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Abstract

Computation of phosphodiester hydrolysis in different models with one or two metal ions,

representing typical active site architectures of nucleases, reveal an associative mechanism to

be favorable in all of the cases studied in this work. Direct attack of the nucleophilic water

molecule with proton transfer to the phosphate group is facilitated by an extra positive charge

as provided by a metal ion located at the attack site or a positively charged histidine residue

whereas no such contribution can be observed on leaving group departure. A major catalytic

effect is found by proton transfer from the nucleophilic water molecule to a histidine-aspartate

cluster. Attack of the thus generated hydroxide ion on the phosphate group is just sufficiently

stabilized by the metal ions to allow subsequent P–O bond dissociation.

Introduction

Phosphodiester hydrolysis is the fundamental reaction of endonuclease enzymes cleaving the back-

bone of DNA and RNA, usually at a recognition site such as a specific sequence (in e.g. restriction

enzymes [1]), at an abasic site (such as the apurinic/apyrimidinic (AP) endonuclease in the Base

excision repair system) [2], or escherichia coli endonuclease IV (endoIV-DNA) [3] or endonuclease

III homologue 1 (NTH1) that initiates the repair by β-elimination [4]. Moreover, phoshopdiester
∗To whom correspondence should be addressed
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cleavage can also occur in ribozymes, i.e. catalytic RNA, acting as ribonucleases [5–7].Cleavage of

the phosphodiester backbone uncatalyzed in water, enzymatic reaction or RNA-catalyzed attracted

many scientists’ attention during the last decade [8–30]. The two extremes of a phosphate hydroly-

sis reaction are through an associative mechanism in which the first step is the nucleophilic attack

that results in the formation of a pentacovalent molecular geometry. The second step is then the

actual cleavage of the scissile P–O bond. In contrast, the first step of the alternative, dissociative

mechanism is the P–O bond scission, leaving a trigonal pyramidal metaphosphate intermediate

that is processed to the product via nucleophilic attack. Several intermediate mechanisms, such as

a concerted bond breaking/bond formation are, however, conceivable. Depending on the nature

and position of active site residues surrounding the scissile phosphate, group nucleophile activation

or leaving group departure, and thereby a more associative or more dissociative mechanism, may

be favored.

Available high-resolution X-ray structures of many endonuclease enzymes in complex with target

DNA or RNA or substrate analogues [31–35] and various biochemical studies have shown that metal

cofactors are essential for the enzymatic phosphodiester cleavage [36–39]. The metal ions not only

play a direct role in the chemical step but also influence the binding interaction of the enzyme

with the DNA or RNA [40,41]. For some endonucleases different structures with different numbers

of metal ions have been solved by X-ray crystallography under varying conditions [42–47]. The

exact number of metal ions required for catalysis and their exact role are, however, are still not

clear [48,49].

In order to elucidate the putative role Magnesium cofactors and other residues which are typi-

cally found in active sites of endonuclease enzymes play in the cleavage of a phosphate backbone,

we have performed quantum mechanical calculations of reaction pathways based on different clus-

ter models mimicking such active sites of endonuclease enzymes (see Fig. 1). These rather small

models can mimic an enzymatic active site in a protein only to a limited extend. For instance,

the heterogeneous electrostatic environment of protein residues farther from the active site is ne-

glected, and the protein’s flexibility cannot be taken into account. We follow here a “reductionist

approach” in which the most frequent components of endonuclease active sites are gathered and

possible mechanisms are evaluated. The goal is to elucidate the catalytic effect of the building

blocks, metal ions and amino acid residues, in a minimalistic (cluster) model that can be regarded

as a universal, but necessarily simplistic, endonuclease. The cluster models include either one or

two metal ions and also vary in the number and position of amino acid residues, the number of

water molecules involved in the metal ion coordination, and in the protonation state of a cat-

alytically important histidine residue. Histidine residues may catalyze the reaction via activating

2



the nucleophile through deprotonation or facilitating leaving group departure through protonation

as has been discussed widely in the context of phosphodiester backbone cleavage [50–52] and it is

therefore plausible to consider the impact of different protonation states of histidine in the reaction

pathways. Aspartate and glutamate are common amino acid residues in active sites of nucleases

that are important in positioning the metal cofactors but may also act as general base/general

acid1.

a) b) c)

Figure 1: Active-site residues in nuclease enzymes a) human APE1 endonuclease-DNA substrate
complex with one magnesium ion b) nuclease domain of 3’hExo, bound to rAMP with two mag-
nesium ions c) intron-encoded homing endonuclease I-PPOI (H98A)/DNA homing site complex
with one magnesium ion. Only the side chains of the active site amino acids and the phosphate
group are shown in licorice representations. The metal ions and water molecules are depicted as
green or red spheres, respectively. The protein environment and the nucleic acids are indicated by
a cartoon representation.

In this paper we report calculations of phosphate hydrolysis mechanisms in cluster models of

different size and composition. We find associative mechanisms to be favorable in which the direct

attack of the nucleophilic water molecule with proton transfer to the phosphate group is facilitated

by a second metal ion or a positively charged histidine residue whereas no catalytic effect on leaving

group departure is observed. The energetically most favorable mechanism is initiated by proton

transfer from the nucleophilic water molecule to a histidine-aspartate cluster. The nucleophilic

attack is stabilized by the metal ions in such a way that formation of a pentacovalent intermediate

is feasible while still allowing subsequent P–O bond dissociation. This balance in stabilization and

weakening of P–O bonds is achieved by a delicate structural arrangement of metal ions and active

site residues.

Methods

We have set up cluster models with one and two magnesium ions and variations of amino acid

residues.For the one-metal models, a first type includes a protonated histidine side chain (1Mg-

Hsp), and a second type contains a neutral histidine side chain (1Mg-Hsd) (see Fig.2). The two-
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metal models, termed 2Mg, have been setup with neutral histidine (see Figure3). The single

magnesium ion is coordinated by one glutamate and one aspartate residue, one oxygen atom of

the phosphate group and a water molecule. Motivated by several high resolution crystal structures

of the active sites of endonuclease enzymes [31–35], the magnesium ion is positioned either on the

“attack site”, binding to O2P, and termed MgA, or on the “departure site”, coordinated by O1P

and labeled as MgD (see Figure 2). The cluster models are inspired by actual enzymatic active

sites, such as those shown in 1. They are, however, not based on any particular crystal structure

(pdb file) but created artificially.

In the two-metal models, the glutamate residue bridges the two magnesium ions, here also called

MgA and MgD for “attack-site” and “departure site”, respectively. Both ions are coordinated by

the same oxygen atom of the phosphate group (O1P). Further ligands are one aspartate residue,

and two water molecules for each metal ion in models 2Mg-Hsd-Glu-2Asp and 2Mg-Hsd-Glu-2Asp-

1Asp, respectively. In model 2Mg-Hsd-Glu-3Asp the second water ligand on MgD has been replaced

by an aspartate residue and in model 2Mg-Hsd-Glu-1Asp the bidentate aspartate ligand on MgD

has been replaced by two water molecules (see Figure 3).

The 1Mg-Hsd models and the 2Mg model have been setup in an additional variant, extended

by one more aspartate residue. In the one-metal case, this aspartate residue has been placed in

a position hydrogen-bonded to the histidine residue. In the two-metal case, the extra aspartate

residue is either positioned in hydrogen-bond distance to the histidine residue (2Mg-Hsd-Glu-

2Asp-1Asp), similar to the one-metal scenario, or it replaces a metal-coordinating water molecule

(2MG-Hsd-Glu-3ASP).

Table 1 lists all models and mechanisms computed in this work. The nomenclature for the

mechanisms is as follows: 1Mg or 2Mg for models with one or two magnesium ions, respectively,

in the one-metal models 1MgA refers to a magnesium ion located at the attack site whereas

1MgD refers to a magnesium ion located at the departure site. he further labels -p, -d, -h refer

to a mechanisms with protonated histidine, neutral histidine and direct nucleophilic attack, and

neutral histidine-assisted nucleophilic attack, respectively. In the two-metal case, mechanisms for

models with three, two, or one aspartate residues, corresponding to the labels -d3, -d2, and, -

d1, respectively have been computed. The label -h again refers to a histidine-assisted mechanism

(in a model with three aspartate residues). States along a mechanism are labeled reactant_XX,

TS1_XX, Int2_XX, product_XX, etc, for the reactant, first transition state, second intermediate,

and product state of mechanism XX, respectively.

In order to model an architecture that mimics the one in proteins, all amino acid residues were

modeled keeping the positions of those C-atoms fixed that represent Cβ atoms, hence serving as
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Figure 2: Reactant states for one-metal models. The scheme indicates the attack by the nucleophilic
water molecule.
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Figure 3: Reactant states for two-metal models. The scheme indicates the attack by the nucle-
ophilic water molecule.
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Table 1: List of models and mechanism analysed in his study. For the reactant states of the one-
metal models (1Mg) see Figure 2 and for the two-metal models (2Mg) see Figure 3, respectively.
Model Mechanism Figure
1MgA-Hsp-Glu-1Asp-1Asp 1MgA-p 4
1MgD-Hsp-Glu-1Asp-1Asp 1MgD-p 5
1MgA-Hsd-Glu-1Asp-1Asp 1MgA-d 8

1MgA-h 10
1MgD-Hsd-Glu-1Asp-1Asp 1MgD-d 9

1MgD-h 11
2Mg-Hsd-Glu-3Asp 2Mg-d3 12
2Mg-Hsd-Glu-2Asp 2Mg-d2 13
2Mg-Hsd-Glu-1Asp 2Mg-d1 14
2Mg-Hsd-Glu-2Asp-1Asp 2Mg-h 15

anchor atoms.

All minima and transition state structures have been initially calculated using CHARMM [53]

interfaced to the semi-empirical DFTB3/3OB [54] as quantum method, using specified parameter

for phosphorus and magnesium [55]. Minima for reactant, product, and intermediate states were

obtained with 10-7 a.u. as SCF convergence criterion and 10-4 a.u./Å as criterion for the geometry

optimization. As outlined in the introduction, two extreme types of mechanisms, dissociative or

associative, are possible in the cluster models. Two dimensional scans of the DFTB potential

energy surface (PES) using the P–OH2 distance (nucleophilic attack) and the P–O3’ distance

(leaving group departure) as coordinates, have been carried out to explore whether an associative

or a dissociative mechanism is more likely. The PES scans of different one-metal and two-metal

models suggest an associative mechanism to be the most favorable (see Figures S1–S4 and S5–S7).

Moreover, no dissociative intermediate could be trapped on the B3-LYP of theory.

We then inspected the respective associative mechanisms more closely by modeling and op-

timizing various intermediate states of nucleophilic attack, leaving group departure, and several

proton transfer steps preceding or accompanying the P–O bond making and breaking. Minimum

energy pathways between those minima have then been computed using the conjugate peak re-

finement (CPR) method [56] as implemented in CHARMM. Subsequently, selected minima and

transitions states were refined applying the B3-LYP hybrid functional [57, 58] and the 6-31G(d,p)

basis set [59] as implemented in the Gaussian 09 program package [60]. The geometry convergence

criteria was tightened to 1×10-8a.u./Å.

The nature of the optimized stationary points (minima or transition states) was verified by

normal mode analysis. Additionally, intrinsic reaction coordinates have been followed, starting

from the transition structures in both forward and backward direction, so as to validate the minima

connected by the respective transition.
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All optimizations have been carried out in vacuum and in implicit water, using the polarization

continuum method as implemented in the Gaussian 09 with a dielectric constant of ε = 80. Partial

atomic charges were calculated on the basis of natural bond orbital (NBO) analyses [61].

Results and Discussion

One-metal models

One magnesium ion and protonated histidine: Mechanisms 1MgA-p and 1MgD-p

For the 1MgA-p mechanism computed for a model with one magnesium atom located at the attack

site, protonated histidine, and one extra aspartate residue ( see model 1MgA-Hsp-Glu-1Asp-1Asp

in Figure 2) the barrier for nucleophilic attack (TS1_1MgA-p) is 34.9 kcal/mol in vacuum (34.8

kcal/mol in solvent) (see Figure 4). Upon this attack a proton is transferred from the water molecule

to the O2P atom of the phosphate group (see Figure 6) leading to a pentacovalent intermediate,

Int1_1MgA-p, with an energy about as high as the transition state leading to it (34.7 kcal/mol

and 33.7 kcal/mol in vacuum and solvent, respectively). The second step of the rotates the HO2–P

such that the hydrogen atom points towards the O3’ atom of the leaving group. The corresponding

transition state, TS2_1MgA-p, has a similar energy as the nucleophilic attack in this mechanism

(34.9 kcal/mol in vacuum and 34.7 kcal/mol in solvent). Leaving group departure, coupled to a

proton transfer from the phosphate O2P atom to the O3’ atom, goes through the transition state

with the highest energy along this 1MgA-p mechanism (40.4 kcal/mol in vacuum and 39.9 kcal/mol

in solvent, respectively).

Placing the magnesium ion at the departure site (see model 1MgD-Hsp-Glu-1Asp-1Asp in

Figure 2), results in a mechanism 1MgD-p with a reduced barrier of 29.0 kcal/mol ( ∼28kcal/mol

in solvent, Figure 5) for the nucleophilic attack in . Also the pentacovalent intermediate in this

mechanism, Int1_1MgD-p has a lower energy than in the 1MgA-p mechanism with the magnesium

ion located at the attack site: 23.7 kcal/mol in vacuum and 24.kcal/mol in solvent, respectively.

It should be noted that the magnesium ion is coordinated by the same type and number of

ligands (water molecules and amino acid residues) in both positions, i.e. on the attack and on

the departure site. One difference is, however, the loss of a favourable hydrogen-bonded contact

of the nucleophilic water molecule to residue Asp1 in the reactant state of mechanism 1MgA-p

upon attack which is a possible explanation for the increase in activation energy compared to the

1MgD-p mechanism.

The rotation of the HO2–P group has a transition state, TS2_1MgD-p, of relative energy of
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35.0 kcal/mol (34.3 kcal/mol in solvent) which is the highest point along this mechanism (cf. Figure

5). Leaving group departure in this mechanism has a transition state, TS2_1MgD-p, of similar

energy (30.0 kcal/mol) as the one of the nucleophilic attack, TS1_1MgD-p.

The barriers calculated for the1MgD-p mechanism are somewhat lower than those calculated

for uncatalyzed phosphodiester hydrolysis in which only the phosphate group and the nucleophilic

water molecules are considered [62], or those calculated in the presence of a water-ligated magne-

sium ion [63]. The small catalytic effect by the additional residues in the present model (glutamate

and aspartate ligating the magnesium ion, and a histidine residue) can be explained by a position-

ing of the nucleophile. The substantially higher barrier (40.5 kcal/mol) for P-O bond scission with

a proton transfer from a metal-ligated water molecule to the O3’-atom of the leaving group renders

also the catalytic effect of the magnesium ion to be structural rather than by direct participation

on the reaction.

One magnesium ion and neutral histidine: Mechanisms 1MgA-d and 1MgD-d

To check whether the positive charge of the protonated histidine plays an important role in sta-

bilizing the transition state for nucleophilic attack we computed a similar associative mechanism

of a cluster model with one magnesium ion and a neutral histidine, again with the magnesium ion

located on either the attack site or at the departure site (see models 1MgA-Hsd-Glu-1Asp-1Asp,

and 1MgD-Hsd-Glu-1Asp-1Asp in Figure 2, respectively).

The transition state for nucleophilic attack with proton transfer from the attacking water

molecule to the phosphate group has an energy of 29.6 kcal/mol in vacuum (38.6 kcal/mol in

solvent) if the magnesium ion is located on the attack (Figure 8, TS1_1MgA-d) site and 35.1

kcal/mol in vacuum (39.4 kcal/mol in solvent) if the metal ion is located on the departure site

(Figure 9, TS1_1MgD-d). Comparison of these energies with those obtained for the 1MgA-p and

1MgD-p mechanism for models with protonated histidine suggest a favorable role of protonated

histidine for the nucleophilic attack if no metal ion is located on the attack site. In that case

the barrier for nucleophilic attack is similar to the one computed for the 1MgA-p mechanism,

indicating that the presence of a positive charge on the attack site is favourable for this first

step. T Because of the high initial barrier no further steps have been computed for the 1MgD-d

mechanism. The rate-determining step in the 1MgA-d mechanism is the cleavage of the scissile

bond with a transition state energy of 39.2 kcal/mol (39.5 kcal/mol in solvent).
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Figure 4: Mechanism, 1MgA-p, for model with one magnesium ion located a the attack site, A,
and protonated histidine (see 1MgA-Hsp-Glu-1Asp-1Asp in Figure 2), calculated by B3LYP/6-
31G(d,p) in vacuum (upright numbers) and solvent (in italics). All energies (in kcal/mol) are
given relative to the reactant state.
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Figure 5: Mechanism,1MgD-p, for model with one magnesium ion located at the departure site,
D, and protonated histidine (see 1MgD-Hsp-Glu-1Asp-1Asp in Figure 2), calculated by B3LYP/6-
31G(d,p) in vacuum (upright numbers) and solvent (in italics). All energies (in kcal/mol) are given
relative to the reactant state.
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Figure 6: Attack of a water molecule on the phosphorus atom of a phosphodiester.

a) b)

Figure 7: Different position of the magnesium ion in a) model with one magnesium ion at the
attack site, A, and b) model with one magnesium ion at the departure-site, D.

One magnesium ion and neutral histidine: Mechanisms 1MgA-h and 1MgD-h

Another possibility to activate the water molecule for nucleophilic attack is the transfer of a

proton to the Nδ atom of the unprotonated histidine residue. In the corresponding models (see

1MgA-Hsd-Glu-1Asp-1Asp and 1MgD-Hsd-Glu-1Asp-1Asp in Figure 2), the aspartate mimic is

positioned close to the histidine, forming a hydrogen bond to the Nε atom. This conformation

resembles a catalytic triad [64,65] (if the nucleophile is included) that allows shuttling of a proton

between histidine and aspartate, thus facilitating acceptance of a proton from the nucleophilic

water molecule.

Indeed, a significant reduction in the energy barrier can be observed in such a histidine-assisted

nucleophilic attack, dropping to 23.5 kcal/mol (25.4 kcal/mol in solvent) in the 1MgA-h mechanism

(Figure 10, TS1_1MgA-h) and to 27.4 kcal/mol (26.2 kcal/mol, in solvent) in the 1MgD-h mech-

anism (Figure 11, TS1_1MgD-h) . In the latter model, this is the rate determining step in this

mechanism (Figure 11). In the resulting intermediate, Int1_1MgD-h, the scissile bond is already

cleaved, thus proton transfer, nucleophilic attack and leaving group departure all take place in one

step. The remaining reprotonation steps have negligible barriers.

In contrast, in the mechanism calculated for a model with the metal ion located on the at-

tack site, 1MgA-h, nucleophilic attack and leaving group departure are separate steps, indicating

some stabilization of the pentacovalent intermediate, Int1_1MgA-h, by the metal ion. In fact,

leaving group departure is preceded by proton transfer from the histidine to the phosphate group

(TS2_1MgA-h with 28.3 kcal/mol barrier in vacuum and 31.1 kcal/mol barrier in solvent, respec-

tively). The final cleavage of the scissile bond, assisted by proton transfer from a magnesium-bound
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Figure 8: Direct mechanism, 1MgA-d, in the model with one magnesium located at the attack
site, neutral histidine, and two aspartate residues (see 1MgA-Hsd-Glu-1Asp-1Asp in Figure 2),
calculated by B3LYP/6-31G(d,p) in vacuum (upright numbers) and solvent (in italics). Energies
(in kcal/mol) are given relative to the reactant state.
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Figure 9: Direct nucleophilic attack, 1MgD-d, in the model with one magnesium ion located at the
departure site, neutral histidine, and two aspartate residues, (see 1MgD-Hsd-Glu-1Asp-1Asp in
Figure 2), calculated by B3LYP/6-31G(d,p) in vacuum (upright numbers) and solvent (in italics).
Energies (in kcal/mol) are given relative to the reactant state.
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water molecule, has a transition state energy of 39.2 kcal/mol (39.5 kcal/mol in solvent) and is the

rate determining step like in the 1MgA-d mechanism. These rate-determining barriers for leav-

ing group departure are close to those of uncatalyzed dimethyl-phosphate hydrolysis [14]. This is

reasonable since the magnesium ion situated on the “attack site” does not have a proper catalytic

effect on leaving group departure.

Table 2: Energies of stationary points along the most favourable phosphate hydrolysis mechanisms
computed for the one-metal models. All energies (in kcal/mol) have been calculated with (B3LYP,
6-31G(d,p)) and are given relative to the respective reactant state.
Mechanism TS1 Int1 TS2 Int2 TS3 Int3 TS4 Product
1MgA-p vacuum 34.9 34.7 34.9 26.6 40.4 7.6
1MgA-p solvent 34.8 33.7 34.7 26.7 39.9 7.8
1MgD-p vacuum 29.1 23.7 35.0 28.0 30.0 -1.0
1MgD-p solvent 31.3 26.7 36.2 29.0 31.5 -0.7
1MgA-d vacuum 29.6 22.6 33.6 24.7 39.2 -1.2
1MgA-d solvent 38.6 28.3 41.1 34.0 39.5 0.2
1MgA-h vacuum 23.5 23.3 28.3 22.6 33.6 24.7 39.2 -1.2
1MgA-h solvent 25.4 25.0 31.1 28.3 41.1 34.0 39.5 0.2
1MgD-h vacuum 27.4 -2.61 22.8 -4.7 -4.3 -6.1
1MgD-h solvent 26.2 -1.4 14.22 -4.6 -2.3 -2.6
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Figure 10: Histidine-assisted mechanism (1A-h) for model with one magnesium ion located at the
attack site, neutral histidine and two aspartate residues, 1MgA-Hsd-Glu-1Asp-1Asp, calculated by
B3LYP/6-31G(d,p) in vacuum (upright numbers) and solvent (in italics). All energies (in kcal/mol)
are given relative to the reactant state.
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Figure 11: Histidine-assisted mechanism (1D-h) for model with one magnesium ion located at the
departure site, neutral histidine and two aspartate residues, 1MgD-Hsd-Glu-1Asp-1Asp, calculated
by B3LYP/6-31G(d,p) in vacuum (upright numbers) and solvent (in italics). All energies (in
kcal/mol) are given relative to the reactant state..
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Two-metal models

According to the potential energy scans (Figure S5–S7), also the two-magnesium models exhibit as-

sociative mechanisms for phosphate hydrolysis. Also for these models, no dissociative intermediate

could be trapped on the B3LYP/6-31G(d,p) level of theory.

In the two-magnesium models, one of the two metal ions, MgA is situated on the “attack site”,

that is the site on which the nucleophile is located, and the second metal ion, MgD is located on

the “departure site”, i.e. closer to the O3’ atom of the leaving group. Each metal ion is coordinated

by an aspartate residue and one water molecule, a shared oxygen atom of the phosphate group, one

of the two oxygen atoms of a glutamate residue, and double-coordinated by one aspartate residue

(see Figure 3).

Two magnesium ions, neutral histidine and one, two, or three aspartate residues:

Mechanisms 2Mg-d0, 2Mg-d1, and 2Mg-d2

To test whether an increase in positive charge on the “departure site” has an activating effect on

the leaving group, we have setup models in which the second metal ion is coordinated by two, one,

or no aspartate residue (see models 2Mg-Hsd-Glu-3Asp, 2Mg-Hsd-Glu-2Asp, and 2Mg-Hsd-Glu-

1Asp in Figure 3). The corresponding to mechanisms are termed 2Mg-d2, 2Mg-d1, and 2Mg-d0,

respectively.

For these direct mechanisms in the two-metal models the energy barriers for nucleophilic attack

( 26.0 kcal/mol in vacuum and 26.6 kcal/mol in solvent, 22.5 kcal/mol in vacuum and 22.4 kcal/mol

in solvent, and 29.2 kcal/mol in vacuum and 29.1 kcal/mol in solvent for TS1_2Mg-d2, TS1_2Mg-

d1, and TS1_2Mg-d0, respectively) do not show any trend with respect to the total charge of the

system with hardly any difference between vacuum and solvent models. Moreover, these energy

barriers are similar to the barrier computed for the histidine-activated nucleophilic attack in the

one-metal mechanism 1MgD-h (TS1_1D-h 27.4 kcal/mol in vacuum and 26.2 kcal/mol in solvent.

respectively) and the one-metal 1MgD-p mechanism with protonated histidine (TS1_1MgD-p 29.0

kcal/mol in vacuum and 27.8 kcal/mol in solvent, respectively). In the latter, as well as in this

two-metal model, one proton of the nucleophilic water molecule is directly transferred to an oxygen

atom of the phosphate group and the remaining OH− ion attacks to the phosphorous atom (Figure

12 and 5).

In all these cases, generation of an OH− ion can be regarded as favored by the nearby residues:

the positive charge of the histidine or the magnesium ion “push” the proton from the nucleophile

towards the phosphate and/or stabilize the negatively charged hydroxide ion. In the histidine-
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assisted mechanism, the proton is ultimately accepted by the aspartate residue at the end of the

triad.

An impact of the charge difference due to another aspartate residue on phosphate hydrolysis

can, however, be seen in the reaction energies in vacuum which are 3.2 kcal/mol in the 2Mg-d2

mechanism as opposed to the exothermic reaction in the 2Mg-d1 mechanism with -6.0 kcal/mol

relative product energy. This effect is not observed in solvent where the reaction energies, -3.3

kcal/mol and -2.2 kcal/mol in the 2Mg-d2 and 2Mg-d1 mechanism, respectively, are rather similar,

indicating that the additional negative charge introduced by an aspartate residue, is screened in

solvent.

The computed direct reaction pathways for the two-metal models, 2Mg-d2, 2Mg-d1, and 2Mg-

d0, show no significant difference in the energy barrier for departure of the leaving group which

is the rate-determining step in all these mechanisms (with 37.6 kcal/mol, 32.0 kcal/mol and 32.1

kcal/mol in vacuum, and 34.3 kcal/mol, 34.9 kcal/mol, and 34.1 kcal/mol in solvent, respectively,

and see also Table 3) In the 2Mg-d3 mechanism the transition state energy for this step is even

higher than the respective transition state energies in all the one-metal mechanisms calculated in

this work. Therefore, the second magnesium ion near the O3’ likely does not play a catalytic role

in leaving group departure.

Dissociation of the scissile bond in the pentacovalent intermediate is accompanied by a proton

transfer from the O2P atom of the phosphate group to the leaving group. This proton can alterna-

tively be transferred from a metal-ligated water molecule. In all models studied here, the energy

barriers for the latter option, leaving group departure with accepting a proton from a metal-ligated

water molecule, (47.5 kcal/mol, 37.8 kcal/mol and 38.5 kcal/mol for 2Mg-d2, 2Mg-d1, and 2Mg-d0,

respectively) are higher than than those for leaving group departure with a proton transfer from

the O2P atom. This preference for the proton transfer from the O2P atom can be explained by

the metal-bound phosphate group being a stronger Bronsted acid, i.e. a better proton donor than

a metal-activated water molecule.

Two magnesium ions, neutral histidine and three aspartate residues: Mechanism 2Mg-

h

In order to calculate a histidine-assisted mechanism similar to those obtained for the one-metal

models, 1MgA-h and 1MgD-h,(Figures 10 and 11), we placed the third aspartate residue in

hydrogen-bond distance to the histidine (see model 2Mg-Hsd-Glu-2Asp-1Asp in Figure 3). Di-

rect attack of the water molecule with proton transfer to the phosphate group in this model has a

barrier of 29.5 kcal/mol (25.4 kcal/mol in solvent) ad is thus comparable to the direct nucleophilic
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Figure 12: Mechanism 2Mg-d2 for model with two magnesium ions, neutral histidine, and three
aspartate residues (see 2Mg-Hsd-Glu-3Asp in Figure 3), calculated by B3LYP/6-31G(d,p) in vac-
uum (upright numbers) and solvent (in italics). Energies (in kcal/mol) are given relative to the
reactant state.
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Figure 13: Mechanism 2Mg-d1 for model with two magnesium ions, neutral histidine, and two as-
partate residues (see 2Mg-Hsd-Glu-2Asp in Figure 3), calculated by B3LYP/6-31G(d,p) in vacuum
(upright numbers) and solvent (in italics). All energies are in kcal/mol relative to the reactant
state.
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Figure 14: Mechanism 2Mg-d0 for model with two magnesium ions, neutral histidine, and one
aspartate residue (see 2Mg-Hsd-Glu-1Asp in Figure 3), calculated by B3LYP/6-31G(d,p) in vacuum
(upright numbers) and solvent (in italics). All energies are in kcal/mol relative to the reactant
state
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attack in the other two-metal models..

In contrast, the mechanism with shuttling a proton from the nucleophilic water molecule to the

Nε atom of the histidine, 2Mg-h, has an energy barrier for nucleophilic attack that is reduced to 9.7

kcal/mol (16.9 kcal/mol in solvent). The second transition state for dissociation of the scissile bond

is 12.1 kcal/mol (18.6 kcal/mol in solvent) and thus also considerably lowered compared to the

leaving group departure steps in the other two-metal models as well as lower than in the histidine-

activated mechanism of the one-magnesium models (1MgA-h and 1MgD-h). The rate determining

step in the 2Mg-h mechanism is the final proton transfer from the Nε atom of the histidine residue

to the dissociated alcohol. The transition energy for this proton transfer step is 25.8 kcal/mol (29.2

kcal/mol in solvent). This rather high energy barrier is still the lowest rate-determining barrier

among all mechanisms and vacuum models studied in this work. In solvent, the barrier for this

reprotonation step is comparable or slightly higher than the ones computed for nucleophilic attack

of the other models. The barriers for the nucleophilic attack and dissociation of the scissile bond,

however, are significantly lower than in all other models and mechanisms proposed in this work.

Table 3: Energies of stationary points along the phosphate hydrolysis mechanisms computed for
the two-metal models (2Mg). All energies are given in kcal/mol, relative to the respective reactant
state.
Model TS1 Int1 TS2 Int2 TS3 Int3 TS4 Product
2Mg-d2
vacuum

26.0 25.1 35.8 29.2 37.6 3.2

2Mg-d2
solvent

26.6 24.4 29.1 29.1 34.3 -3.3

2Mg-d1
vacuum

22.5 17.6 23.7 18.3 32.0 -6.0

2Mg-d1
solvent

22.4 20.3 30.5 23.7 34.9 -2.2

2Mg-d0
vacuum

29.2 21.8 23.9 23.8 32.1 -8.6

2Mg-d0
solvent

29.1 22.5 25.6 22.2 34.1 -0.1

2Mg-h
vacuum

4.4 0.3 9.7 8.2 12.1 -3.7 25.8 -5.2

2Mg-h
solvent

8.1 7.2 16.9 15.6 18.6 1.7 29.2 -3.5

Comparison to other studies of phosphate hydrolysis in cluster models

and in enzymes

In all models with two magnesium ions, both MgA and MgD share their positive charge with the

phosphate group via the O1P atom. In these models a catalytic effect on the nucleophilic attack,
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Figure 15: Histidine-assisted mechanism, 2Mg-h, for model with two magnesium ions, neutral
histidine, and three aspartate residues (see 2Mg-Hsd-Glu-2Asp_1Asp in Fig. 3) calculated by
B3LYP/6-31G** in vacuum (upright numbers) and solvent (in italics). All values are in kcal/mol
relative to the reactant state.
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likely through balancing the increasing negative charge, can be observed. Our computed reaction

pathways show transferring a proton to the O2P atom of the phosphate group together with attack

of the nucleophile to have barriers that are significantly reduced compared to the Gibbs free energy

(38 kcal/mol) computed for dimethyl phosphate hydrolysis without any surrounding amino acid

residues or metal ions [16]. In that study the energy barrier was dissected into 19.6 kcal/mol

for proton transfer from a water molecule to the O2P atom and 18.4 kcal/mol for the attack of

the remaining hydroxide ion. The reduced barriers for the direct attack of the nucleophile with

concerted proton transfer to the phosphate group in the cluster models is likely a consequence of

a facilitated nucleophilic attack due to the close presence of an extra positive charge.

In the histidine-assisted mechanism the attack of the hydroxide ion then has an even lower

barrier ( only 9.7 kcal/mol in vacuum and 16.7 kcal/mol in solvent). Also in the one-metal mod-

els, histidine-assisted nucleophilic attack shows barriers that are significantly lower than those

computed for direct attack. In the one-metal model, however, proton transfer for nucleophile gen-

eration, nucleophilic attack and leaving group dissociation take place in a concerted step without

a pentacovalent intermediate. The barrier for this step (∼27 kcal/mol) is significantly higher than

the nucleophilic attack in the two-metal mechanism (∼10 kcal/mol in vacuum and ∼17 kcal/mol

in solvent, respectively), suggesting a less stabilized transition state with only one metal ion.

According to the natural bond (NBO) analysis, the negative charge on the phosphate group

increases in the pentacovalent structure to such an extend (see Figure 16) that the scissile bond

is cleaved without any further transition state in the one-metal model with the magnesium ion

located at the departure site. In the one-metal model with the magnesium located at the attack

site, however, the pentacovalent intermediate is stabilized and the leaving group departure appears

not to be facilitated and does not occur spontaneously (see Figure 16). In the two-metal model,

the negative charge is somewhat compensated by the second metal ion, resulting in a stable pen-

tacovalent intermediate and another transition state for P–O3’ bond dissociation with an energy

of 12.1 kcal/mol. Calculations of the two-metal histidine-assisted mechanism with a solvent model

show an increased barrier for proton transfer to the histidine-aspartate cluster and an intermediate

that is about 7 kcal/mol higher in energy than in vacuum. The following transition states and

intermediates for nucleophilic attack and leaving group departure are similarly higher in solution

than in vacuum, with the leaving group departure showing an energy barrier of 18.6 kcal/mol in

solvent.

Phosphate hydrolysis by the attack of a hydroxide ion and the difficulty to calculate this step

and hydroxide generation accurately has been discussed in the literature where different reaction

rates and types of mechanisms, stepwise or concerted fashion, have been proposed [66–69]. The
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higher energies calculated for the transition states and intermediates of hydroxide generation by

proton transfer to the histidine and subsequent attack with the hydroxide ion as the nucleophile

computed in implicit solvent are an indicator for an artifact in the vacuum model: Neutralization of

the aspartate residue that is located at the outer part of the cluster model is, in vacuum, preferable

than maintaining a neutral water molecule. As suggested by the higher energies in implicit solvent,

charge screening effects counteract this preference. The situation may yet be different in explicit

solvent or a heterogeneous protein environment with many other charged residues. The present

cluster models likely underestimate the barriers for the hydroxide generation but arguably do this

in a similar fashion for all mechanisms calculated. The histidine-assisted generation of a hydroxide

ion and the subsequent phosphate hydrolysis by attack of this nucleophile is therefore the most

probable reaction pathway computed for the cluster models.

a) b) c)

Figure 16: NBO charge (in a.u.) on the phosphate group at different steps of the histidine-assisted
reaction pathway in a) one-metal model 1MgD-h, b) one-metal model 1MgA-h, and c) two-metal
model 2Mg-Hsd-Glu-2Asp-1Asp .

In the histidine-assisted mechanisms, both for the one-metal and the two-metal model, the

leaving group receives a proton from a metal-ligated water molecule due to the lack of a proton on

the O2P atom. The barrier for the re-protonation, i.e. proton transfer from the histidine-aspartate

cluster via the leaving group to that water molecule, is calculated to be the highest barrier in the

histidine-assisted pathway of the two-metal model (∼25 or ∼29 kcal/mol in vacuum and solvent,

respectively). It is however, conceivable that such re-protonation steps occur via additional wa-

ter molecules and with much reduced barriers in a real solvent or in an enzymatic environment.

Indeed, many previous mechanistic studies on cleavage of the phosphodiester employing QM/MM

methods, and hence taking into account the protein environment, re-protonation steps are com-

puted with lower barriers than the rate-determining nucleophilic attack or leaving group departure

steps [25–29, 70]. Disregarding, the reprotonation step, the remaining barrier of ∼19 kcal/mol

for the energetically most favorable mechanism is comparable to rates of seconds to minutes as

reported for several DNA cleaving enzymes [50, 71–75]. It is significantly lower than uncatalyzed

phosphate hydrolysis [15] and also lower than the phosphate hydrolysis by the direct attack of a

hydroxide ion on a phospho-diester [76].
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Our models, moreover, have a considerable resemblance with the nuclease domain (Nuc) of

3´hExo complexed with rAMP: two magnesium ions are coordinated by three aspartate residues

and one glutamide residue together with one neutral histidine residue which is well located for

accepting a proton from a hydrolytic water molecule [77]. This combination of amino acids and

metal ligated water molecules offer a catalytic platform for hydrolytic cleavage of bound RNA [77].

Escherichia coli exonuclease III (ExoIII)-like apurinic/apyrimidinic (AP) endonuclease is discussed

to start the reaction with the nucleophilic attack of an activated water molecule to phosphate

group [78](cf. Figure1). In a proposed mechanism [79], an aspartate residue positioned close to

a histidine aids in stabilizing the development of positive charge on the histidine after proton

abstraction from a water molecule.

A histidine-assisted mechanism has also been proposed for endonucleolytic DNA cleavage by the

homing endonuclease I-PpoI [50]. For that enzyme, however, a single magnesium ion is suggested

to activate a water for donation of a proton to the O3’ atom of the leaving group.

Serratia endonuclease is a magnesium dependent nuclease that is similar to I-PopI in its active

site, containing a conserved histidine, likely playing the same role for activating the nucleophilic

water [51]. In addition, glutamide and asparagine residues are present for binding the metal ion

in both enzymes [80].

The similar composition of our cluster models, which are, of course, inspired by the enzymatic

active sites, the resulting similarity in the computed most favourable mechanism and the corre-

sponding reaction barrier in the model with experimental, enzymatic values, suggests the active site

architecture to be the dominant factor in enzymatic phosphate hydrolysis. Fixing of anchor atoms

in our models ensures that the residues of which the models are composed remain positioned as

intended, but thereby the flexibility that can be found in an enzymatic active site cannot be mim-

icked properly. Furthermore, comparison of the reaction barriers for the chemical steps, however,

ignores substrate binding (and product release) into the correct position which is an important

factor in enzymatic reactions. In this light our results underline the importance of an enzymatic

active site architecture in the catalytic reaction, given the substrate is properly positioned.

As a side-effect, we were able to evaluate the semi empirical method DFTB3/3OB [54] by com-

parison of reaction pathways calculating in different cluster models with the same reaction path-

ways calculations on the DFT level of theory (B3LYP/6-31G(d,p)). Comparison of the obtained

mechanisms and barriers (see Supplementary material) obtained by DFT and DFTB for the min-

imalistic (cluster) models may nominate DFTB with reasonable accuracy and computational cost

as a potential candidate for quantum method in hybrid QM/MM (quantum mechanics/molecular

mechanics) approaches for phosphodiester hydrolysis in an enzymatic environment.
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Conclusions

The phosphate hydrolysis mechanisms computed in differently composed cluster models reveal

no significant catalytic effect by a single metal ion. Supported by either an additional charge

on the histidine residue or a metal ion on the attack site, however, direct nucleophilic attack,

concerted with a proton transfer from the attacking water molecule to the phosphate group, shows

reduced barriers compared to the uncatalyzed reaction. In contrast, leaving group departure is not

facilitated by the presence of an extra positive charge. This can be explained by the protonation

of the departing leaving group being preferable via proton transfer from the phosphate group.

In contrast to proton transfer from metal-bound water molecules this step is not affected by the

presence of a second metal ion.

The most favorable mechanism in either, one-metal or two-metal models, is via the attack of a

hydroxide ion, generated by a histidine-assisted proton transfer. This proton transfer in turn, is

enabled by the presence of an additional aspartate residue in hydrogen-bonding, and hence proton-

accepting distance to the histidine residue. Attack of the hydroxide ion without proton transfer to

the phosphate group is then facilitated by the metal ions. In the case of the single metal located

at the departure site, nucleophilic attack and leaving group departure take place in one step. A

pentacovalent intermediate can be located only for the models with a metal ion located at the

attack site, 1MgA or the two-metal model, rendering the presence of a metal ion at this location

necessary for intermediate stabilization. Further catalysis of leaving group departure by a second

metal ion results in the significantly lower barriers computed for the two-metal model compared

to the one-metal case.

The composition of the catalytically most effective cluster model, 2Mg-Hsd-Glu-2Asp-1Asp,

is comparable to known enzymatic architectures and the barrier computed for the energetically

most favorable mechanism 2Mg-h is in agreement with rates reported for enzymatic phosphodiester

cleavage.

The structural requirements for the energetically most feasible mechanism computed here il-

lustrate the delicate orchestration necessary for optimal enzymatic function.
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