 

Reaction Energetics Regardless of the Identity of the General Base. 

When the structural dynamics are taken into account by performing MD simulations 

on the RC containing bidentate metal coordination to the substrate (Figure D.8, Appendix 

D), Appendix D, a water molecule typically moves between the metal and O3ʹ leaving 

group of the substrate despite maintenance of direct coordination to the non-bridging 

oxygen (Figure D.10a, Appendix D). The remainder of the octahedral Mg2+ coordination is 

fulfilled by D43, D110, and two additional active site water molecules (Figures D.11a and 

D.12a, Table D.2, Appendix D). Nevertheless, within this metal coordination geometry, the 

structural dynamics of the active site differentially align other residues with respect to the 

substrate to afford distinct possible catalytic pathways. 

In the first active site conformation uncovered by MD simulations, H214 is well-

positioned to activate the water nucleophile and a metal-ligated water is oriented to act as 

the general acid to stabilize the O3ʹ leaving group (Figure D.6c, Appendix D). Unlike the 
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previous mechanism involving same general base (H214) and bidentate metal–substrate 

coordination (Figure 5.4a), the nucleophilic water lies further from H214 and the 

phosphorus reaction center in the QM/MM RC (r(NH214⋯Hw) and r(Ow⋯P) are each 

elongated by 0.3 Å, Figures D.9c, D.10a and D.13a, Appendix D). Unlike the first 

mechanism with the same general base (H214), the phosphodiester bond cleavage pathway 

follows a SN1 mechanism when a metal-ligated water acts as the general acid (Figure 5.6a). 

In the first reaction step, deprotonation of the nucleophilic water proceeds through proton 

transfer to H214 (r(NH214⋯Hw) = 1.226 Å) with simultaneous formation of a new P–Ow 

bond (1.957 Å, Figure D.13a, Appendix D) and a corresponding barrier of 202.4 kJ/mol 

(TS1, Figures 5.5 and 5.6a). TS1 evolves into a 44.1 kJ/mol more stable penta-coordinated 

phosphorane intermediate in which the substrate charge stabilization provided by the metal 

and K139 is maintained. In the second step, the phosphodiester bond starts to dissociate 

(r(P⋯O3ʹ = 2.036 Å, Figure D.13a, Appendix D) and the proton from the metal-ligated 

water is partially transferred to the O3ʹ leaving group. As expected for a weaker general 

acid, this leads to a rate-determining barrier (222.8 kJ/mol, Figures 5.5 and 5.6a) that is 

78.2 kJ/mol higher than the mechanism involving the same base (H214) and direct metal– 

O3ʹ coordination. TS2 collapses into a highly unstable PC (by 147.6 kJ/mol) in which the 

leaving group is protonated by a metal activated water. Although an analogous pathway has 

been proposed for one-metal dependent I-PpoI (Figure 5.3c),39, 55 the large rate-determining 

barrier and thermodynamically unfavorable PC suggest this pathway is unlikely for EndoV. 
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Figure 5.6. The mechanisms characterized in the present work for phosphodiester bond 

cleavage involving direct metal–substrate ligation to the non-bridging phosphate oxygen, 

with a metal-ligated water stabilizing the leaving group and a) H214 or b) a substrate 

phosphate activating the water nucleophile. Relative Gibbs energies (kJ/mol) are provided 

in parentheses. 

 

During the MD simulations, a water molecule can also be suitably placed with 

respect to the phosphate moiety in the 3ʹ direction from the bond cleavage site for 

nucleophile activation (Figure D.6d, Appendix D). In the corresponding QM/MM RC, 

switching the general base from H214 to the substrate phosphate in the same metal 

coordination environment places the nucleophilic water in a more optimal orientation 

(Figure D.13, Appendix D). While the non-bridging oxygen of the scissile phosphate 

moiety is significantly more stabilized by K139, the O3ʹ leaving group is notably less 

stabilized by metal-ligated water compared to the H214-driven mechanism (Figure D.13, 

Appendix D). Unlike the corresponding two-step H214-activated mechanism, this reaction 

occurs in a single step (Figure 5.6b), with the attacking water molecule approaching 

phosphorus (r(Ow⋯P) = 1.801 Å) and releasing a proton to the downstream phosphate 

group in the TS, the P–O3ʹ bond simultaneously starting to break (2.519 Å), and a proton 

from a Mg2+-ligated water being partially transferred to the leaving group (Figure D.13b, 
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Appendix D). This characterized EndoV mediated pathway parallels that reported in a 

QM/MM MD study of the two-metal mediated RNase H (Figure 5.3f).31, 66Additionally, X-

ray crystallographic data for two-metal dependent BamHI led to the proposal that a water 

coordinated to MnB
2+ protonates the leaving group, while the same metal also stabilizes the 

charge on the substrate through direct coordination (Figure D.1b, Appendix D).102 In 

contrast, a QM/MM study on the two-metal mediated EcoRV concluded that a similar 

pathway is infeasible.101 Although the EndoV pathway affords a significantly lower 

activation barrier than the reaction initiated by H214 (by 98.3 kJ/mol), the overall energetic 

requirement is still notably larger than that predicted by experiment (by approximately 32 

kJ/mol)16 and the corresponding PC is not thermodynamically favorable (by 96.2 kJ/mol, 

Figures 5.5 and 5.6b).  

In summary, despite literature precedence for similar proposed reaction pathways 

for other nucleases,31, 39, 55, 66, 101-102 EndoV-facilitated phosphodiester bond hydrolysis 

involving direct coordination to the non-bridging oxygen and water-mediated metal 

contacts with the O3ʹ leaving group is not catalytically feasible regardless of the identity of 

the general base.  

  

5.3.3. Indirect Metal Coordination to the Substrate Leads to a Highly Unfavorable 

Reaction When a Mg2+-ligated Water Stabilizes the Leaving Group 

Although no catalytically feasible pathway could be characterized in the present 

work that involves direct metal coordination to the substrate, an active site configuration 

involving indirect metal coordination to the substrate has been observed in the 
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endonuclease literature.41, 50, 56, 69 Specifically, a crystal structure of a phosphorothioate RC 

analogue of one-metal mediated APE1 shows a Mn2+-coordinated water within hydrogen-

bonding distance to a non-bridging oxygen of the scissile phosphate (PDB ID: 5DG0, 

Figure 5.3b).50 Furthermore, QM calculations on APE1 revealed that indirect metal–

substrate ligation is preferred over the direct substrate ligation observed in the crystal 

structure of the PC (PDB ID: 4IEM, Figure 5.3a), while QM/MM calculations verified this 

metal binding architecture can facilitate the phosphodiester bond hydrolysis in a manner 

consistent with experimental data.56, 69 A similar water-mediated interaction between Mg2+ 

and a non-bridging phosphate oxygen has been detected in the active site of the RC 

analogue of one-metal dependent Vvn (PDB ID: 1OUP, Figure 5.3h).41 Based on this 

literature, indirect metal–substrate coordination was investigated for EndoV using MD 

simulations in which the octahedral coordination geometry of Mg2+ was satisfied by D43, 

D110, and four active site water molecules (Figures D.11b and D.12b, and Table D.2, 

Appendix D). Throughout the MD simulations, the metal coordination was maintained and 

a metal-ligated water provides substrate stabilization by hydrogen bonding to a non-

bridging phosphate oxygen (72% occupancy, Figure D.11b and Table D.2, Appendix D).  

MD snapshots are present in which H214 is appropriately oriented to activate the 

nucleophile, while a metal-ligated water is positioned to assist leaving group departure 

through substrate protonation (Figure D.6e, Appendix D). When the mode of metal 

coordination to the substrate is switched from direct to indirect in the QM/MM-optimized 

RC (Figures D.9c and D.9e, Appendix D), a nucleophilic water molecule is better 

positioned for the reaction (r(NH214⋯Hw) and r(Ow⋯P) are each 0.3 Å shorter, Figures 

D.13a and D.14a, Appendix D). Because of the loss of direct substrate stabilization by the 
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metal, substrate interactions with K139 become stronger (r(Onon-bridging⋯HK139) is 0.7 Å 

shorter), while a hydrogen bond with a metal-coordinated water is formed (r(O–Hw⋯O3′) 

= 1.743 Å). Unlike the corresponding mechanism involving direct metal–substrate 

coordination (Figure 5.6a), this reaction follows a single-step mechanism (Figure 5.7a). In 

the TS, initiation of nucleophilic attack via proton release to H214 (r(NH214⋯Hw) = 1.074 

Å) is coupled with P–O3ʹ bond cleavage (2.313 Å), while proton transfer from a metal-

ligated water to the substrate has yet to occur (r(O–Hw⋯O3′) = 1.488 Å, Figure D.14a, 

Appendix D). Although the barrier for the concerted pathway is slightly lower than the 

barrier for direct metal–substrate ligation (by 15 kJ/mol, Figures 5.5 and 5.7a), and a similar 

reaction pathway was proposed for single-metal mediated Vvn based on X-ray 

crystallographic data (Figure 5.3h),41 the prohibitively high activation barrier (115.3 kJ/mol 

larger than the experimental barrier)16 and thermodynamically unfavorable PC (by 103.4 

kJ/mol, Figure 5.7a) make this pathway infeasible for bacterial EndoV. 

During MD simulations on the RC with indirect metal coordination, a water 

molecule can also be well-positioned for proton abstraction by the substrate phosphate 

moiety in the 3ʹ direction from the scissile phosphate (Figure D.6f, Appendix D). In the 

corresponding QM/MM RC (Figure D.9f, Appendix D), the water molecule remains 

optimally placed with respect to the phosphorus reaction center as seen in the corresponding 

RC involving direct metal ligation (Figures D.13b and D.14b, Appendix D). A Mg2+-

coordinated water forms an interaction with a non-bridging oxygen of the scissile 

phosphate moiety (r(O–Hw⋯Onon-bridging) = 1.864 Å), while a second metal-ligated water 

forms a strong hydrogen bond with the leaving group (r(O–Hw⋯ O3′) = 1.704 Å). K139 

hydrogen bonds with and has already transferred a proton to a non-bridging oxygen of the 
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scissile phosphate moiety in the RC directly connected to the first TS for this pathway. 

Changing the mode of metal coordination from direct to indirect in the phosphate-activated 

mechanism switches the pathway from a concerted to a stepwise mechanism (Figure 5.7b). 

In the first step, nucleophilic attack of water at the phosphate (r(Ow⋯P) = 1.995 Å, Figure 

D.14b, Appendix D) leads to a high rate-determining barrier (173.6 kJ/mol, TS1, Figures 

5.5 and 5.7b). This results in a phosphorane intermediate that is 72.6 kJ/mol more stable 

than TS1. In the second reaction step, the phosphodiester bond cleavage simultaneously 

occurs with substrate protonation by a metal-ligated water (Figure D.14b, Appendix D). 

The barrier is similar to the phosphate-driven mechanism involving direct metal ligation 

(within 3.1 kJ/mol, Figure 5.5), while the endergonic PC is within 1.9 kJ/mol.  

 

 

Figure 5.7. The mechanisms characterized in the present work for phosphodiester bond 

cleavage involving indirect metal–substrate ligation to the non-bridging phosphate oxygen, 

with a metal-ligated water stabilizing the leaving group and a) H214 or b) a substrate 

phosphate activating the water nucleophile. Relative Gibbs energies (kJ/mol) are provided 

in parentheses. 

Overall, although phosphodiester bond cleavage pathways involving indirect metal 

coordination to the substrate have been observed for other endonucleases,41, 50, 56 a metal-
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ligated water cannot effectively stabilize the leaving group for bacterial EndoV regardless 

of the general base considered.  

 

5.3.4. A Catalytically Feasible Reaction Pathway Occurs When an Active Site Lysine 

Plays the Major Role of Leaving Group Activation, While a Metal-ligated Water 

Provides Critical Transition State Stabilization, Regardless of the Route of Water 

Nucleophile Activation. 

The previous sections have underscored that chemical mechanisms in which Mg2+ 

promotes leaving group departure through either direct or indirect (water-mediated) 

coordination are not catalytically feasible for EndoV regardless of the identity of the 

general base (H214, the substrate phosphate moiety, or D43) or mode of substrate charge 

stabilization (direct or indirect metal coordination, or K139). This suggests that there must 

be another residue that fulfills the role of the general acid. Indeed, MD simulations reveal 

a new active site conformation in which K139 hydrogen bonds to the O3ʹ leaving group 

regardless of the metal–substrate coordination geometry (Figures D.6g–h, Appendix D). A 

lysine is part of a conserved PD-(D/E)XK motif in the active site of several endonucleases 

including EcoRI,103 EcoRV,104 PVuII,105 FokI,106 and BglI.107 Although experimental 

mutational data also suggests that lysine is important for the enzymatic activity of 

EcoRV,108 PvuII endonuclease,109 and mouse EndoV,57 the catalytic role of lysine has not 

been computationally explored for an endonuclease to date to the best of our knowledge.  

Multiple MD frames exist where Mg2+ is directly coordinated to the substrate, H214 

is properly positioned to activate the water nucleophile, and K139 is hydrogen bonding to 
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the O3ʹ leaving group. However, when attempting to characterize the TS from this starting 

point, the direct metal coordination reverts to indirect coordination, hinting that indirect 

coordination is preferred. Indeed, MD simulations on the RC involving indirect metal 

ligation reveal a catalytically plausible active site arrangement in which K139 hydrogen 

bonds to O3ʹ and H214 is appropriately placed to activate the water nucleophile (Figure 

D.6g, Appendix D). When metal-ligated water is substituted by K139 as the general acid, 

the structural parameters are similar in the QM/MM-optimized RCs, with the substrate 

stabilization from a Mg2+-ligated water molecule being strengthened (r(Mg–Ow⋯ Onon-

bridging) decreases by ~ 0.2 Å, Figures D.14a and D.15a, Appendix D). Although the reaction 

continues to follow a SN2 mechanism (Figure 5.8a), the reaction parameters in the 

concerted TS are significantly different. Specifically, despite the approach of the water 

nucleophile to the phosphorus reaction center being more advanced for K139-mediated 

reaction, water has not donated a proton to H214 (Figures D.14a and D.15a, Appendix D). 

In contrast, K139 has almost completely donated a proton to the O3ʹ leaving group, while 

the P–O3ʹ bond cleavage is at the early stage of the reaction. This leads to a significantly 

lower energy barrier (by 138.0 kJ/mol, Figures 5.5, 5.7a and 5.8a) and the phosphodiester 

bond dissociation results in the first exergonic PC (by 126.4 kJ/mol). In the PC, the newly 

formed O–H hydrogen bonds to K139 (O3ʹ–H⋯NK139 = 1.768 Å), while the P–O bond 

interacts with protonated H214 and a metal-ligated water continues to provide substrate 

stabilization (Figures D.14a and D.15a, Appendix D).  

As the activation barrier (69.8 kJ/mol) is less than the experimental barrier for 

product generation (92.5 kJ/mol)16 and an exergonic PC is formed, the catalytic pathway 

characterized that involves K139 as a general acid is viable for EndoV.  Furthermore, the 
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active site configuration is similar to that observed in the crystal structure of the PC (Figure 

D.16a, Appendix D). Indeed, although our proposed mechanism requires a slight change in 

the orientation of K139 compared to the crystal structure of the PC, there is a small (~ 1 Å) 

difference in heavy atom distance between K139 and the non-bridging oxygen versus the 

O3ʹ-bridging oxygen of the scissile phosphate in the crystal structure (PDB ID: 2W35).17 

MD simulations verify that the flexible lysine side chain can readily reorientate in EndoV, 

and active site rearrangements are common to yield the final nuclease products.35, 45, 48, 58-

60 Our proposed pathway also parallels previous enhanced sampling MD simulations and 

free energy calculations on RNA-dependent RNA polymerase (RdRP), where K551 is not 

near the leaving group in the crystal structure, but is proposed to form a strong hydrogen 

bond with and transfer a proton to the leaving pyrophosphate group during product 

formation.67 

To ensure that proton transfer from lysine to the substrate is not an artifact of using 

mechanical embedding to describe the QM/MM boundary, the mechanisms with H214 

acting as the general base and a metal-ligated water or K139 as the general acid were 

reconsidered using electrostatic embedding (Figure D.17, Appendix D). The proton transfer 

from lysine to the substrate occurs later in both reaction pathways with EE, which results 

in more endergonic PCs that are directly connected to the TSs. Nevertheless, the final 

product has yet to form in any reaction pathway investigated in the present work as this 

likely involves significant active site reorganization coupled with metal migration as 

discussed for other nucleases.35, 45, 48, 58-60 Furthermore, the proton from K139 transfers to 

the O3ʹ-leaving group in the PC under the EE scheme, and other structural features are 

highly similar along the ME and EE pathways for each mechanism (Figure D.17, Appendix 
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D). Therefore, there are minimal changes to the predicted barriers upon re-optimization 

with EE (< 14% change, Figure D.17, Appendix D). Most importantly, the mechanism in 

which a metal ligated water promotes leaving group departure remains energetically 

unfavorable, while the mechanism in which K139 stabilizes the O3ʹ-leaving group is 

feasible, verifying that ME effectively describes the phosphodiester bond hydrolysis 

reaction considered in this work. 

 

 

Figure 5.8. The mechanisms characterized in the present work for phosphodiester bond 

cleavage involving indirect metal–substrate ligation to the non-bridging phosphate oxygen, 

with K139 stabilizing the leaving group and a) H214 or b) a substrate phosphate activating 

the water nucleophile. Relative Gibbs energies (kJ/mol) are provided in parentheses. 

As seen for the mechanisms characterized that involve a metal-ligated water acting 

as the general acid, an alternative general base is possible when K139 stabilizes the leaving 

group. Specifically, in a second active site arrangement observed during MD simulations 

on the RC in which K139 is positioned close to the O3ʹ leaving group, a potential 
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nucleophilic water is oriented toward the 3ʹ-phosphate moiety of the substrate (Figure D.6h, 

Appendix D). In the corresponding QM/MM-optimized RC, the same water is suitably 

positioned for in-line attack on the scissile phosphate while being in proximity to the 

downstream phosphate moiety (Figures D.9h and D.15b, Appendix D). Unlike the previous 

K139-mediated mechanism with H214 as the base, the leaving group forms a stronger 

interaction with K139 in the RC (r(O3ʹ⋯HK139) is 0.5 Å shorter), while the substrate charge 

stabilization from a Mg2+-ligated water molecule is maintained (Figure D.15, Appendix D). 

Similar to the H214-activated pathway, a SN2 mechanism was characterized (Figure 5.8b) 

in which a proton from the nucleophile has not yet transferred to the phosphate group, but 

water has initiated attack at the phosphorus (Figure D.15, Appendix D). Cleavage of the P–

O3ʹ bond is more advanced in the TS when the substrate phosphate acts as the general base 

(by ~ 0.3 Å), while K139 protonates the leaving group. As discussed for the H214-mediated 

mechanism, the activation barrier is catalytically feasible (54.8 kJ/mol, Figures 5.5 and 

5.8b) and an exergonic PC (by 76.1 kJ/mol) is obtained that has a similar active site 

configuration to that observed in the crystal structure of the PC (Figure D.16b, Appendix 

D), further underscoring the viability of K139 as the general acid for the reaction. Substrate 

assisted nucleophile activation parallels the proposal reported for one-metal containing 

EcoRI (Figure 5.3j), where a significant reduction in the catalytic activity was observed 

upon modifying the pro-Rp phosphoryl oxygen of the substrate to H-phosphonate.52 

Although the activation barrier is lower when the substrate phosphate group rather than 

H214 acts as the general base when the metal indirectly coordinates to the substrate, the 

difference (15 kJ/mol) is minor and the activation barrier of both catalytic pathways is less 

than the experimental barrier for product generation (92.5 kJ/mol),16 suggesting that both 

pathways are feasible. The possibility of alternate mechanisms correlates with the H214A 
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EndoV mutation reducing enzymatic activity by only 20%.47 Furthermore, similar to our 

proposal, a QM/MM-MD study on the two-metal mediated CRISPR-Cas9 uncovered two 

alternate mechanisms involving H983 or a substrate phosphate as the general base that fall 

within the statistical errors of the calculations.63 

Overall, our data suggest that EndoV can use a unique combination of residues to 

cleave the phosphodiester bond, namely lysine (K139) stabilizes the leaving group, either 

H214 or a substrate phosphate moiety activates the nucleophilic water, and the metal plays 

the important role of stabilizing the transition state formed during the reaction. The metal 

is also critical for maintaining the correct active site conformation and rigidity to promote 

the reaction. Although five of the eight MD snapshots used to characterize different 

chemical pathways in the present work have K139 in the same orientation as the crystal 

structure (i.e., within hydrogen-bonding distance of a non-bridging phosphate),17 none of 

these mechanisms are energetically feasible, which suggests that K139 plays a more active 

role in the reaction. Indeed, our proposal that K139 is the general acid correlates with 

experimental mutation of lysine abolishing the catalytic activity of the enzyme in the mouse 

homologue.57 Although lysine is rarely observed as a general acid, the proposal that lysine 

acts as the general acid in the P–O bond cleavage reaction is not completely unprecedented. 

Specifically, there is experimental evidence that directly confirms the general acid role of 

a lysine residue in P–O bond cleavage in other metallonucleases (K532 in human 

topoisomerase I110 and K167 in vaccinia topoisomerase)111 as well as computational 

evidence for the role of lysine as an acid in P–O bond formation by polymerases (K551 in 

RdRP).67 
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5.3.5. Large Catalytic Impact of in silico K139 Mutation Correlates With the 

Observed Complete Loss of Enzymatic Activity Upon K155 Mutation in the Mouse 

Homologue of EndoV. 

As mentioned previously, the proposed role of K139 as the general acid in the 

mechanism of action of EndoV correlates with mutational data from the mouse homologue 

of EndoV, which suggests complete loss of catalytic activity upon K155A mutation,57 as 

well as the conservation of this residue across the EndoV family.14 To further explore the 

role of lysine in our proposed EndoV catalytic pathways, K139 was mutated to alanine and 

the reaction pathways were remapped (Figure 5.9a–b). A single-step pathway is 

characterized for the K139A EndoV mutant regardless of the general base. Although most 

structural parameters in the RC and PC of wild-type EndoV are preserved upon K139A 

mutation when H214 activates the water nucleophile, the transition state for the 

phosphodiester bond cleavage is more advanced for mutant EndoV (r(Ow⋯P) is 0.5 Å 

shorter and r(P⋯O3ʹ) is 0.4 Å longer, Figures D.15a and D.18a, Appendix D). Nevertheless, 

the loss of substrate charge stabilization by K139 raises the activation barrier by 126.0 

kJ/mol (Figures 5.5, 5.8a and 5.9a) and the PC becomes endergonic (by 165.3 kJ/mol). 

When the substrate phosphate acts as the general base in the K139A EndoV mutant (Figure 

5.9b), the nucleophilic water falls further from the 3ʹ-phosphate group in the RC than for 

the corresponding wild-type mechanism (Figures D.15b and D.18b, Appendix D), resulting 

in a late transition state for nucleophilic attack (r(Ow⋯P) is reduced by ~ 0.6 Å) and a 

significantly higher barrier (by 161.1 kJ/mol, Figures 5.5, 5.8b and 5.9b). The TS is then 

converted into an endergonic PC (unstable by 149.1 kJ/mol). Overall, the predicted 

energetically unfavorable pathways upon the introduction of the K139A mutation correlates 
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with the experimental observation that the K155A mutation leads to complete loss of 

activity for the mouse homologue of EndoV57 and supports our proposed EndoV reaction 

mechanisms in which a lysine (K139) facilitates leaving group departure. 

 

 

Figure 5.9. The mechanisms characterized in the present work for phosphodiester bond 

cleavage by the K139A EndoV mutant involving a metal-ligated water stabilizing the 

leaving group, and a) H214 or b) a substrate phosphate activating the water nucleophile, 

and c) the H214A mutant involving K139 stabilizing the leaving group and a substrate 

phosphate activating the water nucleophile. Relative Gibbs energies (kJ/mol) are provided 

in parentheses. 
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5.3.6. Small Catalytic Impact of in silico H214 Mutation Correlates With a Reported 

Modest Reduction in Catalytic Activity for the H214A EndoV Mutant.  

To further explore our proposed reaction pathways and the experimentally-observed 

impact of the H214A mutation on EndoV catalytic activity, H214 was mutated to alanine. 

Since 80% the wild-type catalytic activity is retained in the H214A mutant,47 it is a 

reasonable assumption that the active site conformation does not significantly change. 

Therefore, H214 was directly mutated to alanine in the QM/MM model of the wild-type 

phosphate-mediated mechanism. Upon introduction of the H214A mutation, active site 

residues maintain their relative positions with respect to the substrate in the QM/MM 

optimized RC (Figure D.19a, Appendix D). However, due to the loss of a hydrogen-

bonding interaction with H214 (Figure D.19b, Appendix D), the nucleophilic water lies 

further from the 3ʹ-downstream phosphate group upon removal of H214 (r(Onon-bridging⋯Hw) 

is ~ 2 Å longer, Figures D.15b and D.18c, Appendix D). Nevertheless, the mutant RC 

evolves into a concerted TS (Figure 5.9a) that has very similar structural parameters of the 

wild-type variant, including the key reaction coordinates (r(Ow⋯P) is within 0.03 Å and 

r(P⋯O3ʹ) is within 0.06 Å, Figures D.15b and D.18c, Appendix D). As a result, introduction 

of the H214A mutation raises the activation barrier by only 9.3 kJ/mol and leads to a 44.4 

kJ/mol less exergonic PC that has similar structural parameters (Figures 5.5, 5.8b and 5.9c). 

Despite helping to align the water nucleophile when not acting as the general base (Figure 

D.19b, Appendix D), our calculations further highlight that H214 is not critical for the 

reaction. Indeed, our in silico mutational data correlates with the H214A EndoV mutant 

maintaining 80% of the catalytic activity of the wild-type enzyme.47  
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5.3.7. EndoV Uses a Different Catalytic Pathway Than Proposed for Other Single-

Metal Dependent Endonucleases, Yet Further Supports That One-Metal is Enough 

for Catalysis of Phosphodiester Bond Cleavage.  

From the multiple catalytically-active conformations observed during MD 

simulations, eight distinct pathways for EndoV-facilitated phosphodiester bond cleavage 

were characterized using QM/MM. In terms of the general base, although crystallographic 

and biochemical data have revealed a metal-ligated aspartate activates the nucleophilic 

water for two-metal mediated RNase P (D399)100 and EcoRV (D90),101 a pathway in which 

metal-ligated aspartate (D43) activates the nucleophile is not feasible for EndoV. On the 

other hand, similar to proposals based on crystallographic and biochemical studies that 

histidine is the general base for one-metal dependent I-PpoI (H98),39 Vvn (H80),41 and T4 

endonuclease VII (H41),51 EndoV can use H214 to activate the water nucleophile. 

However, mutational data indicates these other enzymes exhibit complete loss of catalytic 

activity upon mutation of the respective histidine,41, 55, 99, 112 while the H214A bacterial 

EndoV mutant maintains 80% of the wild-type activity.47 Indeed, a second pathway 

involving nucleophile activation by a substrate phosphate moiety 3ʹ with respect to the 

cleavage site is feasible for EndoV. A similar substrate-phosphate-mediated mechanism has 

been suggested based on an experimental study on one-metal dependent EcoRI52 and 

QM/MM-MD calculations on two-metal dependent RNase H.66 The possibility of two 

alternate pathways for EndoV correlates with the activity of the H214A mutant and parallels 

a proposal from QM/MM-MD that two-metal dependent CRISPR-Cas9 can employ H983 

or a substrate phosphate as the general base.63 
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In terms of facilitating leaving group departure, direct coordination of the metal to 

the substrate has been suggested to stabilize O3ʹ of the substrate based on X-ray 

crystallographic studies of single-metal containing I-PpoI39 and T4EndoVII,51 and two-

metal-containing RNase P100 and AaRNase III.98 However, the active site composition of 

EndoV appears to prevent the metal from efficiently functioning in this capacity. On the 

other hand, a metal-ligated water has been suggested to protonate the leaving group in two-

metal mediated EcoRV (QM/MM study)101 and BamHI (X-ray crystallographic study).102 

A metal-activated water has also been proposed to be the general acid for one-metal 

mediated APE1 (QM/MM study).56 Nevertheless, our calculations suggest the 

corresponding pathway is infeasible for EndoV, emphasizing that different single-metal 

dependent nucleases function in unique ways due to different active site compositions. 

Although lysine has not been previously proposed to act as the general acid for reactions 

catalyzed by endonucleases, DFT/MM-MD calculations suggest that lysine (K551) 

stabilizes the pyrophosphate leaving group through protonation to facilitate the 

phosphodiester bond formation catalyzed by a two-metal dependent RNA polymerase.67 

We hypothesize that EndoV similarly uses lysine (K139) as the general acid to promote P–

O bond cleavage. When coupled with the ability of EndoV to use either H214 or a substrate 

phosphate moiety as the general base, our work highlights a novel catalytic pathway for 

bacterial EndoV to achieve the same phosphodiester bond hydrolysis facilitated by other 

endonucleases through diverse mechanisms.  

The number of metal cofactors required to cleave the backbone of a nucleic acid 

has been a controversial issue at least in part due to the discrepancy between X-ray 

crystallographic and solution studies. As one specific example, the crystal structure of 
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EcoRV reveals two metals in the active site,36 while kinetic data suggests only one metal is 

essential for catalysis.46 More broadly, while structural data originally lead to proposals that 

most endonucleases use a two-metal mediated pathway,34-35 experimental kinetic study of 

the metal concentration dependence of enzymatic activity revealed that some enzymes use 

a single metal for catalysis.37, 45, 47-48 The proposal that one metal is sufficient for the 

chemical step is further sustained by the emergence of crystal structures containing a single 

metal in the nuclease active site.39, 41, 49-51, 53-54, 113 The present work further corroborates the 

previous experimental proposals that one metal is enough to cleave the P–O bond in nucleic 

acids. Indeed, the single metal used by EndoV is in a similar position with respect to the 

substrate in our calculated structures as the second metal (MgB
2+) in two-metal mediated 

endonucleases (Figure D.20, Appendix D), and the role of the first metal (MgA
2+) in 

nucleophile activation can be fulfilled by an amino acid (histidine) or the substrate.48, 59, 114 

This idea that EndoV uses a single metal for the catalytic step correlates with kinetic data47 

and the single metal present in the active site in the crystal structure of the enzyme.17 This 

work presents only the second example of an endonuclease for which computational 

methods demonstrate the feasibility of single-metal mediated catalysis.  

The multiple pathways compared and contrasted in the present work permitted the 

prediction of unique chemistry, which highlights that diversity in the active site framework 

allows different endonucleases to achieve the same challenging phosphodiester backbone 

cleavage in nucleic acids in different ways. Indeed, despite high sequence conservation 

among bacterial and mouse EndoV (Figure D.21, Appendix D), time-lapse X-ray 

crystallography snapshots suggest that mouse EndoV follows a two-metal mediated 

mechanism,57 while our calculations reveal that bacterial EndoV follows a single-metal 
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mediated mechanism for P–O bond cleavage. Sequence alignment of the two enzymes 

shows that the composition of the active site varies by a single amino acid (H214 in 

bacterial EndoV versus D240 in mouse EndoV, Figure D.21, Appendix D). This comparison 

further underscores how a slight difference in the identity of amino acids in the active site 

of a metalloenzyme can change the required number of metals (or perhaps even a different 

role of the metals) to facilitate the phosphodiester bond hydrolysis. 

 

5.4. Conclusion 

This is the first computational study on an enzyme from the EndoV family that explored 

different possibilities for the metal binding architecture, the general base, and the general 

acid for bacterial EndoV, including combinations that have been previously proposed for 

other nucleases. Specifically, eight different potential catalytic pathways were 

characterized using a multipronged MD and QM/MM approach. Although the metal can 

sufficiently stabilize the leaving group either directly or indirectly through a coordinated 

water for other enzymes, a similar mechanism is unlikely for EndoV. Instead, K139 was 

identified as the general acid that promotes leaving group departure, while substrate charge 

stabilization is provided by a metal-coordinated water. This proposed role for K139 is 

supported by experimental data indicating the K155A mutation leads to complete loss of 

catalytic activity for the mouse homologue of EndoV.57 Furthermore, the phosphodiester 

bond cleavage is energetically unfavorable for the in silico K139A mutant. Interestingly, 

either H214 or a 3ʹ-substrate phosphate can initiate the reaction by activating the water 

nucleophile, which correlates with experimental data suggesting that the H214A mutant 

maintains 80% of the catalytic activity of the wild-type enzyme.47 This previously unseen 
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combination of general base, general acid, and metal-binding architecture is fully consistent 

with experimental kinetic,16 structural,17 and mutational data47, 57 and underscores the 

novelty of the catalytic pathways used by bacterial EndoV to facilitate the same 

phosphodiester bond hydrolysis as other endonucleases. In the nuclease literature where 

the role and number of metal ions required for phosphodiester bond cleavage are highly 

controversial issues, the present work contributes towards the idea that one metal is capable 

of catalyzing this difficult bond cleavage reaction. The fundamental understanding about 

the catalytic function of EndoV afforded by the present work will promote exploration of 

new and improved applications of bacterial EndoV in biotechnology and medicine, 

including the detection of disease inducing gene mutations or the design of therapeutic 

solutions for ailments such as neurological disorders and carcinomas.  
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Chapter 6: Mechanism of Nucleic Acid Phosphodiester Bond Cleavage by 

Human Endonuclease V: MD and QM/MM Calculations Reveal a 

Versatile Metal Dependence 

Preface: Chapter 6 includes a currently unpublished manuscript [Kaur, R.; Wetmore, S. D., 

[Mechanism of Nucleic Acid Phosphodiester Bond Cleavage by Human Endonuclease V: 

MD and QM/MM Calculations Reveal a Versatile Metal Dependence. 2024, ACS Cat. 

Submitted (manuscript ID: cs-2024-01060f)]. In this chapter, both authors contributed to 

the reviewing and editing of the manuscript. I aided conceptualization of the project, 

performed MD simulations, and characterized total 4 phosphodiester bond cleavage 

pathways. In addition, I performed the overall data/results analysis, wrote the first draft of 

the manuscript, and generated all figures. S. D. Wetmore was involved in project 

conceptualization and administration, supervision, funding and resource acquisition, data 

visualization and interpretation, and writing the original draft of the manuscript. 

 

6.1. Introduction 

Inosine is a key post-transcriptional modification that arises in RNA through various 

pathways.1 For example, spontaneous hydrolysis of adenosine (A) or exposure of A to 

nitrosative stress caused by superoxides and nitric oxide during inflammation can result in 

inosine.1-3 Alternatively, imbalanced purine nucleotide metabolism can lead to unexpected 

inosine triphosphates incorporation into mRNA during transcription, which can result in 

mutant proteins and inhibit cell viability.4-5 Although adenosine deaminases also yield 

inosine as a part of RNA editing to control gene integrity and gene expression,6-7 
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hyperedited RNA can occur, resulting in codon changes and thereby altering protein 

translation.1 In fact, although balanced adenosine-to-inosine editing is necessary for 

generating RNA and protein diversity,8 dysregulated adenosine-to-inosine editing has been 

connected to 17 different cancers, ranging from colorectal to breast invasive carcinoma,9-10 

as well as other diseases, such as epilepsy,11 amyotrophic lateral sclerosis (ALS),12 autism,13 

Alzheimer’s,14 atherosclerosis,15 and schizophrenia.16 Therefore, the amount of inosine in 

RNA must be carefully regulated. 

Endonuclease V (EndoV) is a conserved family of enzymes (Figure 6.1a) that 

removes deaminated nucleobases, including inosine, by cleaving phosphodiester bonds in 

nucleic acids.17-19 Despite highly conserved enzymes generally having similar functions, 

the bacterial homologue of EndoV is involved in DNA repair,20 while eukaryotic EndoV is 

involved in RNA metabolism.18 EndoV has also been implicated in the development, 

detection, and treatment of human diseases.15, 21-27 For example, overexpression of 

catalytically-inactive EndoV increases sensitivity towards hepatocellular carcinoma 

treatments.22 Furthermore, eukaryotic EndoV is overexpressed in carotid atherosclerotic 

lesions, with enzyme inhibition reducing both plaque size and severity of ischemic 

strokes.15 Finally, a genome-wide study of psychiatric disorders demonstrated a significant 

association between genes that encode EndoV and schizophrenia.21 To better understand 

the cellular biochemistry and further enhance disease management, the molecular level 

details of the mechanism of action used by members of the EndoV family must be 

uncovered.  
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Figure 6.1. a) Sequence alignment of bacterial, mouse, and human EndoV, with key active 

site amino acids highlighted. The species and respective GenBank accession numbers used 

for the alignment are Thermotoga maritima and Q9X2H9 for bacterial EndoV, Mus 

musculus and Q8C9A2 for mouse EndoV, and Homo sapiens and Q8N8Q3 for human 

EndoV. The X-ray crystal structure of the b) apo-human EndoV, c) active site for the RC 

of wild-type mouse EndoV bound to a dsRNA substrate, and d) active site for the PC of 

wild-type bacterial EndoV bound to a ssDNA substrate. 

Human EndoV catalyzes the Mg2+-dependent cleavage of the second 

phosphodiester bond on the 3ʹ-side of inosine to generate the 3ʹ-hydroxy and 5ʹ-phosphate 

products.28 However, very few details are available about the corresponding mechanism of 

action. The role and number of metal/s required to cleave the phosphodiester bond are 

unknown, with no experimental or computational study having investigated the metal 

dependence of human EndoV activity to date. In fact, the currently available crystal 

structure of human EndoV (PDB ID: 6OZE, Figure 6.1b) does not contain the substrate or 

metal cofactor/s.28 Furthermore, mutational studies have highlighted the roles of only a few 

residues, with D52A and Y91A mutations abolishing catalytic activity.17-18 Comparisons to 

mouse and bacterial EndoV suggest that Y91 likely occupies the empty space remaining in 
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DNA following base flipping upon substrate binding,29 while D52 is likely involved in 

metal binding in the active site.28 Due to the scarcity of information, there has not yet been 

a proposal for the human EndoV phosphodiester bond cleavage pathway.  

The prediction of the human EndoV mechanism of action is further complicated by 

the fact that enzymes from different species have been concluded to use a different number 

of metals to catalyze the phosphodiester bond cleavage despite high sequence similarity 

(Figure 6.1a). For mouse EndoV, X-ray crystallographic data reveal two metals in the active 

site (Figure 6.1c).28 Indeed, the most widely accepted mechanism for nuclease catalysis 

based on available structural data involves two metals.28, 30-50 The first metal (MA
2+) 

activates the water nucleophile for attack at the scissile phosphate, the second metal (MB
2+) 

promotes leaving group departure through direct or water-mediated coordination, and both 

metals provide substrate charge stabilization by coordinating to the non-bridging oxygen 

of the scissile phosphate (Figure 6.2a).51 However, the roles and stoichiometry of the metal 

ions needed for nuclease catalysis has been a controversial issue for almost two decades,52-

66 with proposals for the two-metal mediated mechanism based solely on structural data 

having been called into question. Indeed, metal concentration dependencies in solution 

suggest that only one metal may be essential for catalysis by some enzymes despite some 

endonucleases having two metal-binding sites.34, 38, 56, 67-68  
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Figure 6.2. The general proposed mechanism for a) two-metal or b) single-metal mediated 

phosphodiester bond cleavage by an endonuclease (M2+ = metal, and R = H for DNA or 

OH for RNA). 

In contrast to mouse EndoV,28 bacterial EndoV has been proposed to use a single 

metal to facilitate P–O bond cleavage,62, 69 at least in part due to the presence of only one 

metal in the active site in the X-ray crystal structure of the product complex (PC) of the 

wild-type enzyme bound to a single-stranded DNA (ssDNA) substrate (Figure 6.1d). In 

single-metal dependent nucleases, the function of the first metal in nucleophile activation 

in the two-metal mediated pathway (MA
2+) has been proposed to be fulfilled by an active 

site amino acid (Figure 6.2b),51, 54-55 such as H214 in bacterial EndoV (Figure 6.1d).62 

According to sequence alignment, human EndoV contains an Asp residue (D240) in an 

equivalent position as H214 in bacterial EndoV (Figure 6.1a). The suggestion that human 

EndoV may only require one metal is further supported by other single-metal dependent 

nucleases that have been proposed to efficiently use an Asp residue coupled with one metal 

to achieve the P–O bond cleavage, such as APE1 (D210, Figure 6.3a).57, 63-64 Although an 
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abundance of experimental structural and kinetic studies have proposed that several 

nucleases use a single metal to cleave the phosphodiester bond,29, 70-75 computational 

studies investigating the catalytic mechanisms used by one-metal mediated nucleases are 

relatively scarce.57, 62-64  

To address gaps in the EndoV literature, the present work has used a multi-scale 

computational approach to decipher the general mechanism of action of human EndoV. 

Initially, since the only available crystal structure does not contain a substrate or metal 

cofactor/s (Figure 6.1b),28 the first model of the human EndoV–substrate complex was 

constructed. Directed based on existing literature on other nucleases,28, 32, 70, 75-76 including 

EndoV from other species,28-29 molecular dynamics (MD) simulations were then performed 

in triplicate on complexes with different numbers of active site metals and various metal–

substrate binding architectures to gain insights into the structural dynamics of human 

EndoV. Multiple MD snapshots were chosen that correspond to potentially catalytically-

active conformations with differentially aligned active sites as starting points for quantum 

mechanics-molecular mechanics (QM/MM) calculations within the ONIOM formalism. By 

characterizing four unique pathways with different numbers of metals (one versus two) and 

modes of metal–substrate coordination (direct versus indirect), we provide the first atomic-

level details of the mechanism of action of human EndoV. Our calculations reveal a rare 

metal dependence for this enzyme and highlight that nucleases may not all strictly follow 

traditional one or two-metal dependent mechanisms. As this is only the second 

computational study of a member of the EndoV family,62 our work enhances our knowledge 

of how this broad family of enzymes process nucleic acids in cells. The fundamental details 

of the chemistry facilitated by human EndoV will be advantageous for future work geared 

toward further understanding the central role of this enzyme in human disease (e.g., 
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cardiovascular disease,15 cancer,22 and psychiatric disorders21), developing new 

therapeutics that target EndoV,15, 21-22 and advancing applications of EndoV in 

biotechnology.25-27, 77-79 

 

Figure 6.3. X-ray crystal structures of the active site in the RC for: a) APE1 bound to a 

thio-substituted substrate, b) the H80A mutant of Vvn, c) the H98A mutant of I-PpoI, d) 

wild-type BglII, e) the D132N mutant of RNase H, and f) wild-type BamHI. 
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6.2. Computational Methodology 

6.2.1. Model Building 

 Although the only available crystal structure of human EndoV is of the apoenzyme 

in the absence of metal cofactor/s (PDB ID: 6OZE),28 the crystal structure of mouse EndoV 

contains a double-stranded RNA (dsRNA) substrate and metal ions (PDB ID: 6OZO).28 

Since the protein sequences of mouse and human EndoV, including the active sites, are 

highly similar (81% sequence identity, Figure 6.1a), a model of the human EndoV–

substrate complex was obtained by superimposing the crystal structures with respect to 

protein heavy atoms (root-mean-square deviation (RMSD) = 1.029 Å, Figure E.1a, 

Appendix E) and deleting mouse EndoV, while retaining the substrate, two Mn2+ ions, and 

five directly coordinated water molecules. The five unpaired terminal nucleotides from the 

5ʹ-side of the inosine-containing RNA strand and 11 nucleotides on the 3ʹ-side of the 

complementary strand were removed due to their distal location from the active site and 

their lack of interactions with the enzyme. Mn2+ ions were replaced with Mg2+ and four 

mutations in human EndoV (C140A, C225S, C226A, and C228S) were reverted using 

PyMOL 2.5.80 PROPKA was used to assign protonation states to titratable amino acids at 

pH 7.0.81 Three models with different metal-binding configurations found in either one or 

two metal-dependent nucleases (Figure 6.3)28, 32, 70, 75-76 were then generated: 1) MgA
2+ was 

removed and the remaining Mg2+ adopted an octahedral coordination geometry involving 

D52, D126, and four water molecules, while the metal formed water-mediated contacts 

with O3ʹ and a non-bridging oxygen of the scissile phosphate (denoted indirect Mg2+–

substrate coordination, Figure E.2a, Appendix E); 2) MgA
2+ was removed and the remaining 

Mg2+ was directly coordinated to both O3ʹ and a non-bridging oxygen of the scissile 
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phosphate, as well as D52, D126, and two water molecules (denoted direct Mg2+–substrate 

coordination, Figure E.2b, Appendix E); and 3) two metals were retained, which are bridged 

by D52 and a non-bridging oxygen of the scissile phosphate (Figure E.2c, Appendix E), 

while MgA
2+ was also coordinated to D240 and three water molecules, and MgB

2+ was also 

coordinated to D126, two water molecules, and O3ʹ of the scissile phosphate.  

 

6.2.2. MD Simulations 

Throughout the MD simulations, the protein and RNA were described using the 

AMBER ff14SB82 and ffbsc0χOL3 force fields,83-84 respectively. Parameters for inosine 

were supplemented by the generalized AMBER force field (GAFF)85 using 

ANTECHAMBER 17.3,86 while the Mg2+ parameters developed by Allnér et al.87 were 

adopted. Atomic partial charges for inosine were determined using the restrained 

electrostatic potential (RESP) from the R.E.D.v.III.4 program.88 The tLEaP module of 

AMBER1889 was used to neutralize the system with 22 Na+ ions, and add 16 Na+ and Cl– 

ions to reach a physiological salt concentration (150 mM), as determined using the SLTCAP 

calculator.90 The entire enzyme–RNA complex was solvated in a TIP3P truncated 

octahedral water box, while maintaining a minimum distance of 10.0 Å between the solute 

and box faces.  

Each system was minimized using 2500 steps of the steepest descent and 2500 steps 

of the conjugate gradient method in each minimization round and applying a 100 kcal mol-

1 Å-2 force constant to the restrained portions. The first minimization step relaxed the 

solvent, while restraining the solute. The second step minimized the solute hydrogen atoms, 
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while restraining the rest of the system. The next minimization step was divided into 9 

rounds to enhance substrate binding while maintaining octahedral metal coordination by 

gradually reducing the solute restraints based on the distance from the active site metal/s 

(starting with 20 Å sphere and ending at 4 Å in 2 Å increments). Subsequently, the full 

solute was minimized while restraining the solvent. In the final minimization step, the entire 

model was minimized with no restraints.  

After minimization, the system was heated from 10 to 310 K in 50 K increments 

using a Langevin thermostat while applying a restraint of 25 kcal mol-1 Å-2. Next, a 200 ps 

equilibration run was performed in which the restraint was relaxed from 25 to 1.5 kcal mol-

1 Å-2. Long-range electrostatic interactions were treated with the particle mesh Ewald 

method and a cut-off of 10 Å from the edge of the solute was used for non-bonding 

interactions. The SHAKE algorithm was used to restrain all bonds containing a hydrogen 

atom. While applying the periodic boundary condition, triplicate 500 ns MD production 

simulations were performed using a NPT ensemble (Berendsen barostat). The hydrogen-

bond distances between the heavy atoms in the four base pairs on the terminal end of the 

3ʹ-side of inosine were restrained using a force constant of 25 kcal mol-1 Å-2 to prevent 

dsRNA unravelling during production simulations.  

The CPPTRAJ module (V18.01) of the AMBER 2018 suite was used to analyze the 

MD trajectories.89 For all hydrogen bond analysis, a hydrogen bond was considered to be 

present when the distance between the heavy atoms was < 3.4 Å and the hydrogen-bond 

angle was > 120°. Backbone RMSD was determined with respect to the first simulation 

frame. The active site RMSD was calculated using the heavy atoms of D52, D126, D240, 

E100, K155, the nucleotides containing the scissile phosphate moiety (A250 and U251), 
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and the 3ʹ-flanking nucleotide of inosine (A252). The RMSDs reveal that all models are 

stable (Figure E.3 and Table E.1, Appendix E).  

MD snapshots of catalytically-active conformations were extracted using strict 

distance-based criteria (Figure E.4 and Table E.2, Appendix E). In particular, a Mg2+-ligated 

water was considered to be in position for leaving group protonation when the distance 

between the water oxygen and O3ʹ of A250 was < 3.5 Å. Mg2+ was considered to be 

appropriately positioned to facilitate leaving group departure when ≤ 2.5 Å from O3ʹ. A 

water molecule was considered to be available for nucleophilic attack when the oxygen was 

< 4.0 Å from the phosphorus reaction centre. D240 was considered to be available to 

activate the water nucleophile when Oδ of D240 is < 7.5 Å from the phosphorus reaction 

centre. A water chain was determined to bridge D240 (Oδ) and the phosphorous reaction 

centre when oxygen of the second water was simultaneously within 3.5 Å of D240 and the 

oxygen of the nucleophilic water.  

 

6.2.3. QM/MM Calculations 

QM/MM was used to map the catalytic pathway starting from each MD snapshot 

chosen as discussed in the previous section. The ONIOM formalism was used due to 

previous successes of this methodology in characterizing the chemical pathways for many 

enzymes,57, 63, 91-94 including metalloenzymes91, 95-101 and nucleases.45, 47-48, 57, 63, 102-103 For 

mechanisms involving a single metal, the QM region included Mg2+ and the directly 

coordinated D52, D126, and three water molecules, as well as an additional water molecule 

either directly coordinated to Mg2+ or hydrogen bonded to E100 (Figure E.5a–b, Appendix 
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E). The QM region also includes D240, E100, K155, the nucleotides containing the scissile 

phosphate moiety (A250 and U251), and an adjacent phosphate on the 3ʹ side of inosine 

(A252), leading to a total of 122 QM atoms and a QM region charge of –3. The MM region 

is composed of the remaining EndoV–RNA complex and any surrounding water molecules 

with an atom within 6 Å of the enzyme or substrate, which resulted in 2357 (direct Mg2+–

substrate coordination) or 2368 (indirect Mg2+–substrate coordination) water molecules and 

an overall charge of –22. For mechanisms involving two metals, the QM region contained 

MgA
2+ and MgB

2+, all coordinated residues, including D52, three water molecules and D240 

for MgA
2+, and 2 water molecules and D126 (in a bidentate manner) as well as the substrate 

and an additional water molecule or the O3ʹ-leaving group for MgB
2+ (Figure E.5c–d, 

Appendix E). An additional water hydrogen bonding to D240 was also included in the QM 

region, along with E100, K155, the nucleotides containing the scissile phosphate moiety 

(A250 and U251), and an adjacent phosphate on the 3ʹ side of inosine (A252), which lead 

to 129 QM atoms and a charge of –1. The MM region was composed as per the single metal 

models, which led to 2314 water molecules and an overall charge of –20. In all models, the 

QM/MM boundary was placed between Cα and Cβ for the amino acids, and between C4ʹ 

and C5ʹ for the A250 and A252 nucleotides.  

The B3LYP-D3(BJ)/6-31G(d,p) level of theory was used to describe the QM region 

of each model, while the AMBER force field (ff14Sb for EndoV82 and ffbsc0χOL3 for 

RNA83-84) was used to describe the MM region. From each optimized reactant complex 

(RC), scans of key reaction parameters (i.e., distances corresponding to nucleophilic attack 

r(Ow⋯P) and P–O bond cleavage r(P–O3ʹ)) were performed to obtain initial guesses for 

transition states (TSs). Each reaction parameter was increased/decreased in 0.10–0.15 Å 
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increments. Specifically, for concerted pathways, r(Ow⋯P) was successively reduced, and 

the bond was subsequently frozen to the distance corresponding to a maximum on the 

potential energy surface, while r(P–O3ʹ) was consecutively increased. For stepwise 

mechanisms, r(Ow⋯P) was first successively decreased to obtain a guess for TS1, and r(P–

O3ʹ) was then elongated in the corresponding intermediate complex (IC, obtained from 

TS1) to obtain a guess for TS2. Subsequently, full TS optimizations were performed for all 

models, followed by scans on key reaction distances (i.e., r(Ow⋯P) and r(P–O3ʹ)) to obtain 

the corresponding RC, IC, and/or product complex (PC), which were then fully optimized. 

For stepwise pathways, the scans of key distances (r(Ow⋯P) and r(P–O3ʹ)) from TS1 and 

TS2 resulted in structurally and energetically similar ICs (within 6 kJ/mol, Figure E.6, 

Appendix E), verifying the pathways are connected. The nature of each minimum (all 

positive frequencies) and TS (single imaginary frequency) was determined using frequency 

calculations performed at the same level of theory as the optimizations, which also afforded 

the Gibbs energy corrections. Single-point energy calculations were carried out at the 

ONIOM(M06-2X/6-311+G(2df,p):AMBER) level of theory to obtain the relative energies. 

All QM/MM calculations were performed using Gaussian 16 (revision B.01).104 
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6.3. Results and Discussion 

6.3.1. The barrier for the single metal-mediated human EndoV pathway involving 

indirect (water-mediated) Mg2+–substrate coordination exceeds the typical P–O bond 

cleavage barrier for nucleases. 

As mentioned in the introduction, an X-ray crystal structure of the PC from wild-

type bacterial EndoV shows a single metal in the active site (Figure 6.1d).29 Although 

bacterial EndoV has been proposed to use H214 as the general base to activate the water 

nucleophile,62 sequence alignment indicates that an aspartate residue (D240) replaces 

histidine in human EndoV (Figure 6.1a). Other single-metal dependent nucleases have been 

proposed to use aspartate to activate the water nucleophile.42, 45, 49, 57, 63-64 For example, a 

crystal structure of a thio-substituted RC analogue of APE1 highlights a single Mn2+ ion 

indirectly coordinated to a non-bridging oxygen of the scissile phosphate through a water 

molecule, and D210 appropriately positioned to aid P–O bond hydrolysis (Figure 6.3a).75 

QM cluster and QM/MM calculations further verified that APE1 favours water-mediated 

Mg2+ coordination to both a non-bridging oxygen and the O3ʹ-leaving group of the scissile 

phosphate, and D210 activates the water nucleophile in the preferred mechanism of 

action.57 Similar water-mediated coordination occurs between the metal and a non-bridging 

phosphate oxygen in an RC analogue of single-metal dependent Vvn (Figure 6.3b).71 

Therefore, a human EndoV model involving one Mg2+ indirectly (water-mediated) 

coordinated to the substrate was initially investigated. 

During MD simulations, Mg2+ maintains an octahedral coordination geometry 

fulfilled by D52, D126, and four water molecules (Figure 6.4a and Table E.3, Appendix E). 

A water molecule is consistently found on average 3.4 ± 0.1 Å from the phosphorus reaction 
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center (Figure 6.4b and Table E.2, Appendix E). Furthermore, D240 is located in proximity 

to the electrophilic site (r(OδD240⋯P) = 6.8 ± 1.3 Å) and therefore available to initiate 

hydrolysis for 71% of the simulation time. Despite the flexibility of the active site (Figure 

E.3, Appendix E), a Mg2+-ligated water molecule is suitably positioned with respect to O3ʹ 

to facilitate leaving group departure for 25% of the simulation trajectory (Figure 6.4b and 

Table E.2, Appendix E). Finally, a second metal-ligated water is aligned to position the 

substrate and provide charge stabilization through hydrogen bonding to a non-bridging 

scissile phosphate oxygen throughout the MD simulations (91% occupancy). Thus, the 

human EndoV–substrate complex frequently adopts a catalytically conducive 

conformation.  

The QM/MM optimized RC from a representative MD snapshot maintains all key 

interactions necessary for the reaction to proceed (Figures 6.4c–d and E.7a, Appendix E). 

Furthermore, K155 provides additional substrate charge stabilization, donating a proton to 

the other non-bridging oxygen of the scissile phosphate and hydrogen bonding with the 

newly formed H–O group throughout the reaction. From the RC, nucleophilic attack occurs 

concomitantly with P–O3ʹ bond dissociation (Figures 6.4c–d and E.7a, Appendix E). The 

TS occurs before full proton transfer from the water nucleophile to D240 and Mg2+-

coordinated water to O3ʹ, and the P–O bond is slightly (~0.15 Å) lengthened. However, 

despite literature precedence for an indirect (water-mediated) metal–substrate binding 

architecture in the active site of other nucleases (e.g., APE157, 63 and Vvn,71 Figure 6.3a–b), 

the energy barrier associated with the corresponding configuration for human EndoV 

(120.1 kJ/mol, Figure 6.4d) is above typical barriers reported for metalloenzyme facilitated 

P–O bond cleavage (~58–96 kJ/mol).28, 75, 105-108 This suggests that this pathway is unlikely, 
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a conclusion in line with previous MD and QM/MM calculations on bacterial EndoV.62 

Therefore, alternate metal-coordination architectures must be considered. 

 

 

Figure 6.4. a) Average Mg2+ coordination distances (Å; occupancies (%) in parentheses) 

and b) representative MD structure highlighting key reaction parameters (Å) across all MD 

replicas, as well as the c) proposed reaction pathway and d) key reaction parameters (Å) 

for each stationary point along the human EndoV-mediated phosphodiester bond cleavage 

involving a single metal indirectly coordinated to a non-bridging phosphate oxygen of the 

scissile phosphate. Relative Gibbs energies (kJ/mol) are provided in parentheses. See 

Figure E.7a for additional reaction parameters. 
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6.3.2. Charge stabilization of the non-bridging oxygen of the scissile phosphate by 

direct Mg2+ coordination renders the human EndoV one-metal mediated P–O bond 

cleavage pathway catalytically feasible. 

Structural data highlights that single-metal dependent nucleases can adopt many 

unique metal–substrate binding architectures (Figures 6.3 and E.8, Appendix E).29, 70-74, 76 

The higher than anticipated barrier for P–O bond cleavage in the previous single-metal 

mediated mechanism for human EndoV could be lowered through enhanced substrate 

charge stabilization, which could be provided through direct coordination of the metal to 

the substrate. Indeed, X-ray crystallographic data for various one-metal dependent 

nucleases, including I-PpoI (Figure 6.3c),70 Hpy188I (Figure E.8a, Appendix E),74 T4 

endonuclease VII (Figure E.8b, Appendix E),73 and I-HmuI (Figure E.8c, Appendix E),72 

reveal direct metal coordination to both the O3ʹ-leaving group and a non-bridging oxygen 

of the scissile phosphate. However, at the beginning of MD production simulations on a 

human EndoV RC with this metal–substrate ligation, Mg2+ immediately loses direct 

coordination to O3ʹ, with water occupying the space between the metal and the O3ʹ-leaving 

group (Figures 6.5a–b). Nevertheless, direct metal coordination to a non-bridging 

phosphate oxygen is maintained throughout the simulation (100% occupancy). The same 

metal-binding architecture has been seen in crystal structures of single-metal dependent 

Bglll (Figure 6.3d)76 and EcoRI (Figure E.8d, Appendix E),109 as well as computational 

studies on bacterial EndoV62 and the endonuclease domain of influenza polymerase.61 In 

this active site configuration for human EndoV (Figure 6.5b and Table E.2, Appendix E), 

Mg2+ remains coordinated to the substrate (2.0 ± 0.1 Å) throughout the MD simulations, 

while the Mg2+-ligated water falls < 3.5 Å from O3ʹ for 40% of the simulation time. Water 
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adopts a position for nucleophilic attack (3.5 ± 0.1 Å from electrophilic phosphorus) and 

D240 is suitably situated to activate the nucleophile (r(OδD240⋯P) = 7.3 ± 0.9 Å). In 

complement to metal–substrate ligation, the octahedral coordination sphere of Mg2+ is 

filled by three water molecules, D52, and D126 (Figure 6.5a and Table E.3, Appendix E), 

reflecting the experimentally-reported inactive D52A mutant.17-18  

 

 

Figure 6.5. a) Average Mg2+ coordination distances (Å; occupancies (%) in parentheses) 

and b) representative MD structure highlighting key reaction parameters (Å) across all MD 

replicas, as well as the c) proposed reaction pathway and d) key reaction parameters (Å) 

for each stationary point along the human EndoV-mediated phosphodiester bond cleavage 

involving a single metal directly coordinated to a non-bridging phosphate oxygen of the 
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scissile phosphate. Relative Gibbs energies (kJ/mol) are provided in parentheses. See 

Figure E.7b for additional reaction parameters. 

 

The structural features of the human EndoV RC observed in MD simulations are 

preserved upon QM/MM optimizations (Figure 6.5c–d and E.7b, Appendix E). 

Furthermore, the majority of the QM/MM structural parameters along the concerted 

pathway for P–O bond cleavage are maintained with a change from indirect to direct metal–

nonbridging oxygen coordination. The enhanced substrate charge stabilization provided by 

direct Mg2+–substrate coordination ensures K155 remains cationic throughout the reaction 

pathway, while providing additional substrate charge stabilization through hydrogen 

bonding. As a result, the catalytic barrier decreases by 19.8 kJ/mol upon conversion from 

indirect to direct metal–substrate coordination, leading to a phosphodiester bond cleavage 

barrier (ΔǂG = 100.3 kJ/mol) close to the experimentally-observed barriers for a range of 

nucleases (~58–96 kJ/mol),28, 75, 105-108 including mouse EndoV (84.5 kJ/mol).28 The 

energetic feasibility of the human EndoV pathway involving direct metal–substrate 

coordination correlates with a more stable active site across the MD simulation trajectories 

for this metal binding geometry (Figure E.3d and Table E.1, Appendix E) and increased 

residency of a catalytically-active conformation (Table E.2, Appendix E). The proposal that 

the catalytic step of human EndoV can proceed in the presence of one metal adds to growing 

literature suggesting that a single metal may be enough to cleave the phosphodiester 

backbone of nucleic acids.51-57, 62-64, 67-68 
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6.3.3. Regardless of the mode of leaving group stabilization, the two-metal mediated 

P–O bond cleavage pathway for human EndoV is catalytically viable. 

Although bacterial EndoV has been shown to utilize a single metal for 

phosphodiester bond cleavage29, 62, 106 and our calculations suggest that human EndoV can 

similarly follow a one-metal dependent pathway, the activity of mouse EndoV depends on 

two catalytic Mg2+ ions.28 Since the active sites of mouse and human EndoV contain the 

same catalytic residues (Figure 6.1a), and the general two-metal mediated mechanism is 

widely accepted for nucleic acid backbone cleavage,28, 30-50 the ability of human EndoV to 

use two metals to break the P–O bond of dsRNA was considered. Throughout MD 

simulations, the human EndoV active site was significantly more stable in the presence of 

two metals compared to a single metal (Figure E.3, Appendix E). The two metals remain ~ 

4 Å apart (Figure 6.6a and Table E.3, Appendix E), which correlates with the ~ 3.9 Å 

separation proposed for two-metal mediated RNA hydrolysis mechanisms.110 Furthermore, 

a water molecule is properly positioned with respect to the phosphorus reaction center for 

nucleophilic attack for 99% of the simulations (r(OW⋯P) = 3.2 ± 0.1 Å), while maintaining 

coordination to MgA
2+ (r(OW⋯MgA

2+) = 2.1 ± 0.1 Å, Figure E.6b, Appendix E). A second 

water molecule bridges the nucleophile and D240 for 54% of the simulation time (Table 

S2), which could facilitate nucleophilic attack (r(OW⋯Obridging water) = 3.0 ± 0.3 Å and 

r(OδD240⋯Obridging water) = 2.9 ± 0.3 Å). This suggests that two metals are well 

accommodated in the active site of human EndoV when bound to the dsRNA substrate, 

while maintaining a catalytically conducive conformation.   
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Figure 6.6. a) Average Mg2+ coordination distances (Å; occupancies (%) in parentheses) 

and b) representative MD structure highlighting key reaction parameters (Å) across all MD 

replicas, as well as the c) proposed reaction pathway and d) key reaction parameters (Å) 

for each stationary point along the human EndoV-mediated phosphodiester bond cleavage 

involving two metals with direct MgB
2+–O3ʹ coordination. Relative Gibbs energies (kJ/mol) 

are provided in parentheses. See Figure E.9 for additional reaction parameters. 
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In terms of metal coordination, the Mg2+ ions are bridged by D52 throughout the 

simulations, correlating with the observation that mutation of this residue to alanine kills 

enzyme activity.17-18 The remaining MgA
2+ octahedral coordination is fulfilled by three 

water molecules, D240, and a non-bridging oxygen of the scissile phosphate. Although two 

water molecules and D126 (bidentate coordination) are also bound to MgB
2+, two MgB

2+–

substrate coordination configurations occur (Figure 6.6a and Tables E.2–E.3, Appendix E). 

First, unlike the single-metal human EndoV model, 75 ns of the MD simulation trajectory 

maintained direct MgB
2+–O3ʹ ligation for the two-metals model. This metal–substrate 

binding configuration mirrors that observed in X-ray crystal structures of other two-metal 

mediated nucleases, including RNase H (Figure 6.3e),30 AaRNase III (Figure E.8e, 

Appendix E),31 HindIII (Figure E.8f, Appendix E),41 and retroviral integrase (Figure E.8g, 

Appendix E).37 Second, a water molecular intervenes between MgB
2+ and the O3ʹ-leaving 

group for the remainder of the simulation time (r(O3′⋯OW) = 3.3 ± 0.4 Å, Figure 6.6b). 

This metal-binding architecture has been observed in X-ray crystallographic data for two-

metal dependent BamHI (Figure 6.3f),32 MutH (Figure E.8h, Appendix E),40 and Bgll 

(Figure E.8i, Appendix E).39 Due to the persistence of two metal-binding configurations in 

the human EndoV active site, which each correspond to architectures previously reported 

in the nuclease literature, MD snapshots corresponding to both metal–substrate 

coordination geometries were used to initiate QM/MM calculations. 

When an MD snapshot corresponding to direct MgB
2+–O3ʹ coordination was 

considered, the metal binding architecture is generally preserved upon QM/MM 

optimization, with the exception of MgB
2+ adopting penta-coordination due to monodentate 

(rather than bidentate) binding of D126 (Figures 6.6c–d and E.9, Appendix E). A similar 
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MgB
2+ penta-coordination geometry was observed in the crystal structure of RNase H 

(Figure 6.3e).30 The phosphodiester bond cleavage follows a stepwise mechanism (Figure 

6.6c–d and E.9, Appendix E). In the first step, water nucleophilic attack on the phosphorus 

reaction center is coupled with proton transfer from the nucleophile to metal-coordinated 

D240 through a bridging water. While MgA
2+ becomes penta-coordinated in TS1 due to the 

loss of water nucleophile coordination, MgB
2+ reverts to an octahedral binding 

configuration due to bidentate coordination of D126. K155 donates a proton to a non-

bridging oxygen of the scissile phosphate moiety in TS1 to help stabilize increased charge 

on the substrate. This change in metal binding architecture and protonation of the substrate 

parallels that reported in a previous QM/MM MD study of two-metal dependent Bacillus 

halodurans RNase H.44 These structural features result in a barrier of 74.9 kJ/mol and a 

slightly (3.6 kJ/mol) stabilized phosphorane intermediate. In the second reaction step, the 

phosphodiester bond significantly elongates (r(P–O3ʹ) increases by 0.5 Å compared to IC) 

and the proton on the non-bridging oxygen of the scissile phosphate to return to K155. The 

associated rate-determining barrier is 92.3 kJ/mol. When an MD snapshot with indirect 

(water-mediated) metal coordination to the substrate was considered, both metals maintain 

octahedral coordination geometry throughout the stepwise reaction pathway (Figure 6.7 

and E.10, Appendix E). More importantly, most reaction parameters are preserved across 

both two-metal mediated mechanisms characterized in the present work, leading to similar 

rate-determining barriers regardless of the MgB
2+–O3ʹ coordination mode (within 3.3 

kJ/mol, Figures 6.6 and 6.7). Thus, irrespective of whether direct or indirect (water-

mediated) MgB
2+ coordination to the O3ʹ leaving group occurs, our predicted barriers for 

the two-metal mediated human EndoV pathway fall within the range of the experimental 

barriers reported for other nucleases (~58–96 kJ/mol),28, 75, 105-108 including mouse EndoV 
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(84.5 kJ/mol),28 and the computed human EndoV–substrate structures are also consistent 

with X-ray crystallographic data for mouse EndoV (Figure E.11). Overall, our calculations 

predict that human EndoV can make use of two metal-binding positions in the active site 

to facilitate P–O bond cleavage. 

 

 

Figure 6.7. a) The proposed reaction pathway and b) key reaction parameters (Å) for each 

stationary point along the human EndoV-mediated phosphodiester bond cleavage involving 

two metals with indirect (water-mediated) MgB
2+–O3ʹ coordination. Relative Gibbs 

energies (kJ/mol) are provided in parentheses. See Figure E.10 for additional reaction 

parameters. 
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6.3.4. Human EndoV can uniquely use either one or two metals to catalyze cleavage 

of the highly stable phosphodiester bond. 

The present study is an important step toward understanding the catalytic 

mechanism of human EndoV due to limited existing data. In fact, the only currently 

available X-ray crystal structure of human EndoV does not contain the substrate or metal 

cofactor/s (Figure 6.1b)28 and no kinetic studies have been conducted. As a result, our MD 

simulations provide the first picture of the human EndoV–substrate complex in the 

presence of active site metal cofactor/s and show the stability of the complex for a range of 

metal binding architectures. Our QM/MM calculations highlight that human EndoV can 

use a single metal to mediate phosphodiester bond cleavage. Indeed, although a mechanism 

involving indirect (water-mediated) metal coordination to the leaving group and 

nonbridging oxygen of the substrate results in a barrier well above those observed for other 

nucleases (Figure 6.4),28, 75, 105-108 improved substrate charge stabilization afforded by direct 

metal coordination to the nonbridging oxygen of the scissile phosphate coupled with 

indirect coordination to the O3ʹ-leaving group renders the one-metal mediated pathway 

energetically feasible (Figure 6.5). In our proposed single-metal dependent human EndoV 

mechanism, an active site aspartate residue (D240) acts as the general base to activate the 

water nucleophile, the metal aids leaving group departure by activating a water molecule 

that protonates O3ʹ, and an active site lysine (K155) along with the metal facilitate substrate 

positioning and charge stabilization. Our computed geometries correlate with structural 

data for other members of the EndoV family (Figure E.11a, Appendix E) and our data 

clarify the observed loss in catalytic activity upon D52A mutation,17-18 with D52 being a 

key metal binding residue.  
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Our proposal that human EndoV can facilitate the phosphodiester bond cleavage in 

the presence of a single metal parallels suggestions made for bacterial EndoV,29, 62, 111 as 

well as many other nucleases including APE1,57, 63-64 I-PpoI,70, 108, 112 Hpy188I,74 T4 

endonuclease VII,73 I-HmuI,72 Vvn,71 EcoRI,109 and Bglll (Figures 6.3 and E.8, Appendix 

E).76 In all cases, one metal is proposed to be enough for the nuclease to facilitate the 

extremely challenging P–O bond cleavage due to the presence of a strong general base in 

the active site, namely a histidine (bacterial EndoV, I-PpoI, T4 endonuclease VII, Vvn, I-

HmuI), aspartate (APE1, human EndoV), tyrosine (Hpy188I), or a neighboring phosphate 

moiety of the substrate (EcoRI). Nevertheless, the metal–substrate coordination geometry 

and therefore intricate details of the mechanism can vary between these enzymes due to 

differences in active site compositions. For example, the weaker general base in bacterial 

(histidine) compared to human (aspartate) EndoV results in an active site lysine playing a 

more active role in bacteria (i.e., general acid rather than substrate charge stabilization, 

Figure 6.8). Alternatively, despite many nucleases containing an active site aspartate 

residue that likely initiates the reaction (e.g., APE1 (D210),57, 63-64 RNase P (D399),42 

EcoRV (D90),45 and HIV-1 reverse transcriptase (D18549)), different active site 

compositions alter the fine details of the chemical pathway. For example, the availability 

of a weaker acid to stabilize the charge on the scissile phosphate (lysine versus protonated 

histidine) renders the indirect metal coordination to the second nonbridging oxygen 

observed in APE1 unable to promote human EndoV activity, which necessitates direct 

metal coordination (Figure 6.8). Perhaps more importantly, although active site 

composition diversity can result in subtle mechanistic deviations, our calculations 

contribute to the growing body of literature, including computational support,57, 62-64 that 
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suggests catalytic cleavage of phosphodiester bonds is feasible in the presence of a single 

active site metal.51, 54-55, 67-68 

 

Figure 6.8. The proposed phosphodiester bond cleavage pathway for a) APE1,57, 63-64 b) 

bacterial EndoV,62 and c) one (left) and two-metal mediated (right) human EndoV as 

characterized in the present work. 

To complement one metal mediated catalysis, our calculations suggest that human 

EndoV can efficiently facilitate phosphodiester bond cleavage in the presence of two 

metals, regardless of the metal–substrate (leaving group) coordination geometry (Figures 

6.6 and 6.7). In these mechanisms, the first metal (MgA
2+) triggers activation of the 

nucleophilic water, D240 facilitates proton abstraction from the MgA
2+-coordinated water 

nucleophile with help of a bridging water molecule, and the second metal (MgB
2+) aids 

leaving group departure through either direct coordination or activation of a water molecule 

for O3ʹ protonation. The two metals along with K155 stabilize the charge on the substrate. 

Both mechanisms are consistent with crystallographic data for mouse EndoV (Figure 

E.11b–c, Appendix E), which has a similar active site composition (Figure 6.1a). 
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Furthermore, both metal binding architectures have been reported for other nucleases, with 

direct metal–leaving group coordination observed for RNase H (Figure 6.3e),30 AaRNase 

III (Figure E.9e, Appendix E),31 HindIII (Figure E.8f, Appendix E),41 and retroviral 

integrase (Figure E.8g, Appendix E),37 and water-mediated MgB
2+–O3ʹ coordination 

observed for BamHI (Figure 6.3f),32 MutH (Figure E.8h, Appendix E),40 and Bgll (Figure 

E.8i, Appendix E).39 Although direct metal coordination to the leaving group is less 

persistent in the active site according to MD simulations on the RC, the unique behavior 

that different metal binding architectures are possible may arise due to the additional charge 

stabilization afforded by K155 in the human EndoV active site compared to the charge 

stabilization being restricted to the metals for other two-metal mediated nucleases.30-32, 37, 

40   

While the crystal structure of bacterial EndoV displays a single metal (Figure 

6.1d)29 and mouse EndoV shows two metals (Figure 6.1c)28 in the active site, our 

calculations reveal that human EndoV can invoke either one or two metals for catalysis. 

Although the barrier for single-metal mediated catalysis is slightly larger than that for the 

two-metal dependent pathways, the final number of metals utilized likely depends on the 

metal ion concentration among other considerations. This proposal is supported by 

experimentally-reported metal concentration dependent behaviour of PvuII endonuclease.67 

Specifically, although the X-ray crystal structure of PvuII endonuclease contains two 

metals in the active site (Figure E.8j, Appendix E),34 P–O bond cleavage rates as a function 

of metal ion concentration fit both one-metal and two-metal ion models.67 Therefore, the 

enzyme was suggested to use only one metal ion at low metal concentrations, but a more 

efficient two-metal mediated catalysis under saturating metal ion conditions. Similarly, 
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while one metal is essential for human EndoV catalytic activity, the enzyme can benefit 

from the use of two metals due to the presence of two suitable Mg2+ binding positions in 

the active site. To the best of our knowledge, our work is the first computational study to 

provide direct mechanistic comparisons between one- and two-metal mediated P–O bond 

cleavage reactions in the same active site architecture. Our work highlights that while some 

enzymes may use either one29, 70-74, 76 or two28, 30-41 metals for phosphodiester bond 

hydrolysis in nucleic acids (Figures 6.3 and E.8, Appendix E), some enzymes have the 

ability to exploit both pathways, thus bringing a fresh perspective to the one versus two 

metal ion controversy. Our calculations thereby emphasize that it is important to bear in 

mind that there might not be an unequivocal answer for some nucleases regarding the 

number of metals required to catalyze phosphodiester bond cleavage, with the composition 

of the enzyme active site and metal concentration playing significant roles in determining 

the metal ion stoichiometry requirements for catalysis.  

 

6.4. Conclusion 

The present work has used MD simulations and QM/MM calculations to afford the 

first proposed mechanism of action for human EndoV. MD simulations were initially used 

to reveal the structure of the human EndoV–substrate complex in the presence of metal 

cofactor/s, which highlighted the stability of the complex in the presence of a range of 

active site metal binding architectures. Subsequently, four unique phosphodiester bond 

cleavage pathways were characterized using QM/MM calculations. Although a mechanism 

involving indirect (water-mediated) coordination of the metal to the substrate results in a 

barrier well above the experimentally-determined activation energy for a range of other 



230 

 

nucleases,28, 75, 105-108 direct metal coordination to the nonbridging oxygen of the scissile 

phosphate coupled with indirect metal coordination to the O3ʹ leaving group yields an 

energetically feasible pathway for single-metal mediated catalysis. In our predicted 

mechanism, D240 activates the nucleophilic water, a Mg2+-ligated water protonates the 

leaving group, and substrate charge stabilization is provided by both the directly 

coordinated Mg2+ and K155. Nevertheless, our calculations predict that human EndoV can 

also accommodate two metals in the active site and use both metals to facilitate the P–O 

bond cleavage. In the two-metal mediated mechanism, the first metal (MgA
2+) activates the 

nucleophilic water while D240 abstracts the proton from the MgA
2+-coordinated water 

nucleophile with help of a bridging water molecule, and the second metal (MgB
2+) promotes 

leaving group departure either through direct coordination or activation of a water molecule 

to protonate O3ʹ. The two metals along with K155 stabilize the charge on the substrate 

throughout the reaction. Thus, in line with experimental literature for another nuclease 

(PvuII endonuclease),67 while one metal is essential for human EndoV catalytic activity, 

the enzyme can benefit from the use of two metals, with the final number of metals utilized 

likely depending on the local metal ion concentration among other considerations. To the 

best of our knowledge, this is the first computational study that has provided direct evidence 

that a given endonuclease can utilize both one and two-metal dependent mechanisms to 

cleave phosphodiester bonds in nucleic acids, thus emphasizing that researchers must bear 

in mind that there may not be an unequivocal answer regarding metal ion stoichiometry 

requirements for catalysis and adding a unique perspective to the existing one versus two 

metal controversy in the literature. The mechanistic details of human EndoV function 

uncovered in the present work are vital for further discerning the central role of this enzyme 

in human disease (e.g., cardiovascular disease,15 cancer,22 and psychiatric disorders),21 
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developing new therapeutics that target EndoV,15, 21-22 and refining uses of EndoV in 

biotechnology.25-27, 77-79 
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Chapter 7: Conclusions and Future Directions 

7.1. Summary 

Phosphodiester bond hydrolysis in nucleic acids is a ubiquitous reaction facilitated 

by enzymes called nucleases, which often use metal ions to achieve catalytic function. 

However, the mechanism for bond cleavage by some enzymes is still unclear. This thesis 

has utilized computational techniques to gain an atomic-level understanding of the 

phosphodiester bond cleavage reaction catalyzed by nucleases, specifically focusing on 

APE1, I-PpoI, and EndoV. These enzymes are particularly interesting since they either 

invoke a single metal ion for catalysis, which conflicts with the generally proposed two-

metal mediated mechanism for most nucleases, or the metal-dependence is unknown. 

Although the role and number of metal ions required for phosphodiester bond cleavage are 

highly controversial issues in the nuclease literature, this thesis has made a significant 

contribution to the understudied field of one-metal dependent nucleases, supporting the 

proposal that one metal is enough for catalyzing this difficult bond cleavage reaction. This 

chapter summarizes the major findings of each chapter and provides details of possible 

future research avenues.  

 

7.2. Contributions from Thesis 

In Chapter 2, quantum mechanics (QM) cluster models were used to provide 

atomic-level insights into the single-metal mediated phosphodiester bond cleavage of 

nucleic acids using APE1 as a prototypical example. Initially, the smallest model 

containing 69 atoms was used to illustrate that common functionals (e.g., B3LYP-D3 and 
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M06-2X) can be combined with the 6-31G(d,p) basis set to provide a reliable structural 

description of the phosphodiester bond cleavage reaction. Subsequently, the model size was 

systematically increased by altering residue truncation points and including additional 

amino acids to highlight that β-carbon truncation points or small models containing only a 

few amino acids can introduce model strain and lead to incorrect metal coordination 

geometry. Nevertheless, the continuum solvent calculations revealed that accounting for 

the broader enzymatic environment had a negligible impact on energetics of the P–O bond 

cleavage reaction. Overall, Chapter 2 highlights that a QM cluster model must contain all 

key residues such as the general base and general acid, residues that provide substrate 

charge stabilization, and amino acids that help maintain the octahedral metal coordination 

geometry to achieve an accurate structural description of one-metal mediated 

phosphodiester bond hydrolysis. In APE1, D240 initiates the reaction by activating the 

nucleophilic water, a metal-activated water facilitates leaving group departure by 

protonating the leaving group, and a positively charged H309 stabilizes the charge on the 

substrate (Figure 7.1a). 

Using the DFT functional and basis set combination recommended in Chapter 2, a 

quantum mechanical−molecular mechanics (QM/MM) approach was used in Chapter 3 to 

provide a structural rationalization for the experimentally-reported impact of metal 

substitution on the catalytic activity of APE1.1-3 Although the catalytic mechanism of APE1 

is well established,4-11 a chemical explanation for the metal dependence of APE1 was 

missing prior to my work. My calculations reproduced the experimentally-observed trend 

in the reaction barriers (Mg2+ > Mn2+ > Ni2+ > Zn2+ >> Ca2+)1-3 and the structural analysis 
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revealed an interplay of several factors that allow APE1 to remain catalytically active in 

the presence of various metals. For instance, Mn2+ results in subtle changes to the active 

site geometry, while Ni2+ can adopt both square-planar and octahedral binding architectures 

in the APE1 active site, and the Zn2+ coordination geometry changes from octa- to penta-

coordination over the course of the reaction. Nevertheless, the enzymatically feasible 

barrier resulting from substitution of Mg2+ with these transition metals highlights the 

promiscuity of APE1 towards different metal ions. Furthermore, this chapter provided 

clarification on how the presence of Ca2+ changes the metal coordination geometry from 

octa- to hepta-coordination so that the water nucleophile directly coordinates to the metal, 

which in turn changes the rate-determining step of the reaction and results in a prohibitively 

high energy barrier and thus inhibition of APE1. To the best of my knowledge, this is the 

first computational study that reproduces and provides a chemical explanation for the 

experimentally-observed metal dependence of a single-metal dependent nuclease, which 

provides additional support for the proposal that a single metal is enough for catalysis by 

some enzymes. 

In Chapter 4, a mixed QM cluster and QM/MM approach was used to investigate 

the catalytic pathway used by another single-metal dependent enzyme, namely I-PpoI. 

Although a phosphodiester bond cleavage mechanism has been proposed for I-PpoI,12 the 

role of the metal and key active site amino acids needed to be clarified in addition to the 

required computational verification of the experimentally-proposed reaction pathway. 

Furthermore, although I-PpoI is known to utilize one metal for catalysis like APE1, the 

water nucleophile was proposed to be activated by a neutral histidine (H98) in I-PpoI in 
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contrast to a negatively charged aspartate residue (D240) in APE1, which raises questions 

about the impact of the active site architecture on this relatively new one metal mediated 

phosphodiester bond cleavage chemistry. In the experimentally-proposed I-PpoI 

mechanism of action,12 a single metal facilitates leaving group departure through direct 

metal coordination to the substrate and leaving group protonation by a metal-ligated water. 

However, my smallest QM cluster model and a QM/MM model revealed that the previously 

proposed pathway is infeasible due to geometrical constraints imposed by the I-PpoI active 

site. Therefore, QM cluster models of varying sizes were used to characterize a similar 

pathway involving indirect (water-mediated) coordination to the leaving group; however, 

this mechanism was not energetically feasible regardless of the model size. QM cluster 

calculations indicate that direct metal coordination to the leaving group is preferred. 

QM/MM calculations further confirm the preferred mechanism in the presence of the 

solvated enzyme–DNA complex. In the proposed preferred phosphodiester bond hydrolysis 

pathway, H98 initiates the reaction by activating the water nucleophile while the metal 

directly coordinates to the leaving group is preferred and provides substrate charge 

stabilization (Figure 7.1b). Subsequently, QM/MM calculations were used to confirm the 

preferred mechanism in the presence of the whole enzyme–DNA complex. Indeed, the 

calculated QM/MM Gibbs activation barrier for the favored pathway is consistent with the 

experimental barrier for I-PpoI mediated phosphodiester bond cleavage.13-14 In silico H98A 

mutational results further support the proposed mechanism.14-15 My newly proposed 

catalytic mechanism is in agreement with the experimental structural,12, 16 kinetic,13-14 and 

mutational data.14-15 Interestingly, this pathway was previously shown to be infeasible for 
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APE1.6 Instead, due to a strong negatively charged general base (D240) coupled with 

efficient charge stabilization from a positively charged H309, the single metal in APE1 

plays a role in charge stabilization through indirect coordination to the substrate and 

protonates the leaving group using a metal-activated water. In contrast, the weaker general 

base (H98) of I-PpoI combined with the absence of a positively charged residue close to 

the scissile phosphate forces the single metal to play a more active role in both leaving 

group departure and substrate stabilization. This highlights how a single metal can play 

different roles to facilitate the same P–O bond cleavage in nucleic acids due to subtle 

differences in the active sites of the single-metal dependent nucleases. 

 
Figure 7.1. The phosphodiester bond cleavage pathways proposed in this thesis, 

highlighting the residues playing the roles of the general base, the general acid, and 

stabilizing the TS for a) APE1, b) I-PpoI, c) bacterial EndoV, and d) one-metal or e) two-

metal mediated human EndoV. 
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Chapter 5 used MD simulations and QM/MM calculations to provide the first 

proposed mechanism of action for bacterial EndoV. Bacterial EndoV contains a histidine 

(H214) in an equivalent position with respect to the substrate as H98 in I-PpoI which was 

proposed to be the general base in Chapter 4. On the other hand, bacterial EndoV has a 

positively charged residue (K139) near the substrate similar to the positively charged H309 

in APE1, which was proposed to provide charge stabilization.6 The similarities of the 

EndoV active site to both I-PpoI and APE1 brings up the question of whether the role of 

the metal is the same as either enzyme or different yet again. Despite the abundance of 

experimental structural,17 kinetic,18 and mutational data,19-20 a catalytic mechanism for 

bacterial EndoV had not been proposed in the literature before my work. Chapter 5 

compares eight distinct catalytic pathways to reveal that the combinations of general base, 

general acid and metal-binding architecture previously proposed for other metal-dependent 

nucleases are not feasible for EndoV. Instead, a mechanism using a previously unseen 

combination of the general base and general acid for a one-metal dependent endonuclease 

was characterized for EndoV. Specifically, K139 protonates the leaving group, either H214 

or a substrate phosphate group activates the water nucleophile, and a metal-coordinated 

water stabilizes the charged substrate (Figure 7.1c). My proposed catalytic mechanisms are 

fully consistent with experimental kinetic,18 structural,17 and mutational data.19-20  

Although the catalytic pathway involving direct bidentate metal coordination to the 

substrate was revealed to be preferred for I-PpoI in Chapter 4, the active site composition 

of bacterial EndoV appears to prevent the metal from efficiently functioning in the same 

capacity. In contrast, the preferred metal-binding architecture (indirect metal–substrate 
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coordination) is same in EndoV and APE1. Nevertheless, there are differences in other key 

residues that result in different catalytic mechanisms for the two enzymes. Specifically, 

APE1 uses a powerful general base (D240) to activate the water nucleophile and a metal-

coordinated water to facilitate leaving group departure. However, our calculations 

demonstrated that regardless of the identity of the general base (H214 or a substrate 

phosphate moiety), a metal-ligated water could not effectively stabilize the leaving group 

for bacterial EndoV. Instead, due to the presence of a positively charged lysine residue in 

close proximity to the substrate, the role of facilitating leaving group departure is taken by 

K139. Collectively, the comparison of bacterial EndoV, I-PpoI, and APE1 further 

highlights that diversity in the active site framework allows single-metal dependent 

endonucleases to achieve the same challenging phosphodiester backbone hydrolysis of 

nucleic acids in diverse ways, with the metal playing different roles (i.e., activating a metal-

coordinated water to protonate the leaving group, promoting leaving group departure 

through direct coordination, or providing stabilization to the charged substrate).  

Finally, MD simulations and QM/MM calculations were used to provide the first 

detailed description of the mechanism of action of human EndoV in Chapter 6. A catalytic 

mechanism for the phosphodiester bond cleavage has never been proposed for human 

EndoV, at least in part due to the absence of the substrate or the metal cofactor/s in the X-

ray crystal structure of the enzyme.20 In fact, the role or number of metal/s required for 

catalysis and the identity of key amino acids involved in the reaction was unknown prior to 

my work. MD simulations were initially used to reveal the first structure of the human 

EndoV–substrate complex in the presence of metal ion/s. Subsequently, QM/MM 
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calculations were used to characterize four unique pathways that vary in metal number (one 

versus two) and modes of metal–substrate coordination (direct versus indirect (water-

mediated)). This chapter reveals that unlike bacterial EndoV, which uses a single metal,17 

and mouse EndoV, which uses two metals,20 human EndoV can use either one or two 

metals, with the final number utilized likely depending on the metal cofactor concentration 

(Figure 7.1d–e). Besides uncovering the roles for key active site amino acids (D240 and 

K155), our calculations emphasize that, while a single metal is essential for human EndoV-

mediated P–O bond cleavage chemistry, the enzyme can benefit from using two metals due 

to the presence of two suitable active site metal-binding positions. Nevertheless, this 

chapter further reinforces the proposal made for APE1, I-PpoI, and bacterial EndoV in 

Chapters 2 – 5 of this thesis that, in presence of a strong general base in the active site, one 

metal is enough for a nuclease to facilitate the extremely challenging P–O bond cleavage. 

The comparison of human EndoV to APE1 indicates that although EndoV has an 

aspartate in an equivalent position of the general base (D240 in human EndoV and D210 

in APE1), the insufficient charge stabilization on the scissile phosphate by the weaker acid 

(lysine (K155) versus protonated histidine (H309)) necessitates direct metal coordination 

to the substrate to promote human EndoV activity (Figure 7.1). This emphasizes how 

similar active sites can require a different role of the metal to mediate phosphodiester bond 

hydrolysis. On the other hand, the stronger general base in human (aspartate, D240) 

compared to bacterial (histidine, H214) EndoV obviates the need for a more active role 

from lysine (i.e., substrate charge stabilization (K155 in human EndoV) rather than the 

general acid (K139 in bacterial EndoV)). This highlights how a slight difference in the 



252 

 
 

 

identity and placement of amino acids in the EndoV active site can make the enzyme prefer 

one pathway over the other.  

Overall, this thesis reveals the astonishing complexity of enzyme-catalyzed 

phosphodiester bond cleavage reactions emerging from the delicate interplay of several 

factors such as the identity and placement of key catalytic residues, the metal–substrate 

binding architecture, and the number and identity of the metal/s in the active site. This 

thesis represents an important step towards resolving the long-standing one-metal versus 

two-metal dispute in the literature especially for enzymes that exhibit conflicting 

experimental results. Further details of possible future research avenues are discussed in 

the next section. 

 

7.3. Future Directions 

The computational methodology developed in Chapter 2 of this thesis could be used 

to investigate other nucleases that contain a single metal in the active site such as Vibrio 

vulnificus nuclease (Vvn). Vvn is a nuclease that prevents uptake of foreign DNA into cells 

and is capable of digesting both DNA and RNA.21 Similar to APE1, crystal structures of 

Vvn bound to a DNA substrate display different metal coordination environments in the 

reactant complex (RC) and product complex (PC) of the H80A mutant (Figure 7.2).22 

Specifically, the metal coordination to the non-bridging oxygen of the scissile phosphate 

moiety is indirect in the RC and direct in the PC (Figure 7.2b). A phosphodiester bond 

cleavage mechanism has been proposed based on the crystal structure of the PC22 in which 

a metal-coordinated water protonates the leaving group and the metal stabilizes the charge 
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on the substrate. However, this proposal conflicts with the crystal structure of the RC, 

which displays indirect metal–substrate coordination. This suggests that an alternate 

chemical pathway involving a different metal-binding configuration than the PC might be 

possible.  

 

 

Figure 7.2. Active sites from X-ray crystal structures of the a) Mn2+-containing thio-

substituted RC (left) and Mg2+-containing PC (right) for the wild-type APE1, and b) Ca2+-

containing RC (left) and PC (right) for the H80A mutant of Vvn. 

 

Based on combined MD simulations and QM/MM calculations, a phosphodiester 

bond cleavage pathway for Vvn that involves bidentate metal–substrate coordination has 
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been proposed in which H80 activates the nucleophilic water and the metal promotes 

leaving group departure through direct coordination and charge stabilizes the substrate.23 

However, this proposal is not consistent with the X-ray crystal structures of the RC and PC 

of Vvn (Figure 7.2b), neither of which display the bidentate metal–substrate binding 

configuration suggested in this study. Additionally, a low accuracy semi-empirical method 

(PM3) was used for the QM region in the QM/MM calculations. Furthermore, the substrate 

for the starting model was obtained from the crystal structure of the I-PpoI–DNA complex 

(PDB ID: 1CYQ, Figure 7.3a) rather than using the substrate in the Vvn crystal structures. 

Although both Vvn and I-PpoI contain a histidine residue (H98 in I-PpoI and H75 

in Vvn) in a similar position with respect to the substrate to activate the water nucleophile, 

the identity and orientation of the remaining active site residues vary significantly between 

the enzymes. For example,  two amino acids directly coordinate to the metal in Vvn (E79 

and N127), while only one coordinates to the metal for I-PpoI (N119). Furthermore, 

substrate charge stabilization was provided only by the metal in I-PpoI, while Vvn has an 

additional amino acid (R99) within hydrogen-bonding distance of the scissile phosphate in 

the PC (Figure 7.2b). These factors coupled with the crystal structures of both RC and PC 

bound to a substrate being available warrants investigation of the catalytic mechanism of 

Vvn in a more systematic manner (Figure 7.2b). First, the computational methodology (QM 

cluster) used in Chapter 2 can be applied to investigate different metal-binding architectures 

observed in the crystal structures of Vvn as well as I-PpoI. The preferred metal-binding 

configuration in the active site can subsequently be used to perform QM/MM calculations 

in the presence of the full enzyme–substrate complex. Finally, comparisons to other single-
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metal mediated nucleases can be made to determine if the single metal plays a similar role. 

Interestingly, unlike APE1 which is inhibited by Ca2+,24 this would only be the first 

thorough computational study of a nuclease that is catalytically active in the presence of 

Ca2+, and a comparison between catalytic pathways mediated by Vvn and APE1 could 

expose the reasons behind the divergent metal dependence. 

Chapter 4 investigates the catalytic mechanism of I-PpoI, a member of the His-Cys 

box homing endonuclease (HE) family. HEs are classified into four families that are 

distinguished by conserved His-Cys box, H-N-H, GIY-YIG, or LAGLIDADG motifs.25-26 

The crystal structure of wild-type I-HmuI (a member of the H-N-H family of HEs) in 

complex with cleaved DNA shows direct coordination of the metal to a non-bridging and 

the O3ʹ-bridging oxygen of the scissile phosphate of the substrate (Figure 7.3b).27 A 

catalytic mechanism has been proposed based on the structural data in which a histidine 

(H75) activates the water nucleophile, while a single metal directly participates in substrate 

charge stabilization and leaving group departure,27 similar to the mechanism proposed for 

I-PpoI in Chapter 4. However, I-HmuI contains a tyrosine residue (Y39) within hydrogen-

bonding distance of the scissile phosphate to provide additional charge stabilization and the 

corresponding residue in I-PpoI is absent. Moreover, R61 that was proposed to stabilize the 

3ʹ-downstream phosphate in I-PpoI is replaced by Q54 in I-HmuI.27 Since this thesis has 

demonstrated how small changes in the active site composition of enzymes can result in 

different catalytic mechanisms, QM/MM calculations can be performed on I-HmuI to 

understand whether the catalytic mechanism between His-Cys box and H-N-H family is 
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maintained despite differences in the identity of various amino acids involved in the 

reaction. 

Hpy188I is a member of GIY-YIG HE family and displays bidentate metal–

substrate coordination in the Na+-substituted RC (Figure 7.3c)28 as seen for I-PpoI (Figure 

7.3a). However, the identity and orientation of the remaining active site residues is vastly 

different than I-PpoI (Figure 7.3c).29 Indeed, Y63 was suggested to be the general base that 

abstracts a proton from the water nucleophile with the help of another tyrosine (Y88), while 

K73 and R84 are in position to provide charge stabilization to the scissile phosphate moiety. 

The leaving group departure was proposed to be aided either through direct metal 

coordination or protonation by bulk water. Computational characterization of the proposed 

mechanisms could reveal the preferred catalytic pathway for Hpy188I. Regardless, the 

mechanism mapping could get complicated as the crystal structure of the Na+-substituted 

RC shows direct coordination of Na+ to E149, while the wild-type PC of Hpy188I displays 

direct coordination between Ca2+ and a non-bridging oxygen of the scissile phosphate, 

while H76 is the metal binding residue rather than E149 (Figure 7.3c). These conflicting 

metal-binding arrangements in the RC and PC warrant a deeper investigation of different 

metal configurations and their impact on the catalytic mechanism of Hpy188I using the 

QM cluster followed by QM/MM methodology applied in Chapter 4. 
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Figure 7.3. Active sites from X-ray crystal structures of the a) Mg2+-containing RC for the 

H98A mutant of I-PpoI, b) Mn2+-containing PC for the wild-type I-HmuI, c) Na+-

substituted RC (left) and Ca2+-containing PC (right) for the wild-type Hpy188I, and d) 

Ca2+- substituted RC (left) and Mg2+-containing PC (right) for the wild-type I-CreI. 

Experimental kinetic studies have revealed that three enzymes from different HE 

families (I-PpoI, I-HmuI, and Hpy188I) exhibit different patterns for metal dependence. 
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Specifically, in the presence of Ca2+, Hpy188I is fully active, while I-PpoI shows reduced 

catalytic activity 13, 28 and I-HmuI is completely inactive.27 Since the computational 

methodology in Chapter 3 successfully rationalized the experimentally reported metal 

dependence of the single-metal dependent APE1, the same approach can be adopted to 

provide insights into how the same metal (Ca2+) results in such drastically different 

outcomes in the catalytic activity of these three single-metal mediated enzymes.  

Unlike the three above-mentioned HE families that depend on a single metal for the 

chemical step, the members of the LAGLIDADG HE family (e.g., I-CreI) have completely 

different active site compositions and metal ion stoichiometry requirements.30 The crystal 

structures of Ca2+-substituted RC and Mg2+-containing PC of I-CreI complexed with DNA 

have been solved.31-32 Unlike most two-metal dependent endonucleases,33 the structures of 

I-CreI illustrate a unique variant of a two-metal endonuclease mechanism where each active 

site contains one metal ion and a second metal is shared between the two active sites to 

generate double-strand DNA breaks (Figure 7.3d).31-32 Although there is no amino acid in 

position to act as a general base, an extensive network of ordered water molecules 

(positioned by Q47, R51, and K98) is present in the crystal structure and could assist in 

deprotonating the metal-ligated water nucleophile. Experimental mutational studies have 

shown that residues Q47, R51, and K98 are important for catalytic activity and the cleavage 

of the phosphodiester bonds in the two active sites happens simultaneously.32 This unique 

proposal of simultaneous cleavage of two P–O bonds in two active sites that share a 

common metal makes I-CreI particularly interesting to study. QM/MM calculations could 
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be utilized to elucidate the catalytic mechanism of I-CreI and reveal how the conventional 

two-metal mediated mechanism is modified to achieve catalysis.  

Although Chapter 5 has provided some valuable insights into the role of Mg2+ in 

the EndoV-catalyzed phosphodiester bond cleavage, future work that examines the impact 

of changing the metal identity on the structure and energetics of the reaction is required. 

For example, experimental studies have shown that bacterial EndoV is active in the 

presence of Mg2+, Mn2+, Ni2+, and Co2+, but completely inactive with Zn2+ and Ca2+.34 Since 

APE1 and bacterial EndoV both prefer an indirect metal–substrate binding arrangement, 

the methodology used in Chapter 3 could be applied to understand the metal dependence 

in bacterial EndoV. 

Similar to the nucleases considered in this thesis, NgoMIV is another restriction 

endonuclease from Neisseria gonorrhoeae strain M that uses Mg2+ ions to hydrolyze the 

phosphodiester bond in DNA.35 However, the crystal structures of a Ca2+-substituted RC 

and a Mg2+-containing PC of the wild-type Ngo-MIV complexed with DNA reveal a 

different number of metal ions in the active site (Figure 7.4). Specifically, X-ray 

crystallographic data shows a single Ca2+ in active site of the RC and two Mg2+ ions in the 

PC analogue of NgoMIV. Unlike the roles proposed for lysine in Chapters 5 and 6 as a 

general acid (K139, bacterial EndoV) or providing substrate charge stabilization (K155, 

human EndoV), the lysine residue in NgoMIV (K187) is within hydrogen-bonding distance 

of the water nucleophile. Based on the crystal structure of the NgoMIV PC coupled with 

structural similarities to the active site of two-metal mediated BamHI, NgoMIV has been 

conjectured to follow the two-metal mediated mechanism in which K187 activates the 
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water nucleophile and a metal-activated water promotes leaving group departure in the P–

O bond cleavage (Figure 7.4).35 However, the mechanistic conclusions based on the PC can 

be incorrect since metal migration and associated active site rearrangements are common 

before the formation of the final product in nucleases.10, 36-40 Furthermore, the mechanistic 

proposal is in conflict with the X-ray crystal structure of the NgoMIV RC (Figure 7.4a), 

which displays a single metal in the active site. The above-mentioned factors coupled with 

lack of experimental kinetic data leaves large gaps in our knowledge about the number and 

role of metal ions involved in NgoMIV activity. The contentious issue of the number of 

metal ions required for catalysis can be resolved by performing a comprehensive 

investigation using one-metal and two-metal containing models with different metal-

binding configurations. The computational methodology applied in Chapter 6 could be used 

to determine whether one metal is enough for NgoMIV to achieve catalysis. Further 

comparison to my work on bacterial and human EndoV will broaden our understanding of 

the different roles lysine can play in the family of enzymes that cleave phosphodiester 

bonds in nature. 
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Figure 7.4. Active sites from X-ray crystal structures of the a) Ca2+-substituted and b) 

Mg2+-containing PC for the wild-type NgoMIV. 

Although the current thesis has provided valuable information on single-metal and 

two-metal mediated nucleases, experimental and theoretical studies in recent years have 

suggested that a third metal ion may be actively involved in catalysis.41 However, since the 

third metal ion in various nucleases was captured during different stages of catalysis, it has 

become a topic of debate over how or when this metal is recruited from the bulk solvent 

and what is its exact role in catalysis. For instance, a QM/MM MD study has suggested that 

the third metal ion acts as an exit shuttle that promotes leaving group departure after DNA 

hydrolysis by human exonuclease 1.42 In contrast, another QM/MM MD study on 

endonuclease IV has revealed that structural rearrangements over the course of 

phosphodiester bond cleavage in DNA allow the third metal to play multiple mechanistic 

roles such as facilitating activation of the nucleophilic water in the RC and charge 

stabilization in the transition state (TS), and stabilization of the leaving group in the PC .43 

Interestingly, an in crystallo reaction study on mouse EndoV has revealed that a third metal 

ion appears along with product formation.20 A deeper investigation of human EndoV using 
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the QM/MM MD approach might provide useful insights into the role of a third metal ion 

in nucleic acid backbone cleavage. Overall, while this thesis contributes to understanding 

the function of select nucleases, further research is required to decipher the chemistry of 

other metallonucleases, which will help clarify the important roles played by these enzymes 

in biology. 

 

7.4. Final Remarks 

In conclusion, this thesis provides a comprehensive computational investigation of 

endonucleases that use either one or two metals to efficiently catalyze the phosphodiester 

bond hydrolysis in nucleic acids. Specifically, QM calculations, MD simulations, and 

QM/MM calculations were used to provide atomic-level details of the P–O bond cleavage 

reaction and reveal a slightly different role of the metal in each enzyme. The mechanistic 

details uncovered by this work will open the door for applications of nucleases in many 

areas, including disease diagnostics, genetic engineering, and therapeutic solutions.  
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Table A.1. Key M06-2X distances (in Å) in the RC corresponding to the phosphodiester 

bond cleavage reaction calculated using the smallest model and different basis sets.a-c 

aKey distances are defined in Figure A.1. bEach distance was averaged across all basis sets. 
cStandard deviation for each distance was calculated across all basis sets. 

 

Table A.2. Key M06-2X distances (in Å) in the TS corresponding to the phosphodiester 

bond cleavage reaction calculated using the smallest model and different basis sets.a-c 

aKey distances are defined in Figure A.1. bEach distance was averaged across all basis sets. 
cStandard deviation for each distance was calculated across all basis sets. 

 

basis set r1 r2 r3 r4 r5 r6 r7 r8 

6-31G(d) 1.808 0.982 3.807 1.652 1.987 0.979 1.689 0.995 

6-31G(d,p) 1.837 0.976 3.862 1.661 1.823 0.979 1.544 1.030 

6-31+G(d,p) 1.838 0.978 3.959 1.651 2.181 0.971 1.786 0.986 

6-311G(d,p) 1.817 0.975 3.882 1.652 1.989 0.973 1.735 0.985 

6-311+G(d,p) 1.829 0.976 3.944 1.651 2.126 0.968 1.782 0.983 

6-311+G(2d,2p) 1.846 0.974 3.957 1.649 1.795 0.976 1.636 0.996 

6-311+G(2df,p) 1.846 0.975 3.963 1.644 1.804 0.977 1.621 1.000 

6-311+G(2df,2p) 1.845 0.974 3.953 1.644 1.804 0.976 1.617 0.999 

averageb 1.833 0.976 3.916 1.651 1.939 0.975 1.676 0.997 

deviationc 0.014 0.003 0.058 0.005 0.155 0.004 0.086 0.015 

basis set r1 r2 r3 r4 r5 r6 r7 r8 

6-31G(d) 1.054 1.454 1.807 2.092 1.288 1.136 1.609 1.012 

6-31G(d,p) 1.062 1.412 1.802 2.141 1.206 1.202 1.545 1.019 

6-31+G(d,p) 1.079 1.377 1.830 2.022 1.215 1.194 1.499 1.032 

6-311G(d,p) 1.077 1.368 1.827 2.056 1.099 1.321 1.549 1.014 

6-311+G(d,p) 1.073 1.385 1.839 2.029 1.245 1.165 1.535 1.020 

6-311+G(2d,2p) 1.076 1.381 1.832 2.017 1.289 1.130 1.505 1.029 

6-311+G(2df,p) 1.078 1.379 1.824 2.012 1.277 1.141 1.502 1.031 

6-311+G(2df,2p) 1.074 1.382 1.821 2.015 1.275 1.140 1.501 1.030 

averageb 1.072 1.392 1.823 2.048 1.237 1.178 1.531 1.023 

deviationc 0.009 0.028 0.013 0.046 0.064 0.064 0.038 0.008 
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Table A.3. Key M06-2X distances (in Å) in the PC corresponding to the phosphodiester 

bond cleavage reaction calculated using the smallest model and different basis sets.a-c 

aKey distances are defined in Figure A.1. bEach distance was averaged across all basis sets. 
cStandard deviation for each distance was calculated across all basis sets. 

 

Table A.4. Percentage change in the key M06-2X distances calculated with respect to the 

6-311+G(2df,2p) distances in the RC corresponding to the phosphodiester bond cleavage 

reaction calculated using the smallest model and different basis sets.a 

aKey distances are defined in Figure A.1. 

 

basis set r1 r2 r3 r4 r5 r6 r7  r8 

6-31G(d) 1.009 1.633 1.679 3.040 1.029 1.551 1.881 0.989 

6-31G(d,p) 1.006 1.634 1.677 3.108 1.039 1.499 1.971 0.983 

6-31+G(d,p) 1.008 1.604 1.673 3.135 1.032 1.530 1.856 0.987 

6-311G(d,p) 1.005 1.604 1.676 3.025 1.021 1.564 1.898 0.982 

6-311+G(d,p) 0.998 1.647 1.667 3.181 1.017 1.582 1.814 0.985 

6-311+G(2d,2p) 1.000 1.639 1.657 3.200 1.017 1.578 1.881 0.982 

6-311+G(2df,p) 0.997 1.666 1.647 3.391 1.017 1.586 1.831 0.985 

6-311+G(2df,2p) 1.002 1.634 1.655 3.374 1.003 1.613 1.725 0.989 

averageb 1.003 1.633 1.666 3.182 1.022 1.563 1.857 0.985 

deviationc 0.005 0.021 0.012 0.138 0.011 0.036 0.071 0.003 

basis set r1 r2 r3 r4 r5 r6 r7 r8 

6-31G(d) 2.00 0.88 3.69 0.48 10.14 0.39 4.44 0.46 

6-31G(d,p) 0.44 0.26 2.31 1.04 1.04 0.30 4.50 3.12 

6-31+G(d,p) 0.38 0.47 0.15 0.42 20.89 0.53 10.42 1.36 

6-311G(d,p) 1.55 0.16 1.80 0.44 10.25 0.28 7.28 1.39 

6-311+G(d,p) 0.90 0.20 0.23 0.39 17.80 0.74 10.19 1.64 

6-311+G(2d,2p) 0.05 0.01 0.09 0.28 0.54 0.06 1.14 0.27 

6-311+G(2df,p) 0.04 0.13 0.24 0.01 0.04 0.15 0.22 0.07 

6-311+G(2df,2p) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table A.5. Percentage change in key M06-2X distances calculated with respect to the 6-

311+G(2df,2p) distances in the TS corresponding to the phosphodiester bond cleavage 

reaction calculated using the smallest model and different basis sets.a 

aKey distances are defined in Figure A.1.  

 

Table A.6. Percentage change in key M06-2X distances calculated with respect to the 6-

311+G(2df,2p) distances in the PC corresponding to the phosphodiester bond cleavage 

reaction calculated using the smallest model and different basis sets.a 

aKey distances are defined in Figure A.1. 

 

basis set r1 r2 r3 r4 r5 r6 r7 r8 

6-31G(d) 1.86 5.19 0.75 3.82 0.94 0.36 7.19 1.69 

6-31G(d,p) 1.12 2.18 1.05 6.25 5.45 5.45 2.94 1.03 

6-31+G(d,p) 0.39 0.35 0.52 0.32 4.77 4.78 0.07 0.24 

6-311G(d,p) 0.26 1.03 0.33 2.05 13.87 15.89 3.24 1.50 

6-311+G(d,p) 0.12 0.26 0.99 0.71 2.42 2.17 2.28 0.94 

6-311+G(2d,2p) 0.12 0.07 0.61 0.10 1.08 0.90 0.29 0.10 

6-311+G(2df,p) 0.35 0.24 0.18 0.15 0.12 0.09 0.11 0.10 

6-311+G(2df,2p) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

basis set r1 r2 r3 r4 r5 r6 r7 r8 

6-31G(d) 0.69 0.08 1.44 9.91 2.65 3.86 8.99 0.06 

6-31G(d,p) 0.37 0.01 1.32 7.88 3.61 7.06 4.80 0.62 

6-31+G(d,p) 0.60 1.83 1.10 7.08 2.92 5.16 7.58 0.18 

6-311G(d,p) 0.25 1.84 1.28 10.33 1.82 3.03 9.99 0.67 

6-311+G(d,p) 0.38 0.80 0.75 5.70 1.46 1.91 5.11 0.33 

6-311+G(2d,2p) 0.26 0.26 0.13 5.16 1.45 2.15 9.01 0.63 

6-311+G(2df,p) 0.53 1.93 0.45 0.52 1.43 1.69 6.13 0.34 

6-311+G(2df,2p) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table A.7. Key distances (in Å) in the RC corresponding to the phosphodiester bond 

cleavage reaction calculated using the smallest model and various DFT functionals.a,b 

functional r1 r2 r3 r4 r5 r6 r7 r8 

M06-HF 1.845 0.977 3.689 1.640 1.884 0.975 1.441 1.045 

PBEPBE 1.794 0.996 4.077 1.713 1.814 0.995 1.490 1.045 

BP86 1.792 0.997 4.070 1.714 1.804 0.998 1.484 1.048 

PBEPBE-D3 1.815 0.993 3.788 1.701 1.730 0.998 1.564 1.024 

M06-2X 1.837 0.976 3.862 1.661 1.823 0.979 1.544 1.014 

B3LYP-

10%HF 
1.775 0.998 3.854 1.690 1.768 0.992 1.556 1.022 

M06-2X-D3 1.836 0.977 3.854 1.661 1.821 0.979 1.544 1.013 

M06-L 1.869 0.977 3.887 1.681 1.802 0.980 1.638 0.999 

MN15 1.842 0.981 3.886 1.656 1.781 0.984 1.591 1.010 

M11 1.827 0.978 3.879 1.669 1.807 0.981 1.584 1.009 

MPWB1K 1.863 0.968 3.890 1.647 1.878 0.969 1.592 0.994 

B3LYP 1.801 0.990 3.909 1.682 1.799 0.984 1.575 1.012 

M06 1.862 0.977 3.865 1.666 1.780 0.980 1.650 0.996 

M11-L 1.916 0.965 3.893 1.634 1.806 0.967 1.703 0.977 

MN12-SX 1.878 0.975 3.967 1.651 1.930 0.976 1.655 0.995 

B3LYP-D3 1.807 0.983 3.804 1.680 1.735 0.986 1.586 1.008 

MN12-L 1.882 0.973 3.994 1.649 1.898 0.973 1.687 0.995 

M05 1.875 0.975 3.874 1.675 1.819 0.977 1.663 0.992 

averagec 1.840 0.981 3.891 1.671 1.816 0.982 1.586 1.011 

deviationd 0.038 0.010 0.093 0.024 0.053 0.009 0.072 0.020 
aKey distances are defined in Figure A.1. bGeometries were obtained using the 6-31G(d,p) 

basis set. cEach distance was averaged across all functionals. dStandard deviation for each 

distance was calculated across all functionals. 
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Table A.8. Key distances (in Å) in the TS corresponding to the phosphodiester bond cleavage 

reaction calculated using the smallest model and various DFT functionals.a,b 

functional r1 r2 r3 r4 r5 r6 r7 r8 

M06-HF 1.113 1.315 1.893 1.831 1.458 1.043 1.383 1.070 

PBEPBE 1.144 1.305 1.916 2.172 1.585 1.039 1.637 1.016 

BP86 1.148 1.303 1.923 2.174 1.570 1.045 1.621 1.020 

PBEPBE-D3 1.130 1.323 1.897 2.190 1.555 1.043 1.637 1.015 

M06-2X 1.062 1.412 1.802 2.141 1.206 1.202 1.545 1.019 

B3LYP-10%HF 1.138 1.307 1.915 2.135 1.578 1.035 1.611 1.015 

M06-2X-D3 1.063 1.412 1.802 2.137 1.203 1.205 1.542 1.019 

M06-L 1.113 1.341 1.893 2.112 1.623 1.013 1.706 0.996 

MN15 1.058 1.442 1.801 2.132 1.488 1.042 1.637 1.007 

M11 1.057 1.447 1.814 2.231 1.391 1.083 1.638 1.004 

MPWB1K 1.037 1.457 1.785 2.160 1.478 1.031 1.635 0.991 

B3LYP 1.083 1.389 1.868 2.135 1.485 1.052 1.538 1.023 

M06 1.147 1.264 1.873 2.167 1.622 1.014 1.777 0.991 

M11-L 1.044 1.424 1.798 1.996 1.616 0.995 1.642 0.988 

MN12-SX 1.037 1.486 1.790 2.132 1.478 1.040 1.640 1.001 

B3LYP-D3 1.104 1.344 1.887 2.118 1.543 1.030 1.620 1.008 

MN12-L 1.112 1.340 1.893 2.111 1.611 1.003 1.757 0.995 

M05 1.188 1.224 1.916 2.178 1.673 1.005 1.763 0.985 

averagec 1.099 1.363 1.859 2.125 1.509 1.051 1.629 1.009 

deviationd 0.045 0.073 0.052 0.087 0.132 0.059 0.093 0.020 
aKey distances are defined in Figure A.1. bGeometries were obtained using the 6-31G(d,p) basis 

set. cEach distance was averaged across all functionals. dStandard deviation for each distance was 

calculated across all functionals. 
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Table A.9. Key distances (in Å) in the PC corresponding to the phosphodiester bond cleavage 

reaction calculated using the smallest model and various DFT functionals.a,b 

functional r1 r2 r3 r4 r5 r6 r7 r8 

M06-HF 1.025 1.513 1.669 3.120 1.049 1.446 1.575 1.012 

PBEPBE 1.028 1.607 1.706 3.695 1.063 1.491 1.759 1.005 

BP86 1.028 1.605 1.700 4.209 1.085 1.440 1.780 1.003 

PBEPBE-D3 1.032 1.553 1.757 4.085 1.106 1.371 2.014 0.980 

M06-2X 1.006 1.634 1.677 3.108 1.039 1.499 1.971 0.983 

B3LYP-10%HF 1.016 1.632 1.685 4.191 1.058 1.492 1.774 0.997 

M06-2X-D3 1.005 1.637 1.676 3.109 1.040 1.496 1.983 0.986 

M06-L 1.004 1.673 1.688 3.299 1.015 1.622 1.877 0.984 

MN15 1.004 1.694 1.666 3.191 1.025 1.575 1.999 0.987 

M11 1.005 1.663 1.682 3.083 1.031 1.552 1.969 0.984 

MPWB1K 0.995 1.620 1.662 3.069 1.004 1.607 1.877 0.978 

B3LYP 1.003 1.659 1.712 4.077 1.023 1.585 1.771 0.990 

M06 1.001 1.696 1.672 3.230 1.013 1.625 1.879 0.982 

M11-L 0.983 1.948 1.629 3.023 0.996 1.384 1.829 0.973 

MN12-SX 0.998 1.673 1.665 3.096 1.009 1.644 2.031 0.981 

B3LYP-D3 1.003 1.637 1.676 4.307 1.035 1.536 1.762 0.993 

MN12-L 0.988 1.777 1.655 3.106 1.004 1.665 2.190 0.976 

M05 0.994 1.704 1.701 4.043 1.005 1.651 1.796 0.982 

averagec 1.007 1.663 1.682 3.502 1.033 1.538 1.880 0.988 

deviationd 0.014 0.092 0.027 0.497 0.030 0.091 0.142 0.011 
aKey distances are defined in Figure A.1. bGeometries were obtained using the 6-31G(d,p) basis 

set. cEach distance was averaged across all functionals. dStandard deviation for each distance was 

calculated across all functionals. 
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Table A.10. Key distances (in Å) for all stationary points corresponding to the phosphodiester 

bond cleavage reaction with the truncation point for select amino acid(s) in model 1 extended to 

the α carbon.a,b  

residue 

expanded to Cα 
D210 H309 D70 RC TS1 IC TS2 PC 

 

 

 

 

r1 

   2.099 1.226 1.041 1.005 0.996 

X   1.874 1.241 1.044 1.006 1.054 

 X  1.834 1.226 1.041 1.003 0.994 

  X 2.040 1.239 1.044 0.997 0.986 

X X  1.868 1.234 1.031 1.003 1.034 

X  X 1.919 1.230 1.043 1.006 0.972 

 X X 1.829 1.227 1.041 1.004 0.993 

X X X 1.679 1.226 1.031 1.003 0.972 

averagec 1.893 1.231 1.039 1.003 1.000 

deviationd 0.130 0.006 0.006 0.003 0.029 

 

 

 

 

r2 

   0.975 1.200 1.495 1.631 1.678 

X   0.986 1.185 1.477 1.631 2.738 

 X  0.989 1.200 1.493 1.628 1.762 

  X 0.979 1.186 1.475 1.688 1.839 

X X  0.987 1.192 1.533 1.648 3.107 

X  X 0.984 1.195 1.482 1.626 3.311 

 X X 0.990 1.198 1.491 1.622 1.674 

X X X 1.004 1.199 1.525 1.648 3.256 

averagec 0.987 1.194 1.496 1.640 2.421 

deviationd 0.009 0.006 0.021 0.022 0.750 

 

 

 

 

r3 

   6.835 2.030 1.848 1.706 1.651 

X   4.987 1.986 1.839 1.708 1.613 

 X  4.952 2.029 1.848 1.690 1.664 

  X 4.762 1.986 1.838 1.716 1.662 

X X  5.018 2.032 1.865 1.707 1.607 

X  X 5.079 2.011 1.843 1.704 1.643 

 X X 5.087 2.039 1.849 1.696 1.651 

X X X 5.154 2.018 1.841 1.707 1.637 

averagec 5.234 2.016 1.846 1.704 1.641 

deviationd 0.657 0.021 0.009 0.008 0.021 

 

 

 

 

r4 

   1.626 1.709 1.747 2.278 2.970 

X   1.634 1.713 1.745 2.263 3.414 

 X  1.635 1.709 1.748 2.351 3.360 

  X 1.635 1.712 1.745 2.253 3.752 

X X  1.633 1.705 1.743 2.234 4.569 

X  X 1.637 1.709 1.742 2.255 4.804 
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residue 

expanded to Cα 
D210 H309 D70 RC TS1 IC TS2 PC 

 X X 1.634 1.705 1.741 2.271 3.060 

X X X 1.635 1.709 1.749 2.237 4.766 

averagec 1.634 1.709 1.745 2.268 3.837 

deviationd 0.003 0.003 0.003 0.037 0.766 

 

 

 

 

r5 

   2.699 1.870 1.783 1.062 1.015 

X   2.644 1.865 1.806 1.066 1.033 

 X  2.686 1.863 1.777 1.049 1.027 

  X 2.613 1.875 1.810 1.063 1.019 

X X  2.744 1.880 1.814 1.068 1.021 

X  X 2.698 1.857 1.814 1.060 0.987 

 X X 2.737 1.881 1.810 1.056 1.004 

X X X 2.657 1.856 1.790 1.067 0.991 

averagec 2.685 1.868 1.800 1.061 1.012 

deviationd 0.045 0.010 0.015 0.006 0.017 

 

 

 

 

r6 

   0.976 0.983 0.991 1.445 1.614 

X   0.992 0.984 0.989 1.435 1.487 

 X  0.993 0.984 0.991 1.480 1.514 

  X 0.991 0.983 0.989 1.447 1.531 

X X  0.995 0.983 0.989 1.436 1.576 

X  X 0.991 0.984 0.989 1.448 1.823 

 X X 0.995 0.983 0.989 1.463 1.666 

X X X 0.993 0.984 0.991 1.439 1.765 

averagec 0.991 0.983 0.990 1.449 1.622 

deviationd 0.006 0.001 0.001 0.015 0.121 

 

 

 

 

r7 

   1.546 0.993 0.990 1.035 1.046 

X   1.468 0.997 0.991 1.035 1.478 

 X  1.500 0.992 0.990 1.036 1.078 

  X 1.499 0.997 0.991 1.037 1.521 

X X  1.474 0.990 0.987 1.032 1.544 

X  X 1.553 0.991 0.987 1.034 1.692 

 X X 1.508 0.989 0.986 1.037 1.029 

X X X 1.073 1.789 1.785 1.569 1.614 

averagec 1.509 0.992 0.990 1.035 1.375 

deviationd 0.031 0.003 0.003 0.002 0.276 

 

 

 

 

r8 

   1.095 1.750 1.780 1.567 1.535 

X   1.083 1.789 1.788 1.558 1.087 

 X  1.085 1.750 1.780 1.557 1.474 

  X 1.090 1.833 1.826 1.573 1.077 

X X  1.065 1.813 1.820 1.569 1.074 
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residue 

expanded to Cα 
D210 H309 D70 RC TS1 IC TS2 PC 

X  X 1.081 1.840 1.840 1.554 1.050 

 X X 1.076 1.822 1.748 1.570 1.610 

X X X 1.073 1.789 1.785 1.569 1.062 

averagec 1.081 1.798 1.796 1.565 1.246 

deviationd 0.010 0.035 0.030 0.007 0.246 
aKey distances are defined in Figure A.1. bGeometries were obtained using B3LYP-D3/6-

31G(d,p). cEach distance averaged across all truncation points for select amino acid(s) extended 

to the α carbon. dStandard deviation for each distance was calculated across all truncation points 

for select amino acid(s) extended to the α carbon. 
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Table A.11. Key distances (in Å) in all stationary points corresponding to the phosphodiester bond 

cleavage reaction calculated using models of varying size.a-c  

     Models RC TS1 IC TS2 PC 

 

 

 

 

r1 

model 1 1.679 1.226 1.031 1.003 0.972 

model 2 1.901 1.116 1.029 1.007 1.055 

model 3 1.651 1.201 1.036 0.992 0.989 

model 4 1.809 1.175 1.082 1.131 1.064 

model 5 1.487 1.098 1.064 1.025 1.025 

model 6 1.710 1.379 1.033 1.013 1.004 

model 7 1.935 1.164 1.033 0.994 1.705 

model 8 1.746 1.265 1.008 1.000 0.989 

model 9 1.938 1.153 1.041 1.011 0.992 

model 10 2.797 1.032 1.009 1.000 1.046 

 

 

 

 

r2 

model 1 1.004 1.199 1.525 1.648 3.256 

model 2 0.985 1.342 1.579 1.647 3.019 

model 3 1.003 1.228 1.529 1.773 1.750 

model 4 0.983 1.252 1.399 2.828 1.664 

model 5 1.044 1.378 1.412 1.531 1.531 

model 6 0.989 1.094 2.398 2.558 1.629 

model 7 0.982 1.263 1.530 1.767 0.996 

model 8 0.997 1.167 1.671 1.696 1.736 

model 9 0.981 1.281 1.512 1.611 1.739 

model 10 0.977 1.541 1.670 1.688 1.454 

 

 

 

 

r3 

model 1 5.154 2.018 1.841 1.707 1.637 

model 2 5.025 2.089 1.898 1.730 1.610 

model 3 3.694 2.052 1.855 1.722 1.687 

model 4 3.909 1.838 1.790 1.642 1.648 

model 5 3.373 1.975 1.744 1.661 1.661 

model 6 5.314 1.983 1.736 1.674 1.663 

model 7 4.372 2.034 1.856 1.701 1.596 

model 8 4.500 2.105 1.799 1.745 1.664 

model 9 4.021 2.000 1.860 1.755 1.692 

model 10 3.265 1.970 1.748 1.647 1.570 

 

 

 

 

r4 

 

 

 

 

r4 

model 1 1.635 1.709 1.749 2.237 4.766 

model 2 1.617 1.672 1.697 2.225 3.503 

model 3 1.660 1.720 1.765 2.067 3.327 

model 4 1.614 1.802 1.830 2.259 3.532 

model 5 1.645 1.708 1.845 2.492 2.492 

model 6 1.650 1.709 1.758 2.288 6.413 

model 7 1.622 1.690 1.716 2.247 5.090 

model 8 1.651 1.720 1.789 2.251 5.241 

model 9 1.632 1.714 1.739 2.361 3.569 

model 10 1.665 1.705 1.674 2.323 4.988 

 model 1 2.849 1.856 1.790 1.067 0.991 
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     Models RC TS1 IC TS2 PC 

 

 

 

r5 

model 2 2.775 2.293 2.265 1.523 1.026 

model 3 1.745 1.723 1.685 1.138 1.018 

model 4 3.698 1.730 1.687 1.426 0.974 

model 5 2.111 1.792 1.598 1.374 1.005 

model 6 2.560 2.395 2.423 1.248 0.987 

model 7 3.205 2.213 2.154 1.085 1.051 

model 8 1.743 1.768 1.690 1.266 0.979 

model 9 2.023 1.902 1.896 1.209 1.029 

model 10 1.877 1.747 1.707 1.487 0.979 

 

 

 

 

r6 

model 1 0.974 0.984 0.991 1.439 1.765 

model 2 0.977 0.974 0.978 1.033 1.517 

model 3 0.984 0.989 0.996 1.286 1.533 

model 4 1.003 0.997 1.003 1.063 2.030 

model 5 0.970 0.976 1.006 1.086 1.453 

model 6 0.993 0.982 0.986 1.161 1.809 

model 7 0.981 0.978 0.980 1.360 1.453 

model 8 0.978 0.982 0.992 1.149 3.649 

model 9 0.968 0.975 0.977 1.208 1.534 

model 10 0.970 0.979 0.993 1.034 1.929 

 

 

 

 

r7 

model 1 1.522 0.990 0.997 1.033 1.062 

model 2 1.480 0.993 0.987 1.028 1.061 

model 3 1.465 1.008 0.999 1.000 1.559 

model 4 1.007 0.980 0.985 1.014 1.009 

model 5 5.963 0.982 0.990 1.012 1.642 

model 6 3.879 0.993 0.991 1.042 1.743 

model 7 1.477 1.004 0.996 0.991 1.046 

model 8 1.386 1.041 1.020 1.411 1.560 

model 9 1.372 1.027 1.017 1.470 1.570 

model 10 1.731 1.210 1.005 1.051 1.668 

 

 

 

 

r8 

model 1 1.076 1.822 1.748 1.570 3.059 

model 2 1.083 1.823 1.848 1.605 1.581 

model 3 1.096 1.678 1.721 1.790 1.067 

model 4 3.749 4.081 1.884 1.620 1.704 

model 5 1.078 4.164 1.771 1.642 1.012 

model 6 1.039 1.931 1.875 1.571 1.039 

model 7 1.086 1.671 1.714 1.768 1.528 

model 8 1.127 1.548 1.607 1.118 1.065 

model 9 1.129 1.565 1.595 1.091 1.058 

model 10 1.034 1.292 1.705 1.535 1.050 

 

 

 

 

model 1 1.522 0.990 0.997 1.033 1.062 
model 2 1.480 0.993 0.987 1.028 1.061 
model 3 1.465 1.008 0.999 1.000 1.559 
model 4 1.007 0.980 0.985 1.014 1.009 
model 5 5.963 0.982 0.990 1.012 1.642 



280 

 

     Models RC TS1 IC TS2 PC 

H309NH…OP1 model 6 3.879 0.993 0.991 1.042 1.743 
model 7 1.477 1.004 0.996 0.991 1.046 
model 8 1.386 1.041 1.020 1.411 1.560 
model 9 1.372 1.027 1.017 1.470 1.570 
model 10 1.731 1.210 1.005 1.051 1.668 

 

 

 

 
H309N…H 

model 1 1.076 1.822 1.748 1.570 3.059 
model 2 1.083 1.823 1.848 1.605 1.581 
model 3 1.096 1.678 1.721 1.790 1.067 
model 4 3.749 4.081 1.884 1.620 1.704 
model 5 1.078 4.164 1.771 1.642 1.012 
model 6 1.039 1.931 1.875 1.571 1.039 
model 7 1.086 1.671 1.714 1.768 1.528 
model 8 1.127 1.548 1.607 1.118 1.065 
model 9 1.129 1.565 1.595 1.091 1.058 
model 10 1.034 1.292 1.705 1.535 1.050 

aKey distances are defined in Figure A.1. bGeometries were obtained using B3LYP-D3/6-

31G(d,p). cRefer to Figure 2.5 for schematic of the models. 
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Table A.12: Relative solvent-phase Gibbs energies (ΔG, kJ/mol) for the phosphodiester bond cleavage 

reaction calculated using models of various sizes.a,b 

 Y171 N212 N68 N174 D308 D283 RC TS1 IC TS2 PC 

model 1        0.0 57.7 48.1 88.7 –10.3 

model 2  X      0.0 74.2 75.7 97.9 –64.6 

model 3   X     0.0 54.5 50.5 43.6 –48.1 

model 4    X    0.0 126.7 127.6 121.0 4.9 

model 5      X  0.0 36.6 56.9 66.5 72.5 

model 6       X 0.0 188.6  160.7 155.0 31.0 

model 7  X X     0.0 61.7 62.2 114.8 –40.7 

Model 8  X X  X   0.0 72.1 67.1 85.0 –21.0 

model 9  X X X X   0.0 93.3 96.6 133.5 102.5 

model 10  X X X X X X 0.0 87.6 79.1 94.2 –6.9 
aRelative energies were obtained from IEF-PCM-M06-2X/6-311+G(2df,2p) (ε=4) single-point 

calculations on B3LYP-D3/6-31G(d,p) gas-phase geometries. bAll models contain D210 and H309. Refer 

to Figure 2.5 for schematic of the models. All amino acids were truncated at the α carbon, with the 

exception of E96 (β carbon truncation). 
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Figure A.1. Nomenclature used for key distances during the phosphodiester bond cleavage 

reaction in the present work depicted for the smallest model.  

 

 

Figure A.2. Important distances (in Å) along the concerted phosphodiester bond cleavage pathway 

predicted using the smallest model (see Figure 2.3a) optimized with M06-2X and 6-31G(d) (red), 

6-31G(d,p) (blue), or 6-311+G(2df,2p) (green). 
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Figure A.3. Important distances (in Å) along the concerted phosphodiester bond cleavage pathway 

predicted using the expanded substrate model (amino acids truncated at the β carbon). 

 

 

Figure A.4. Important distances (in Å) along the stepwise phosphodiester bond cleavage pathway 

predicted using model 1. 
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Figure A.5. Overlays of all stationary points along the phosphodiester bond cleavage pathway 

predicted using model 1 with truncation of D210 at Cβ (grey) and truncation at Cα (blue): a) RC 

(RMSD=1.130 Å), b) TS1 (RMSD=1.021 Å), c) IC (RMSD=1.015 Å), d) TS2 (RMSD=1.024 Å), 

and e) PC (RMSD=1.645 Å). 
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Figure A.6. Overlays of all stationary points along the phosphodiester bond cleavage pathway 

predicted using model 1 with truncation of H309 at Cβ (grey) and truncation at Cα (blue): a) RC 

(RMSD=1.345 Å), b) TS1 (RMSD=1.149 Å), c) IC (RMSD=1.150 Å), d) TS2 (RMSD=1.185 Å), 

and e) PC (RMSD=1.537 Å). 
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Figure A.7. Overlays of all stationary points along the phosphodiester bond cleavage pathway 

predicted using model 1 with truncation of all residues at Cβ (grey) and truncation at Cα (blue): a) 

RC (RMSD=1.797 Å), b) TS1 (RMSD=1.453 Å), c) IC (RMSD=1.425 Å), d) TS2 (RMSD=1.462 

Å), and e) PC (RMSD=2.015 Å). 
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Figure A.8. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 1 (110 atoms). 
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Figure A.9. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 2 (129 atoms). 
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Figure A.10. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 3 (122 atoms). 



290 

 

 

Figure A.11. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 7 (141 atoms). 
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Figure A.12. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 4 (122 atoms). 
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Figure A.13. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 5 (120 atoms). 
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Figure A.14. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 6 (120 atoms). 
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Figure A.15. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 8 (153 atoms). 
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Figure A.16. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 9 (165 atoms). 
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Figure A.17. Key distances (in Å) and angles (in °) along the phosphodiester bond cleavage 

pathway characterized using model 10 (185 atoms). 
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Appendix B 

Supplementary Information for Chapter 3: The Metal Dependence of Single-Metal 

Mediated Phosphodiester Bond Cleavage: A QM/MM Study of a Multifaceted Human 

Enzyme  

 

Contains Tables B.1–B.4 and Figures B.1–B.17 
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Table B.1. Protonation states of titratable amino acid residues. a  

Amino 

Acid 

pKa Amino Acid pKa Amino Acid pKa 

D47 5.23 E217 4.28 K77 10.54 

D50 1.57 E236 4.90 K78 11.01 

D70 7.18 E242 4.58 K79 10.61 

D82 3.70 H116 6.55 K85 10.67 

D90 3.99 H151 5.97 K98 12.62 

D124 3.75 H215 5.55 K103 10.44 

D148 3.74 H255 5.79 K125 10.66 

D152 4.16 H289 6.02 K141 10.55 

D163 3.69 H309 10.35 K194 10.80 

D189 5.57 C65 12.59 K197 10.22 

D210 7.54 C93 17.79 K203 10.90 

D219 2.28 C99 10.49 K224 10.45 

D251 4.39 C138 8.98 K227 10.05 

D283 4.45 C208 8.17 K228 11.28 

D297 3.63 C296 10.66 K276 11.36 

D308 3.85 C310 12.74 K299 10.71 

E46 4.43 Y45 14.32 K303 10.56 

E86 4.66 Y118 12.03 R73 12.59 

E87 4.76 Y128 13.35 R136 12.81 

E96 4.77 Y144 11.27 R156 16.31 

E101 5.15 Y171 17.30 R177 9.65 

E107 4.39 Y184 12.19 R181 13.55 

E110 4.71 Y257 12.81 R185 13.41 

E126 4.53 Y262 9.98 R187 13.12 

E149 4.67 Y264 12.86 R193 12.42 

E150 4.00 Y269 15.89 R202 12.44 

E154 4.14 Y284 14.57 R221 12.56 

E161 3.91 Y315 12.86 R237 12.33 

E183 4.41 K52 10.49 R254 12.14 

E190 4.07 K58 10.72 R274 11.63 

E216 4.51 K63 9.82   
aThe physiological protonation states of titratable amino acid residues were verified using the 

propKa server. 
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Table B.2. Relative energy (kJ/mol) for the APE1-catalyzed phosphodiester cleavage facilitated 

by different metals from the potential energy surface.a 

Stationary point Mg2+ Mn2+ Ni2+ (s.p.)b Ni2+ (oct.)c Zn2+ Ca2+ 

RC 0.0 0.0 0.0 0.0 0.0 0.0 

TS1 37.3 44.0 47.0 33.2 64.1 115.2 

IC 28.3 35.9 32.4 28.8 38.6 75.5 

TS2 42.7 43.1 61.9 102.8 85.5 89.1 

PC –84.9 –18.8 -37.5 8.2 –41.0 4.4 

aRelative energies evaluated with ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBER). bSquare planar 

coordination. cOctahedral coordination. 

 

Table B.3. Relative Gibbs energy (kJ/mol) for the APE1-catalyzed phosphodiester cleavage 

facilitated by different metals.a 

Stationary point Mg2+ Mn2+ Ni2+ (s.p.)b Ni2+ (oct.)c Zn2+ Ca2+ 

RC 0.0 0.0 0.0 0.0 0.0 0.0 

TS1 64.8 69.8 63.1 74.3 91.1 137.7 

IC 60.9 68.2 61.9 70.3 71.8 81.8 

TS2 65.1 71.5 74.7 88.8 109.2 100.1 

PC –57.4 –30.3 –35.0 –41.5 –20.9 –11.9 

aRelative energies evaluated with ONIOM(M06-2X/6-

311+G(2df,p):AMBER)+ΔGibbs//ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBER). bSquare planar 

coordination. cOctahedral coordination. 

 

Table B.4. Calculated charge-to-size ratios of different metals in the APE1 reactant complex. 

 Mg2+ Mn2+ Ni2+ (s.p.)b Ni2+ (oct.)c Zn2+ Ca2+ 

Ionic radius of the metal 0.65 0.75 0.72 0.72 0.74 0.99 

Charge on the metala 1.697 1.715 0.980 1.102 1.274 1.763 

Charge-to-size ratio 2.611 2.287 1.531 1.361 1.722 1.781 

aNBO charges evaluated using B3LYP-D3(BJ)/6-31G(d,p) calculations on a model of the RC that 

includes only the QM region. Hydrogen atom positions at the truncation points were optimized at 

the same level of theory while constraining the remainder of the model. bSquare planar 

coordination. cOctahedral coordination. 
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Figure B.1. Overlay of the active site of ICs obtained from IRCs corresponding to TS1 (IC) and 

TS2 (ICʹ) for the APE1-catalyzed phosphodiester bond cleavage facilitated by a) Mg2+, b) Mn2+, 

c) octahedral Ni2+, d) square-planar Ni2+, e) Zn2+, and f) Ca2+. The energy differences were 

calculated for ICʹ with respect to IC.  
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Figure B.2. Active site hydrogen-bond distances (Å) and angles (deg., in parentheses) for the 

APE1-catalyzed phosphodiester bond cleavage facilitated by Mg2+ (green), Mn2+ (orange), Ni2+ 

(octahedral coordination, blue) or Zn2+ (yellow). 
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Figure B.3. Metal coordination distances (Å) for the APE1-catalyzed phosphodiester bond 

cleavage facilitated by Mg2+ (green), Mn2+ (orange), or Ni2+ (octahedral coordination, blue). 

Leaving group protonating water is shown in red. 
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Figure B.4. Overlay of the active site from a) QM/MM Mg2+–RC (light grey) and the crystal 

structure of Mn2+ containing thio-substituted reactant analogue complex (dark grey; PDB ID: 

5DG0; RMSD = 0.990 Å), b) QM/MM Mg2+–PC (light grey) and the crystal structure of Mg2+ 

containing product complex (dark grey; PDB ID: 4IEM; RMSD = 0.894 Å), and c) QM/MM 

Mn2+–RC (light grey) and the crystal structure of Mn2+ containing thio-substituted reactant 

analogue complex (dark grey; PDB ID: 5DG0; RMSD = 0.943 Å). 
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Figure B.5. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage facilitated by Mg2+ (red) with respect to the RC (grey): a) Mg2+–

RC:Mg2+–TS1 (RMSD = 0.138 Å), b) Mg2+–RC:Mg2+–IC (RMSD = 0.143 Å), c) Mg2+–RC:Mg2+–

TS2 (RMSD = 0.269 Å), and d) Mg2+–RC:Mg2+–PC (RMSD = 0.321 Å). 
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Figure B.6. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage facilitated by Mn2+ (orange) with respect to the corresponding Mg2+ 

containing structure (grey): a) Mg2+–RC:Mn2+–RC (RMSD = 0.089 Å), b) Mg2+–TS1:Mn2+–TS1 

(RMSD = 0.093 Å), c) Mg2+–IC:Mn2+–IC (RMSD = 0.093 Å), d) Mg2+–TS2: Mn2+–TS2 (RMSD 

= 0.195 Å), and e) Mg2+–PC: Mn2+–PC (RMSD = 0.183 Å). 
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Figure B.7. Metal coordination distances (Å) for the APE1-catalyzed phosphodiester bond 

cleavage facilitated by square-planar Ni2+. Low layer residues are shown in grey and leaving group 

protonating water in red. 
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Figure B.8. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage facilitated by square-planar Ni2+ (blue) with respect to the 

corresponding Mg2+ containing structure (grey): a) Mg2+–RC:Ni2+–RC (RMSD = 0.222 Å), b) 

Mg2+–TS1:Ni2+–TS1 (RMSD = 0.244 Å), c) Mg2+–IC:Ni2+–IC (RMSD = 0.246 Å), d) Mg2+–

TS2:Ni2+–TS2 (RMSD = 0.227 Å), and e) Mg2+–PC: Ni2+–PC (RMSD = 0.289 Å). 
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Figure B.9. Active site hydrogen-bond distances (Å) and angles (deg., in parentheses) for the 

APE1-catalyzed phosphodiester bond cleavage facilitated by square-planar Ni2+.  
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Figure B.10. Mechanism and key calculated bond distances (Å) for the APE1-catalyzed 

phosphodiester bond cleavage facilitated by square-planar Ni2+. 
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Figure B.11. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage facilitated by octahedral Ni2+ (blue) with respect to the 

corresponding Mg2+ containing structure (grey): a) Mg2+–RC:Ni2+–RC (RMSD = 0.110 Å), b) 

Mg2+–TS1:Ni2+–TS1 (RMSD = 0.083 Å), c) Mg2+–IC:Ni2+–IC (RMSD = 0.124 Å), d) Mg2+–

TS2:Ni2+–TS2 (RMSD = 0.117 Å), and e) Mg2+–PC: Ni2+–PC (RMSD = 0.211 Å). 
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Figure B.12. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage facilitated by Zn2+ (yellow) with respect to the corresponding Mg2+ 

containing structure (grey): a) Mg2+–RC:Zn2+–RC (RMSD = 0.060 Å), b) Mg2+–TS1:Zn2+–TS1 

(RMSD = 0.144 Å), c) Mg2+–IC:Zn2+–IC (RMSD = 0.269 Å), d) Mg2+–TS2:Zn2+–TS2 (RMSD = 

0.212 Å) and e) Mg2+–PC: Zn2+–PC (RMSD = 0.199 Å). 
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Figure B.13. Metal coordination distances (Å) for the APE1-catalyzed phosphodiester bond 

cleavage facilitated by Zn2+. Leaving group protonating water is shown in red. 
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Figure B.14. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage inhibited by Ca2+ (blue) with respect to the corresponding Mg2+ 

containing structure (grey): a) Mg2+–RC:Ca2+–RC (RMSD = 0.383Å), b) Mg2+–TS1:Ca2+–TS1 

(RMSD = 0.191 Å), c) Mg2+–IC:Ca2+–IC (RMSD = 0.347 Å), d) Mg2+–TS2:Ca2+–TS2 (RMSD = 

0.170 Å), and e) Mg2+–PC:Ca2+–PC (RMSD = 0.331 Å). 
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Figure B.15. Metal coordination distances (Å) for the APE1-catalyzed phosphodiester bond 

cleavage inhibited by Ca2+. Nucleophilic water is shown in blue. 
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Figure B.16. Overlay of the active site for each stationary point along the APE1-catalyzed 

phosphodiester bond cleavage inhibited by Ca2+ (dark blue) with respect to the RC (light blue): a) 

Ca2+–RC:Ca2+–TS1 (RMSD = 0.455 Å), b) Ca2+–RC:Ca2+–IC (RMSD = 0.346 Å), c) Ca2+–

RC:Ca2+–TS2 (RMSD = 0.192 Å), and d) Ca2+–RC:Ca2+–PC (RMSD = 0.288 Å). 
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Figure B.17. Overlay of the active site for the QM/MM Ca2+–PC (blue) and the crystal structure 

of the Mg2+ containing product complex (dark grey; PDB ID: 4IEM; RMSD = 0.842 Å). 
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Appendix C 

Supplementary Information for Chapter 4: Elucidation of the Catalytic Mechanism of a 

Single-Metal Dependent Homing Endonuclease using QM and QM/MM Approaches: The 

Case Study of I-PpoI 

 

Contains Tables C.1–C.3 and Figures C.1–C.14 
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Table C.1. Relative Gibbs energies (kJ/mol) for the I-PpoI facilitated phosphodiester bond 

cleavage characterized using QM cluster models with M06-2X or ωB97M-V (in parantheses) for 

the pathways involving either indirect or direct Mg2+ coordination to the leaving group. a,b,c 

 RC TS1 TS/IC TS2 PC 

Model 1 (Indirect) 0.0  182.3 (179.6)  115.0 (101.3) 

Model 1 (Direct) 0.0  91.6 (87.8)  41.8 (39.4) 

Model 2 (Indirect) 0.0 107.9 (102.2) 91.3 (85.2) 111.5 (103.1) –32.8 (–35.4) 

Model 2 (Direct) 0.0  92.6 (95.4)  7.4 (10.4) 

Model 3 (Indirect) 0.0  94.8 (102.8)  15.4 (31.2) 

Model 3 (Direct) 0.0  78.4 (72.6)  1.1 (–16.7) 

Model 4 (Indirect) 0.0  124.3 (132.2)  23.2 (24.1) 

Model 4 (Direct) 0.0  103.2 (94.5)  –7.8 (–17.9) 
aSingle-point calculations were carried out using Gaussian16 (rev B.01) with IEF-PCM-M06-

2X/6-311+G(2df,p) (ε=4). bSingle-point calculations were carried out using ORCA 5.0.4 with 

CPCM-ωB97M-V/6-311+G(2df,2p) (ε=4.9). All geometries were optimized in the gas phase using 

B3LYP-D3(BJ)/6-31G(d,p). cRefer to Figure C.2 for a schematic of the QM cluster models 1 – 4. 

 

Table C.2. Relative Gibbs energies (kJ/mol) for the I-PpoI facilitated phosphodiester bond 

cleavage characterized using QM cluster or QM/MM models for the pathway involving indirect 

Mg2+ coordination to the leaving group.a,b,c 

 RC TS1 TS/IC TS2 PC 

Model 1 0.0  182.3 (187.8)  115.0 (132.2) 

Model 2 0.0 107.9 (108.7) 91.3 (90.9) 111.5 (113.6) –32.8 (–33.1) 

Model 3 0.0  94.8 (89.6)  15.4 (11.1) 

Model 4 0.0  124.3 (128.6)  23.2 (50.1) 

QM/MM 0.0  130.9  95.0 
aRelative energies for the QM cluster models were obtained from IEF-PCM-M06-2X/6-

311+G(2df,p) (ε=4) single-point calculations on B3LYP-D3(BJ)/6-31G(d,p) gas-phase 

geometries. Corresponding gas-phase M06-2X/6-311+G(2df,p) relative energies are provided in 

parentheses. bRelative energies for the QM/MM model were obtained from ONIOM(M06-2X/6-

311+G(2df,p):AMBER) single-point calculations on ONIOM(B3LYP-D3(BJ)/6-31G(d,p) 

:AMBER) geometries.  cRefer to Figure C.2 for a schematic of the QM cluster models 1 – 4 and 

QM/MM model. 
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Table C.3. Relative Gibbs energies (kJ/mol) for the I-PpoI facilitated phosphodiester bond 

cleavage characterized using QM cluster or QM/MM models for the pathway involving direct 

Mg2+ coordination to the leaving group.a,b,c 

 RC TS PC 

Model 1 0.0 91.6 (97.6) 41.8 (54.4) 

Model 2 0.0 92.6 (86.4) 7.4 (3.0) 

Model 3 0.0 78.4 (80.3) 1.1 (4.5) 

Model 4 0.0 103.2 (77.2) –7.8 (21.3) 

QM/MM 0.0 54.1 [77.4] –73.8 [–101.8] 
aRelative energies for the QM cluster models were obtained from IEF-PCM-M06-2X/6-

311+G(2df,p) (ε=4) single-point calculations on B3LYP-D3(BJ)/6-31G(d,p) gas-phase 

geometries. Corresponding gas-phase M06-2X/6-311+G(2df,p) relative energies are provided in 

parentheses. QM/MM relative energies evaluated using electrostatic embedding are provided in 

square brackets. bRelative energies for the QM/MM model were obtained from ONIOM(M06-

2X/6-311+G(2df,p):AMBER) single-point calculations on ONIOM(B3LYP-D3(BJ)/6-31G(d,p) 

:AMBER) geometries.  cRefer to Figure 4.2 in the main text for a schematic of the QM cluster 

models 1 – 4 and QM/MM model. 
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Figure C.1. Key distances (Å) in the I-PpoI active site based on an X-ray crystal structures 

of a) the Mg2+-containing RC analogue of the H98A mutant or b) the Mg2+-containing PC 

of the wild-type enzyme. 

 

 

Figure C.2. a) Schematic of QM cluster models involving indirect Mg2+ coordination to 

the leaving group considered in this work: Model 1 (black), Model 2 (Model 1 + H78 (blue) 

+ expanded substrate (red)), Model 3 (Model 1 + R61 (green) + expanded substrate), Model 

4 (Model 1 + H78 + R61 + 5ʹ phosphate moiety of dA191 on the 3ʹ-side of dG190 (orange)). 

b) The corresponding enzyme–DNA QM/MM (ONIOM) model (left) and the QM region 

(black box, right). 
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Figure C.3. Overlay of the active sites of ICs obtained from the IRC corresponding to TS1 

(IC, yellow) and TS2 (ICʹ, teal) for the phosphodiester bond cleavage pathway 

characterized using QM cluster Model 2 with indirect Mg2+ coordination to the leaving 

group. The energy difference was calculated for ICʹ with respect to IC. 

 

 

Figure C.4. Comparison of the Gibbs activation energies (ΔǂG) characterized using QM 

cluster models for the rate-determining step obtained using M06-2X (solid bars) and 

ωB97M-V (dashed bars) single-point calculations on B3LYP-D3(BJ)/6-31G(d,p) gas-

phase geometries for pathways involving indirect (water-mediated, blue) or direct (green) 

Mg2+–O3ʹ leaving group coordination. 
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Figure C.5. Key distances (Å) and angles (°) in the I-PpoI active site for the RC optimized 

using a) QM cluster Model 1 or b) QM/MM model based on the experimentally-proposed 

phosphodiester bond cleavage pathway.1 
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Figure C.6. Active site from an X-ray crystal structure of the a) Mn2+-containing PC of 

wild-type EcoRI bound to a ssDNA substrate, b) Ca2+-containing RC of wild-type BamHI 

bound to a dsDNA substrate, c) Mg2+-containing RC of the N62D mutant of T4 

endonuclease VII bound to a DNA holliday junction, d) Mn2+-containing PC of wild-type 

I-HmuI bound to a dsDNA substrate, e) Mg2+-containing PC of wild-type AaRNase III 

bound to a dsRNA substrate, or f) Na+-substituted RC of Hpy188I bound to a dsDNA 

substrate. 
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Figure C.7. Key distances (Å) in the I-PpoI active site for the phosphodiester bond 

cleavage pathway characterized using QM cluster Model 1 with a) indirect or b) direct Mg2+ 

coordination to the leaving group. See main text Figures 4.3b and 4.5b for key reaction 

parameters for QM cluster Model 1. 
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Figure C.8. Key distances (Å) in the I-PpoI active site for the phosphodiester bond 

cleavage pathway characterized using QM cluster Model 2 with a) indirect or b) direct Mg2+ 

coordination to the leaving group. See main text Figures 4.5b and 4.6 for key reaction 

parameters for QM cluster Model 2. 



326 

 

 

Figure C.9. Key distances (Å) in the I-PpoI active site for the phosphodiester bond 

cleavage pathway characterized using QM cluster Model 3 with a) indirect or b) direct Mg2+ 

coordination to the leaving group. See main text Figures 4.3b and 4.5b for key reaction 

parameters for QM cluster Model 3. 
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Figure C.10. Key distances (Å) in the I-PpoI active site for the phosphodiester bond 

cleavage pathway characterized using QM cluster Model 4 with a) indirect or b) direct Mg2+ 

coordination to the leaving group. See main text Figures 4.3b and 4.5b for key reaction 

parameters for QM cluster Model 4. 

 

 

Figure C.11. Overlays of the I-PpoI active site comparing a) the RC from the preferred 

QM/MM wild-type I-PpoI model (green) and the X-ray crystal structure of the H98A 

mutant (grey, PDB ID: 1CYQ) and b) the PC from the preferred QM/MM wild-type I-PpoI 

model (green) and the X-ray crystal structure of wild-type I-PpoI (grey, PDB ID: 1A73). 
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Figure C.12. a) Key reaction parameters (Å) for each stationary point and b) overlays of 

the active site for the I-PpoI catalyzed phosphodiester bond cleavage involving direct Mg2+ 

coordination to the leaving group characterized in the present work using QM/MM with 

mechanical (green) or electrostatic (cyan) embedding. 
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Figure C.13. a) Key reaction parameters (Å) for each stationary point and relative Gibbs 

energies (kJ/mol, in parantheses) of the phosphodiester bond cleavage by the H98A I-PpoI 

mutant involving direct Mg2+ coordination to the leaving group characterized in the present 

work using QM/MM and b) the corresponding overlays of the active sites of wild-type 

(green) and H98A I-PpoI mutant (blue).  

 

 

Figure C.14. Overlay of the active sites of two-metal mediated AaRNase III (purple, PDB 

ID: 2NUG) and the preferred QM/MM PC for wild-type I-PpoI (green), higlighting the 

similar location of Mg2+ with respect to the substrate
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Appendix D 

Supplementary Information for Chapter 5: Is Metal Stabilization of the Leaving Group 

Required or Can Lysine Facilitate Phosphodiester Bond Cleavage in Nucleic Acids? A 

Computational Study of EndoV 

 

Contains Tables D.1–D.2 and Figures D.1–D.21 
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Table D.1. Average RMSDs (in Å) with standard deviations (in parentheses) for each 500 ns MD 

simulation replica.a 

Direct metal-substrate coordination 

 Replica 1 Replica 2 Replica 3 Replica Average 

Backbone of EndoV-DNA complex 1.7 (0.2) 1.6 (0.2) 1.9 (0.5) 1.7 (0.3) 

Backbone of EndoV 1.2 (0.2) 1.3 (0.1) 1.1 (0.1) 1.2 (0.2) 

Backbone for DNA substrate 2.9 (1.1) 2.9 (0.6) 3.0 (0.9) 2.9 (0.9) 

All heavy atom RMSD of active siteb 1.5 (0.3) 1.6 (0.3) 1.6 (0.4) 1.6 (0.3) 

Indirect metal-substrate coordination 

 Replica 1 Replica 2 Replica 3 Replica Average 

Backbone RMSD for enzyme-DNA complex 1.6 (0.2) 1.9 (0.4) 1.8 (0.2) 1.8 (0.3) 

Backbone RMSD for enzyme 1.2 (0.2) 1.9 (0.4) 1.4 (0.2) 1.5 (0.4) 

Backbone RMSD for DNA substrate 3.1 (0.4) 3.3 (1.0) 3.3 (0.7) 3.1 (0.4) 

All heavy atom RMSD for the active siteb 1.9 (0.3) 2.1 (0.6) 1.6 (0.4) 2.0 (0.4) 
aRMSDs were measured with respect to the first frame of the corresponding MD trajectory. bActive 

site residues D43, E89, D110, K139, H214, Mg, dG229, dA230, and dG231 were included in the 

analysis.  
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Table D.2. Average metal-coordination distances (in Å) with standard deviations (in parentheses) 

and % occupancy across each 500 ns MD simulation replica.a,b 

aRefer to Figure D.11 for a schematic of the metal-coordination distances. bOcc. refers to 

occupancy. 

  

Direct metal-substrate coordination 

 Replica 1 Replica 2 Replica 3 Replica Average 

 Average 

(std. dev.) 

% 

Occ. 

Average 

(std. dev.) 

% 

Occ. 

Average 

(std. dev.) 

% 

Occ. 

Average 

(std. dev.) 

% Occ. 

Mg2+⋯D43 2.0 (0.1) 100 2.0 (0.1) 100 2.0 (0.05) 100 2.0 (0.05) 100 

Mg2+⋯D110 1.9 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 1.9 (0.05) 100 

Mg2+⋯OP1 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 

Mg2+⋯W1 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 100 

Mg2+⋯W2 2.1 (0.1) 97 2.1 (0.1) 98 2.1 (0.1) 98 2.1 (0.1) 98 

Mg2+⋯W3 2.1 (0.1) 98 2.1 (0.1) 99 2.1 (0.1) 99 2.1 (0.1) 99 

Indirect metal-substrate coordination 

 Replica 1 Replica 2 Replica 3 Replica Average 

 Average 

(std. dev.) 

% 

Occ. 

Average 

(std. dev.) 

% 

Occ. 

Average 

(std. dev.) 

% 

Occ. 

Average 

(std. dev.) 

% Occ. 

Mg2+⋯D43 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 

Mg2+⋯D110 1.9 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 1.9 (0.05) 100 

Mg2+⋯W1 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 99 2.1 (0.1) 99 

Mg2+⋯W2 2.1 (0.1) 100 2.1 (0.1) 99 2.1 (0.1) 99 2.1 (0.1) 99 

Mg2+⋯W3 2.1 (0.1) 100 2.1 (0.1) 99 2.1 (0.1) 100 2.1 (0.1) 100 

Mg2+⋯W4 2.1 (0.1) 100 2.1 (0.1) 99 2.1 (0.1) 100 2.1 (0.1) 99 

W1⋯OP1 2.7 (0.05) 69 2.8 (0.1) 77 2.8 (0.05) 69 2.7 (0.05) 72 
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Figure D.1. Active sites from X-ray crystal structures of the a) Mn2+-containing RC of wild-type 

mouse EndoV bound to a dsRNA substrate and b) Ca2+-containing RC of wild-type BamHI bound 

to a dsDNA substrate. 

 

 

Figure D.2. Active sites from X-ray crystal structures of the RC corresponding to a) the Ca2+-

containing D110N mutant and b) the Mg2+-containing E89Q mutant of Tma EndoV bound to a 

ssDNA substrate. 
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Figure D.3. Starting models for MD minimization built by modifying the crystal structure of the 

wild-type EndoV PC (PDB ID: 2W35) involving a) bidentate coordination or b) indirect (water 

mediated) coordination of the metal to the substrate. 
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Figure D.4. RMSD (Å) as a function of time for each 500 ns MD simulation replica for the RCs 

involving direct (left) or indirect (right) metal–substrate coordination with respect to a) the 

backbone of the entire EndoV–DNA complex, b) the backbone of only the enzyme, c) the 

backbone of only the DNA substrate, and d) all heavy atoms of the active site residues (D43, E89, 

D110, K139, H214, Mg2+, dG229, dA230, and dG231). Average RMSD and standard deviation for 

the corresponding data set is provided in the top right corner. 
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Figure D.5. RMSF (Å) of EndoV amino acid residues for each 500 ns MD simulation replica of 

the RC involving a) direct or b) indirect metal–substrate coordination. Key active site residues are 

highlighted using green boxes.   
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Figure D.6. Representative MD snapshots of the EndoV active site aligned for the phosphodiester 

bond cleavage reaction, with each panel highlighting the metal coordination to the substrate along 

with the residues that are aligned to activate the water nucleophile and stabilize the leaving group. 
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Figure D.7. The QM region (129 atoms) in ONIOM models of RC that contains direct a) bidentate 

or b) monodentate metal–substrate coordination. 

 

 

Figure D.8. Metal coordination distances (Å) in the RC from MD equilibrated structure involving 

bidentate direct metal–substrate coordination. 
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Figure D.9. Structures of the ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) optimized 

RCs obtained from the corresponding representative MD snapshots (Figure D.5, Appendix D) with 

different metal coordination architectures, general bases, and general acids. 
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Figure D.10. Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) bond 

distances (Å) for the EndoV-catalyzed phosphodiester bond cleavage involving bidentate direct 

metal coordination to the substrate, Mg2+ aiding leaving group departure, and a) H214 or b) D43 

via a water chain activating the water nucleophile. 

 

 

Figure D.11. Average distances with standard deviations (in Å) and occupancies (%, in 

parentheses) for Mg2+ coordination across all MD replicas for the RC involving a) direct or b) 

indirect metal–substrate coordination. 
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Figure D.12. Mg2+–coordination distances (Å) as a function of time for each 500 ns MD simulation 

replica of the RCs involving a) direct or b) indirect metal–substrate coordination. 
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Figure D.13. Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) bond 

distances (Å) for the EndoV-catalyzed phosphodiester bond cleavage involving direct metal 

coordination to the nonbridging phosphate oxygen, leaving group stabilization by a Mg2+-ligated 

water, and a) H214 or b) a substrate phosphate activating the water nucleophile. 
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Figure D.14. Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) bond 

distances (Å) for the EndoV-catalyzed phosphodiester bond cleavage involving indirect metal 

coordination to the nonbridging phosphate oxygen, leaving group stabilization by a Mg2+-ligated 

water, and a) H214 or b) a substrate phosphate activating the water nucleophile. 

 



345 

 

 

Figure D.15. Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) bond 

distances (Å) for the EndoV-catalyzed phosphodiester bond cleavage involving indirect metal 

coordination to the nonbridging phosphate oxygen, leaving group stabilization by K139, and a) 

H214 or b) a substrate phosphate activating the water nucleophile. 

 

 

Figure D.16. Overlay of the active sites of the wild-type EndoV PC from an X-ray crystal structure 

(grey, PDB ID: 2W35) and QM/MM optimized PC (red) involving indirect metal coordination to 

the nonbridging phosphate oxygen, leaving group stabilization by K139, and a) H214 or b) a 

substrate phosphate activating the water nucleophile.  
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Figure D.17. Comparison of ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) data obtained 

using ME (dark shades) or EE (light shades). Bond distances (top) provided in Å and overlays of 

the active site (bottom) for the mechanism involving indirect metal coordination to the nonbridging 

phosphate oxygen, H214 activating the water nucleophile, and leaving group stabilization by a) 

K139 (red) or b) a Mg2+-ligated water (blue). Relative Gibbs energies (kJ/mol) are provided in 

parentheses. 
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Figure D.18. Mechanism and ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBERff14SB) key bond 

distances (Å) for the phosphodiester bond cleavage by the K139A mutant EndoV involving leaving 

group stabilization by a Mg2+-ligated water, and a) H214 or b) a substrate phosphate activating the 

water nucleophile, and c) H214A EndoV mutant involving leaving group stabilization by K139 

and a substrate phosphate activating the water nucleophile. 
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Figure D.19. a) Overlay of the QM/MM optimized RC from the wild-type (red) and H214A EndoV 

mutant (blue) involving leaving group stabilization by K139 and a substrate phosphate activating 

the water nucleophile (RMSD = 0.086 Å) and b) QM/MM optimized RC from the wild-type 

EndoV, highlighting the C-H⋯O hydrogen bond between H214 and the water nucleophile. 

 

 

Figure D.20. Overlay of the active sites of two-metal mediated RNase H (green, PDB ID: 1ZBI) 

and QM/MM optimized RC for wild-type EndoV (red) involving indirect metal ligation to the 

substrate, K139 stabilizing the leaving group, and a) H214 or b) a substrate phosphate as the 

general base. 

 

 

Figure D.21. Sequence alignment of bacterial and mouse EndoV, with key active site amino acids 

highlighted. The species and the respective GenBank accession numbers used for the alignment 

are Thermotoga maritima and Q9X2H9 for bacterial EndoV, and Mus musculus and Q8C9A2 for 

mouse EndoV.   
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Appendix E 

Supplementary Information for Chapter 6: Mechanism of Nucleic Acid Phosphodiester 

Bond Cleavage by Human Endonuclease V: MD and QM/MM Calculations Reveal a 

Versatile Metal Dependence 

 

Contains Tables E.1–E.3 and Figures E.1–E.11 
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Table E.1. Average RMSDs (Å) across 500 ns MD simulation replicas (standard deviation in 

parentheses) for the RC involving one metal with indirect (water-mediated) or direct coordination 

to the non-bridging phosphate oxygen of the scissile phosphate, or two metals.a 

1 Metal (Indirect Metal–Substrate Coordination) 

  Replica 1 Replica 2 Replica 3 Average 

Backbone of EndoV-RNA complex 2.0 (0.2) 2.0 (0.2) 2.1 (0.2) 2.1 (0.2) 

Backbone of EndoV 1.5 (0.1) 1.4 (0.2) 1.4 (0.2) 1.4 (0.2) 

Backbone of RNA substrate 2.8 (0.4) 3.5 (0.6) 3.6 (0.6) 3.3 (0.5) 

All heavy atoms of active siteb 1.9 (0.2) 2.3 (0.6) 2.1 (0.4) 2.1 (0.4) 

1 Metal (Direct Metal–Substrate Coordination)  
Replica 1 Replica 2 Replica 3 Average 

Backbone of EndoV-RNA complex 1.8 (0.2) 2.1 (0.3) 1.7 (0.2) 1.8 (0.2) 

Backbone of EndoV 1.5 (0.2) 1.7 (0.2) 1.3 (0.2) 1.5 (0.2) 

Backbone of RNA substrate 2.5 (0.4) 2.8 (0.6) 2.6 (0.5) 2.6 (0.5) 

All heavy atoms of active siteb 1.2 (0.1) 1.2 (0.1) 1.4 (0.4) 1.3 (0.2) 

2 Metals 

  Replica 1 Replica 2 Replica 3 Average 

Backbone of EndoV-RNA complex 1.7 (0.1) 1.8 (0.2) 1.6 (0.2) 1.7 (0.2) 

Backbone of EndoV 1.2 (0.1) 1.4 (0.2) 1.1 (0.1) 1.3 (0.1) 

Backbone of RNA substrate 2.4 (0.2) 2.3 (0.3) 2.4 (0.5) 2.4 (0.4) 

All heavy atoms of active siteb 1.1 (0.1) 1.0 (0.1) 1.2 (0.1) 1.1 (0.1) 
aRMSDs were measured with respect to the first frame of the corresponding MD trajectory for 

each replica. bActive site residues D52, E100, D126, K155, D240, Mg2+ or MgA
2+ and MgB

2+, 

A250, U251, and A252 were included in the analysis.  
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Table E.2. Percent occupancies for the reaction parameter-based criteria across the MD simulation 

replicas for the RC involving one metal with indirect (water-mediated) or direct coordination to 

the non-bridging oxygen of the scissile phosphate, or two metals.a 

Reaction Parameter-Based Criteria 1 Metal (Indirect Metal–Substrate Coordination) 

 Replica 1 Replica 2 Replica 3 Average 

r(OδD240⋯P) < 7.5 Å 57% 77% 81% 71% 

r(OW⋯P) < 4.0 Å 100% 100% 100% 100% 

r(O3′⋯OW) < 3.5 Å 27% 24% 24% 25% 

 1 Metal (Direct Metal–Substrate Coordination) 

 Replica 1 Replica 2 Replica 3 Average 

r(OδD240⋯P) < 7.5 Å 59% 52% 70% 60% 

r(OW⋯P) < 4.0 Å 100% 100% 100% 100% 

r(O3′⋯OW) < 3.5 Å 38% 43% 38% 40% 

 2 Metals 

 Replica 1 Replica 2 Replica 3 Average 

r(OδD240⋯Obridging water) < 3.5 Å 55% 48% 60% 54% 

r(OW⋯Obridging water) < 3.5 Å 55% 48% 60% 54% 

r(OW⋯P) < 4.0 Å 100% 100% 98% 99% 

r(O3ʹ⋯MgB
2+) < 2.5 Å 0.02% 15% 0.3% 5% 

r(O3′⋯OW) < 3.5 Å 98% 90% 66% 85% 
aSee main text Figures 6.4b, 6.5b, and 6.6b for the representative structures displaying the reaction 

parameters. 
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Table E.3. Average Mg2+ coordination distances with standard deviations (Å, in parentheses) and occupancies (Occ., %) across MD 

simulation replicas for the RC involving one metal with indirect (water-mediated) or direct coordination to the non-bridging oxygen of 

the scissile phosphate, or two metals.a 

1 Metal (Indirect Metal–Substrate Coordination) 

  Replica 1 Replica 2 Replica 3 Average 

  Average 

(std. dev.) 

% Occ. Average 

(std. dev.) 

% Occ. Average 

(std. dev.) 

% Occ. Average 

(std. dev.) 

% Occ. 

Mg
2+
⋯W1 2.1 (0.1) 100 2.1 (0.1) 98 2.1 (0.1) 93 2.1 (0.1) 97 

Mg
2+
⋯W2 2.1 (0.1) 100 2.1 (0.1) 99 2.1 (0.1) 100 2.1 (0.1) 100 

Mg
2+
⋯W3 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 100 

Mg
2+
⋯W4 2.1 (0.1) 99 2.1 (0.1) 100 2.1 (0.1) 99 2.1 (0.1) 99 

Mg
2+
⋯D52 2.0 (0.05) 100 2.0 (0.1) 100 2.0 (0.1) 100 2.0 (0.1) 100 

Mg
2+
⋯D126 2.0 (0.05) 100 2.0 (0.1) 100 2.0 (0.05) 100 2.0 (0.1) 100 

Mg
2+

-OW⋯OP1
b 2.9 (0.3) 96 2.9 (0.3) 76 2.9 (0.3) 100 2.9 (0.2) 91 

1 Metal (Direct Metal–Substrate Coordination)   
Replica 1 Replica 2 Replica 3 Average  

Average 

(std. dev.) 

% Occ. Average 

(std. dev.) 

% Occ. Average 

(std. dev.) 

% Occ. Average 

(std. dev.) 

% Occ. 

Mg
2+
⋯W1 2.1 (0.1) 98 2.1 (0.1) 99 2.1 (0.1) 98 2.1 (0.1) 98 

Mg
2+
⋯W2 2.1 (0.1) 98 2.1 (0.1) 98 2.1 (0.1) 100 2.1 (0.1) 99 

Mg
2+
⋯W3 2.1 (0.1) 91 2.1 (0.1) 81 2.1 (0.1) 99 2.1 (0.1) 90 

Mg
2+
⋯D52 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.05) 100 

Mg
2+
⋯D126 1.9 (0.05) 100 2.0 (0.1) 100 2.0 (0.05) 100 2.0 (0.1) 100 

Mg
2+
⋯OP1

b 2.0 (0.1) 100 2.0 (0.1) 100 2.0 (0.1) 100 2.0 (0.1) 100 

2 Metals 

  Replica 1 Replica 2 Replica 3 Replica Average 

  Average % Occ. Average % Occ. Average % Occ. Average % Occ. 
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(std. dev.) (std. dev.) (std. dev.) (std. dev.) 

MgA

2+
⋯MgB

2+
 4.1 (0.1) 99 4.1 (0.1) 99 4.1 (0.1) 99 4.1 (0.1) 99 

MgA

2+
⋯W1 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.05) 100 2.1 (0.1) 100 

MgA

2+
⋯W2 2.1 (0.1) 99 2.1 (0.1) 99 2.1 (0.05) 98 2.1 (0.1) 98 

MgA

2+
⋯W3 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.05) 100 2.1 (0.1) 100 

MgA

2+
⋯OP1

b 2.0 (0.1) 99 2.0 (0.1) 98 2.1 (0.1) 97 2.0 (0.1) 98 

MgA

2+
⋯D52 2.0 (0.05) 100 2.0 (0.05) 100 2.0 (0.1) 100 2.0 (0.05) 100 

MgA

2+
⋯D240 2.0 (0.1) 100 2.0 (0.1) 100 2.0 (0.1) 100 2.0 (0.1) 100 

MgB

2+
⋯W4 2.1 (0.1) 99 2.1 (0.1) 99 2.2 (0.1) 86 2.1 (0.1) 95 

MgB

2+
⋯W5 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 100 2.1 (0.1) 100 

MgB

2+
⋯W6 2.2 (0.1) 88 2.2 (0.1) 64 2.1 (0.1) 99 2.1 (0.1) 84 

MgB

2+
⋯D52 1.9 (0.04) 100 1.9 (0.04) 100 1.9 (0.04) 100 1.9 (0.04) 100 

MgB

2+
⋯D126 (Oδ1) 2.0 (0.1) 99 2.0 (0.1) 85 2.0 (0.1) 100 2.0 (0.1) 95 

MgB

2+
⋯D126 (Oδ2) 2.1 (0.1) 98 2.1 (0.1) 97 2.1 (0.1) 95 2.1 (0.1) 97 

aRefer to main text Figures 6.4a, 6.5a, and 6.6a for a schematic of the metal-coordination distances and nomenclature. bOP1 refers to a 

non-bridging oxygen of the scissile phosphate. 

 

 

 



 
 

354 

 

 

 

Figure E.1. a) Overlay of X-ray crystal structures of apo-human EndoV (blue, PDB ID: 

6OZE) and mouse EndoV (red, PDB ID: 6OZO). b) The full human EndoV–RNA QM/MM 

model used in the present work. 

 

 

Figure E.2. Active site metal binding architectures used for MD simulations on human 

EndoV models in the present work that contain one metal with a) indirect (water-mediated) 

or b) direct metal–substrate coordination, or d) two metals. 
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Figure E.3. RMSD (Å) as a function of time for each 500 ns MD simulation replica on the 

RC containing two metals (black), or one metal with direct (red) or indirect (blue) 

coordination to the substrate with respect to a) the backbone of the entire enzyme–RNA 

complex, b) the enzyme backbone, c) the RNA backbone, and d) all heavy atoms of active 

site residues (D52, E100, D126, K155, D240, Mg2+ or MgA
2+ and MgB

2+, A250, U251, and 

A252). Average RMSD and standard deviation provided for the corresponding data set (top 

right corner). 
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Figure E.4. MD snapshots of the human EndoV active site with different modes of metal–

substrate binding and number of metals. Each panel highlights the key distances (Å) for 

active site residues that are positioned for catalysis. 
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Figure E.5. The QM region of the QM/MM model containing one metal with a) indirect 

(water-mediated) or b) direct coordination to a non-bridging oxygen of the scissile 

phosphate, or two metals with c) direct or d) indirect MgB
2+ coordination to the leaving 

group. See Figure E.1b for the full enzyme–DNA QM/MM model. 

 

 

Figure E.6. Overlay of the active sites of the ICs obtained by scanning r(P–OW) in TS1 

(IC, dark blue) and r(P–O3ʹ) in TS2 (ICʹ, light blue) for the EndoV-mediated phosphodiester 

bond cleavage mechanisms characterized in the present work involving two metals with a) 

direct or b) indirect (water-mediated) MgB
2+–O3ʹ coordination. The Gibbs energy 

difference was calculated for ICʹ with respect to IC. 
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Figure E.7. Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBER) bond 

distances (Å) for EndoV-mediated phosphodiester bond cleavage involving a single metal 

with a) indirect (water-mediated) or b) direct coordination to a non-bridging phosphate 

oxygen of the scissile phosphate. 
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Figure E.8. X-ray crystal structures of the active site in the: a) RC of Na+-substituted 

Hpy188I, b) RC of the N62D mutant of T4 endonuclease VII, c) PC of wild-type I-HmuI, 

d) PC of wild-type EcoRI, e) PC of wild-type Aquifex aeolicus RNase III, f) PC of wild-

type HindIII, g) RC of wild-type retroviral integrase, h) RC of wild-type MutH, i) RC of 

wild-type Bgll, and j) RC of wild-type PvuII endonuclease. 
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Figure E.9. a) Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBER) bond 

distances (Å) for EndoV-mediated phosphodiester bond cleavage involving two metals with 

direct MgB
2+–O3ʹ coordination, and b) corresponding metal coordination distances (Å). 
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Figure E.10. a) Mechanism and key ONIOM(B3LYP-D3(BJ)/6-31G(d,p):AMBER) bond 

distances (Å) for EndoV-mediated phosphodiester bond cleavage involving two metals with 

indirect (water-mediated) MgB
2+–O3ʹ coordination, and b) corresponding metal 

coordination distances (Å). 
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Figure E.11. Overlay of the active sites of the RC from X-ray crystal structures of mouse 

EndoV (red) and QM/MM optimizations for the feasible human EndoV pathways 

characterized in the present work involving a) one metal, or two metals with b) direct or c) 

indirect MgB
2+–O3ʹ coordination. 

 

 

 

 

 

 

 


