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Adenosine 5′-triphosphate (ATP) is an essential energy carrier in mammalian and other cells, and its hydrolysis
to the diphosphate (ADP) in the presence of metal cations (e.g., Mg2+ or Ca2+) is one of the most prevalent
biochemical reactions. We describe here density functional (DF) calculations on closely related systems and
compare the results with other calculations and available experimental data: Na(H2O)n+, Mg(H2O)n2+, and
Ca(H2O)n2+ clusters (n ) 1, 4-7), the crystalline pyrophosphates Mg2P2O7‚6H2O andR-CaNa2P2O7‚4H2O,
and crystalline Na2ATP‚3H2O. The last of these comprises asymmetric units of ATP dimers (monomers A
and B) in a double-protonated state H2(ATP)2-. The calculated structures agree well with available
measurements and provide additional information, including the location of the H atoms. Analysis of the
dipole moments of individual ATP monomers and their dimers shows that the crystal comprises blocks of
opposing dipoles. Replacing one Na+ ion with Mg2+ or Ca2+ results in a significant elongation of the terminal
bridging P-O bond. The calculations provide benchmarks for the use of DF methods in ATP systems and
are used in the companion paper to study the hydrolysis of ATP at the active site of the protein actin.

I. Introduction

Adenosine 5′-triphosphate (ATP) is essential to many bio-
chemical processes, particularly in providing energy as a
phosphorylating agent in cellular metabolism.1 It comprises an
adenine base, a ribose, and a strongly hydrophilic (charged)
triphosphate; the adenosine portion can be viewed as a means
of binding to enzymes or proteins, and the phosphate groups
participate in energy capture. When energy stored in ATP is
used, an environment-dependent hydrolysis results in adenosine
diphosphate (ADP) and inorganic phosphate Pi. The reverse
reaction is catalyzed, for example, by the enzyme ATP synthase.
In his Nobel Prize address in 1997, Boyer estimated that the
synthesis of ATP is the most prevalent chemical reaction in
the human body. In fact, since plants and microorganisms
capture and use energy by the same reaction, it is “the principal
chemical reaction occurring in the whole world!”2 Its obvious
importance has resulted in countless studies.

The various components of ATP are neutral and charged,
basic and acidic, and hydrophobic and hydrophilic, and its
reaction with other biomolecules (proteins and enzymes) and
with water is environment-dependent. ATP is then both a source
of energy and a promoter of conformational change in biomol-
ecules. The role of the proteins myosin and actin in muscle
contraction and cellular motility shows the importance of such
changes,1 and many DNA-modifying enzymes consume ATP
in an energetically unfavorable manner to maintain their
genomic integrity.3

X-ray diffraction studies of proteins and enzymes have
provided much information about ATP, but its properties depend
on the environment, the presence of metal cations, its protonation
state (pKa), and the interactions with other molecules (hydrogen

bonds, hydrophobic contacts, steric hindrance). Experimental
data are also often analyzed using standard estimates of some
structural parameters. Theoretical methods capable of predicting
structures and their changes are of obvious value, and recent
developments in hardware and algorithms have extended the
range of applicability of density functional (DF) calculations
to systems with hundreds of atoms, i.e., large enough to be
relevant for the study of ATP and some neighboring molecules.

In earlier work we have modeled the ATP hydrolysis reaction
(conversion of ATP complexed with Mg2+ to ADP and an
inorganic phosphate Pi) in an aqueous environment.4 We have
also performed Monte Carlo calculations on a model designed
to elucidate the polymerization of proteins (actin and tubulin)
in the presence of ATP and guanosine triphosphate (GTP),
respectively.5 In neither case is direct structural information
available from experiment, and we describe here DF calcula-
tions6 on systems related to ATP for which such information is
available from other calculations and X-ray diffraction measure-
ments. We focus on ATP in crystalline phases and on the
hydrated metal cations that play an important role in determining
its properties. Experimental X-ray data are available for Na2ATP
hydrates and for ternary complexes composed of ATP, divalent
cations, and aromatic heterocyclic amines.7-10 A detailed
comparison with experiment confirms the reliability of the DF
approach, and structural details beyond those measured will aid
the development of models of ATP-related systems.5 In the
companion paper we study the hydrolysis of ATP in the presence
of the active site of the protein actin.

We describe the methods of calculation in section II. Results
for hydrated cations of Na, Mg, and Ca [Na(H2O)n+, Mg-
(H2O)n2+, and Ca(H2O)n2+ clusters (n e 7)] using three DF
methods follow in section III, together with crystal structures
of two pyrophosphates: Mg2P2O7 hexahydrate and Na2CaP2O7

tetrahydrate. We present DF results for Na2ATP hydrates, which
appear to be the only class of pure ATP crystal salts for which
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X-ray diffraction data have been analyzed11-13 and conclude
in section IV.

II. Methods of Calculation

The Car-Parrinello molecular dynamics (CPMD) package6

is used most extensively. The electron-ion interaction is
described by a nonlocal, norm-conserving, and separable
pseudopotential,14 and semicore electrons for the metal cations
Na+, Mg2+, and Ca2+ are included because there are ionic bonds
between these metal ions and phosphate/water O atoms. Periodic
boundary conditions (PBCs) are employed using a single point
(k ) 0) in the Brillouin zone, and the approximation of Perdew,
Burke, and Ernzerhof (PBE) is used for the exchange-
correlation energy.15 Increasing the kinetic energy cutoff (80
Ry for ATP crystal salts) to 100 Ry for smaller pyrophosphate
crystals produces small changes in the bond lengths and angles
of water molecules alone. This approach yields accurate results
for the isolated H3PO4 molecule.4

We present results for clusters of metal cation hydrates
calculated using two other DF programs. The hybrid CP2K
method16 uses analytic pseudopotentials,17 and the valence
electron orbitals and density are expanded in Gaussian-type
functions and a plane wave auxiliary basis, respectively.18 The
use of the two basis sets leads to greater numerical efficiency
than in the CPMD method. The Gaussian-type basis sets are
double- and quadruple-ú basis sets withd-polarization functions
(DZVP, QZV3P). The plane wave auxiliary basis has a cutoff
of 600 Ry for the density (corresponds to 150 Ry for the
orbitals), and we use PBE and BLYP19,20 functionals for the
exchange correlation energy. The use of the pseudopotential
approximation in these two methods has been checked against
all-electron calculations21 using a Gaussian-type basis set
(DZVP, auxiliary basis A1). The PBE functional approximation
is not available with this package, but the PW91 and PBE
approximations generally lead to very similar results.22

III. Results

A. Na(H2O)n
+, Mg(H2O)n

2+, and Ca(H2O)n
2+ Clusters.We

have performed calculations on Na(H2O)n+, Mg(H2O)n2+, and
Ca(H2O)n2+ clusters (n ) 1, 4-7). Periodic boundary conditions
are not used23 in the CPMD calculations to avoid interaction
between charged replicas, and the kinetic energy cutoff for plane
waves was 100 Ry. The ionic positions are optimized using a
quasi-Newton approach24 and simulated annealing. Vibrational
frequencies calculated using a linear response scheme were used
to determine the zero-point energy (ZPE) corrections at 298 K.

The properties of cation-hydrate clusters are listed in Tables
1-4, and the optimized geometries are shown in Figure 1. For
Na+ mono- and hexahydrate there is good agreement between
the three DF methods and MP2 results (Table 1). The CPMD
result for the cation-oxygen distance is the shortest both for
mono- and hexahydrate, but the overall variation (0.034 and
0.024 Å, respectively) is small. The hydration energiesEb for
the monohydrate are close to the experimental values, but the
ZPE-corrected value of Na(H2O)6+ is underestimated, because
the hexacoordinated isomer (6B, Figure 1) lies higher in energy
than the tetracoordinated 6C, for which the hydration energy
(93.8 kcal/mol) agrees better with experiment.

The effects of changing basis sets and exchange-correlation
functional are evident in the results for Mg(H2O)2+ and
Mg(H2O)62+ (Table 2). The Mg-O distances for mono- and
hexahydrate lie within narrow ranges (0.039 and 0.027 Å,
respectively). An MP2 study25 with an extensive basis set reports

a value (1.920 Å) for Mg(H2O)2+ in the center of this range.
For Mg(H2O)62+ the distance (2.081 Å) is slightly shorter than
the DF values. The ZPE corrections again bring the hydration
energies closer to the MP2 result, with the exception of the
BLYP calculation for the hexahydrate. The similarities between
CPMD and CP2K/QZV3P results (both use extensive basis sets
and the PBE functional) and the CP2K/DZVP and DGauss/
DZVP results suggest that the differences in Table 1 are caused
by the smaller basis set of DGauss not by the pseudopotential
approximation or the PW91 functional. The CP2K/QZV3P
calculations with PBE and BLYP functionals show no large
deviations, although BLYP leads to a slightly longer cation-
oxygen distance.

The DF results for Ca(H2O)2+ and Ca(H2O)62+ (Table 3)
include results of a CPMD study using the BLYP functional.26

Our Ca-O distance for the hexahydrate is 0.046 Å shorter. The
DGauss result (2.403 Å) lies between these two values, and an
MP2 study27 reports a value of 2.39 Å (6-31+G* basis set).
The Ca-O bond length is sensitive to the pseudopotential
construction, and changes of 0.05 Å have been observed in
Ca-O distances for different localized basis sets (B3LYP
functional) with little change in hydration energy.28

The CPMD calculations yield slightly shorter cation-oxygen
distances than the other DF methods (Tables 1-3), but the
overall agreement with experiment and available MP2 data is
very good. The overestimate of the O-H bond in water (0.01
Å, Table 2) is a familiar property of gradient-corrected func-
tionals, although our calculation for free H2O gives a bond angle
of 104.3° (experimental value 104.5°). The H2O geometries
differ for different cations: for Mg2+ the elongation of the O-H
bond and the opening of the H-O-H angle are more apparent
than those for Na+, and Ca2+ is intermediate. This effect is
related to the charge transfer from H2O to the cation and to the
Coulomb repulsion between the protons and the cation.

As in earlier studies of water solvation of metal cations,25-35

we assume that a full hydration shell of Na+, Mg2+, and Ca2+

accommodates 4, 6, and 6 water molecules, respectively. Several
such structures (Figure 1) are shown in Table 4. The tetrahedral
isomer of Na(H2O)4+ (Figure 1, S4 symmetry) and aCs-
conformation with a different orientation of water molecules
have comparable hydrate binding energiesEb. The larger
hydrates also prefer 4-fold coordination, and the most stable
forms of Na(H2O)5+ (5B) and Na(H2O)6+ (6C) are found by
adding one or two H2O molecules to the outer hydration shell
so that each forms two hydrogen bonds. We have also tested
isomers based on the octahedral lowest-energy structures of
Mg(H2O)62+ and Ca(H2O)62+ (6A). This form of sodium
hexahydrate transforms spontaneously into a flat isomer (6B,
S6). Removal of one H2O from the octahedral geometry yields
two further pentacoordinated Na(H2O)5+ isomers (5A and 5C)
with very similar binding energies but different orientations of
the atop water molecule. The pentacoordinated isomers 6D and
6F are related to the isomers 5A and 5C, respectively, and a
pentacoordinated isomer (7C,C2) is preferred for Na(H2O)7+.
This structure has a cyclic hydrogen-bond network in the lower
half of the cluster and can be obtained by optimizing either 7A
or 7B, both of which are stable for Ca2+. A stable hexacoor-
dinated structure for Na(H2O)7+ (7D) is obtained by adding one
H2O molecule to isomer 6B.

Most structures for Mg2+ and Ca2+ are related to the
octahedral isomer 6A, which is the most stable form of both
hexahydrates, and stable structures for neighboring sizes (5A
and 7B) were obtained by adding or removing one H2O
molecule. As in Na(H2O)4+, both tetrahydrates preferS4
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symmetry, but the energy barrier for H2O rotation is very small.
Tetracoordinated motifs for larger hydrates (5B and 6C) are
close in energy to the most stable isomer. (In Mg(H2O)62+ the
binding energies of 6A and 6C differ by only 0.9 kcal/mol.)
This is consistent with electrospray ionization measurements35

of the dissociation rate constant of Mg(H2O)62+ as a function
of temperature, which were explained by the coexistence of
hexa- and tetracoordinated isomers. Starting from 6D of Na-

(H2O)6+, we have optimized 6E for both Mg2+ and Ca2+.
Coulomb repulsion between the cation and the positively
charged hydrogens of the external H2O lead to this structure,
in which hydrogen atoms point outward. The heptacoordinated
geometry (7A) found for Ca2+ transforms spontaneously to
isomer 7B for Mg2+, which has a smaller ionic radius.

Table 4 shows calculated values of hydration energiesEb and
successive water binding energies∆E. A comparison with

Figure 1. Calculated geometries of Na(H2O)n+, Mg(H2O)n2+, and Ca(H2O)n2+ clusters. Color key: O, red; H, white; Na, blue; Mg, green; Ca, gray.

TABLE 1: Geometries and Hydrate Binding Energies of Na(H2O)+ and Na(H2O)6
+a

Na(H2O)n+ CP2K/QZV3Pb DGaussb CPMDb MP2 exptc

1 r(Na-O) 2.227 2.238 2.204 2.21d

r(O-H) 0.972 0.980 0.971
R(H-O-H) 104.6 104.6 104.7
R(Na-O-H) 127.7 127.7 127.7
Eb 24.4 (22.8) 27.8 (26.2) 24.4 (22.8) 23.9d, 23.8e 24.0

6 r(Na-O) 2.438 2.431 2.414 2.432f

r(O-H) 0.970, 0.978 0.978, 0.987 0.969, 0.980
R(H-O-H) 106.4 106.4 106.8
Eb 103.9 (90.3) 106.1 (92.5) 101.9 (88.3) 91.2g 96.4

a Hexacoordinated isomer,S6 symmetry. Energies in kcal/mol, distances in angstroms, angles in degrees.b Values in parentheses include ZPE
energy correction at 298 K.c Reference 36.d Reference 27, aug-cc-pVTZ basis set.e Reference 29, TZ3P basis set.f Reference 55, 6-311G(d,p)
basis set.g Reference 30, 6-31+G* basis set.
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experiment36 is possible for Na+ up to the hexamer forEb and
for most∆E values,35,37 and the agreement is good. The ZPE-
corrected hydration energies of Na(H2O)4+, Na(H2O)5+, and
Na(H2O)6+ are 2-3 kcal lower than measured values, but the
corresponding∆E values are within 1 kcal/mol. The successive
binding energies of divalent cations are within 1 kcal/mol of

experiment, apart from Ca(H2O)62+ (1.9 kcal/mol).∆E depends
on the cluster geometry before and after H2O removal, and this
comparison is a sensitive test of the assignment of the most
stable isomer. Table 2 shows that the hydration energy of
Mg(H2O)62+ is close to the MP2 value,25 and for the pentahy-
drate (5B) the corresponding difference is 1.9 kcal/mol. For

TABLE 2: Geometries and Hydrate Binding EnergiesEb of Mg(H2O)2+ and Mg(H2O)6
2+a

Mg(H2O)n2+ CP2K/DZVPb CP2K/QZV3Pb DGaussb CPMDb MP2e

1 r(Mg-O) 1.933 1.916c, 1.929d 1.940 1.901 1.920
r(O-H) 0.994 0.985c, 0.989d 0.995 0.985 0.974
R(H-O-H) 104.4 106.1c, 106.3d 105.3 106.1 105.0
R(Mg-O-H) 127.4 127.0c, 126.9d 127.4 127.0
Eb 83.9 (81.9) 83.6c(81.6c) 84.8 (82.8) 85.9 (83.9) 78.4

84.3d(82.3d)

6 r(Mg-O) 2.112 2.109c, 2.120d 2.112 2.093 2.081
r(O-H) 0.981 0.973c, 0.976d 0.981 0.972 0.963
R(H-O-H) 106.3 106.5c, 106.4d 106.3 106.3 105.8
Eb 335.3 (320.3) 320.2c(305.2c) 338.0 (323.0) 321.6 (306.6) 313.7

311.4d(296.4d)

a Hexacoordinated isomer,Th symmetry. Energies in kcal/mol, distances in angstroms, angles in degrees.b Values in parentheses include ZPE
corrections at 298 K.c CP2K calculation with PBE functional.d CP2K calculation with BLYP functional.e Reference 25, MP2(FULL)/6-
311++G(3df,3pd) calculation.

TABLE 3: Geometries and Hydrate Binding Energies of Ca(H2O)2+ and Ca(H2O)6
2+ a

Ca(H2O)n2+ DGaussb CPMDb CPMD/BLYPc B3LYPd MP2

1 r(Ca-O) 2.220 2.186 2.214 2.26 2.27e, 2.297f

r(O-H) 0.993 0.983 0.986 0.962f

R(H-O-H) 104.0 104.5 104.2 104.1f

R(Ca-O-H) 128.0 127.8
Eb 63.7 (61.9) 61.2 (59.4) 58.8 56.9 58.0e, 53.5f

6 r(Ca-O) 2.403 2.375 2.421 2.37 2.39e, 2.439f

r(O-H) 0.981 0.973 0.976 0.954f

R(H-O-H) 105.2 105.1 105.1 105.8f

Eb 241.0 (228.2) 249.0 (236.2) 240.1 234.4 257.2e, 238.3f

a Hexacoordinated isomer,Th symmetry. Energies in kcal/mol, distances in angstroms, angles in degrees.b Values in parentheses include ZPE
corrections at 298 K.c Reference 26.d Reference 28, 6-311+G(2d,2p) basis set.e Reference 27, 6-31+G* basis set.f Reference 31, 6-31+G* (H
and O) and (5s4p)/[3s2p] (Ca) basis sets.

TABLE 4: Properties of Na(H2O)n
+, Mg(H2O)n

2+, and Ca(H2O)n
2+ Clusters (n ) 4-7)a

isomer symmetry Eb
b ∆Eb d(M-O) q(M)

Na 4 S4 78.3 (71.5) [73.4]c 14.5 (13.1) [13.8]c 2.29(1) 0.67
5A C2V 88.9 2.28-2.45 0.72
5B C2 92.7 (82.7) [85.7]c 14.4 (11.2) [12.3]c 2.28-2.30 0.70
5C C1 88.9 2.28-2.44 0.72
6B S6 101.9 (88.3) 2.41(4) 0.67
6C D2d 106.6 (93.8) [96.4]c 13.9 (11.1) [10.7]c 2.29(0) 0.69
6D C1 101.0 2.27-2.50 0.69
6F C1 103.2 2.29-2.48 0.71
7C C2 115.7 (98.8) 9.1 (5.9) 2.30-2.51 0.69
7D C1 114.1 2.28-2.64 0.65

Mg 4 S4 264.2 (254.6) 46.1 (43.5) 1.99(0) 1.28
5A C2V 294.2 (281.7) 30.0 (27.0) [26.3]d 2.02-2.09 1.30
5B C2 292.2 1.97-1.99 1.30
6A Th 321.6 (306.7) 27.5 (25.0) [24.2]d 2.09(3) 1.26
6C D2d 320.7 1.97(7) 1.26
6E Cs 317.5 2.01-2.10 1.28
7B Cs 343.7 (326.2) 22.0 (19.5) [18.7]d 2.07-2.11 1.23

Ca 4 S4 193.5 (185.0) 37.6 (34.9) 2.30(2) 1.64
5A C2V 222.7 (212.3) 29.2 (27.3) [26.7]d 2.32-2.36 1.66
5B C2 219.8 2.27-2.31 1.65
6A Th 249.0 (236.2) 26.3 (23.9) [22.0]d 2.37(5) 1.64
6C D2d 245.4 2.28(3) 1.66
6E Cs 244.3 2.27-2.37 1.65
7A C1 264.8 2.40-2.45 1.65
7B Cs 270.7 (254.8) 21.7 (18.6) [17.7]d 2.34-2.40 1.63

a Energies in kcal/mol, distances in angstroms, and charges in elementary electron charge units.b Values in parentheses include ZPE corrections
at 298 K. Experimental values are presented in square brackets.c Reference 36.d Reference 35.
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Ca2+, MP2 calculations31 yield Eb values (n ) 4-6) within 4
kcal/mol of our results (see the hexamer in Table 3).

The effective cation charges (Table 4) are obtained by
integrating the charge density over the Wigner-Seitz cell of
the cation. Electrostatic fitting leads to similar values, which
vary little for different isomers and cluster sizes. Mg2+ has the
smallest ionic radius and the largest charge transfer (0.7-0.8e)
from the neighboring H2O molecules. The charge transfers in
Na+ and Ca2+ are similar (g0.3e), but Ca-O bonds are stronger.
The B3LYP study28 reported similar effective cation charges
for the hydrates of Mg2+ and Ca2+.

B. Mg2 and CaNa2 Pyrophosphate Crystal Salts.The
structure refinement parameters (R values) of pyrophosphate
compounds with varying cation and hydration contents are better
than those for ATP crystals, and a comparison with DF
calculations is easier. We have studied dimagnesium pyrophos-
phate hexahydrate (Mg2P2O7‚6H2O)38 and calcium disodium
pyrophosphate tetrahydrate (R-CaNa2P2O7‚4H2O),39 using the
CPMD program and the experimental unit cell. Both systems
are monoclinic (â ) 92.4° and 106.3°, respectively) with space
groupsP21/n andPc (Z ) 4 and 2) having 116 and 48 atoms
in a unit cell (Figure 2). The experimental coordinates of Mg2

hexahydrate include water H positions, whereas the H atoms
in CaNa2 tetrahydrate are placed to favor hydrogen bonding
for each water molecule. This choice of hydrogen-bond network
is not unique, and the experimental positions of O atoms in

water show the largest mean-square displacements (temperature
factors) among non-hydrogen atoms in both crystals.

The optimized structures (Figure 2) show a pyrophosphate
group (A) and Mg/Ca-linked molecules (Figures 2a and 2c).40

The divalent cations prefer octahedral coordination, there are
monodentate and bidentate chelate bonds between pyrophos-
phates and cations, and group A is linked to six other
pyrophosphates. The Mg2 hexahydrate involves three types of
Mg cations: (1) a dihydrate and four pyrophosphate groups that
form two parallel vertical chains, (2) a dihydrate that makes
two bidentate chelates with pyrophosphates in the perpendicular
direction, and (3) a tetrahydrate with contact to A alone. The
Mg2 hexahydrate crystal structure (Figure 2b) can be described
as (vertical) slabs of Mg-linked pyrophosphate chains inter-
locked via the Mg tetrahydrate groups (third Mg2+). Hydrogen
bonding of these tetrahydrate groups is not optimal, and
electrostatic interaction is a major source of crystal cohesion.
The CaNa2 tetrahydrate crystal (Figures 2c and 2d) consists of
parallel rows of Ca2+ and pyrophosphates, where the pyrophos-
phate orientations alternate. Ca cations form an octahedrally
coordinated monohydrate with one monodentate and two
bidentate chelates. Group A is linked via three Ca2+ to six
neighboring pyrophosphates (Figure 2c). The Ca cations connect
pyrophosphates in a direction nearly perpendicular to the P-P
axis, forming corrugated layers of Ca pyrophosphate with
interlayer water and Na cations. Each monomer makes four

Figure 2. Structural motifs of (a and b) Mg2P2O7‚6H2O (a ) 7.189,b ) 18.309,c ) 7.665 Å,â ) 92.36°) and (c and d) CaNa2P2O7‚4H2O (a )
5.689,b ) 8.886,c ) 10.565 Å,â ) 106.3°) crystals. In parts b and d both unit cells are replicated 2× 2 × 2 times.
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additional Na-O contacts. This structure is similar to the other
known polymorph of CaNa2 tetrahydrate (â-form) with parallel
Ca2+ and P2O7

4- chains, but the Na+ and H2O coordinations
differ.41

The structural parameters of Mg2 hexahydrate and CaNa2

tetrahydrate (Table 5) show that P-O and P-Os bonds (Os

denotes a bridging oxygen) are slightly (<2%) longer than
measured values but typical for pyrophosphate anions.42,43The
range of Mg-O distances and their average value (2.095 Å)
are close to those measured (average value 2.085 Å), and this
also holds for the Ca2+ ion (average values 2.371 and 2.347 Å,
respectively). Both Na+ coordination polyhedra are distorted
octahedra, with one Na-O ligand significantly longer than the
others (∼2.8 Å, omitted from Table 5). The range of Na-O
distances and their average value 2.407 Å are similar to those
measured (average value 2.403 Å). The covalent O-H bonds
are reported only for the calculations due to the limited
experimental accuracy (see above). The variation in bond lengths
is caused by hydrogen bonding.

The calculated bond angles (Table 5) are close to measured
values for both terminal and bridging O atoms, with P-Os-P
angles within 1° of those measured. Small values of these angles
had been regarded as an effect of cation-induced strain and a
probable reason for the hydrolytic activity of divalent cations.
Our earlier study showed, however, that the P-Os-P bridges
of solvated methyl triphosphate have small angles with and
without a bidentate chelate configuration with Mg2+.4 The
projection angles (Proj1) defined via O-P‚‚‚P-O correspond
to a nearly eclipsed phosphate conformation and differ for the
two structures: The angle for Mg2 hexahydrate is very similar
to the experimental value, whereas it increases by 10° during
optimization in the case of CaNa2 tetrahydrate. This change is
linked to the Na+ coordination, where the longest oxygen ligand
shrinks/increases by 0.1 Å for the two types of Na+ present.

The vibrational densities of states (vDOS) of the two
pyrophosphate crystal salts are shown in Figure 3. The frequen-
cies above 3100 cm-1 are O-H stretching modes of water
molecules, and the different red shifts for Mg2 hexahydrate and
CaNa2 tetrahydrate reflect differences in local hydrogen bonding.
The peak at 1560-1650 cm-1 (1590-1640 cm-1, H-O-H
bending) is slightly broader for the system containing Mg2+.
The P-O stretching frequencies of P2O7

4- start at 1150 cm-1

(1130 cm-1), and symmetric PO42- breathing modes occur at
960 cm-1 (950-990 cm-1), with P-Os stretching modes at 890
cm-1 in both crystals. The experimental infrared spectra9 of
ternary complexes of ATP, bis(2-pyridyl)amine, and divalent
cations show P-O and P-Os stretching frequencies at 1235
and 895 cm-1, respectively. The slight shift in the P-O stretch
arises from the negative charge of P2O7,4- which is distributed
over more oxygen atoms in the case of the ATP triphosphate
tail. Analysis of the lower frequency modes is complicated, but

a P-Os-P bridge bending mode is found at 600 cm-1 for Mg2

hexahydrate and at 570 and 700 cm-1 for CaNa2 tetrahydrate.
The cation-oxygen stretching modes are in the ranges 380-
430 cm-1 (Mg2+), 300-340 cm-1 (Ca2+), and 270-340 cm-1

(Na+).
C. Crystal Structure of Na2ATP Trihydrate. 1. Experi-

mental Situation.The original X-ray analyses of Na2ATP
trihydrate11,12led to an orthorhombic unit cell with space group
P212121 (Figure 4); eight ATP monomers (types A and B, Chart
1) form asymmetric dimers linked by hydrogen bonds and Na+

ligands (Figure 5). The dimers are interlocked along thec-axis,
and the helically folded triphosphate tails couple the same type
of monomers via Na+ ions (sites Na1 and Na2) and hydrogen
bonds (OR-Hγ). Two of the four crystallographically distinct
Na+ sites involve an octahedral coordination of Na+ with the
triphosphate chains and adenine nitrogen atoms, and the others
are penta- and hexacoordinated, respectively, with O atoms in
water, ribose, and phosphate. The last two Na+ ions (Na3 and
Na4) link blocks of ATP dimers with water channels between
them, and the existence of two crystal structures implies mobility
of the cations and water molecules.12,13

Humidity-controlled single-crystal measurements13,44,45con-
firm that these motifs prevail as the water content increases from
monohydrate to trihydrate. This reversible transition is ac-
companied by a linear change in one cell parameter. High-
resolution NMR measurements45 show an alternation in one
ribose group (type B) with changing hydration. The crystal
structures of Na2ATP di- and trihydrate13 indicate that dehydra-
tion is accompanied by a loss of water molecules near the ribose
groups.

TABLE 5: Bond Distances, Angles, and Phosphate Projection Angle in Pyrophosphate Crystal Saltsa

Mg2P2O7‚6H2O exptb CaNa2P2O7‚4H2O exptc

P-O 1.525-1.549 1.493-1.522 1.531-1.547 1.503-1.519
P-Os 1.641-1.643 1.620 1.625-1.656 1.622-1.641
O-H 0.976-1.003 0.978-0.997
Na-O 2.332-2.495 2.356-2.443
Ca-O 2.308-2.432 2.313-2.407
Mg-O 2.045-2.145 2.034-2.130
O-P-O 111.9-115.5 111.8-115.5 110.6-115.0 110.6-115.3
O-P-Os 101.3-107.6 102.8-107.1 101.2-108.4 101.5-108.2
P-Os-P 124.8 125.6 128.3 128.7
H-O-H 104.1-108.5 106.4-107.6
Proj1 18.4-19.1 17.4-17.8 19.0-21.5 9.1-11.3

a Distances in angstroms, angles in degrees.b Reference 38.c Reference 39.

Figure 3. Calculated vibrational density of states of (a) Mg2P2O7‚
6H2O and (b) CaNa2P2O7‚4H2O crystals. A Gaussian broadening of
10 cm-1 has been used.
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The ATP dimer complexed with cations Na1 and Na2 is
shown in Figure 5.46 Salt bridges (Na-O) shorter than 2.7 Å
are plotted as solid lines (Figure 5a, optimized structure); longer
bridges and hydrogen bonds between adenine and phosphate
are dashed. The structure shows encapsulated Na cations that
are octahedrally coordinated by the phosphate O atoms and
adenine N atoms as well as by the Oγ from the upper/lower-
lying dimer. The phosphate tails are arranged helically along
the c-axis with hydrogen bonds to theR-phosphates of
neighboring dimers. Both triphosphates form a tridentate chelate
with Na+, but the linkage with OR is slightly weaker for
monomer A. The Na-N ligand coordinating the adenine group
of monomer B is expanded significantly, and experimental
values for ionic contacts vary between 2.44-2.99 Å and 2.30-
2.64 Å for Na1 and Na2, respectively. There are significant
deviations from perfect octahedral coordinations for both cations.

ATP hydrates with divalent cations Mg2+ and Ca2+ (other
than ternary complexes)9 cannot be crystallized, since the
phosphate group is unstable toward hydrolysis. The cation
charge affects ATP protonation, which differs in Na2ATP
hydrate (ATP charge-2, base protonated) from that in
biological environments (ATP charge-4, base neutral). This

is based on the fact that ATP exists mainly in its deprotonated
form at pH 7 as the pKa value corresponding to fourth proton
removal is 6.5.47-49 The adenine pKa value is 3.8 under normal
solvent conditions, indicating that the N1 site should be
deprotonated. However, this property is environment-dependent
and can be modified as in 23S ribosomal RNA, where adenine
has a near-neutral pKa (7.6) and catalyzes peptide bond
formation.50

2. Calculations.The initial structure was constructed from
several sources, including the experimental crystal structure.12

The aliphatic H atoms in ATP were taken from the structure of
the free molecule,4 and plausible hydrogen bond acceptor-donor
pairs determined the orientation for hydroxyl and amine groups.
The location of water molecules is complicated, since the oxygen
positions in the crystal do not satisfy perfect hydrogen bonding.
Furthermore, H2O and Na+ contain the same number of valence
electrons and can easily be confused in X-ray measurements.
In fact, Sugawara et al.13 suggested that one Na+ (Na4) should
be interchanged with a water molecule (OW4).

We have used the original H2O oxygen positions12 and
introduced H atoms to satisfy the requirements of molecular
geometry and optimal hydrogen bonding. Four test structures
were optimized in short DF simulations, and the final system
(448 atoms) was optimized in a fixed unit cell using simulated
annealing with a plane wave cutoff of 80 Ry. There were
significant changes in the water channels during optimization,
and the final structure is shown in Figure 4. The labeling of
atoms in the H2(ATP)2- molecule is shown in Chart 1.

The dimer configurations for the optimized and experimental
structures are shown in Figure 5b. The agreement is good, with
some deviations in the ribose group location and adenine base
orientation of monomer A (see below). The Na cations are
shifted slightly but maintain their separation (3.53 Å). There

Figure 4. Orthorhombic unit cell of Na2ATP trihydrate. There are eight ATP monomers, 16 Na+ ions, and 24 water molecules with theP212121

space group (Z ) 4). The structure is optimized with a DF method. ATP monomers appear cut because of the unit cell boundaries (a ) 30.45,b
) 20.88,c ) 7.07 Å).

CHART 1: H 2(ATP)2- Molecule
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are no significant changes in the Na coordination; the average
ligand distances are 2.45 (2.47) Å and 2.60 (2.57) Å for
experiment (theory), and the longer Na-N contacts are 2.99
(3.07) Å and 2.64 (2.65) Å for the cations Na1 and Na2,
respectively. The acceptor-donor distances between Oâ and
amine N (O6-N10) are little changed (2.78 (2.78) Å and 2.80
(2.87) Å, respectively).

The protonated adenine groups form hydrogen bonds with
the terminal phosphate groups in neighboring dimers (N1) and
with water molecules (N10). An unusually long N-H distance
(1.13 Å) is observed between the acceptor-donor pair O9B-
N1B′. The bond distances in the adenine base differ from
experiment by an average of 0.017 Å, and the average bond
lengths are slightly (0.005 Å) larger for DF calculations. The
structure of the free ATP molecule (base neutral) agrees better
with experiment (average bond distance and deviation of 0.002
and 0.007 Å, respectively), and the protonation of N1 leads to
deviations of up to 0.03 Å within the heterocyclic ring. The
C6-N10 distance for amine nitrogen atoms is shorter (1.32 Å)

than that in experiment and in free ATP (1.35 Å), which can
be related to the hydrogen bonding of the amine groups. The
adenine bases are anti according to the glycosidic angles (Table
6), which agrees well with experiment. The difference of 10.7°
for type A is related to the change in the ribose structure.

The ribose groups participate in hydrogen bonding via
contacts between their hydroxyl side groups, with water
molecules, and with N3B′ from the overlying adenine base. In
addition, the hydroxyl oxygen atoms O1′B, O2′B, and O3′A
form ligands with the pentacoordinated Na4. The formation of
a hydrogen bond between O2′A and N3B′ is coupled with a
significant change in the ribose conformation during optimiza-
tion; Na3 has a ligand with O2′A in the experimental structure,
and this is replaced by H2O as the hydroxyl group moves along
the c-axis toward N3B′. This displacement is reflected in the
glycosidic angle of the adenine base and in the torsional angle
around the C5′-O1 bond (Table 6). The sugar puckering angles
(pseudorotation angles)51 corresponding to C2′-endo-C3′-exo (A)
and C2′-exo-C3′-endo (B) agree well with experiment for both
monomer types. The torsions around the C4′-C5′ bonds are
gauche(-). The adenosine conformations differ (Table 6),
because the measured ATP molecules13 are different optical
enantiomers. The sign of the torsion angles in the triphosphate
tail (Table 7) is also reversed.

The bonds in the ribose group are 0.010 Å longer on average
than measured values, and the C5′-O1 ester bond is 0.03 Å
longer (1.45 Å, Table 7) than those in experiment in both types
of ATP. For the free ATP molecule, the ribose ring conformation
reduces the overall agreement with experiment slightly, and the
C5′-O1 ester bond differs by 0.06 Å.

The structural parameters of triphosphate tails are listed in
Table 7. The calculated triphosphate bond distances are longer
than those measured on average by 0.030 Å (or 0.040 Å).13

This is evident in the P3-O7 (monomer A) and P3-O10 bonds
(both monomers), where the first corresponds to the terminal
bridging anhydride bond (Pγ-Os) and the latter involves a
nonbridging oxygen in a protonated state. The Na1 and Na2
cations form tridentate chelates with the three phosphate groups
of neighboring ATP, leading to weaker covalent P-O bonds,
particularly those involved in P-Os-P bridges. The effect is
enhanced in group A for P3-O7, where the Na1-O2 (R-
phosphate) ligand is relatively long (2.68 Å) and the Na1-
triphosphate complex resembles a bidentate chelate. The
(experimental) starting structure shows smaller fluctuations in
the bond lengths.

The anhydride bridge angles in Table 7 are slightly smaller
than the experimental values. The magnitude of the P-Os-P
angles (<140°) suggests little cation-induced strain, and this is
apparent in our DF study for Mg2+-complexed methyl triph-
osphate in water,4 where the P-Os-P angle fluctuates around
128° with and without the cation. The torsional angles around
anhydride bonds agree satisfactorily for type A, butω1′, ω2,

Figure 5. (a) ATP dimer in the optimized crystal structure and (b)
comparison between the experimental and the theoretical ATP dimer
conformations: red, experiment; blue, DF-optimized structure.

TABLE 6: Conformational Parameters of the Adenosine
Part of ATP in Degrees: Torsional Angles around the
Glycocidic C1′-N9 Bond (ø), C4′-C5′ Bond (ψ), and
C5′-O1 Bond (O), and the Pseudorotation Angle (P) of the
Ribose Ring

ATPa crystal (A/B) EXP1 (A/B)b EXP2 (A/B)c

ø 27.2 -9.2/-22.5 1.5/-17.7 -4.2/28.4
φ 46.3 -61.8/-70.7 -61.0/-64.7 56.5/56.2
ψ -99.6 116.4/136.4 142.4/138.4 -140.6/-139.0
P 34 8/174 -5/182 177/5

a Density functional calculation from ref 4.b Reference 12.c Ref-
erence 13.
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andω2′ of type B differ by∼30° from experiment. Much smaller
deviations are observed in the O-P‚‚‚P-O projection angles
describing the orientation of phosphate groups. No conformation
is eclipsed (0°) or staggered (60°), and close agreement with
the experiment is found for theâ- andγ-phosphate orientations
(Proj2).

The dipole moments of individual water molecules and ATP
monomers have been calculated using localized Wannier
orbitals.52 The average water dipole moment (3.2 D, with a range
2.9-3.5 D) is slightly larger than that of bulk water calculated
using the same procedure.53 Analysis of the local environment
of OW5 shows that its large dipole moment (3.5 D) correlates
with the strong binding with Na3 (2.32 Å) as well as with
effective hydrogen bonding. Similarly, OW2 participates only
in hydrogen bonding resulting in the lower limit (2.9 D) for
dipole moment. The positively (adenine) and negatively (tri-
phosphate) charged ends of ATP monomers (net charge-2)
cause large dipole moments of 119.6 and 117.6 D for types A
and B, respectively. Assuming that the crystal consists of ATP
dimers, we have also calculated the net dipole moment of this
configuration with two additional Na cations (Na1 and Na2).
The asymmetry of the dimer combined with the negative net
charge of-2 yields a large dipole moment (65.5 D), which is
approximately parallel to theb-axis (angle 29.2°). Taking into
account theP212121 space group, a picture emerges where the
crystal comprises slices of opposing dipoles.

Divalent cations enhance hydrolysis in ATP, and we have
studied their interactions with the triphosphate part of ATP by
substituting Mg2+ and Ca2+ for one of four crystallographically
identical cations (Na1,Z ) 4). Neutrality is maintained by
removing one proton attached to the terminal phosphate oxygen
(O10) of the type A ATP monomer involved, and the asym-
metric units of ATP dimers are shown in Figure 6. An obvious
difference from the initial structure with Na1 is seen for Mg2+

coordination: The smaller ionic radius of Mg2+ results in a
contraction of four Mg-O ligands (2.01-2.09 Å, Figure 6a)
within the dimeric unit, where the tetracoordinated Mg cation
forms a tight tridentate chelate conformation with the triphos-
phate tail of monomer A. The initial contacts with the adenine
base (3.50 Å, monomer B) and the neighboring ATP dimer
above (2.80 Å, monomer A) have increased. However, the

TABLE 7: Bond Distances, Angles, and Torsional Angles of Triphosphate in Na2ATP·3H2O Crystal Salt and Torsional Angles
around Bridging O1-P1 (ω1), P1-O4 (ω′1), O4-P2 (ω2), and P2-O7 (ω′2) Bondsa

Na (A/B) EXP1 (A/B)b EXP2 (A/B)c Mg (A)d Ca (A)d

C5′-O1 1.446/1.448 1.418/1.419 1.455/1.433 1.438 1.440
P1-O1 1.621/1.627 1.570/1.638 1.584/1.612 1.609 1.615
P1-O2 1.513/1.522 1.502/1.482 1.473/1.468 1.516 1.510
P1-O3 1.519/1.506 1.503/1.491 1.446/1.485 1.515 1.517
P1-O4 1.633/1.636 1.602/1.599 1.600/1.616 1.639 1.642
P2-O4 1.644/1.640 1.629/1.623 1.607/1.560 1.645 1.641
P2-O5 1.504/1.492 1.502/1.514 1.495/1.479 1.504 1.505
P2-O6 1.523/1.529 1.495/1.490 1.456/1.492 1.550 1.541
P2-O7 1.628/1.620 1.581/1.607 1.599/1.577 1.595 1.603
P3-O7 1.686/1.647 1.609/1.628 1.630/1.581 1.756 1.740
P3-O8 1.502/1.508 1.486/1.488 1.467/1.478 1.549 1.536
P3-O9 1.529/1.539 1.485/1.489 1.501/1.484 1.554 1.571
P3-O10 1.594/1.588 1.510/1.503 1.566/1.539 1.499 1.502
C5′-O1-P1 123.7/116.3 123.9/121.8 121.5/120.1 129.1 127.2
P1-O4-P2 130.9/128.5 134.0/134.5 131.8/134.1 125.2 126.3
P2-O7-P3 137.3/132.5 140.5/137.6 134.2/138.6 135.4 137.9
ω1 67.9/-66.6 54.9/-66.2 -44.5/71.7 62.3 64.8
ω′1 71.1/176.2 69.2/-153.4 -76.2/151.9 77.1 75.0
ω2 -63.1/141.6 -51.3/115.8 61.5/-116.5 -63.6 -61.2
ω′2 101.4/-53.2 113.5/-82.6 -117.6/88.2 97.7 99.5
Proj1 14.2/-42.4 20.5/-35.5 -20.5/36.8 20.5 20.2
Proj2 -31.6/31.3 -33.0/32.4 36.9/-35.9 -13.9 -15.6

a Distances in angstroms, angles in degrees.b Reference 12.c Reference 13.d Substitution of one Na1 and removal of a proton at O10.

Figure 6. ATP dimer in the optimized crystal structure with (a) Mg2+

substitution, and (b) Ca2+ substitution.
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optimized structure for Ca2+ (Figure 6b) differs little from the
starting configuration (the ionic radii of Na+ and Ca2+ are very
similar), and the Ca cation remains hexacoordinated. The
resulting scatter for Ca-O ligands (2.30-2.46 Å) is smaller
than that for Na1 due to the stronger bonding in the former.
The effect of Na1 substitution on the coordination of neighboring
Na2 is very small in both cases.

The structural parameters (Table 7) show cation-induced
changes in the triphosphate tail. As observed for the pyrophos-
phate crystal salts (section III.B), the complexation with divalent
cations increases the length of nonbridging P-O bonds. The
effect is even larger for the terminal bridging P3-O7 bond,
which increases to 1.76 and 1.74 Å for Mg2+ and Ca2+,
respectively, and is compensated slightly by a contraction of
the P2-O7 bond. The anhydride bond and torsional angles are
similar to the initial unsubstituted case, and this is also true for
the projection angle betweenR- andâ-phosphates. The second
projection angle (Proj2) shows a decrease of over 15° on the
eclipsed side, due to the deprotonation of the terminal phosphate.

Effective charges of 0.66e and 0.63e are found for the
hexacoordinated Na1 and Na2, respectively, in the unsubstituted
structure. The four salt bridges of Na3 with water and
â-phosphates result in a smaller charge transfer (effective charge
0.75e), while the value for pentacoordinated Na4 (0.67e) is close
to the above. Na1 substitution by Mg and Ca leads to a charge
transfer of 0.76e for Mg (effective charge 1.24e), whereas the
charge attracted for Ca (effective charge 1.58e) differs little from
that of Na1.

IV. Discussion and Concluding Remarks

Adenosine 5′-triphosphate (ATP) is essential to cellular
metabolism and has been studied intensely for decades. Com-
puter hardware and algorithmic developments in recent years
have made possible the calculation of structures and energy
differences in ATP-related systems using methods that are free
of adjustable parameters. We have applied density functional
methods here to molecular systems related to ATP, with the
aim of providing benchmarks for their application in biological
reactions. An example is provided in the companion paper by
the hydrolysis of ATP in the presence of the active site in the
protein actin.

The applicability of DF method was tested first for the
Na(H2O)n+, Mg(H2O)n2+, and Ca(H2O)n2+ clusters (n ) 1, 4-7)
as well as for the Mg2 and CaNa2 pyrophosphate crystal salts.
The simulations produce accurate cation-oxygen distances for
both the hydrate clusters and pyrophosphate crystals, and the
water binding energies (clusters) agree well with experimental
results and other quantum chemical calculations. The structure
of pyrophosphate units is reproduced well, especially for the
Mg2P2O7‚6H2O crystal, where the experimental data include the
locations of hydrogen atoms. The DF structures for pyrophos-
phates are reliable, and the calculations are well-converged in
terms of the plane wave basis set (100 Ry). Nonbridging P-O
bonds are sensitive to the local environment (cations, hydrogen
bonds), and length changes of few percent can occur.

The crystal structure of Na2ATP trihydrate has been opti-
mized, starting from the experimental X-ray result and adding
missing H atoms. The crystal environment differs significantly
from aqueous solutions or a protein active site, and the ATP
monomer has a double-protonated form (H2(ATP)2-) with a
positive (protonated) adenine base and a negative hydrophilic
phosphate tail. The crystal salt consists of asymmetric units of

ATP dimers held together by two Na cations (Na1 and Na2),
whose coordination polyhedra do not change upon optimization.
The net dipole moments of ATP dimers are large (65.5 D) and
are roughly parallel and antiparallel to the crystalb-axis.
Together with theP212121 space group this leads to a picture
where the periodic ATP blocks have alternating dipoles along
theb-axis. Comparison with the experimental starting structure
shows good overall agreement, but there are changes in the
ribose and adenine conformation of monomer A caused by the
limited experimental accuracy on water oxygens and the
existence of other possible forms of the hydrogen-bond network.
The calculated P-O and P-Os bonds of the triphosphate tail
are longer (on average by 0.03 Å), and the bridging P-Os bonds
show marked alternations ranging from 1.62 to 1.69 Å, with
the upper limit found for the terminal P-Os bonds (P3-O7).
The dipole moments of individual water molecules range
between 2.9 and 3.5 D, reflecting differences in local environ-
ment (Na coordination, hydrogen bonding).

The effect of divalent cation substitution has been studied
by replacing one Na+ (Na1) by Mg2+ or Ca2+. The small ionic
radius of Mg2+ results in a tetracoordinated cation with 0.3-
0.4 Å shorter cation-oxygen distances, but the distorted
octahedral coordination is preserved for Ca2+. Despite differ-
ences in coordination, both cations lead to longer terminal P-Os

bonds (up to 1.74-1.76 Å), indicating an increased affinity for
hydrolysis. The calculated effective charges (cation-hydrate
clusters and ATP crystals) show that Mg2+ is strongly electro-
philic, capturing 0.7-0.8 electrons from the nearby O atoms
and that the negatively charged triphosphate tail must donate
additional charge in the absence of water. This may contribute
to the spontaneous hydrolysis of Mg2+-ATP under crystal
growing conditions.

Of particular importance for the application to larger systems
is the sensitivity of the calculation scheme to choice of basis
set and exchange-correlation energy functional and, of course,
to its ability to reproduce available experimental results. We
find that extensive basis sets are essential in the context of
pyrophosphate and ATP crystal salts and that the water
molecules appear the most sensitive components. For localized
basis sets, marked differences can be observed between DZVP
and QZV3P, and additional test calculations indicate that a
TZV2P basis is adequate in terms of convergence. For a plane
wave basis set and Troullier-Martins pseudopotentials, a kinetic
energy cutoff of 80 Ry is satisfactory, although slight changes
in H2O geometry and orientation were observed when the
calculations are repeated for 100 Ry. Comparison with all-
electron calculations shows that the pseudopotential approxima-
tion performs well when the semicore electrons are included
explicitly in the metal cation valence. Our experience with
generalized gradient approximation (GGA) functionals indicates
that PBE performs slightly better than BLYP for isolated metal
cation hydrates. Extensive studies of liquid water at 300 K show
that the two are equivalent in terms of structure and dynamics
and that there is room for improvement.54
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