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A B S T R A C T

The computational importance of guanosine monophosphate (GMP) comes from its importance in the synthesis
of nucleic acids. Deamination reaction mechanisms, kinetics, and thermodynamics of GMP with 3H2O and
2H2O/OH− to produce xanthosine monophosphate (XMP) have been investigated. The proposed reactions were
optimized in the gas-phase and in an aqueous medium. Two key steps were found for the proposed pathways: a
tetrahedral intermediate formation and a single water-mediated six-membered ring transition state, yielding the
desired product. The deamination of GMP with 2H2O/OH− yield deprotonated XMP− with only one pathway,
which is highly exothermic, and the activation energy is significantly lower (33 kJ mol−1 at M11/6-31G(d))
compared to the other pathways. Our results suggest that pathway C is the most kinetically and thermo-
dynamically favorable mechanism for the deamination of GMP with 3H2O with the lowest energy barrier of
123 kJ mol−1, due to multiple functions of water that enhance the reaction profile.

1. Introduction

The influential functions of purine nucleosides in DNA mutation as
well the important protective roles as a response to degenerative dis-
eases and cell metabolism are motivated by guanosine (Gua).
Guanosine is a purine nucleoside in a class of aromatic organic mole-
cules that are essential for all biological cells. A neuromodulator role of
extracellular and intracellular action of Gua allowed the development
of a therapeutic approach to brain diseases, due to its reactions with
other systems, such as adenosine receptors, glutamate transporters, and
potassium channels. The intracellular Gua prevented oxidative damages
and mitochondrial dysfunction, while the extracellular leads to various
effects, such as mood disorders, seizures, ischemia, Parkinson′s and
Alzheimer′s diseases [1].

The purine nucleoside comprises guanine attached to a ribose ring
via a β-N9-glycosidic bond, which can be phosphorylated to produce
guanosine monophosphate (GMP), cyclic guanosine monophosphate
(cGMP), deoxyguanosine monophosphate (dGMP), guanosine dipho-
sphate (GDP) and guanosine triphosphate (GTP) [1]. GMP is a nu-
cleotide that plays a vital role in the synthesis of nucleic acid and
metabolic reactions, see Fig. 1. One of the most captivating applications

of GMP is the photobiological applications [2]. The recent work on the
covalent photo adduct (PA) of GMP with polypyridyl ruthenium com-
plexes, pH around 7, showed that the metal to ligand charge transfer
leads to excitation and relaxation of the acidic (PAH+) form [2].
Meanwhile, in the basic (PA) form, the GMP bonded covalently to PA
whose excited state has a ligand to ligand charge transfer and intra
ligand charge transfer, thus, no PA can be formed.

DNA damage and mutation of its′ cells can occur in various ways.
This, in turn, significantly affects human health, eventually leading to
cancer and other deadly diseases. The most common forms of DNA
damage are the hydrolytic deamination of nucleotide bases [3,4].
Guanine has chemical moiety to exist in several tautomeric forms, the
most common ones are lactam (keto) and lactim (enol). Keto tautomers
are more stable and occurs when the hydrogen bonds to nitrogen within
the ring. However, the presence of water molecules might significantly
impact the stability of different tautomers. Different computational
studies have discussed the tautomerism of nucleic acid bases [3–7].
Hanus et al. [7] studied the relative stability of tautomers of guanine in
the gas-phase and in a microhydrated and bulk water environments [7].
They found that three unusual tautomer forms, with hydrogen bonding
to the nitrogen atoms at [(3,9), (3,7), and (9,7)], can exist in solution.
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The source of stabilization of these tautomers in solution is because of
the large dipole moment, particularly, for the (9,7) form. This form is
predicted 84 kJ mol−1 higher energy than its canonical form (having
hydrogen at N9). However, upon increasing the number of water mo-
lecules by one or two, the stability reduced to 54 and 38 kJ mol−1 for
the N9 and (9,7)) forms, respectively.

The reactive anticancer PtIV complex, [PtIV(dach)Cl4] (dach = dia-
minocyclohexyl) reacting with dGMP (in its′ forms, 5′-dGMP, 3′-dGMP
and cGMP), has been computationally studied [8], using B3LYP/6-
31G(d) and PCM/B3LYP/6–311++G(2df,2pd), finding that the reac-
tion occurs in a three-step mechanism: substitution, reduction (rate-
determining step), and hydration. The energy barrier of the reduction
step was about 84 to 88 kJ mol−1, with a Gibbs free energy value of
−142 and −117 kJ mol−1 for the 5′-dGMP and 3′-dGMP, respectively.
Morozov et al. [9] calculated the energy profiles for the hydrolysis re-
action of cGMP in water to produce 5′-GMP. The five-step reaction
mechanism was confirmed with a pentacoordinate phosphorus inter-
mediate. The activation energy of the nucleophilic addition of a water
molecule to the phosphorus atom (Rate-determining step) was not more
than 84 kJ mol−1. Furthermore, it is recognized that the GMP anion
dissociates in water, leading to cleavage of the sugar-phosphate bond.
For this dissociation, the respectively calculated activation energy va-
lues were 76 and 63 kJ mol−1 with explicit and implicit solvation
models utilizing perturbation and Monte Carlo simulations [10].
Moreover, two pathways for the dissociative hydrolysis mechanism of
Gua to produce oxacarbenium have been investigated, designated as

inversion (α-path) and retention (β-path). The calculated lower acti-
vation energy values of 116 and 128 kJ mol−1 were determined for the
α-path with three water molecules and β-path with four water mole-
cules, respectively [11].

Yu et al. [12] studied the deamination of isoguanosine and its
protonated form; their results showed that the deamination of iso-
guanosine is more favorable with lower activation energies than its
protonated form. This is attributed to the increase of electronegativity
after the deprotonation by OH−. Furthermore, the previous work on
hydrolytic deamination reactions of guanine [3] and its protonated
form, shows that the deamination of protonated guanine in presence of
H2O to form protonated xanthine, guanine (with H2O, OH−, and H2O/
OH−) involved the formation of a tetrahedral intermediate (rate-de-
termining step), followed by a 1,3-proton transfer to form xanthine [3].
The comparison of the deamination reactions of guanine [3] and 8-
oxoguanine [13] shows that the activation energy values with H2O/
OH− are 139 kJ mol−1 and 148 kJ mol−1, respectively, at the G3MP2
level. However, the calculated activation energy of 8-oxoguanine with
2H2O/OH− shows a decrease in the energy barrier to 129 kJ mol−1 in
both gas-phase and aqueous medium. Based on the previous literature
work [12–19] the deamination studies demonstrated that the addition
of more than one water molecule, with the role of a catalyst or a proton
shuttle, decreases the energy barrier, which increases the reaction rate.

To the best of our knowledge, no previous computational and ex-
perimental studies have been reported on the deamination of GMP and
no experimental work has been conducted. In this work, a detailed
computational study on the deamination of GMP with 3H2O and 2H2O/
OH− is investigated with different reaction pathways, see Fig. 2. Our
goal of this study is to demonstrate the possible hydrolysis reaction
mechanisms of the deamination of GMP to increase our understanding
of the kinetics and thermodynamics of such reactions. Moreover, the
aim of this study is finding the most plausible pathway and products
formed to aid in the experimental design of these reactions. Different
density functional theory (DFT) methods were employed to ensure the
reliability of our results. Furthermore, due to the lack of experimental
and theoretical results of GMP deamination mechanisms, a comparison
is made with those of guanine, whose deamination reaction parallels
that of GMP.

2. Computational method

All calculations were performed using Gaussian 09 [20] quantum
package. The selected levels of theory are based on previous studies on
the deamination reaction of nucleic acid bases [18,21–27]. The

Fig. 1. Structure of guanosine monophosphate (GMP).

Fig. 2. Proposed deamination reactions of GMP with 3H2O and 2H2O/OH−.
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computational cost and accuracy of DFT are significant advantages of
such large systems. All stationary and saddle points were fully opti-
mized utilizing the B3LYP [28] method in conjunction with the 6-
31G(d) basis set. The intrinsic reaction coordinate (IRC) [29] analysis
was performed for each TS, at B3LYP/6-31G(d), to confirm the con-
nection of the reactants with the desired intermediates/products.
Geometries obtained from the IRC were also optimized to ensure that it
converges to a minima. The vibrational frequency calculations con-
firmed the minima with real eigenvalues, while it is with one imaginary
frequency for TSs (saddle points).

In order to study the effect of diffuse and polarization functions on
the energy barrier and geometry, the optimized structures were further
calculated at the B3LYP/6–31 + G(d) and B3LYP/6-31G(d,p) levels of
theory. The identified geometries at B3LYP/6-31G(d) have also been
determined using the range-separated hybrid functional, ωB97X-D/6-
31G(d) [30]. As well, based on the geometries calculated at B3LYP/6-
31G(d), B3LYP and M11 [31] with a 6-31G(d) basis set have been used.
Based on these results, the M11/ 6-31G(d) level of theory would give
more acceptable performance for our system with reliable and efficient
calculations. The peripheral molecules around the area, where the
deamination takes place, may obstruct or assist the transfer process.
Hence, the deamination among other processes was found the only
exergonic reaction when performed in solution [32]. Therefore, to
mimic the vivo environment, the deamination reactions of GMP with
3H2O and 2H2O/OH− have been studied at M11/6-31G(d) in the
aqueous medium, where the solvation model based on density (SMD)
[33] was selected. The relative energies of all stationary points in the
vacuum and aqueous medium SMD were corrected with zero-point vi-
brational energies (ZPE).

3. Results and discussion

Previous deamination reactions of nucleic acid bases [12,34–36],
provided a useful starting point for proposing the deamination me-
chanism of GMP. The change in Gibbs energy of activation of the extra
water molecule can form a hydrogen-bonded structure and leads to
higher stability of the molecule. Seven pathways were investigated and
summarized in Figs. 3 and 4. The optimized structures along with the
potential energy diagram (PED) of each proposed reaction at M11/6-
31G(d) are shown in Figs. 9–11, and in Supplementary Material (SM),
Figs. S6–S8 and S10. The kinetic parameters (activation energies (Ea),
enthalpies of activation (ΔH‡), and Gibbs energies of activation (ΔG‡))
for the deamination reaction of GMP with 3H2O and 2H2O/OH− are
given in Tables 1–3, and Table S3. Furthermore, a larger view of opti-
mized structures of reactants (Rs), intermediates (Is), transition states
(TSs), and products (Ps) are shown for the most feasible pathways C and
D. However, those for other pathways are available in the (SM), Figs.
S1–S4. It is worth mentioning that the PEDs of pathways C and D are
depicted in the manuscript, at different levels of theory, while other
pathways (A, B, E, F, and G) are reported in the SM, Figs. S11–S14. The
overall activation energies of the investigated pathways are reported in
the SM, at the different levels of theory, Table S1.

3.1. PED for the deamination reaction of GMP with 3H2O: Pathways A and
B

Several possible mechanisms for the deamination of GMP with three
water molecules (3H2O) were proposed. In this section, pathways A and
B are discussed shortly as they are the least likely to occur. The cal-
culated activation energies of these pathways are higher than the other
presented pathways. Therefore, the thermodynamic results, kinetic
parameters (activation energies (Ea), enthalpies of activation (ΔH‡), and
Gibbs energies of activation (ΔG‡)), optimized geometries, larger
images view, and the PEDs for pathways A and B are given in the SM
(Figs. S1 and S2 and Table S2).

3.2. PED for the deamination reaction of GMP with 3H2O: Pathway C

The key step of this pathway for the deamination reaction of GMP
with 3H2O involves the participation of three water molecules (med-
iators) in the rate-determining step. Hence, identify how mediators
affect the activation energy barrier. The addition of one H2O molecule
as shown in pathways A and B reduced the barrier not only for these
pathways but also for other previously studied pathways
[12–14,35–38]. The PEDs are shown in Figs. 6 and S7, at different
levels of theory. The kinetic parameters for the deamination of GMP/
3H2O complex computed at different levels of theory are listed in
Table 1, and a large view of the optimized geometries is given in Fig. 5.

It should be mentioned that this reaction has studied first with one
and two water molecules, but the barrier heights were very high, see
Table S5. In addition, the barrier heights for using 4H2O molecules
were slightly lower compared to 3H2O at M11/6-31G(d) by no more
than 11 kJ mol−1, which is within the chemical accuracy. However, the
3H2O molecules have considered for this work as this reaction is ther-
modynamically more favorable than 3H2O (More exergonic with a
value of −77 kJ mol−1), see Table S6.)

Pathway C involves a three-step reaction mechanism that includes a
tautomerization as the first step, to form imine-oxo tautomer of GMP
via the eight-membered ring transition state (TS1C), which is mediated
by two H2O molecules. Furthermore, the bond length of N3-H in the
protonated form of GMP is decreased from 1.94 to 1.03 Å via (TS1C),
while the N10-H bond length at the N10 site is elongated from 1.02 to
1.69 Å to form (I1C). The second step in pathway C is the rate-de-
termining, which involves a formation of the tetrahedral intermediate
(I3C) by the nucleophilic addition of three H2O molecules on the C2
site. This is followed by a simultaneous proton transfer via an eight-
membered ring transition state (TS2C) to the sp2 nitrogen N10 of GMP,
where the CeO bond length decreased by 1.93 to 1.46 Å, see Fig. 5. The
final step in pathway C is also facilitated by the additional water (1,3-
proton shift) as mentioned in previous pathways A and B. The final
product of XMP⋯NH3⋯2H2O complex (PC) is formed via 1,3-proton
shift, which is mediated by a single H2O molecule.

The activation energy values of (TS1C) are ranging from 64 to
80 kJ mol−1 at different levels of theory (Table 1). These are lower,
compared to pathway B, where the TS is mediated by one H2O mole-
cule. Whereas the calculated activation energies of (TS2C) are ranging
from 123 to 153 kJ mol−1 at different levels of theory as indicated in
Table 1, respectively. Furthermore, these results are much lower than
the calculated energies for pathways A and B, and subsequent pathways
E, F, and G. The lower activation energies are due to the three parti-
cipating H2O molecules in this step. From these results, it is a well-
known fact that water has a multifunction observed through this re-
action. It can promote a long-range proton transfer by acting as a
proton-donor or a proton-acceptor, to catalyze the reaction [36]. Fur-
thermore, the overall activation energies of this step are 147, 153, 147,
143, and 123 kJ mol−1 at the respective B3LYP/6-31G(d), B3LYP/
6–31 + G(d), B3LYP/6-31G(d,p), ωB97X-D/6-31G(d), and M11/6-
31G(d) levels of theory, see Table S1. These results have clearly in-
dicated that the energy barriers are significantly reduced; due to the
formation of a cyclic hydrogen-bonded TS, thus, enhanced the stabili-
zation of the reaction. It is worth noting that the utilization of the
diffuse and polarized functions on (TS2C) with the B3LYP method leads
to a change in the energy barrier that does not exceed 6 kJ mol−1. The
last step involves a single water-mediation step to form the final pro-
duct (PC), with activation energy values in the range of
108–158 kJ mol−1

, at different levels of theory in the gas phase. The
thermodynamic and kinetic calculations using the solvation model SMD
indicates that the overall activation energy of this pathway is
131 kJ mol−1, higher by only 8 kJ mol−1 compared with the result of
M11/6-31G(d) level of theory. Thus, the H2O solvent effects –aqueous
medium– on the energy barrier are negligible (TS2C).
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3.3. PED for the deamination reaction of GMP with 2H2O/OH−: Pathway
D

The presence of an OH− group in the deamination reaction is
commonly known for decreasing energy the barrier [3,12–15]. It leads
to the formation of a stable complex, due to delocalization of the ne-
gative charge which stimulates the deprotonation process. In this work,
the deamination reaction of GMP/2H2O/OH− (Pathway D) has been
investigated to provide more insights into the mechanism and its ki-
netics. The optimization geometry and stability of GMP/2H2O/OH−

complex have been clearly impacted by the orientation of the two water
molecules for a GMP molecule. The structure of (TS1D (B)) was con-
sidered among other investigated TSs, as shown in Fig. S8, as it is the
lowest energy one. The geometries for the reactant, intermediates,
transition states, and products involved in pathway D are depicted in
Fig. S9. The kinetic energy values for the deamination of GMP/2H2O/
OH− complex computed at different levels of theory are listed in
Table 2. Larger optimized geometries for pathway D at M11/6-31G(d)
are shown in Fig. 7. The PEDs calculated at different levels of theory are
given in Fig. 8.

The reaction is initiated by a nucleophilic attack by the OH− group
at the carbon atom (C2) via (TS1D). Based on the PED characterization,
this is the rate-determining step of the reaction, see Fig. 8. Through

(TS1D), a tetrahedral intermediate is formed (I1D), where the CeO
bond length decreased by 2.08 to 1.39 Å. This is followed by a con-
formational change in the torsion angle between the amine group and
the hydrogen atom of the OH−, and in the position of the two water
molecules that stabilize the geometries to form (I2D). Furthermore,
these intermediates (I1D and I2D) as laid out in Figs. 7 and 8 are
somewhat close and differ by no more than 2 kJ mol−1. The mechanism
follows a similar fashion of previously described mechanism, the C2-
N10 bond is raptured in the last step through a six-membered ring
transition state (TS2D), which is mediated by the H2O molecule. Con-
sequently, the hydrogen atom transfer from the OH− to N10, yielding
the hydrogen-bonded complex XMP−⋯NH3⋯2H2O (PD). The activa-
tion energy values at different levels of theory are shown in Table 2.
The utilization of the diffuse function decreased the energy barrier by
11 kJ mol−1 to become 33 kJ mol−1 at B3LYP method. In comparison,
the calculated activation energies are much lower than that found in the
deamination reaction of 8-Oxoguanine [13] with 2H2O/OH− (113,
120, and 117 kJ mol−1 at B3LYP/6-31G(d), B3LYP/6–31 + G(d),
B3LYP/6-31G(d,p), respectively) by about 70 kJ mol−1. This is attrib-
uted to the presence of the water molecules that not only act as catalysts
but also can stabilize the transition state, which agrees with previous
studies [14,21]. The solvation model SMD dropped the overall activa-
tion energy by 21 kJ mol−1.

Fig. 3. The proposed reaction mechanisms for the GMP with 3H2O.
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3.4. PED for the deamination reaction of GMP with 3H2O: Pathways E and
F

The geometries for all stationary points and TSs involved in path-
ways E and F are shown in Figs. 9 and 10, respectively. The kinetic
energy parameters for the deamination of GMP/3H2O complex com-
puted at different levels of theory for both pathways E and F are listed
in Table 3. The PEDs are given in Figs. S12 and S13, respectively. The
large image views for E and F can be also found in Figs. S3 and S4,
respectively.

The GMP capability upon deamination to give rise to the partici-
pation of the hydroxyl group in sugar ring is particularly interesting
(Pathway E). Two transition states corresponding to the association of a
nucleophilic H2O molecule and dissociation of C2-N10 bond were lo-
cated, see Fig. 9. The association of the CeO bond gets through the
nucleophilic addition of the OH− group to the carbon atom C2. Fol-
lowed by a simultaneous proton transfer of the OH− (H17) at the sugar
ring to the N3 atom through an eight-membered ring transition state
(TS1E), through two mediating H2O molecules, leading to two corre-
sponding intermediates (I1E) and (I2E). These intermediates are similar
conformers and differing mainly in the position of the H2O molecules
around the GMP. The cleavage of C2-N10 bond yields the product
XMP⋯NH3⋯2H2O (PE) in the last step. This occurs by a hydrogen
atom transfer from OH− to the exocyclic nitrogen (N10) via a six-
membered ring transition state (TS2E), following a similar regime to
the previous pathways. The relative energy values of the intermediates
(I1E and I2E) differ by about 5 kJ mol−1. The activation energy of
(TS1E) is 129 kJ mol−1, at M11/6-31G(d), (Table 3), which is close to
that of pathway C for the deamination of GMP with 3H2O
(123 kJ mol−1), at the same level of theory. In contrast to pathways A
and B, the activation energies are significantly lower than that of (TS1A
and TS2B) by more than 110 kJ mol−1. Furthermore, the addition of a
diffuse function, corresponding to B3LYP/6–31 + G(d), reduces the

Fig. 4. The proposed reaction mechanism for the GMP with 2H2O/OH− (Pathway D).

Table 1
The activation energies, enthalpies of activation, and Gibbs energies of acti-
vation for the deamination of GMP with 3H2O (kJ mol−1) at 298.15 K (Pathway
C).

Theory/Basis Set TS1C TS2C TS3C

Ea ΔH‡ ΔG‡ Ea ΔH‡ ΔG‡ Ea ΔH‡ ΔG‡

B3LYP/6-31G(d) 71 68 76 147 142 155 142 135 153
B3LYP/6–31 + G(d) 80 76 85 153 147 165 158 151 171
B3LYP/6-31G(d,p) 65 61 69 147 142 156 147 140 159
ωB97XD/6-31G(d) 74 70 78 143 139 150 127 119 140
M11/6-31G(d) 64 59 72 123 116 134 108 100 122
SMDa 63 60 64 131 125 140 80 72 93

a Calculations have been done at M11/6-31G(d) level of theory.

Table 2
The activation energies, enthalpies of activation, and Gibbs energies of acti-
vation for the deamination of GMP with 2H2O/OH− (kJ mol−1) at 298.15 K
(Pathway D).

Theory/Basis Set TS1D TS2D
Ea ΔH‡ ΔG‡ Ea ΔH‡ ΔG‡

B3LYP/6-31G(d) 44 42 46 33 27 38
B3LYP/6–31 + G(d) 33 32 38 35 30 42
B3LYP/6-31G(d,p) 44 42 46 32 26 36
ωB97XD/6-31G(d) 35 32 43 28 22 33
M11/6-31G(d) 44 40 51 24 18 30
SMDa 23 18 36 17 10 21

aCalculations have been done at M11/6-31G(d) level of theory.
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activation barrier of this step. As seen in Table 3, utilizing the SMD
causes a little change in the activation energy of (TS1E). It is increased
by 9 kJ mol−1, as well, a notable increase of (TS2E) by more than
30 kJ mol−1. The stabilization of this step may be attributed to the
presence of the sugar ring in the deamination reaction of GMP with
3H2O.

The initial step in pathway F is somewhat similar to pathway A, and
also to the second step of pathway B. However, the difference is in the
addition of the two H2O molecules which act as mediators. The tetra-
hedral intermediate (I1F) is formed via a six-membered ring transition
state (TS1F) by a nucleophilic attack at the carbon atom (C2). Whereas,
the bond length of CeO is shortened from 2.02 to 1.39 Å to form (I2F).
This is accompanied by a concerted proton transfer mediated by H2O to
the endocyclic imine nitrogen N3 as shown in Fig. 10. The CeO

distance in (TS1F) is 2.02 Å at M11/6-31G(d). The product
XMP⋯NH3⋯2H2O (PF) is formed through a proton transfer from OH−

to the amine group by a single H2O molecule (TS2E) similar to previous
pathways, with an activation energy value of 165 kJ mol−1 at M11/6-
31G(d). The activation energy for the rate-determining step (TS1F) is
179 kJ mol−1 at M11/6-31G(d). This is fairly close to the activation
energy at the B3LYP/6–31 + G(d) value of 178 kJ mol−1 in the gas
phase and 172 kJ mol−1 with SMD. Furthermore, these results (Table 3)
conclude that the energy barrier can be significantly reduced in the
presence of H2O molecules, compared to the activation energies of the
rate-determining step computed in previous pathways of A and B.

Table 3
The activation energies, enthalpies of activation, and Gibbs energies of activation for the deamination of GMP with 3H2O (kJ mol−1) at 298.15 K (Pathways E and F).

Theory/Basis Set TS1E(TS1F) TS2E(TS2F)
Ea ΔH‡ ΔG‡ Ea ΔH‡ ΔG‡

B3LYP/6-31G(d) 170(1 8 8) 165(1 8 5) 178(1 9 3) 180(1 8 7) 173(1 8 3) 189(1 8 9)
B3LYP/6–31 + G(d) 151(1 7 8) 146(1 7 6) 160(1 8 3) 177(1 8 8) 169(1 8 4) 188(1 8 9)
B3LYP/6-31G(d,p) 171(1 8 9) 165(1 8 6) 179(1 9 4) 185(1 9 1) 178(1 8 7) 194(1 9 3)
ωB97XD/6-31G(d) 163(1 8 6) 157(1 8 3) 173(1 9 1) 153(1 7 4) 145(1 7 0) 166(1 7 7)
M11/6-31G(d) 129(1 7 9) 122(1 7 7) 142(1 8 2) 138(1 6 5) 129(1 6 0) 151(1 6 9)
SMDa 138(1 7 2) 133(1 6 9) 144(1 7 4) 105(1 2 9) 95(1 2 3) 117(1 3 3)

a Calculations have been done at M11/6-31G(d) level of theory.

Fig. 5. The optimized geometries for the deamination of GMP with 3H2O (Pathway C) at the M11/6-31G(d).
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3.5. PED for the deamination reaction of GMP with 3H2O: Pathway G

Another pathway was proposed for the reaction of GMP with 3H2O
designated as pathway G. It is the second pathway enfold sharing the
sugar ring through an OH− of GMP in the deamination reaction me-
chanism. This pathway is a two-step reaction mechanism, where the
rate-determining one is the first step. It involves a nucleophilic attack
by the oxygen atom of the H2O on the C2 site (TS1G). However, due to
the higher barrier heights for this pathway, 220 kJ mol−1 at M11/6-
31G(d), it will not be discussed in detail. The kinetic parameters and
PED for the investigated mechanisms of the deamination reaction of
GMP with 3H2O determined at different levels of theory for pathway G
are listed in SM (Table S3 and Fig. S14).

In summary, the rate-determining step is significantly reduced in
three cases; the addition of OH− to the 2H2O which yields a

deprotonated xanthosine monophosphate, XMP−⋯NH3⋯2H2O, at the
N3 site as shown in pathway D. The overall activation energy decreases
to 33 kJ mol−1 at B3LYP/6–31 + G(d) due to the inclusion of the
diffuse function, much lower than that of 120 and 111 kJ mol−1 for 8-
oxoguanine [13] and cytosine [14], respectively. A protonated product
of XMP⋯NH3⋯2H2O is formed in other cases by a nucleophilic attack
via three H2O molecules that are shared in the rate-determining step, as
in pathway C. Furthermore, via two H2O molecules participating in the
reaction. Interestingly, when a sugar group participates in a hydrogen
transfer, in order to get the first intermediates (I1E and I1G) as in-
dicated in pathways E and G, respectively. The overall activation en-
ergy is 170 kJ mol−1 as seen in Table S1 at B3LYP/6-31G(d) for
pathway E, which is reduced to 151 kJ mol−1 with the addition of a
diffuse function, and 129 kJ mol−1 at M11/6-31G(d). The barrier
heights at M11/6-31G(d) were very comparable with the values

Fig. 6. PED for the deamination of GMP with 3H2O (Pathway C) at the respective levels of theory. Relative internal energies are in kJ mol−1.

Fig. 7. The optimized geometries for the deamination of GMP with 2H2O/OH− (Pathway D) at the M11/6-31G(d).

M.H. Almatarneh, et al. Computational and Theoretical Chemistry 1175 (2020) 112732

7



calculated at B3LYP/6-31G(d,p), except for pathways E and F (differ-
ence range was 10–50 kJ mol−1).

The most plausible reaction mechanism for the deamination of GMP
with 3H2O kinetically and thermodynamically is pathway C, which has
the least overall activation energy (123 kJ mol−1) at M11/6-31G(d).

3.6. The thermodynamic of the deamination reaction of GMP with 3H2O
and 2H2O/OH−

The thermodynamic parameters for the deamination of GMP with
3H2O and 2H2O/OH−are exothermic and exergonic at all levels of
theory for all pathways, except pathways A and B, which are en-
dothermic and endergonic. Two products were found:
XMP−⋯NH3⋯2H2O for the deamination of GMP with 2H2O/OH− as

depicted in pathway D. The calculated Gibbs free energy value of
−93 kJ mol−1 at M11/6-31G(d), is in agreement with B3LYP/
6–31 + G(d). Meanwhile, six pathways were found for the deamination
of GMP with 3H2O to produce the main product of XMP⋯NH3⋯2H2O.
The diffuse function plays an essential role in pathways C and G, with
Gibbs free energy of −54 and −27 kJ mol−1 at B3LYP/6–31 + G(d),
respectively. These values are higher than the calculated values of
B3LYP/6-31G(d), −84 kJ mol−1 (Pathway C) and −51 kJ mol−1

(Pathway G). The Gibbs free energy for pathways A (45 kJ mol−1) and
B (49 kJ mol−1) are comparable and higher by about 8 kJ mol−1 than
other pathways. This is attributed to the fact that the H2O molecules are
not present in these reactions to catalyze or facilitate the nucleophilic
addition step. On the other hand, in pathways E and F, the Gibbs free
energies for the final product were predicted by the calculation as

Fig. 8. PED for the deamination of GMP with 2H2O/OH− (Pathway D) at the respective levels of theory. Relative internal energies are in kJ mol−1.

Fig. 9. PED for GMP deamination with 3H2O (Pathway E) at M11/6-31G(d). Relative internal energies are in kJ mol−1.
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−43 kJ mol−1 and −47 kJ mol−1, respectively.

4. Conclusions

The deamination reaction mechanisms of GMP with 3H2O and
2H2O/OH− have been investigated with seven main pathways.
Optimized geometries were determined using different DFT methods to
provide more qualitative and quantitative views of the reactions. All the
proposed pathways occur via a two-step mechanism, except pathways B
and C, which occur via a three-step mechanism. Furthermore, the least
feasible pathways were A and B, which were endothermic and en-
dergonic thermodynamically and higher barriers kinetically. The ther-
modynamic parameters for other pathways were exothermic and ex-
ergonic. The position of the H2O molecules addition and the orientation
of the nucleophilic step play an important role in the formation of the
tetrahedral intermediate, which was the key step (rate-determining
step) for all investigated pathways. The other step involves a single
water-mediation via a six-membered ring transition state yielding the
product.

Among the investigated reaction, pathway D is the only one that
predicts the formation of the xanthosine monophosphate anion,
XMP−⋯NH3⋯2H2O. The reaction is extremely exothermic where a
high-resonance stabilization is predicted with an activation energy of
44 kJ mol−1. The deamination mechanisms by other pathways A, B, F,
and G, were less feasible; due to the large calculated barrier heights
(242, 264, 179, and 220 kJ mol−1, respectively) at M11/6-31G(d). The
kinetic and thermodynamic results conclude that involving three H2O
molecules in the rate-determining step significantly reduces the energy
barrier. The saturated sugar ring in GMP drives the formation of the
tetrahedral intermediate by participating in the proton transfer step,
pathway E, with an activation energy of 129 kJ mol−1 at M11/6-
31G(d). This saturated ring leads to deformation of the amine group in
the first step for the deamination reaction, pathway G, with higher
activation energies than pathway E. Generally, this ring does not have

dramatic impacts on activation energies, and it affects pathway E more
than G. The most energetically favorable mechanism reported for the
deamination of GMP with 3H2O corresponds to pathway C, whereas the
imine-oxo tautomer of GMP in the first step formed via the eight-
membered ring transition state (TS1C) involved shortened (N3-H) and
elongated (N10-H) bond lengths to 1.03 Å and 1.69 Å, respectively,
with activation energy values, ranged from 64 to 80 kJ mol−1 at dif-
ferent levels of theory. Moreover, the tetrahedral intermediate formed
via a simultaneous proton transfer (TS2C) to the sp2 nitrogen N10 of
GMP via trimer water molecule, with noticeably decreased in the CeO
bond length to 1.46 Å. It is worth mentioning that the M11/6-31G(d)
level of theory has given the lowest barrier heights. Apparently, the
activation energies were ranging from 123 to 153 kJ mol−1 at different
levels of theory which are much lower than the calculated energies for
other elaborated pathways. Therefore, kinetically, it has the lowest
calculated overall activation energies of 123 kJ mol−1. In addition,
thermodynamically, the diffuse function has a primary role in pathway
C with Gibbs energy of −43 kJ mol−1 at B3LYP/6–31 + G(d) higher
than the calculated value of B3LYP/6-31G(d), −77 kJ mol−1. This is
due to the fact that the H2O molecules can act not only as explicit
solvents, but also it can act as catalysts to enhance long-range proton
transfer. Using the solvation model SMD decreased the overall activa-
tion energies for most of proposed pathways.
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