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Abstract: Human endonuclease V (EndoV) catalytically removes deaminated nucleobases by
cleaving the phosphodiester bond as part of RNA metabolism. Despite being implicated in several
diseases (cancers, cardiovascular diseases, and neurological disorders) and potentially being a
useful tool in biotechnology, details of the human EndoV catalytic pathway remain unclear due to
limited experimental information beyond a crystal structure of the apo-enzyme and select
mutational data. Since a mechanistic understanding is critical for further deciphering the central
roles and expanding applications of human EndoV in medicine and biotechnology, molecular
dynamics (MD) simulations and quantum mechanics-molecular mechanics (QM/MM)
calculations were used to unveil the atomistic details of the catalytic pathway. Due to controversies
surrounding the number of metals required for nuclease activity, enzyme-substrate models with
different numbers of active site metals and various metal-substrate binding configurations were
built based on structural data for other nucleases. Subsequent MD simulations revealed the
structure and stability of the human EndoV-substrate complex for a range of active site metal
binding architectures. Four unique pathways were then characterized using QM/MM that vary in
metal number (one versus two) and modes of substrate coordination (direct versus indirect (water-
mediated)), with several mechanisms being fully consistent with experimental structural, Kinetic,
and mutational data for related nucleases, including members of the EndoV family. Beyond
uncovering key roles for several active site amino acids (D240 and K155), our calculations
highlight that, while one metal is essential for human EndoV activity, the enzyme can benefit from

using two metals due to the presence of two suitable active site binding sites. By directly
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comparing one versus two-metal-mediated P—-O bond cleavage reactions within the confines of the

same active site, our work brings a fresh perspective to the ‘number of metals’ controversy.

Introduction

Inosine is a key post-transcriptional modification that arises in RNA through various
pathways.! 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.!3
Alternatively, imbalanced purine nucleotide metabolism can lead to unexpected inosine
triphosphates incorporation into mMRNA during transcription, which can result in mutant proteins
and inhibit cell viability.*® Although adenosine deaminases also yield inosine as a part of RNA
editing to control gene integrity and gene expression,®’ hyperedited RNA can occur, resulting in
codon changes and thereby altering protein translation. In fact, although balanced adenosine-to-
inosine editing is necessary for generating RNA and protein diversity,® dysregulated adenosine-
to-inosine editing has been connected to 17 different cancers, ranging from colorectal to breast
invasive carcinoma,®? as well as other diseases, such as epilepsy,'* amyotrophic lateral sclerosis
(ALS),'? autism,*® Alzheimer’s,'* atherosclerosis,'® and schizophrenia.'® Therefore, the amount of

inosine in RNA must be carefully regulated.

Endonuclease V (EndoV) is a conserved family of enzymes (Figure 1a) that removes
deaminated nucleobases, including inosine, by cleaving phosphodiester bonds in nucleic acids.!”
19 Despite highly conserved enzymes generally having similar functions, the bacterial homologue
of EndoV is involved in DNA repair,?° while eukaryotic EndoV is involved in RNA metabolism.8
EndoV has also been implicated in the development, detection, and treatment of human diseases.!*
2127 For example, overexpression of catalytically-inactive EndoV increases sensitivity towards
hepatocellular carcinoma treatments.?? Furthermore, eukaryotic EndoV is overexpressed in carotid
atherosclerotic lesions, with enzyme inhibition reducing both plaque size and severity of ischemic
strokes.’® Finally, a genome-wide study of psychiatric disorders demonstrated a significant
association between genes that encode EndoV and schizophrenia.?! 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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Human EndoV catalyzes the Mg?*-dependent cleavage of the second phosphodiester bond
on the 3'-side of inosine to generate the 3'-hydroxy and 5'-phosphate products.?® 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: 60ZE, Figure 1b) does
not contain the substrate or metal cofactor/s.?® Furthermore, mutational studies have highlighted
the roles of only a few residues, with D52A and Y91A mutations abolishing catalytic activity.!’-8
Comparisons to mouse and bacterial EndoV suggest that Y91 likely occupies the empty space
remaining in DNA following base flipping upon substrate binding,?® while D52 is likely involved
in metal binding in the active site.?® Due to the scarcity of information, there has not yet been a

proposal for the human EndoV phosphodiester bond cleavage pathway.

a) Bacterial EndoV N-19-ONELRKK-11-YVAGVDLSF--31--FPYIPGLLAFRE-14-PDVVVFDGQGLAHPRKLGIASHMG-5--PTIGVAKSRLYG-33-PIFVSPGHL-18-RIPEPTRLAH--11-C
Mouse EndoV N-20-QARLKAR-19-KVGGVDVSF--33--APYVSGFLAFRE-19-PQVVLVDGNGVLHORGFGVACHLG-5-~PCIGVAKKLLQV-45-PLYVSVGHR-16-RIPEPIRQAD--98-C
Human EndoV N-20-QARLKAH-19-RVGGVDVSF--33--APYVSGFLAFRE-19-PQVLLVDGNGVLHHRGFGVACHLG-5--PCVGVAKKLLQV~-45-PLYISVGHR-16-RIPEPVRQAD--42-C

D52 E100 D126 K155 D240

b)

>
’
; Tag
H214
D240
PDB ID: 60ZE PDB ID: 60ZL PDB ID: 2W35

Figure 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 dsSRNA substrate, and d) active site for the PC of wild-type bacterial EndoV bound to a SSDNA
substrate.
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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 1a). For mouse
EndoV, X-ray crystallographic data reveal two metals in the active site (Figure 1c).?® Indeed, the
most widely accepted mechanism for nuclease catalysis based on available structural data involves
two metals.?® 3050 The first metal (Ma2") activates the water nucleophile for attack at the scissile
phosphate, the second metal (Mg?*) 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 2a).>* However, the roles and
stoichiometry of the metal ions needed for nuclease catalysis has been a controversial issue for
almost two decades,>>%® 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,3* 38 56.67-68
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Figure 2. The general proposed mechanism for a) two-metal or b) single-metal mediated
phosphodiester bond cleavage by an endonuclease (M?* = metal, and R = H for DNA or OH for
RNA).
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In contrast to mouse EndoV,?® bacterial EndoV has been proposed to use a single metal to
facilitate P—O bond cleavage,®® 52 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 1d). In single-metal dependent nucleases, the
function of the first metal in nucleophile activation in the two-metal mediated pathway (Ma?*) has
been proposed to be fulfilled by an active site amino acid (Figure 2b),>% %*5° such as H214 in
bacterial EndoV (Figure 1d).%? According to sequence alignment, human EndoV contains an Asp
residue (D240) in an equivalent position as H214 in bacterial EndoV (Figure 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 3a).>" %364 Although an
abundance of experimental structural and kinetic studies have proposed that several nucleases use
a single metal to cleave the phosphodiester bond,?® %74 computational studies investigating the

catalytic mechanisms used by one-metal mediated nucleases are relatively scarce.>’ 6264

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
1b),?8 the first model of the human EndoV-substrate complex was constructed. Directed based on
existing literature on other nucleases,?® 3% 8 7475 including EndoV from other species,?-%°
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,®? our work enhances our knowledge of how this broad
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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., cardiovascular disease,’
cancer,?? and psychiatric disorders??), developing new therapeutics that target EndoV,* 2122 and

advancing applications of EndoV in biotechnology.?>2" 7678
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Figure 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 VVvn, c) the H98A mutant of 1-Ppol, d) wild-type
Bglll, e) the D132N mutant of RNase H, and f) wild-type BamHI.

Computational Methodology

Model Building
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Although the only available crystal structure of human EndoV is of the apoenzyme in the
absence of metal cofactor/s (PDB ID: 60ZE),? the crystal structure of mouse EndoV exists as a
homodimer that contains a double-stranded RNA (dsRNA) substrate and metal ions (two metal
ions per active site, PDB ID: 60Z0).28 Since the protein sequences of mouse (monomer) and
human EndoV, including the active sites, are highly similar (81% sequence identity, Figure 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 A,
Figure Sla) and deleting mouse EndoV, while retaining the substrate, two Mn?* ions, and five
directly coordinated water molecules. The five unpaired terminal nucleotides from the 5’-side of
the inosine-containing RNA strand and 11 nucleotides on the 3’-side of the complementary strand
were removed due to their distal location from the active site and their lack of interactions with
the enzyme. Mn?* ions were replaced with Mg?* and four mutations in human EndoV (C140A,
C225S, C226A, and C228S) were reverted using PyMOL 2.5.7° PROPKA was used to assign
protonation states to titratable amino acids at pH 7.0.8 Three models with different metal-binding
configurations found in either one or two metal-dependent nucleases (Figure 3)23 32 69 7475 \yere
then generated: 1) Mga?* was removed and the remaining Mg?* adopted an octahedral coordination
geometry involving D52, D126, and four water molecules, while the metal formed water-mediated
contacts with O3’ and a non-bridging oxygen of the scissile phosphate (denoted indirect Mg?*—
substrate coordination, Figure S2a); 2) Mga?* was removed and the remaining Mg?* was directly
coordinated to both O3’ and a non-bridging oxygen of the scissile phosphate, as well as D52, D126,
and two water molecules (denoted direct Mg?*—substrate coordination, Figure S2b); and 3) two
metals were retained, which are bridged by D52 and a non-bridging oxygen of the scissile
phosphate (Figure S2c), while Mga?* was also coordinated to D240 and three water molecules,

and Mggs?* was also coordinated to D126, two water molecules, and O3’ of the scissile phosphate.

MD Simulations

Throughout the MD simulations, the protein and RNA were described using the AMBER
ff14SB8! and ffbscOyOL3 force fields,?> 8 respectively. Parameters for inosine were supplemented
by the generalized AMBER force field (GAFF)® using ANTECHAMBER 17.3,% while the Mg?*
parameters developed by Allnér et al.®® were adopted. Atomic partial charges for inosine were
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determined using the restrained electrostatic potential (RESP) from the R.E.D.v.I11.4 program.®’
The tLEaP module of AMBER18% was used to neutralize the system with Na* ions (22 ions for
one metal model and 20 ions for two metal model), and add 16 Na* and CI ions to reach a
physiological salt concentration (150 mM, which lead to a total of 16 CI~ ions and 38 (one metal
model) or 36 (two metal model) Na* ions), as determined using the SLTCAP calculator.®® The
entire enzyme—RNA complex was solvated in a TIP3P truncated octahedral water box, while

maintaining a minimum distance of 10.0 A 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™* A2 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, 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 A sphere and ending
at 4 A in 2 A 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™ A2 Next, a 200 ps equilibration
run was performed in which the restraint was relaxed from 25 to 1.5 kcal mol* A2, Long-range
electrostatic interactions were treated with the particle mesh Ewald method and a cut-off of 10 A
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 3'-side of inosine were restrained using a force constant of 25 kcal mol

! A2 to prevent dsRNA unravelling during production simulations.

The CPPTRAJ module (V18.01) of the AMBER 2018 suite was used to analyze the MD
trajectories.® For all hydrogen bond analysis, a hydrogen bond was considered to be present when
the distance between the heavy atoms was < 3.4 A and the hydrogen-bond angle was > 120°.

Backbone RMSD was determined with respect to the first simulation frame. The active site RMSD
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was calculated using the heavy atoms of D52, D126, D240, E100, K155, the nucleotides containing
the scissile phosphate moiety (A250 and U251), and the 3'-flanking nucleotide of inosine (A252).
The RMSDs reveal that all models are stable (Figure S3 and Table S1).

MD snapshots of catalytically-active conformations were extracted using strict distance-
based criteria (Figure S4 and Table S2). In particular, a Mg?*-ligated water was considered to be
in position for leaving group protonation when the distance between the water oxygen and O3’ of
A250 was < 3.5 A. Mg?* was considered to be appropriately positioned to facilitate leaving group
departure when < 2.5 A from O3'. A water molecule was considered to be available for
nucleophilic attack when the oxygen was < 4.0 A from the phosphorus reaction centre. D240 was
considered to be available to activate the water nucleophile when O of D240 is < 7.5 A from the
phosphorus reaction centre. A water chain was determined to bridge D240 (Od) and the
phosphorous reaction centre when oxygen of the second water was simultaneously within 3.5 A

of D240 and the oxygen of the nucleophilic water.

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,®" 63 9194
including metalloenzymes®® %191 and nucleases.*® 47-48. 57, 63, 102103 Eor mechanisms involving a
single metal, the QM region included Mg?* and the directly coordinated D52, D126, and three
water molecules, as well as an additional water molecule either directly coordinated to Mg?* or
hydrogen bonded to E100 (Figure S5a—b). The QM region also includes D240, E100, K155, the
nucleotides containing the scissile phosphate moiety (A250 and U251), and an adjacent phosphate
on the 3’ 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 A of the enzyme or substrate, which resulted in 2357 (direct
Mg?*—substrate coordination) or 2368 (indirect Mg?*—substrate coordination) water molecules and
an overall charge of —22. For mechanisms involving two metals, the QM region contained MgaZ*
and Mgg?*, all coordinated residues, including D52, three water molecules and D240 for Mga?*,

and 2 water molecules and D126 (in a bidentate manner) as well as the substrate and an additional
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water molecule or the O3'-leaving group for Mgs?* (Figure S5¢—d). 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 3’
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 Ca and Cp for the amino acids,
and between C4’ and C5' for the A250 and A252 nucleotides. The hydrogen link atom approach
was used to satisfy the valence of the QM atoms at the QM/MM boundary.

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 EndoV®! and ffbsc0OyOL3 for RNA%83) was
used to describe the MM region. Because of our desire to map multiple pathways at a highly
accurate level of theory with a sizable QM region, mechanical embedding was implemented, which
has been previously successfully used to describe phosphodiester bond hydrolysis catalyzed by
other metalloenzymes,'+1% including nucleases.>” 62-63 109110 |ndeed, previous computational
work on nucleases,®” 1% including bacterial EndoV,®? revealed insignificant differences between
the geometries and energy barriers obtained using mechanical and electrostatic embedding. From
each optimized reactant complex (RC), scans of key reaction parameters (i.e., distances
corresponding to the strongest bonds being formed (nucleophilic attack, r(Ow---P)) and broken (P—
O bond cleavage r(P-03")) were performed to obtain initial guesses for transition states (TSs).
Each reaction parameter was increased/decreased in 0.10-0.15 A 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-0O3’) was
consecutively increased. For stepwise mechanisms, r(Ow---P) was first successively decreased to
obtain a guess for TS1, and r(P-03’) 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—03")) 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—03')) from TS1
and TS2 resulted in structurally and energetically similar ICs (within 6 kJ/mol, Figure S6),
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
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same level of theory as the optimizations, which also afforded the Gibbs energy corrections.
Single-point  energy calculations were carried out at the ONIOM(MO06-2X/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).*!

Results and Discussion

The barrier for the single metal-mediated human EndoV pathway involving indirect (water-
mediated) Mg?*—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 1d).2° Although bacterial EndoV
has been proposed to use H214 as the general base to activate the water nucleophile,®? sequence
alignment indicates that an aspartate residue (D240) replaces histidine in human EndoV (Figure
1a). Other single-metal dependent nucleases have been proposed to use aspartate to activate the
water nucleophile.4? 45 49.57.63-64 Eqr example, a crystal structure of a thio-substituted RC analogue
of APEL1 highlights a single Mn?* 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 3a).”* QM cluster and QM/MM calculations further verified that APE1 favours
water-mediated Mg?* coordination to both a non-bridging oxygen and the O3'-leaving group of
the scissile phosphate, and D210 activates the water nucleophile in the preferred mechanism of
action.®” Similar water-mediated coordination occurs between the metal and a non-bridging
phosphate oxygen in an RC analogue of single-metal dependent Vvn (Figure 3b).”® Therefore, a
human EndoV model involving one Mg?* indirectly (water-mediated) coordinated to the substrate

was initially investigated.

During MD simulations, Mg?* maintains an octahedral coordination geometry fulfilled by
D52, D126, and four water molecules (Figure 4a and Table S3). A water molecule is consistently
found on average 3.4 + 0.1 A from the phosphorus reaction center (Figure 4b and Table S2).
Furthermore, D240 is located in proximity to the electrophilic site (r(O8pz40---P) = 6.8 *+ 1.3 A)
and therefore available to initiate hydrolysis for 71% of the simulation time. Despite the flexibility
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of the active site (Figure S3), a Mg?*-ligated water molecule is suitably positioned with respect to
03’ to facilitate leaving group departure for 25% of the simulation trajectory (Figure 4b and Table
S2). 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.
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Figure 4. Key data for human EndoV-mediated phosphodiester bond cleavage involving a single
metal indirectly (water-mediated) coordinated to a non-bridging phosphate oxygen of the scissile
phosphate, including a) average Mg?* coordination distances (A; occupancies (%) in parentheses)
and b) representative MD structure highlighting key reaction parameters (A) across all MD
replicas, as well as the c) proposed reaction pathway and d) key reaction parameters (A) for each
stationary point. Relative Gibbs energies (kJ/mol) are provided in parentheses. See Figure S7a for

additional reaction parameters.
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The QM/MM optimized RC from a representative MD snapshot maintains all key
interactions necessary for the reaction to proceed (Figures 4c—d and S7a). 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—-O3’ bond
dissociation (Figures 4c—d and S7a). The TS occurs before full proton transfer from the water
nucleophile to D240 and Mg?*-coordinated water to O3’, and the P—O bond is slightly (~0.15 A)
lengthened. However, despite literature precedence for an indirect (water-mediated) metal-
substrate binding architecture in the active site of other nucleases (e.g., APE1°" © and Vvn,”
Figure 3a—b), the energy barrier associated with the corresponding configuration for human EndoV
(120.1 kJ/mol, Figure 4d) is above typical barriers reported for metalloenzyme facilitated P-O
bond cleavage (~58-96 kJ/mol).28 74 112115 Thjs suggests that this pathway is unlikely, a
conclusion in line with previous MD and QM/MM calculations on bacterial EndoV.%? Therefore,

alternate metal-coordination architectures must be considered.

Charge stabilization of the non-bridging oxygen of the scissile phosphate by direct Mg?*
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 3 and S8).2% 873 7> 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 1-Ppol (Figure 3c¢),%° Hpy188I (Figure S8a),”
T4 endonuclease VII (Figure S8b),”? and I-Hmul (Figure S8c),”* reveal direct metal coordination
to both the O3’-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, Mg?" immediately loses direct coordination to O3’, with water occupying the space
between the metal and the O3'-leaving group (Figures 5a—b). Nevertheless, direct metal

coordination to a non-bridging phosphate oxygen is maintained throughout the simulation (100%
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occupancy). The same metal-binding architecture has been seen in crystal structures of single-
metal dependent Bglll (Figure 3d)” and EcoRI (Figure S8d),!° as well as computational studies
on bacterial EndoV® and the endonuclease domain of influenza polymerase.®! In this active site
configuration for human EndoV (Figure 5b and Table S2), Mg?* remains coordinated to the
substrate (2.0 = 0.1 A) throughout the MD simulations, while the Mg?*-ligated water falls < 3.5 A
from O3’ for 40% of the simulation time. Water adopts a position for nucleophilic attack (3.5 +
0.1 A from electrophilic phosphorus) and D240 is suitably situated to activate the nucleophile
(r(Odp240+--P) = 7.3 %

coordination sphere of Mg?* is filled by three water molecules, D52, and D126 (Figure 5a and

0.9 A). In complement to metal-substrate ligation, the octahedral

Table S3), reflecting the experimentally-reported inactive D52A mutant.*”8
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Figure 5. Key data for human EndoV-mediated phosphodiester bond cleavage involving a single

metal directly coordinated to a non-bridging phosphate oxygen of the scissile phosphate, including
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a) average Mg?* coordination distances (A; occupancies (%) in parentheses) and b) representative
MD structure highlighting key reaction parameters (A) across all MD replicas, as well as the c)
proposed reaction pathway and d) key reaction parameters (A) for each stationary point. Relative
Gibbs energies (kJ/mol) are provided in parentheses. See Figure S7b for additional reaction

parameters.

The structural features of the human EndoV RC observed in MD simulations are preserved
upon QM/MM optimizations (Figure 5¢c—d and S7b). 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 Mg?*—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 (A'G = 100.3 kJ/mol) close to the experimentally-observed barriers for a range of
nucleases (~58-96 kJ/mol),?® 74 112115 including mouse EndoV (84.5 kJ/mol).? 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 S3d and Table S1) and increased residency of a catalytically-active conformation (Table
S2). 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, %57 62-64,67-68

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
cleavage?® 2 113 and our calculations suggest that human EndoV can similarly follow a one-metal
dependent pathway, the activity of mouse EndoV depends on two catalytic Mg?* ions.?® Since the
active sites of mouse and human EndoV contain the same catalytic residues (Figure 1a), and the
general two-metal mediated mechanism is widely accepted for nucleic acid backbone cleavage,?
3050 the ability of human EndoV to use two metals to break the P-O bond of dsRNA was
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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 S3). The two metals remain
~ 4 A apart (Figure 6a and Table S3), which correlates with the ~ 3.9 A separation proposed for
two-metal mediated RNA hydrolysis mechanisms.!*” 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 A), while maintaining coordination to Mga®* (r(Ow---Mga?*) =
2.1+ 0.1 A, Figure 6b). 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 A and 1(O8p240°++Obridging water) = 2.9 * 0.3 A). This suggests that two metals are well
accommodated in the active site of human EndoV when bound to the dsSRNA substrate, while

maintaining a catalytically conducive conformation.

In terms of metal coordination, the Mg?" ions are bridged by D52 throughout the
simulations, correlating with the observation that mutation of this residue to alanine kills enzyme
activity.!”'® The remaining Mga?* 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 Mgs?*, two Mgs*—substrate coordination
configurations occur (Figure 6a and Tables S2—-S3). First, unlike the single-metal human EndoV
model, 75 ns of the MD simulation trajectory maintained direct Mgs?*—03' 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 3e),*° AaRNase II1
(Figure S8e),%! Hindlll (Figure S8f),*! and retroviral integrase (Figure S8g).%” Second, a water
molecule intervenes between Mgs?* and the O3'-leaving group for the remainder of the simulation
time (r(03"---Ow) = 3.3 £ 0.4 A, Figure 6b). This metal-binding architecture has been observed in
X-ray crystallographic data for two-metal dependent BamHI (Figure 3f),%2 MutH (Figure S8h),*
and Bgll (Figure S8i).%° 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.
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Figure 6. a) Average Mg?* coordination distances (A; occupancies (%) in parentheses) and b)
representative MD structure highlighting key reaction parameters (A) across all MD replicas, as
well as the c) proposed reaction pathway and d) key reaction parameters (A) for each stationary
point along the human EndoV-mediated phosphodiester bond cleavage involving two metals with
direct Mge?*~03’ coordination. Relative Gibbs energies (kJ/mol) are provided in parentheses. See
Figure S9 for additional reaction parameters.
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When an MD snapshot corresponding to direct Mge?*—03’ coordination was considered,
the metal binding architecture is generally preserved upon QM/MM optimization, with the
exception of Mgs?" adopting penta-coordination due to monodentate (rather than bidentate)
binding of D126 (Figures 6¢c-d and S9). A similar Mgs?* penta-coordination geometry was
observed in the crystal structure of RNase H (Figure 3e).2° The phosphodiester bond cleavage
follows a stepwise mechanism (Figure 6¢c—d and S9). 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?* becomes penta-coordinated in TS1 due
to the loss of water nucleophile coordination, Mgs?* 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.** 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—
03') increases by 0.5 A 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 7 and S10). 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 Mgs?*—03'’ coordination mode (within 3.3 kd/mol, Figures 6 and 7). Thus,
irrespective of whether direct or indirect (water-mediated) Mgs?* coordination to the O3’ 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 74 112-115
including mouse EndoV (84.5 kJ/mol),? and the computed human EndoV-substrate structures are
also consistent with X-ray crystallographic data for mouse EndoV (Figure S11). 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. We note that phosphodiester bond cleavage is followed by
product release, which commonly involves metal ion migration coupled with active site

rearrangement for both one- and two-metal dependent nucleases.*® 51-52 55.67: 118-119 Eqr some two-
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metal mediated nucleases,*?°*?* including mouse EndoV,?® a third metal has been suggested to

move into the active site during product formation to facilitate product release. Since the present

work is solely focused on the P—O bond cleavage step, the role of the third metal was not explicitly

investigated.
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Figure 7. a) The proposed reaction pathway and b) key reaction parameters (A) for each stationary

point along the human EndoV-mediated phosphodiester bond cleavage involving two metals with

indirect (water-mediated) Mgs?*—03' coordination. Relative Gibbs energies (kJ/mol) are provided

in parentheses. See Figure S10 for additional reaction parameters.
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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 1b)?® 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 4),2% ™ 112115 improved substrate charge stabilization
afforded by direct metal coordination to the nonbridging oxygen of the scissile phosphate coupled
with indirect coordination to the O3'-leaving group renders the one-metal mediated pathway
energetically feasible (Figure 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
03', 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 S11a) and our data clarify the observed loss in catalytic activity upon

D52A mutation,'”*8 with D52 being a key metal binding residue.

Our proposal that human EndoV can facilitate the phosphodiester bond cleavage in the
presence of a single metal parallels suggestions made for bacterial EndoV,?% %2 12° as well as many
other nucleases including APE1,%" 5364 |-Ppol,59 115 126 Hpy1881, T4 endonuclease VII," I-
Hmul,”* Vvn,” EcoRI,® and Bglll (Figures 3 and S8).” 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-Ppol,
T4 endonuclease VII, Vvn, I-Hmul), aspartate (APE1, human EndoV), tyrosine (Hpy188l), 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
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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
8). Alternatively, despite many nucleases containing an active site aspartate residue that likely
initiates the reaction (e.g., APE1 (D210),>" 3% RNase P (D399),*? EcoRV (D90),*® and HIV-1
reverse transcriptase (D185%)), 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 APEL unable to promote human EndoV activity,
which necessitates direct metal coordination (Figure 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,>” %264 that suggests catalytic

cleavage of phosphodiester bonds is feasible in the presence of a single active site metal.>! 54-°567-
68

a) DN’\Os . 9 b)  ona G Kize
|3 o ‘\ij H SIOW /
309 H_+
?u \03 ~( /\ UN
Np_ - -HNGNH &,  HH
Mg} o’ N\ M2} RO
A H o, A A H----- o fo
e} - o} A
H H koj
o
*p=0

o HN -/
O}\Dzw APE1 H,, Bacterial EndoV
c) fC1ss RNA A hes
5
RNA, . § A f Y
H.+ Cl) H‘\\ H N
Ho g A A (55 “H
o NS A VgD R0
N . o . KX
|2-; PO ke 1
M ° 0 %% Mg'i)\[O H 7/—\‘0
o ; 0
H (O H ‘p\:o
o, ;
F PO P c\> e 5 RNA
-03 O, \ /
/QO RHA \ o
H™™
D24a” Yo Human EndoV H

Figure 8. The proposed phosphodiester bond cleavage pathway for a) APE1,°" 5364 b) bacterial
EndoV,% and c) one (left) and two-metal mediated (right) human EndoV as characterized in the

present work.
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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 and 7). In these mechanisms,
the first metal (Mga?*) triggers activation of the nucleophilic water, D240 facilitates proton
abstraction from the MgaZ?*-coordinated water nucleophile with help of a bridging water molecule,
and the second metal (Mgg?*) aids leaving group departure through either direct coordination or
activation of a water molecule for O3’ protonation. The two metals along with K155 stabilize the
charge on the substrate. Both mechanisms are consistent with crystallographic data for mouse
EndoV (Figure S11b—c), which has a similar active site composition (Figure 1a). Furthermore,
both metal binding architectures have been reported for other nucleases, with direct metal-leaving
group coordination observed for RNase H (Figure 3¢),%® AaRNase Il (Figure S9e),%! Hindlll
(Figure S8f),* and retroviral integrase (Figure S8g),%” and water-mediated Mgg**—O3'
coordination observed for BamHI (Figure 3f),*> MutH (Figure S8h),*° and Bgll (Figure S8i).%
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 1d)?° and
mouse EndoV shows two metals (Figure 1¢)?® 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 Pvull endonuclease.®’ Specifically, although the X-ray crystal structure of
Pvull endonuclease contains two metals in the active site (Figure S8j),>* P-O bond cleavage rates
as a function of metal ion concentration fit both one-metal and two-metal ion models.®” 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, 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 Mg?* binding positions in the active site. To the best of
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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 ong?® 697375
or two?® 3041 metals for phosphodiester bond hydrolysis in nucleic acids (Figures 3 and S8), 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.

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 nucleases,? ™ 112-115 direct metal
coordination to the nonbridging oxygen of the scissile phosphate coupled with indirect metal
coordination to the O3’ leaving group yields an energetically feasible pathway for single-metal
mediated catalysis. In our predicted mechanism, D240 activates the nucleophilic water, a Mg?*-
ligated water protonates the leaving group, and substrate charge stabilization is provided by both
the directly coordinated Mg?* 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?*) activates the nucleophilic
water while D240 abstracts the proton from the Mga?*-coordinated water nucleophile with help of
a bridging water molecule, and the second metal (Mggs?*) promotes leaving group departure either

through direct coordination or activation of a water molecule to protonate O3’. The two metals
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along with K155 stabilize the charge on the substrate throughout the reaction. Thus, in line with
experimental literature for another nuclease (Pvull endonuclease),®” 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,'® cancer,?? and psychiatric disorders),?* developing new therapeutics that

target EndoV,* 2122 and refining uses of EndoV in biotechnology.?®2" 76-78
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