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Homing endonucleases (HEs) are highly specific DNA cleaving enzymes, with [-Ppol having been
suggested to use a single metal to accelerate phosphodiester bond cleavage. Although an [|-Ppol
mechanism has been proposed based on experimental structural data, no consensus has been reached
regarding the roles of the metal or key active site amino acids. This study uses QM cluster and QM/MM
calculations to provide atomic-level details of the I-Ppol catalytic mechanism. Minimal QM cluster and
large-scale QM/MM models demonstrate that the experimentally-proposed pathway involving direct Mgz"
coordination to the substrate coupled with leaving group protonation through a metal-activated water is
not feasible due to an inconducive I-Ppol active site alignment. Despite QM cluster models of varying size
uncovering a pathway involving leaving group protonation by a metal-activated water, indirect (water-
mediated) metal coordination to the substrate is required to afford this pathway, which renders this
mechanism energetically infeasible. Instead, QM cluster models reveal that the preferred pathway involves
direct Mg?*—03’ coordination to stabilize the charged substrate and assist leaving group departure, while
H98 activates the water nucleophile. These calculations also underscore that both catalytic residues that
directly interact with the substrate and secondary amino acids that position or stabilize these residues are
required for efficient catalysis. QM/MM calculations on the solvated enzyme—DNA complex verify the pre-
ferred mechanism, which is fully consistent with experimental kinetic, structural, and mutational data. The
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DOI: 10.1039/d3cp06201e fundamental understanding of the I-Ppol mechanism of action, gained from the present work can be used
to further explore potential uses of this enzyme in biotechnology and medicine, and direct future compu-

rsc.li/pccp tational investigations of other members of the understudied HE family.

Introduction

Homing endonucleases (HEs), which are also known as mega-
nucleases, are highly specific DNA cleaving enzymes that are
prevalent among bacteria, archaea, and eukarya.”> HEs are
known for their ability to self-propagate genetic elements,
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i Electronic supplementary information (ESI) available: Additional information
for crystal structures of I-Ppol (Fig. S1), as well as EcoRI, BamHI, T4 EndoVII,
Hpy188I, I-Hmul, and AaRNase III (Fig. S6), QM cluster and QM/MM models
involving indirect metal-substrate coordination (Fig. S2), comparison of ICs for
Model 2 (Fig. S3), comparison of M06-2X and ®B97M-V Gibbs activation energies
(Fig. s4), QM and QM/MM optimized RCs for the experimentally-proposed
mechanism (Fig. S5), QM optimized stationary points for Models 1-4 (Fig. S7-
$10), overlays of QM/MM stationary points with crystal structures (Fig. S11),
comparison of ME and EE-optimized QM/MM stationary points (Fig. $12), data
for H98A mutant (Fig. S13), overlay of QM/MM I-Ppol and X-ray AaRNase III PC
(Fig. S14), M06-2X and ®B97M-V Gibbs energies (Table S1), Gibbs energies for
models involving indirect (Table S2) and direct (Table S3) metal-leaving group
coordination. Cartesian coordinates for each stationary point from all wild-type
and in silico H98A I-Ppol mutant pathways as a zip file. See DOI: https://doi.org/
10.1039/d3cp06201e
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specifically moving or transferring the genes that encode them
into the host genome.® 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 unin-
terrupted host genome that does not contain the intervening
sequence." Subsequently, the HEG is incorporated into the host
genome through homologous recombination repair in combi-
nation with DNA replication, completing the homing process."”
The human genome is known to be populated with a large
number of such mobile genetic elements (~40%).* Although
these insertion elements may help shape the human genome,
their insertion has also been linked to human diseases such as
hemophilia,” breast cancer,® and muscular dystrophy.”
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Due to their ability to create double-strand breaks in complex
genomes, HEs have been used for genome engineering,® including
applications such as gene targeting,® cloning,’® and therapy.'**>
HE-directed gene therapy has been applied in various applications
such as correcting the human XPC gene to treat xeroderma
pigmentosum,®™ and the mutated Duchenne muscular dystro-
phy (DMD) gene associated with DMD."® Engineered HEs have also
been used to target human RAG1 genes, presenting a viable option
for treating severe combined immunodeficiency."”'® Gene disrup-
tion by HEs has been exploited to downregulate the expression of
chemokine receptor 5, which carries the HIV infection into cells."®
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.”®>* The vast appli-
cations of HEs warrant a deeper understanding of their catalytic
function.

Like most endonucleases, HEs use metals to facilitate
catalysis.>* Although the majority of nucleases have been
proposed to use two metals to cleave phosphodiester bonds®***
and therefore the two-metal mediated reaction has been widely
studied,”*>* evidence has grown that some endonucleases use
only one metal for the chemical step.*>**> Among members of the
HE family, I-Ppol (intron-encoded endonuclease from Physarum
polycephalum) is an example of an enzyme that may use only a
single metal for catalysis.>>*° Indeed, kinetic studies have demon-
strated that Mg”" is essential for I-Ppol catalytic activity’® and X-ray
crystallographic data reveal a single Mg bound in the I-Ppol
active site (Fig. 1a-b).**° Nevertheless, despite being one of the
most well-characterized members of HE family through experi-
mental biochemical and structural techniques,*******¢*® no con-
sensus has been reached regarding the I-Ppol catalytic mechanism.

I-Ppol recognizes and binds to the DNA major groove and
cleaves across the minor groove to generate 3’-overhangs that
are 4-nucleotides long.**' In the experimentally-proposed
I-Ppol mechanism of action, the single metal directly coordi-
nates to the 0O3'-leaving group and non-bridging oxygen of the
scissile phosphate, and thereby promotes leaving group depar-
ture through simultaneous substrate stabilization and leaving
group protonation by a metal-activated water (Fig. 1c).**®’
Because of the position of H98 with respect to the substrate
in the product complex (PC) for wild type I-Ppol (Fig. 1b)*® and
the complete loss of enzyme activity upon H98A mutation,””
H98 was proposed to be the general base that activates the
water nucleophile to initiate the reaction (Fig. 1c).” The N119A
mutation also Kkills catalytic activity as N119 is the only amino
acid coordinated to Mg®* (Fig. 1a and b). Furthermore, N119 is
within hydrogen-bonding distance of the O5’-bridging oxygen
of the scissile phosphate in the reactant complex (RC) analogue
of the H98A I-Ppol mutant (Fig. 1a and Fig. Sla, ESIt), and
therefore has been proposed to stabilize the scissile phosphate
through hydrogen bonding.”” Although the R61A mutation
leads to only a slight reduction in I-Ppol activity, R61 has been
suggested to stabilize the substrate®>*” and may inhibit the
reverse reaction by hydrogen bonding with the cleaved phos-
phate backbone (Fig. 1b and Fig. S1b, ESI{).***° Indeed, I-Ppol
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Fig. 1 |-Ppol active site from an X-ray crystal structure of the (a) Mg?*-
containing RC for the H98A mutant and (b) Mg?*-containing PC for the

wild-type enzyme. (c) The experimentally proposed phosphodiester bond

cleavage pathway for I-Ppol.°

binds tightly to cleaved DNA, with product release being the
proposed rate-determining step.>” Finally, although the H78A
mutation does not significantly impact I-Ppol catalytic activity,>”
H78 is within hydrogen-bonding distance of the water nucleo-
phile in the X-ray crystal structure of the RC analogue of the
H98A I-Ppol mutant® and close to H98 in the PC for wild type
I-Ppol,*° which suggests that H78 may facilitate the overall P-O
bond cleavage process (Fig. 1 and Fig. S1, ESIt). 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 phosphodie-
ster bond cleavage mediated by a representative HE.

Since computational techniques are powerful tools to inves-
tigate 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,>>%*%* 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-Ppol. Specifically, starting from a high-resolution X-ray crystal
structure of the RC analogue of the H98A I-Ppol mutant,*
several cluster models of varying size are used to map the
phosphodiester bond cleavage mechanism using density func-
tional 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 Gibbs energy barriers to
the experimental values (~86-95 kJ mol ')>**” and thereby
identification of the preferred catalytic pathway. The funda-
mental understanding about I-Ppol function obtained from the
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present work can be used to further explore its potential use in
the areas of genome engineering for biotechnological and
therapeutic solutions.®>'" Furthermore, our improved mecha-
nistic understanding can direct future computational investi-
gations on other HEs, such as I-HmulI*' and Hpy188I,** which
share the active site metal-binding arrangement of I-Ppol, 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,**™” with com-
parison to the literature on other single metal-dependent
nucleases®®™*>%*%" highlighting that this chemistry can be
achieved in diverse ways.

Computational methodology
QM calculations

QM cluster models are a computationally efficient approach
that have provided valuable insights into the chemistry of P-O
bond cleavage reactions, including the roles of amino acids and
preferred metal-binding architectures, and thereby can direct
large-scale QM/MM modeling.*>®”""* Each QM cluster model
was built from a 1.93 A resolution X-ray crystal structure of the
RC analogue of the H98A I-Ppol mutant (PDB ID: 1CYQ; Fig. 1a),
with the alanine mutation at position 98 manually reverted to
histidine using PyMOL 2.5.”> The smallest QM cluster model
(Model 1, 92 atoms, Fig. 2a) includes residues that have been
proposed to be essential for catalysis.*®®’ 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
Mg>* that is directly coordinated to N119 and three water
molecules, S97, and a water molecule that may facilitate main-
tenance of the octahedral metal coordination geometry by
simultaneously hydrogen bonding to a Mg>*-coordinated water
molecule and a non-bridging phosphate oxygen. An additional
water molecule was either hydrogen bonding to another Mg**-
coordinated water molecule (Fig. 2a) or directly coordinated to
Mg”" (Fig. S2a, ESIt). In the smallest model, the substrate was
truncated at O3’ of dG190 and O5’ of dA189, with the trunca-
tion points frozen to the crystallographic coordinates and
capped with hydrogen atoms. The associated nucleobases (A
on the 5’-side and G on the 3’-side of the scissile bond) were
also replaced with hydrogen atoms. Each amino acid was
truncated at the o carbon, meaning the Co-C/N(backbone)
bonds were cut, the unsaturated C(backbone) replaced with a
hydrogen atom, and the location of Ca fixed to the crystal-
lographic coordinates, as previously recommended based on a
QM cluster study of a one-metal dependent nuclease.®” Subse-
quent cluster models were built from the smallest model. All
larger models include an extended substrate that contains the
nucleobases in the nucleosides 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 5'-
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Fig. 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 + 5’ phosphate moiety of dA191 on the 3’-side of dG190 (orange)). (b)
The enzyme—-DNA QM/MM (ONIOM) model (left) and the corresponding
QM region (black box, right).

phosphate of dA191 on the 3’-side of dG190 (Model 4, in which
the 5’-phosphate is capped and frozen at C5’; Fig. 2a and
Fig. S2a, ESIY).

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,®”””*”7
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---O,,) = 1.9-2.2 A) and
cleavage of phosphodiester bond (r(P-03') = 1.9-2.2 A). 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.%” For a stepwise mechanism, the P---O,, distance was
constrained (r(P- - -0,,) = 1.9-2.2 A) in the first calculation phase
to obtain a guess for TS1. After optimizing the corresponding
intermediate complex (IC), the P-O3’ distance was then con-
strained (r(P-03’) = 1.9-2.2 A) to obtain a guess for TS2. After
fully optimizing each TS, intrinsic reaction coordinate (IRC)
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calculations”® 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 (Fig. S3, ESIt), verifying the pathway is connected.
The nature of the optimized stationary points were confirmed
using frequency calculations at same level of theory (ie.,
minima have all positive and TSs have 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 ¢ = 4 that provides an accurate
representation of the enzyme surroundings.”” Since ®B97M-V
was recently suggested to be among the most reliable func-
tionals for describing enzymatic reactions,”® single-point calcu-
lations were carried out using CPCM-®B97M-V/6-311+G(2df,2p)
and a dielectric constant of ¢ = 4.9 as available in ORCA 5.0.4.
We find negligible differences upon changing the functional,
dielectric, and basis set (Fig. S4 and Table S1, ESIt).

QM/MM calculations

QM/MM calculations were performed within the ONIOM for-
mulism due to previous successes of this methodology in
providing accurate structural and energetic descriptions for
other enzymatic reactions.®**>°%7981 The QM/MM model was
built using the X-ray crystal structure of the RC analogue of the
H98A I-Ppol mutant (PDB ID: 1CYQ, Fig. 1a) as calculations
initiated from an X-ray crystal structure have been successfully
used to elucidate the reaction mechanisms for several
enzymes.®*"®® 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-Ppol PC (1.80 A resolution; PDB ID: 1A73, Fig. 1b). The
enzyme-DNA complex was solvated in a 10 A TIP3P octahedral
water box and PROPKA was used to assign the standard
protonation states of titratable amino acids.®” All water mole-
cules with any atom further than 6 A from the enzyme-
substrate complex were removed. The solvated enzyme-DNA
complex was minimized using AMBER18.%%%°

The QM region for the QM/MM model includes Mg** along
with the directly coordinated three water molecules and N119.
Furthermore, the QM layer contains S97, H98, H78, Ré61, a
nucleophilic water, an additional water molecule simulta-
neously hydrogen bonded to a Mg*"-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 3’-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 Mg**-coordinated water (Fig. 2b) or
directly coordinates to Mg?" (Fig. S2b, ESIt). The QM/MM
model contains 137 atoms in the QM region, which has a
charge of +1. The MM region includes the remaining I-Ppol-
DNA complex and the surrounding water molecules. The over-
all charge of the entire model is -23. The QM/MM boundary
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was placed between Ca and CP of each amino acid, and C4’ and
C5’ of dA189 and dA191 of the substrate. Mechanical embed-
ding (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 region®” and the AMBER force field (OL15 for DNA®*®
and ff14SB for the enzyme®®) 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 A increments. Specifically, a TS guess was obtained by
successively decreasing the P- - -O,, distance. The bond was then
frozen to the distance corresponding to a maximum on the
potential energy surface, and the P-O3’ bond distance was
subsequently increased. Full TS optimizations were then per-
formed 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 ener-
gies. 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,®®*?*° mutational,*®*” and
kinetic data.>®>” 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-Ppol mutant (PDB ID: 1CYQ)*°
and PC for wild type I-Ppol (PDB ID: 1A73), respectively.*® The
observed roles of active site amino acids were correlated with
experimental mutational data, including the complete loss of
I-Ppol catalytic activity for the H98A and N119A mutants®” and
slight reduction in catalytic activity for the H78A***” and R61A
mutants.”” The predicted QM/MM activation barriers were com-
pared to the barrier for the overall process (~86-95 kJ mol )
calculated using the experimental k,,, (0.046-1 min~ ') 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-Ppol.>*>’

The Gaussian 16 program (revision B.01) was used to
perform all QM cluster and QM/MM calculations,’® with the
exception of ®B97M-V QM cluster calculations which were
performed using ORCA (version 5.0.4).”"

Results and discussion

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-Ppol includes all essential residues for
catalysis (denoted Model 1). The X-ray crystal structure of the
RC analogue of the H98A I-Ppol mutant (Fig. 1a) was the basis
for the proposal that Mg>" assists leaving group departure

This journal is © the Owner Societies 2024
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through direct coordination to O3’ coupled with protonation of
the leaving group by a metal-activated water during phospho-
diester bond cleavage (Fig. 1c).*® Indeed, a water molecule falls
within hydrogen-bonding distance of 03’ (3.4 A, Fig. S1a, ESI?).
However, the corresponding TS could not be characterized
using the smallest QM cluster model (Model 1; 92 atoms, +1
charge) as the hydrogen-bond distance and angle between the
Mg”*-ligated water and the substrate is unfavorable in the
optimized RC (Fig. S5a, ESIT). 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 (Fig. S5b, ESIt), which prevents successful char-
acterization of the corresponding TS. Together, QM cluster
Model 1 and the QM/MM model highlight that simultaneous
direct metal coordination to O3’ 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-Ppol 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 conjunction with product release for both
one- and two-metal dependent nucleases.>**%:3%:37:92795

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 O3’ 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 pathway.>
Indeed, a similar indirect (water-mediated) metal-substrate
binding architecture has been reported for one-metal
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dependent EcoRI (Fig. S6a, ESIT)’® and two-metal dependent
BamHI (Fig. S6b, ESIt).>®°” Therefore, the reaction was
explored using QM Model 1 from a I-PpoI RC that positions a
water molecule between Mg”* and O3’ of the scissile phosphate
(Table 1, Fig. S2a, ESIT). In the optimized RC, H98 hydrogen
bonds to a potential water nucleophile, while Mg”>* aids sub-
strate stabilization through direct coordination to a non-
bridging oxygen of the scissile phosphate in the optimized
RC (Fig. 3). Further substrate stabilization is supplied by
a Mg**-coordinated water through a water chain to the other
non-bridging phosphate oxygen (Fig. S7a, ESIt). The water nucleo-
phile attacks the phosphorus reaction center (r(Oy: - -P) = 3.549 A,
Fig. 3b) through a concerted TS. Proton transfer from the nucleo-
philic water to H98 occurs simultaneously, as well as P-O3’ bond
lengthening (2.126 A) and partial proton transfer from the water
bound to Mg?* and 03'. Together, these structural features lead to
a barrier of 182.3 k] mol™" (Fig. 4 and Table S2, ESIt). Although
direct comparison of QM cluster barriers to experimental data is
not recommended due to the missing enzymatic environment,®”
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 ').®¥**%>"" Therefore, an alternate
mechanism must be considered.

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-Ppol
mutant, Mg>" adopts bidentate coordination to the substrate
through the O3’-leaving group and a non-bridging oxygen of the
scissile phosphate (Fig. 1a). A similar coordination has been
observed for other one-metal (T4 endonuclease VII (Fig. Séc,
ESIF)** and I-Hmul (Fig. S6d, ESIT)*") and two-metal (Aquifex
aeolicus RNase III (AaRNase III, Fig. See, ESIt)’®) 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.*"*>°® An I-Ppol RC based on Model 1 can be opti-
mized which preserves the direct Mg>* coordination to the 03'-

Table 1 Summary of the I-Ppol facilitated phosphodiester bond cleavage pathways characterized in the present work using QM cluster or QM/MM

models?

Model (no. of

Indirect Mg**-03’ Direct Mg*"-03’

atoms; charge) H98 H78 R61 3/-PO,>~ coordination® coordination”  Model strengths Model limitations
Model 1 (92; +1) X Nonpreferred Preferred HO98 activates nucleophile H98 interacts with S97
(not new P-O bond)
Model 2 (134; +1) X X Nonpreferred Preferred H78 positions nucleophile + H98 H78 interacts with
neighboring dG190
Model 3 (141; +2) X X Nonpreferred Preferred H98 interacts with new P-O bond R61 interacts with
neighboring dG190
Model 4 (163; +1) X X X X Nonpreferred Preferred H78 or R61 interactions with H78 interacts with R61
dG190 eliminated and 3’-phosphate
QM/MM Model (137; +1’ X X X X Nonpreferred Preferred crystal structure geometry None
maintained

@ All models contain a nucleophilic water, Mg”>* directly coordinated to N119 and three water molecules, two additional water molecules, S97,
dA189, and dG190. * The number of atoms and the charge correspond to the QM region of the QM/MM model. ¢ Indirect (water-mediated)
coordination permits a Mg*'-activated water to protonate the leaving group (Fig. 3). ¢ The pathway in which Mg>" promotes leaving group

departure through direct coordination (Fig. 5).
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Fig. 4 Relative Gibbs energies (kJ mol™) for the I-Ppol catalyzed phos-
phodiester bond cleavage characterized using QM cluster (Models 1 - 4)
or QM/MM models. Dashed lines refer to the pathways involving indirect
(water-mediated) Mg>* coordination to the leaving group, while solid
lines refer to the pathways involving direct Mg?* coordination to the
leaving group.

bridging oxygen as seen in the crystal structure of the RC
analogue of the H98A I-Ppol mutant (Fig. 1 and 5a), while
N119 interacts with the other bridging oxygen of the scissile
phosphate (05’ of dG190, Fig. S7b, ESIT). The water nucleophile
sits closer to the phosphorus reaction center (r(Oy- - -P) is 0.6 A
shorter than in the corresponding RC involving indirect metal
coordination to leaving group, Fig. 3b and 5b). The RC evolves
into a concerted TS in which the P-O bond cleavage happens
earlier than in the first mechanism (r(P- - -03') is 0.3 A shorter,
Fig. 3 and 5). In fact, these structural changes coupled with a
strong Lewis acid stabilizing the leaving group (direct Mg>*
coordination) reduces the barrier by 90.7 k] mol~ " compared to
the pathway involving indirect (water-mediated) Mg®-03'

8924 | Phys. Chem. Chem. Phys., 2024, 26, 8919-8931

coordination (Fig. 4 and Table S3, ESIt). As a result, the new
pathway leads to a barrier (A*G = 91.6 k] 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 *),%>¢85%71

Although the experimental proposal that direct coordination
to the leaving group and O3’ 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-Ppol model reveals that the mechanism involving direct
metal-03’ coordination as seen in the X-ray crystal structure
of the RC analogue of the H98A I-Ppol mutant® is preferred
over the water-mediated coordination necessary for leaving
group protonation by a metal-activated water (Table 1). Never-
theless, H98 activates the water nucleophile and N119 stabilizes
the substrate as proposed based on experimental data.*®?%"7
Despite suggestions from structural (Fig. S1b, ESIT) and muta-
tional studies that H98 helps stabilize the cleaved product,®”
H98 interacts with S97 rather than the newly formed P-O bond
in the PC (Fig. S7b, ESIT). 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-O3’ coordina-
tion 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.

H78 primarily plays a structural role in I-Ppol 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-Ppol mutant®® and H98 in the PC for wild type
I-Ppol (Fig. S1, ESIT),*® while mutational data shows a slight
reduction in I-Ppol catalytic activity upon H78 mutation to
alanine.”” This suggests that H78 may be important for cata-
lysis and this residue was added to Model 1 (Model 2, 134
atoms). Upon consideration of indirect (water-mediated) Mg**-
03’ coordination that permits leaving group protonation using
Model 2, H78 hydrogen bonds to H98 throughout the reaction,
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Model 3 (purple), Model 4 (orange), or QM/MM (green). See Fig. S7-S10 (ESI+) for additional structural parameters for QM cluster Models 1-4.

which situates the general base further from the nucleophile in
the RC compared to Model 1 (r(Nyos - -H,,) is 0.8 A longer,
Fig. 3b and 6 and Fig. S8a, ESIt). The corresponding phospho-
diester bond cleavage progresses through a stepwise mecha-
nism, where TS1 involves nucleophilic attack to form a stable
phosphorane intermediate (16.6 k] mol " below TS1, Fig. 4 and
Table S2, ESIf), while TS2 involves P-O bond dissociation.
Although the rate-determining barrier is 70.8 k] mol " lower
for Model 2 than Model 1 (Fig. 4 and 6 and Table S2, ESIt), the
barrier involving indirect metal coordination to O3’ remains
high (A*G = 111.5 kJ mol™?, Fig. 4 and Table S2, ESIt).

When direct Mg>" 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 (Fig. S1a and S8b, ESIT).>® This results in a 0.3 A
longer nucleophilic distance in the RC compared to Model 1
(Fig. 3b and 5b). In the concerted TS, H78 reorients to hydrogen
bond to the general base (H98) as water attacks the phosphorus
reaction center (Fig. S8b, ESIt). Although the energy barriers for
Models 1 and 2 are nearly equal (within 1 k] mol ™", Fig. 4 and
Table S3, ESIt), the PC for Model 2 contains a hydrogen bond
between (protonated) H98 and the newly formed P-O bond
(Fig. 6), which agrees with the experimental proposal that H98
stabilizes the cleaved product (Fig. S1b, ESIt).***”

Overall, despite a similar activation barrier as Model 1,
Model 2 highlights that direct metal coordination to the leaving
group is preferred (Table 1) and H78 can position the water
nucleophile and the general base (H98), which is consistent

with structural®®*° and mutational data.”” Nevertheless, H78
interacts with a substrate nucleobase in the 3’ direction with
respect to the scissile P-O bond (06 of dG190) throughout
the reaction for Model 2 (Fig. S8b, ESIt), which is not consis-
tent with crystallographic data (r(Nyvg: - -Odqgie0) ~11 A and
I(Nh7s  ‘Onon-bridging) ~5 A, PDB ID: 1CYQ and 1A73)**?° due
to the presence of an active site residue (R61) between H78 and
the substrate (Fig. S1, ESIf). This suggests further model
refinement is required.

R61 hydrogen bonds with the 3'-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-Ppol
mutant (PDB ID: 1CYQ)*® and the PC for wild type I-Ppol (PDB
ID: 1A73),”® R61 hydrogen bonds to the substrate and thereby
has been suggested to stabilize the TS and the cleaved phos-
phate group in the PC (Fig. S1b, ESIt), which may inhibit the
reverse reaction.®® This proposal is supported by the R61A
mutant having slightly reduced I-Ppol catalytic activity.>” There-
fore, prior to expanding Model 2, R61 was added to Model 1
(Model 3, 141 atoms, Fig. 1). In Model 3, R61 hydrogen bonds to
the nucleobase of dG190 regardless of whether indirect or
direct Mg”" coordination to the leaving group is considered
(Fig. S9, ESIT). When indirect (water-mediated) Mg>" coordina-
tion to the leaving group is considered, N119 hydrogen bonds
to a metal-ligated water (Fig. S9a, ESI{), which in turn provides
significant stabilization to O3’ in the RC compared to Model 1
(r(Oy- - -H,,) decreases by 2.1 A, Fig. 3b) and substantially
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Fig. 6 Key reaction parameters (A) for each stationary point of the I-Ppol catalyzed phosphodiester bond cleavage involving indirect Mg?* coordination

to the leaving group characterized in the present work using QM cluster Mod
Model 2.
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decreases the barrier compared to Model 1 (by 87.5 k] mol ™", Fig. 4
and Table S2, ESIt). Despite the reasonable activation barrier
(94.8 kJ mol ), there is a 13.2 k] mol ' decrease in the Gibbs
energy barrier when direct bidentate metal-substrate coordination
is considered (Tables S2 and S3, ESIt), with most reaction para-
meters observed for Model 1 retained (Fig. 4). Although the path-
way involving leaving group stabilization through direct Mg>*
coordination remains the preferred mechanism for Model 3
(Fig. 4, Table 1 and Tables S2 and S3, ESIt), an interaction between
R61 and the 3'-nucleobase (N7 and 06 of dG190) with respect to
the scissile P-O bond arises (Fig. S9b, ESIt) that is absent in the
I-Ppol crystal structures (Fig. 1 and Fig. S1, ESIT),***® suggesting
that the model needs to be further expanded.

Inclusion of both H78 and R61 as well as the phosphate on the
3’-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-Ppol mutant reveals
that R61 is within hydrogen-bonding distance of the phosphate on
the 3’-side of the scissile P-O bond (dA191, Fig. Sia, ESI{).*°
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 coor-
dination geometry considered using Model 4, R61 hydrogen bonds
to the 3’-phosphate and H78 positions the general base (H98)
through hydrogen bonding as implied by experimental structural
data (Fig. 1 and Fig. S1 and S10a, ESI{).*° These new structural
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factors reduce the activation barrier by 58.1 k] mol~" compared to
Model 1 (Fig. 4 and Table S2, ESIt). Nevertheless, the P-O bond
cleavage barrier for this pathway is high (A*G = 124.3 k] mol ™). On
the other hand, when Model 4 with direct metal-O3’ coordination
is considered, the majority of Model 1 structural parameters are
maintained (Fig. S7b and S10b, ESIt), with the exception of a
slightly increased nucleophilic attack distance (x(P---O,) is 0.2 A
longer, Fig. 5b), which raises the activation barrier for P-O bond
cleavage by 11.6 k] mol " (Fig. 4 and Table S3, ESIY).

Overall, inclusion of H78, R61, and the 3’-phosphate overcomes
some of the artifacts of the previous QM models including
eliminating interactions between H78 or R61 and the substrate
nucleobase (dG190, Fig. S10b, ESIT). However, due to the absence
of the surrounding environment, interactions between H78 and
R61, and between H78 and the 3’-phosphate exist in Model 4,
despite these residues being separated by >5 A in the X-ray crystal
structures (r(Nyyg: - -Nge1) and 1(Ngzg: - ‘OP1ggi90), PDB ID: 1CYQ
and 1A73).*** This underscores the need to characterize the
phosphodiester bond cleavage pathway in the presence of the
broader enzymatic environment. Indeed, QM cluster models con-
taining multiple shells of amino acids (300-400 atoms) have been
shown to be necessary for accurate descriptions of some enzymatic
reactions.®>*'** 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-Ppol.

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-Ppol contains all residues included in QM
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Fig. 7 Key distances, reaction parameters, and metal coordination distances (A) in the I-Ppol active site for the phosphodiester bond cleavage pathway
characterized using QM/MM with (a) indirect or (b) direct Mg®* coordination to the leaving group.
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cluster Model 4. The QM/MM RC involving indirect (water-
mediated) Mg**-03’ coordination maintains all interactions
observed in the I-Ppol active site based on the crystal structures
(Fig. 1 and 7a and Fig. S1a, ESIt).>*?° 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 O5’-bridging
oxygen of dG190, and R61 hydrogen bonds with the 3'-
phosphate with respect to the scissile phosphate (Fig. 7a and
Fig. S7a-S10a, ESIt). As a result, most reaction parameters of
Model 4 are preserved (Fig. 3) and the activation barriers are
similar (within 6.6 k] mol™ ", Fig. 4 and Table S2, ESI}). There-
fore, the QM/MM barrier associated with O3’ protonation by a
metal-ligated water (130.9 k] mol ") is significantly higher than
the experimental value for I-Ppol (~86-95 k] mol ')°>**” and
typical experimental barriers for metallonucleases catalyzed
reactions (~58-96 kJ mol ').*>'°*7'% This supports the con-
clusions from all QM cluster models that the water-mediated
metal-substrate coordination necessary for leaving group pro-
tonation cannot effectively catalyze the P-O bond cleavage
reaction.

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 3’ to the
scissile P-O bond in the RC (Fig. 7b). Despite a smaller
nucleophilic attack distance (r(Oy- - -P) = 2.757 A) and the metal
being closer to the leaving group (2.096 A, Fig. 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 A) in the QM/MM TS compared to any
QM model. Nevertheless, the barrier for the mechanism invol-
ving direct metal-leaving group coordination (54.1 k] mol ') is
lower than that for any other model (by 24.3-38.5 kJ mol ",
Fig. 4 and Table S3, ESIt). Furthermore, the direct bidentate
metal-substrate binding architecture observed in the crystal
structure of the RC analogue of the H98A I-Ppol mutant (Fig. 1a)
results in a 76.8 k] mol™! lower barrier than water-mediated
metal coordination to the leaving group (Fig. 4 and Tables S2
and S3, ESIY). Direct metal-O3’ coordination is consistent with
X-ray crystallographic data for I-Ppol***° as well as other one-
metal dependent endonucleases (e.g., T4 EndoVII (Fig. Séc,
ESI1),*” I-Hmul (Fig. Sé6d, ESIf),*" and Hpy188I (Fig. S6f,
ESI1)**). Furthermore, the alignments of key active site amino
acids in the QM/MM stationary points are consistent with the
crystal structures of the RC analogue of the H98A I-Ppol mutant
and the PC for wild-type I-Ppol (Fig. S11, ESIt). We also note
that minimal changes occur in the reaction parameters
(Fig. S12a, ESIt) and orientations of active site residues
(Fig. S12b, ESI{) upon reoptimization of the preferred pathway
using EE. Although the activation barrier slightly increases (by
23.3 k] mol*, Table S3, ESIY) for the EE characterized pathway,
the computed Gibbs activation barrier for the mechanism
involving direct Mg>* coordination to the leaving group
(A*G = 77.4 k] mol™") remains below the experimental value
(~86-94 kJ mol ") for the overall process,”®” with product
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release being the rate-determining step.>” Thus, our QM/MM
models corroborate the conclusion from QM cluster calcula-
tions (Table 1) that direct metal-leaving group coordination is
critical for the chemical step facilitated by I-Ppol.

The roles of the amino acid residues uncovered from the
preferred QM/MM mechanism are also in line with mutational
data.*®*” Specifically, H98 initiates the reaction by activating
the water nucleophile, which agrees with the experimentally
observed complete loss of catalytic activity upon H98A
mutation.>” Our in silico H98A mutational results further sup-
port this proposal. Specifically, although the reaction para-
meters and orientation of active site residues are preserved
upon H98A mutation (Fig. 5 and 7 and Fig. S13, ESIt), the water
nucleophile repositions to be activated by H78 in the QM/MM
RC, which substantially increases the activation barrier com-
pared to the wild-type mechanism (by 79.8 k] mol %, Fig. S13
and Table S3, ESIT). In our proposed wild-type I-Ppol mecha-
nism, N119 stabilizes the substrate through hydrogen bonding,
while holding the metal in place to facilitate the reaction, which
correlates with experimental mutational data showing com-
plete enzyme inactivation upon N119 mutation.>” 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.*®*” Overall, our proposed phosphodiester bond
hydrolysis pathway involving direct Mg>" coordination to the
leaving group is fully consistent with experimental kinetic,”*"”
structural,®®?° and mutational data.*®°”

Our proposed pathway for one-metal mediated I-Ppol catalysis
draws similarities, yet differences from those facilitated by
other one- and two-metal dependent nucleases

For enzyme-catalyzed phosphodiester bond hydrolysis reac-
tions to proceed, a water nucleophile must be activated, the
leaving group must depart, and the charge on the substrate
must be stabilized.®"'®” 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 (Fig. S6a, ESIt),°® APE1,*® and Vvn,*
and two-metal dependent EcoRV*® and BamHI (Fig. S6b,
ESIt)*®). Despite an equivalent proposal in the literature for
I-Ppol based on crystallographic data,® our QM cluster and
QM/MM calculations show that the I-Ppol pathway involving
leaving group protonation by a metal-activated water is infea-
sible. 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 (Fig. Séc, ESIT),*> I-Hmul (Fig. S6d,
ESIT),* and Hpy188I (Fig. S6ef, ESIt)*"). Furthermore, experi-
mental structural data for two-metal mediated AaRNase III (Fig.
See, ESIT)°® and computational studies on CRISPR-Cas9** have
suggested one metal (Mgg>") directly aids leaving group depar-
ture. Our calculations reveal the preferred P-O bond cleavage
pathway for I-Ppol also involves direct Mg”*~03’ coordination,
with the single metal in the I-Ppol active site being equivalently
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positioned with respect to substrate as the second metal in two-
metal mediated endonucleases (Mgg™", Fig. $14, ESIY).

The charge on a non-bridging oxygen of the scissile phos-
phate has generally been suggested to be stabilized by both
metals (M,>" and Mg>") for two-metal mediated nucleases (e.g.,
BamHI*® and AaRNase III,°® Fig. S6b and e, ESI), while diverse
residues have been proposed to adopt this role for single-metal
dependent enzymes in addition to the metal. For example, I-
Hmul contains Y39,*" while Hpy188I contains K73 and R84**
appropriately positioned with respect to the substrate for
charge stabilization (Fig. S6d and e, ESIf). Despite sharing
similar metal-binding architectures with I-Hmul and Hpy188I
(Fig. 1, and S6d and f, ESIt), our calculations reveal that I-Ppol
uniquely uses a water chain between Mg>" and a non-bridging
phosphate oxygen to complement the substrate charge stabili-
zation provided by the metal directly coordinated to the other
non-bridging oxygen of the scissile phosphate (Fig. 2a). In
terms of nucleophile activation, the first metal (M,>*) is gen-
erally proposed to facilitate nucleophilic attack in the well-
accepted mechanism for two-metal dependent nucleases.**?®
In contrast, a histidine residue (H98) acts as the general base
for I-Ppol, fulfilling the role of the first metal (M,>*) in a two-
metal mediated reaction. The proposed role of histidine as the
general base in the I-Ppol mechanism of action is in agreement
with the experimental structural®®?° and mutational data for
I-Ppol,>” as well as experimental crystallographic studies on
other single-metal dependent nucleases such as T4 EndoVII
(H41, Fig. Séc, ESIY),*” I-Hmul (H75, Fig. S6d, ESIT),*" and Vvn
(H80),"° and mutational studies on Serratia nuclease (H89).*"
Therefore, our calculations coupled with kinetic*® and struc-
tural data®®*° on I-Ppol supports the proposal that one metal is
enough for enzymatic cleavage of phosphodiester bonds.

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 tech-
niques, with previous work focused on one-metal dependent
APE1.%*"% In contrast to I-Ppol, QM cluster calculations on
single-metal dependent APE1 revealed that direct bidentate
metal-substrate coordination is not feasible.®® Instead, as con-
firmed using QM/MM calculations, an indirect metal-binding
architecture is preferred in the APE1 active site. Differences
between APE1 and I-Ppol arise because of the distinct active site
compositions (Fig. 8). Specifically, the presence of a strong
negatively charged general base (D240) coupled with a posi-
tively 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-Ppol 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-Ppol chemistry
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afforded by the present work may inspire studies on other
single-metal dependent enzymes (e.g., T4 EndoVII (Fig. Séc,
ESI),* Wn,*® and Serratia nuclease®), as well as other HEs
(e.g., -HmuI*' and Hpy1881,** Fig. S6d and f, ESIY). 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.

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-Ppol to cleave phosphodiester bonds in DNA. In
the experimentally-proposed I-Ppol mechanism of action,*® a
single metal facilitates P-O bond cleavage through direct
coordination to the substrate coupled with simultaneous leav-
ing 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-Ppol 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 mecha-
nism for phosphodiester bond hydrolysis in which H98 acti-
vates 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 of the
solvated enzyme-DNA complex, yielding a mechanism that is
fully consistent with experimental structural,*®*?*° kinetic,”*"”
and mutational data.*®*” Despite our calculations highlighting
that simultaneous direct metal coordination to O3’ 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-Ppol 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
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rearrangement are common events in conjunction with
product release for both one- and two-metal dependent
nucleases.?*?93%37:9295  The fundamental understanding
gained about I-Ppol 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-Ppol can direct computational investigations on other mem-
bers of the HE family (e.g., I'-HmuI*" and Hpy1881**) which
share the metal-binding configuration of I-Ppol, 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 EndoVIL,** Vvn,** and Serratia
nuclease®), with the goal to better understand how nature
cleaves extremely stable phosphodiester bonds.
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