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Adenosine 5-triphosphate (ATP) and Guanine 5-triphosphate (GTP), which are highly significant species for biological
system as sources of energy, along with two other compounds, ribose 5-triphosphate (RTP) and triposphate (TP), have been
investigated theoretically. The capability of releasing terminal phosphoric acid and existent intramolecular bonds in their structure
have been studied in gas phase. Due to the presence of hydrogen bonds in the above molecules, several inner and stable rings have
been formed by atoms in molecules. The Quantum Theory of Atoms in Molecules (QTAIM) has been used in order to discover
the intramolecular interactions properties in terms of charge densities. We have also demonstrated that the release of terminal
phosphoric acid in ATP and GTP are both facilitated in the presence of ribose and base in comparison with TP and RTP. Our

calculations have been done using density functional procedure.
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INTRODUCTION

Adenosine 5-triphosphate (ATP), an adenine nucleotide, is
extremely important to metabolism because it is the currency
of energy exchange in metabolic process. ATP is produced by
catabolism of food molecules (and the light reactions of
photosynthesis in plants) and consumed by cellular processes
that require energy, such as biosynthesis, active transport of
substances across cell membranes, cell motility and muscle
contraction. ATP stores free energy in its two
phosphoanhydrid bonds and transfers this energy when it is
hydrolyzed to adenosine 5'-diphosphate and orthophosphate
(P) or adenosine 5'-monophosphate and pyrophosphate [1].
The P-O-P linkage is not found in nature except as produced
by living organisms because of its high susceptibility to
hydrolysis [2]. ATP, ADP and AMP are made up of three
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units: an adenine, a ribose and one phosphate group. These
molecules are involved in a vast variety of chemical
environments and applications from inorganic to biological
systems [3,4]. Guanosine 5-triphosphate (GTP) is a similar
molecule to ATP and the chemical energy derived from the
hydrolysis of P-O-P linkage of guanine di- and triphosphate
(i.e. GDP and GTP) is used by the cells to carry out different
biological functions such as ATP [5].

In physiological pH range pyrophosphate and adenosine
triphosphate have two or three negative charges. The coulomb
repulsion between the excess charges, at least partly, renders
pyrophosphate and ATP as “energy-rich” molecules [6].

Chemical evolution of biological systems shows that there
is no difficulty to account for the appearance of the bases and
sugars of nucleic acids on the primitive earth. An unexpected
stumbling block arises, however, when one tries to account for
the particular reason and way in which the bases and sugars
are joined to make nucleoside, such as the coupling of adenine



Pakiari et al.

and ribose to form the adenosine molecules. As regards
evolutionary changes of living cells, one of the probable
explanations for selecting adenosine and not guanosing,
cytidine or uridine for coupling to the triphosphate tail in ATP,
is the relative simplicity of the synthesis of adenine which
resulted in its being present in greater concentrations than the
other bases in the primitive environment of living cells.
Adenine is the most readily synthesized hydrogen cyanide:
four HCN first yields tetramer of HCN, diaminomalenitrile,
and the rearrangement takes place in the presence of light and
one more HCN leads to form adenine. This synthesis proceeds
under conditions that would have been reasonable on the
primitive earth. According to this point of view, "The use of
ATP may represent nothing more than another cosmic throw
of dice" [7].

In the present article, we have adressed the question of
biological superiority of ATP in living systems. Although the
idea of "high energy phosphate has been current for over 70
years [8,9] and has been proved essential for understanding of
energy storage and energy transfer in biological systems to
date, there has not yet appeared any clear explanation as to
why certain phosphate compounds contain more energy than
ordinary ester phosphate or other similar compounds. Our
primary aim is to find a suitable answer to this question so that
roles of adenine and ribose would be deliberated in ATP
molecule. To this end, properties of terminal P-O bond have
been studied in three molecules that all are similar in their
pyrophosphate tails but differ in parts involving adenine and
ribose. The influence of adenine and ribose on terminal P-O
bond has been investigated computationally. Finally, effects of
ribose and other organic nucleobase, guanine have been
considered in other similar molecule, GTP, and the results
were in good agreement with those obtained from ATP.

METHODOLOGY

Molecular geometries and their electronic wave functions
have been optimized with the help of Gaussian 98 program
[10]. All species have been optimized in gas phase using
density functional theory (DFT) [11,12] and the hybrid
B3LYP exchange-correlation functional [13,14] by using 6-
31+G* basis set. Frequency analysis was also performed for
the structures to make sure that they were indeed minimum
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structures.

Bader’s Quantum Theory of Atoms in Molecules
(QTAIM) [15,16] was applied to characterize the influence of
organic nucleobase and sugar on terminal P-O bond in the
investigated systems. The quantum theory of atoms in
molecules is based on the analysis of electronic density
topology and identifies chemical bond as a bond critical point
(BCP) and corresponding bond paths (BP). Because of
flexibility and reliability of this method, many researches have
been devoted to obtain chemical bond strength and nature in
both organic and inorganic chemistry, via QTAIM analysis
[17-19]. What distinguishes this research from others is the
characterization of terminal P-O bond in terms of QTAIM
parameters and analysis of the effect of different segments on
the strength of such a P-O bond. Furthermore, we have
investigated different intramolecular interactions which have
significant roles in stabilizing ATP molecules in biological
systems. AIM2000 package [20] has been used to obtain bond
properties, plot molecular graphs as well as virial paths.

RESULTS AND DISCUSSION

There is valuable experimental information concerning the
porotonation state, conformation, and metal-chelation of ATP
[21-23]. H NMR experiments [24,25] show that the molecule
exists in water in an anti-configuration, and the triphosphate
tail is fully deporotonated under neutral conditions especially
when complexed with Mg®. Mg®" has a strong catalytic
activity related to its ability to elongate one of the anhydride
P-O bonds, with an estimated reaction barrier of 13.5 kcal
mol™ for a pyrophosphate dianion [26-28].

There have been several theoretical studies on the
hydrolysis of pyrophosphate in the gas phase [26,29-31] in
addition to several other attempts made to model the break of
anhydride P-O-P linkage and to understand the underlying
mechanism. These approaches range from simple molecular
orbital calculations to sophisticated quantum mechanical
calculations of isolated active site of protein such as myosin
[26,27,30,32-37]. In the field of quantum chemistry, many
investigations have been carried out at the Hartree Fock level.
Similar to many other compounds in chemistry, electron
correlation plays a major role in imparting the unusual
properties to these molecules [38]. Various studies [39-42]
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have indicated that the electrostatic effects play an important
role both in the molecular structure and thermochemistry of
the hydrolysis of pyrophosphates.

The traditional way to think of energetic character of ATP
is to assign its terminal P-O bond in pyrophosphate tail of the
molecules as an energy rich bond, that releases energy upon
hydrolysis due to the coulomb repulsion of product, resonance
effects and changes in protonation [2]. The schematic
representation of ATP is shown in Fig. 1.

In the present study, main focus is on the effect of different
segments in ATP on the terminal anhydride P-O bond. We
have examined molecules that have similar triphosphate tail.
Since charge density and bond length can be criteria of bond
strength, these properties of terminal P-O bond have been
compared in the systems of interest in gas phase. The fully
optimized geometries of ATP, GTP, ribose 5-triphosphate
(RTP) and triposphate (TP) system, are presented in Fig. 2.
These geometries have been analyzed in terms of bond length
of terminal anhydride P-O bond in all systems. Because of the
crucial role of Mg?* in ATP molecule and its important effect
on lengthening of terminal P-O bond in ATP? fully optimized
structures of ATPMg? and RTPMg?, which have been
presented in Fig. 3, were studied to support our results.
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Fig. 1. Schematic representation of ATP.

According to these pieces of evidence obtained
computationally, it seems that organic nucleobase and ribose
result in elongating terminal P-O bond and decreasing its
charge density so that its strength decreases in ATP molecules.
Other research results in negatively charged molecules and
Mg-chelation of ATP and RTP support our analysis strongly
which are presented below.

The results of QTAIM parameters (in atomic units), bond
distances (in angstrom) and fully optimized structures of

¢)RTP

d)TP

Fig. 2. ATP, GTP, RTP and TP and their atom numbers.
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a)ATPMg-2

b)RTPMg-2

Fig. 3. ATPMg™ and RTPMg™ and their atom numbers.

Table 1. The Results of P-O Bond Distance (R, Angstrom) and Charge Density (p, Atomic Units) in
Investigated Systems. R; is the Terminal P-O Bond

Molecule Ry Pace1 R, Prcr2 Rs Pacrs R, Pecra
ATP 1.682 0.143 1.613 0.168 1.636 0.156 1.626 0.161
GTP 1.682 0.143 1.613 0.168 1.636 0.156 1.626 0.161
RTP 1.673 0.146 1.596 0.173 1.643 0.154 1.609 0.167
TP 1.651 0.158 1.635 0.164 1.585 0.178 1.681 0.148
ATPMg™ 1.638 0.157 1.667 0.148 1.565 0.152 1.651 0.155
RTPMg™ 1.629 0.161 1.669 0.149 1.598 0.168 1.713 0.132
ATP* 1.629 0.160 1.691 0.140 1.683 0.142 1.645 0.155
RTP™ 1.624 0.162 1.702 1.137 1.675 0.145 1.658 0.151
TP® 1.621 0.163 1.630 0.164 1.623 0.162 1.621 0.163

investigated molecules are shown in Table 1 and Figs. 2 to 4.
From the above analysis (Table 1), in both ATP and GTP
molecules charge densities (p, ., = 0.143) and bond distances
(1.682) of terminal anhydride P-O bond (R,) are absolutely the
least and the most values in comparison with corresponding
values in other molecules in series of interest to us,
respectively. According to these results, a descending order is
also seen in charge densities in addition to increase in bond
distance of terminal anhydride P-O bond (R,). The above
trends in R; for lengthening bond distance and declining
electron density are true for RTPMg™? and ATPMg™ alike as
shown in Table 1. ATPMg? has less charge density (Pgcp1=

0.157) than RTPMg? (., = 0.161), which indicates the P-O

bond is more apat to break in former compound relative to
latter one. All the computations have been performed for
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negatively charged molecules ATP“ RTP* and TP®. The
results in both charge density and bond distances at such a P-O
bond follow an identical order with those have observed in
neutral molecules of ATP series.

However in other P-O bonds (R,, Rs and R,) there is not
any clear trend toward decreasing charge density or increasing
bond distances. This observation, however, is in accord with
our main aim because the terminal anhydride P-O is the most
reactive and important bond in ATP. Moreover, our theoretical
results in this part are in agreement with experimental
evidence. Thus, it sounds reasonable to consider this bond and
investigate its individual character separately from other P-O
bonds in series.

In the second part of our study, we would like to consider
other aspects of the problem and focus upon ATP, GTP and
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2)ATP-4

b)RTP-4

c)TP-5

Fig. 4. ATP* RTP™ TP and their atom numbers.

other above-mentioned molecules structurally.  Their
intramolecular hydrogen bonds have been detected according
to the QTAIM criteria. The existence of BCP between
different atoms, which are not chemically connected, is a
indication of intramolecular interactions that stabilize
molecules.

In ATP and GTP, TP is connected to ribose through single
bond Cas (ribose)-Og (TP), and organic nucleobase is also
connected to ribose through single bond Cs, (ribose)-Ns;
(base), as shown in Fig. 2. Therefore, they are able to have
free rotation along those single bonds and make different
conformations. In present research, we have considered only
one of the possible conformers of ATP and GTP in gas phase
and studied the existent intramolecular interactions. The
stabilization energy related to intramolecular H-bonds has
been estimated by using the local potential energy density
proposed by Espinosa. In this method, the energy of the
hydrogen bond is equal to one-half of the local potential

energy density at the hydrogen bond critical point multiplied
by the atomic volume element a3[43].

a Y
ES Z_?OVCP ~ _%
Although there are other procedures in literature [44,45] to
estimate hydrogen bond strength in accordance with QTAIM
analysis, Espinosa's procedure is more suitable for our
purpose. The second approach is to estimate the stabilization

energy by comparing the BCP charge density of
intramolecular hydrogen bonds with hydrogen bond in H,O
dimer. Charge density of BCP for hydrogen bond in water
dimer is 0.0286 (a.u.) that stabilizes the dimer about 6.0 kcal
mol™. Therefore, the relative stabilization energies can be
estimated by the ratio of the corresponding charge density at
the BCP. The former and latter estimation of hydrogen bond
strength are denoted by g1 _and g2, in Table 2, respectively.

ATP has seven hydrogen bonds with estimated total
stabilization energy (gL ) 46.91 kcal mol™ as indicated in
Table 2. Three of these hydrogen bonds are between TP and
ribose with total charge density at BCPs 6.52 and estimated
stabilization energy of 16.53 kcal mol™. There is one hydrogen
bond between ribose and adenine with charge density at BCP
2.96 and estimated stabilization energy of 6.90 kcal mol™.

GTP has seven hydrogen bonds, too, with gL_ equals to
45.76 kcal mol™, as shown in Table 2. For stopping free
rotation, there exist three hydrogen bonds between TP and
ribose with total charge density at BCPs 6.43 and estimated
stabilization energy of 16.02 kcal mol™, and there is one
hydrogen bond between ribose and guanine with electron
density at BCP 2.81 and gl equals to 6.59 kcal mol™, as
shown in Table 2.

On the basis of these estimated stabilization energies, it
sounds that two energetic molecules, ATP and GTP are more
stable than other above-mentioned molecules due to
intramolecular interactions. To study the overall stability of
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Table 2. Charge Density (a.u.) of BCP, Bond Length (A) and Estimated Energy of Hydrogen Bonds in ATP, GTP,
RTP, TP, ATPMg? RTPMg? and ATP*

Intramolecar

Molecule interaction Interaction pece[107] ra Vicamol[107] Ei Ei
H1-Og TP 2.25 1.99 1.94 6.09 4.7
Hi3-0y4 TP 3.52 1.83 2.99 9.38 7.3
H,;-04 Ribose-TP 1.05 2.47 0.76 2.39 2.2
ATP Hs-0; Ribose-TP 0.95 2.49 0.68 2.13 2.0
Hi6-017 Ribose-TP 4.52 1.69 3.83 12.02 9.4
Hio-Nj Ribose adenine 2.96 1.97 221 6.93 6.2
Ozo'ng Ribose 2.77 1.92 2.54 7.97 5.8
Total stabilization energy 4691  37.6
H1-Og TP 2.23 1.99 1.92 6.02 4.7
Hi3-0y4 TP 3.48 1.82 2.96 9.38 7.3
H19-N>, Ribose guanine 2.81 1.99 2.10 6.59 5.9
GTP H,;-0, Ribose-TP 1.01 2.49 0.72 2.26 2.2
Hs-0, Ribose-TP 0.90 2.51 0.64 2.01 1.9
Hi6-O17 Ribose-TP 4.43 1.70 3.75 11.77 9.3
Oz0-Hig Ribose 2.69 1.93 2.47 7.75 5.6
Total stabilization energy 45.76 36.7
H10-O; TP 4.00 1.72 3.43 10.76 8.3
H1-017 Ribose 2.74 1.98 2.44 7.66 5.7
RTP Hys5.0,4 Ribose-TP 0.96 2.47 0.68 2.13 2.0
H1s-Og Ribose-TP 2.07 2.06 1.83 5.74 4.3
Oribos-O4 Ribose-TP 0.86 3.06 0.66 2.07 -
Total stabilization energy 28.36 20.3
Hi3-Oy4 TP 2.88 191 2.46 7.72 6.0
TP Ho-Oy4 TP 1.46 2.24 1.18 3.70 3.0
H16-O; TP 2.16 2.05 1.80 5.65 4.5
Total stabilization energy 17.07 135
H1g-O4 Ribose 2.12 2.07 1.93 6.05 44
H26-O¢ Ribose-TP 1.28 2.40 0.93 2.92 2.7
ATPMg? Hys-0, Ribose-TP 0.77 2.61 0.52 1.63 1.6
H19-N>, Ribose adenine 2.45 2.05 1.82 5.71 51
Hg-014 Ribose-TP 0.50 2.85 0.28 0.88 1.1
Total stabilization energy 17.19 14.9
H1s-O4 Ribose 2.30 2.07 2.05 6.43 4.8
Hi9-O24 Ribose-TP 2.73 1.90 2.32 7.28 5.7
H26-044 Ribose-TP 131 2.42 0.97 3.04 2.8
RTPMg Hy6-0, Ribose-TP 0.88 2.57 0.64 2.01 1.8
H26-O¢ Ribose-TP 1.58 2.34 1.21 3.79 3.3
H20-O¢ Ribose-TP 1.77 2.14 1.50 4.71 3.7
Hy:-0O4 Ribose-TP 0.82 2.61 0.54 1.69 1.7
Total stabilization energy 28.95 23.8
ATP* H1g-04 Ribose 2.59 1.99 2.35 7.37 5.4
Hio-Ny» Ribose adenine 3.47 1.89 2.66 8.35 7.2
Total stabilization energy 15.18 12.6

EL.and g2 are in kcal mol™?, and they are evaluated by [43] and estimated by H,O dimer, respectively.
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these molecules in biological system, it is also neseceery to
consider solvent effects and influences of biological
environment on intermolecular interactions. However, our
focus is primarily on the structural and topological properties
of ATP, GTP and their related compounds in gas phase
without considering any effect of biological environment.
Finally, the hydrogen bonds in each component and also
between three components of ATP and GTP keep fixed
conformation with internal rotation. However, ATP™ can have
many conformations since there are two hydrogen bonds in it
which stabilize ATP™ just about 15.18 kcal mol™. There is one
hydrgen bond in RTP™ with 7 kcal mol™ stabilization energy.

SUMMARY AND CONCLUDING REMARKS

ATP (Adenosine 5-Triphosphate) includes three different
parts, the most important of which is its triphosphate tail. ATP
owes its energy-rich character to this particular part.
According to our present research the role of remaining
segments, including adenine and ribose, is to elongate that
remarkable P-O bond, which is involved in ATP hydrolysis
and energy-releasing mechanisms directly. This elongation of
bond goes along with reducing charge density of this
interesting bond. Our investigations cover negatively charged
ATP and similar anions which were similar in their
triphosphate tails, in addition to two Mg-chelation anion
ATPMg? and RTPMg™ The intramolecular hydrogen bonds
and the stabilization energy due to their existence in molecules
investigated here are two other pieces of evidence which show
that ATP and GTP are the most stable molecules in biological
environments.
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