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Abstract: The X-ray diffraction (XRD) structures for new isoforms of [M(H2O)6]·[M(HATP)2]·2(HDPA)·xH2O, ATP = 
adenosine 5’-triphosphate, DPA = 2,2’-dipyridylamine, M = Mg(II), x = 6H2O, 1, M = Ca(II), x = 8H2O, 2 were deter-
mined by using rotating anode on molybdenum target X-ray source and Kappa CCD with confocal focusing mirror. The 
accuracy of the presently refined structure for 1 is the highest reported so far based on agreement factors (R1 = 0.0579) 
and estimated standard deviations (esds) on geometrical parameters. The comparative analysis was extended to the struc-
tures of other low molecular weight metal-triphosphate complexes, to the structures of metal-triphosphate-protein systems 
as well as to computed models of metal-triphosphate complexes. The structures of 1 and 2 reported in this work show that 
on changing the number of co-crystallized water molecules, the interaction of the metal to the phosphate chain (for 1)  
and the conformation of ribose (for 2) undergo subtle but significant changes. Interestingly, the vast majority of  
Mg-nucleoside triphosphate (NTP)-enzyme systems have similar pattern of coordination to the phosphate chain when 
compared to 1 and 2. The three phosphate groups have variable M-O bond distances, depending on the systems. The 
structures for 1 and 2 have a high significance as general model compounds for experimental solid state and computations 
for these types of biological systems. 

Keywords: Single-crystal X-ray diffraction, Adenosine triphosphate, ATP, Adenosine diphosphate, Magnesium, Calcium, 
Metal ion. 

1. INTRODUCTION 

 Molecular structures of nucleoside diphosphates (NDPs) 
and triphosphates (NTPs) either as free molecules (See 
Scheme 1 for the selected nucleosides and nucleotides and 
relevant numbering of atoms) and as ligands to metal ions 
and substrates to enzymes, is a field of continuous interest 
for biochemists and coordination chemists, since almost 
forty years ago after the X-ray diffraction investigation on 
adenosine 5’-triphosphate sodium salt by Kennard et al. [1]. 
Sixty-eight hints were found on searching “crystal AND ATP 
AND magnesium” in PubMed [2] in the time period 1 Janu-
ary 2004 - 21 July 2009, and three hundred and thirty-six 
hints were found on searching “triphosphate AND magne-
sium” in PDB [3] in the same time period. These searches 
reveal that the interest on structural determinations for spe-
cies that include magnesium and ATP or triphosphate, at 
large, is quickly increasing (See for example Ref [4-8]). 
 Nucleotides and metal-nucleotides are flexible particles 
and may assume a variety of conformations depending  
on the enzymes for which they behave as substrate, on the  
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presence of specific metal ions, on the number of free water 
molecules, on the ionic strength, on the pH of medium, on 
temperature, etc. [9, 10]. Nowadays, computational methods 
suitable for simulating molecular dynamics of small metal-
nucleotide molecules, at high reliability levels [11], are ac-
cessible to most inorganic chemistry laboratories. Neverthe-
less, the computations often fail to adequately reproduce the 
effects of solvent, whereas the final geometry for optimized 
structures depend on the initial choices of coordination 
modes. Therefore, the efforts devoted to get detailed con-
formation results from experimental methods are still much 
worthy. Among all possible routes, single crystals X-ray 
diffraction is the most powerful one. Unfortunately, the high 
flexibility of the molecules, the presence of several protona-
tion sites and metal donor sites, as well as the presence of 
many easily breakable bonds (like glycosidic (base)N-
C(sugar), and phosphate chain P-O(P) bonds), make the task 
of preparing suitable single crystals a very difficult one. 
Thus, the number of X-ray diffraction structures for 
NDPs/NTPs reported so far is small. Encouragingly, devices 
for collection of X-ray data sets and computing facilities for 
structure solutions and refinements are quickly improving. 
 The structures of M-NTPs (as new isoforms), namely 
Mg2+/Ca2+-adenosine 5’-triphosphate, Mg/CaATP, that have 
linking interactions between the metal ions and the nucleo-
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tide molecule via the phosphate oxygen only, previously 
reported [12,13], were studied with the aim to shed light on 
the role of free water molecules. Room temperature data 
collection were done via a conventional source Siemens P4 
diffractometer, and (in subsequent data collections) by using 
a Bruker Nonius FR 591 rotating anode with molybdenum 
target and a Nonius Kappa CCD with confocal focusing  
mirrors. The compounds have formulas: [M(H2O)6][M 
(HATP)2]·2(HDPA)·xH2O, M=Mg(II), 1 (x=12, 6), M = 
Ca(II), 2 (x=8). It has to be noted that the CSD (Cambridge 
Structural Data Base) [14] does not report any structural de-
termination relevant to low molecular weight magnesium-
ATP species other than that of formula [Mg(H2O)6][Zn 
(HATP)2]2·(HDPA)·12H2O [15]. The present paper wishes to 
comment also a few selected structural studies for low  
molecular weight species, recently reported in the literature, 
in order to analyze nucleotide conformation and patterns  
of metal binding. The analysis includes also the selected 

structures of NTPs embedded in high molecular weight  
systems (enzymes). 

2. EXPERIMENTAL SECTION 

Materials 

 Adenosine 5’-triphosphate sodium salt tetrahydrate, 
Na2H2ATP·4H2O, 2,2’-dypiridylamine, DPA, magnesium 
sulfate heptahydrate and calcium nitrate tetrahydrate were 
purchased from Life Sigma-Aldrich (Gallarate, Milan, Italy; 
purity for all compounds ! 99%) just before the synthesis of 
the ternary metal compounds. 

Synthesis, Crystal Growth, and X-ray Studies 

 The procedure for the synthesis and preparation of crys-
tals suitable for X-ray diffraction studies was similar to that 
previously reported [12, 13]. Crystalline DPA (34 mg, 0.2 
mmol) was added by 3 mL EtOH (95% v/v) and the clear 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. The formulas and numbering of atoms for the selected nucleosides and nucleotides mentioned in this paper. 
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solution was added by a fine powder of Na2H2ATP·4H2O 
(122 mg, 0.2 mmol); then ultra-pure water was dropped into 
the mixture under stirring, up to complete dissolution of the 
nucleotide. A solution of magnesium sulfate heptahydrate 
(50 mg, 0.2 mmol) or calcium nitrate tetrahydrate (48 mg, 
0.2 mmol) in 2 mL of ultra-pure water was then quickly 
added to the solution of the ligands and the final mixture was 
heated up to 65°C under stirring and maintained to that tem-
perature for ca 10 min. The final solution was stored at room 
temperature and then let concentrating via spontaneous 
evaporation of the solvent. Colorless well shaped parallele-
piped crystals formed within 24 h. They were filtered off 
from the mother liquor, rinsed with a few drops of cold wa-
ter, and finally stored at 5°C in a sealed vial. 
 Crystals of sizes ca 0.20x0.10x0.10 mm3 (Mg(II), 1) and 
0.30x0.15x0.15 mm3 (Ca(II), 2) were selected through the 
polarizing microscope, mounted on a thin glass fiber and 
then submitted to X-ray diffraction experiments. 

 One of the crystals from compound 1 was analyzed at 
295±2 K through a Siemens P4 diffractometer equipped with 
a conventional source of radiation that used a Mo anti-
cathode working at 25 mA and 50 kV. The Mo-Ka radiation 
(λ=0.71073 Å) was selected through a graphite monochro-
mator. The diffractometer (located at CIADS, Centro di 
Analisi e Determinazioni Strutturali, University of Siena) 
allowed to collect a total of 4122 independent reflections, 
2969 of which were considered observed (I>2σ(I)). The data 
set was corrected for Lorentz-polarization effects. The ab-
sorption correction was applied by using the ψ-scan method 
based on the values of thirty reflections. The set of data is 
hereafter reported as DS2 whereas the corrected data set 
from Ref 13 is reported as DS1. The selected crystal data for 
DS2 are listed in Table 1. Structure solution and refinement 
(space group C2221, n° 20) was performed via the direct 
methods and series of difference-Fourier and least-squares 
cycles. The procedure located all the not-hydrogen atoms. 
Two sets of three peaks each around a metal cation, were 
interpreted as the positions of oxygen atoms from disordered 
water molecules in the first coordination sphere of magne-
sium. Six more peaks were assigned to co-crystallized water 
molecules. The hydrogen atoms for ATP and DPA moieties 
were set in calculated positions via the HFIX/AFIX options 
of SHELXS/L-97 [16,17] implemented in WinGX [18,19] 
and they were left to ride on the atoms to which they are 
linked. The hydrogen atom linked to pyridyl N-atom from 
HDPA+ was assigned SOF 0.5. All the not-hydrogen atoms 
were refined with anisotropic thermal parameters, whereas 
the hydrogen atoms were treated isotropically. The final 
conventional agreement factors were R1 0.0711 and wR2 
0.1658 based on the observed reflections. Owing to the dis-
order that affects the two HDPA+ cations, the N1D(1) and 
C1D(1) atoms were assigned the scattering factors for nitro-
gen and carbon whereas occupancies were fixed at 0.86 and 
1.17, respectively (the values were obtained through a trial 
and error procedure). Bond distances and angles of phos-
phate group and purine moieties suggest that the acidic pro-
ton for the HATP3- ligand is disordered and resides both on a 
γ-phosphate oxygen atom and on N1 nitrogen atom from 
adenine. Thus, both O8 and N1 were considered protonated 
and the occupancies of both hydrogen atoms were fixed at 
0.5. The analysis of the molecular structure and molecular 

graphic computations were performed via PARST [20] and 
ORTEP3 [21]. All the computer programs were implemented 
under the WinGX package and the Microsoft Windows-XP 
operating systems. 

 Another crystal for 1 was analyzed first at 120±2 K by 
using a Nonius Kappa CCD area detector situated at the 
window of a rotating anode (EPSRC, National Crystallo-
graphic Service, School of Chemistry, University of South-
ampton, Southampton, UK), equipped with a low tempera-
ture device Oxford Instrument Cryo-stream [22,23]. All the 
attempts (even with other carefully selected crystals) did not 
produce reliable data sets. Attempts were performed also by 
carrying out the diffraction experiments with crystals encap-
sulated in thin capillaries as such, in thin capillaries that con-
tained a drop of mother liquor, and finally covered by inert 
glue. In all the cases the results consisted of poor cell con-
stant esds. Therefore, it was decided to perform the X-ray 
experiments at room temperature (295±2 K). The crystal that 
had been submitted before to the X-ray beam at 120±2K for 
4 h, was then allowed to equilibrate up to 295±2K for 12 h 
before performing full data collection at the latter tempera-
ture. In this case the refinement of the model reached the 
best result never reported for this series of structures (see 
below). Data were collected up to 2θ 55° and processed 
through COLLECT [24] and DENZO [25] software pack-
ages, whereas absorption corrections were performed using 
SADABS [26]. This set of data is hereafter reported as DS3. 
The structure solution and refinement were carried out via 
SHELXS/L-97 [16,17] by using the direct methods followed 
by series of difference-Fourier synthesis and least-squares 
cycles. The atomic coordinates of the model (as well as those 
from DS2) were confirmed as close to those previously 
found and reported from this laboratory [13] from DS1. The 
non-hydrogen atoms were located and refined, the hydrogen 
atoms were set in calculated positions. The final refinement 
converged to final R1 and wR2 factors 0.0579 and 0.1578, 
respectively. 
 The crystal for the calcium derivative, 2, was submitted 
to the X-ray beam at EPSRC and the measurements were 
performed at 295±2K (see Table 1). The data sets from pre-
vious work [13] and from this work are named DS4 and 
DS5, respectively. The analysis was performed through the 
procedure above reported for 1. The final agreement factors 
R1 and wR2 converged to 0.0983 and 0.2579, respectively. 

3. RESULTS AND DISCUSSION 

Structural Results from Data Set DS 2 and DS 3 

 Both the data sets are relevant to [Mg(H2O)6][Mg 
(HATP)2]·2(HDPA)·xH2O (x = 12, DS2; x = 6, DS3). The 
conventional agreement R1 factor was significantly im-
proved to 0.0711 (present work, DS2) from the value of 
0.1110 reached in the previous work (DS1) [13], for the iso-
form with twelve molecules per Mg(HATP)2

4- unit. The 
analysis from DS2 has esds on bond distances that are ca one 
third those previously measured [13]. The data set DS3 gave 
even better results and esds are smaller by a factor 5 to 7 
with respect to those previously reported. Interestingly, the 
cell volumes are: 7211(2), 7190(3) and 7004(3) Å3, for DS1, 
DS2 and DS3, respectively, in agreement with a smaller 
number of water molecules for DS3. The crystal probably 
underwent a shrinking while under the stream of nitrogen 
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(120±2 K), that caused an anisotropic structure alteration, a 
loss of free water molecules and consequently a failure in 
collecting suitable data set. On equilibrating the specimen at 
295±2 K and in the regular room humidity, a back transition 
took place. The number of co-crystallized water molecules 
did not reach that found for the freshly prepared crystal. The 
packing pattern shows hydrophilic layers of water molecules, 
[Mg(H2O)6]2+ cations, and Mg-triphosphate moieties parallel 
to the ab planes (Fig. 1). The free water molecules in the 

case of the hexa-hydrate isoform (Fig. 1b) have almost the 
same location as those for the dodeca-hydrate (Fig. 1a); 
however, the occupancy of most water molecules is much 
smaller than 1 for hexa-hydrate. 
 It has to be noted that the Mg-O(P) bond lengths from 
DS2 have the same trend as those for DS1 [13]. In fact the 
Mg-O(P) bond distances are 2.10(2), 2.08(2), 2.01(2), and 
2.097(6), 2.076(6), and 2.055(6) Å for α, β and γ phosphorus 

Table 1. The selected Crystallographic Parameters and Experimental Data for [M(H2O)6]·[M(HATP)2]·2(HDPA)·xH2O, M = Mg,  
x = 12 (DS2) and x = 6 (DS3), 1, and M = Ca, x = 8 (DS5), 2. Radiation, Mo-Kα, λ  = 0.71073 Å; T = 295±2 K 

Parameter Value 

 DS2 DS3 DS5 

Crystal Data 

Formula C40H82Mg2N16O44P6 C40H70Mg2N16O38P6 C40H74Ca2N16O40P6 

Mr 1725.66 1617.52 1685.10 

Space group C2221 C2221 C2221 

a /Å 10.214(2) 10.069(2) 10.000(2) 

b  22.715(6) 22.563(5) 22.891(5) 

c  30.991(5) 30.828(6) 32.268(7) 

V /Å 7190(3) 7004(2) 7387(3) 

Z 4 4 4 

Dx /Mg·m-3 1.594 1.534 1.515 

µ /mm-1 0.281 0.277 0.388 

Crystal size / mm3 0.20x0.10x0.10 0.20x0.10x0.10 0.30x0.15x0.15 

Reflections for cell parameters 27 13041 20233 

Theta scan /° 6.4÷16.0   2.97÷24.84 3.36÷26.09 

Data Collection 

Collection method ω scan φ and ω scans φ and ω scans 

Absorption corr. ψ scan SADABS V2.10 SADABS V2.10 

T min 0.965 0.965 0.930 

T max 0.970 0.975 0.940 

Measured refns 4270 13041 20233 

Independent refns 4122 5441 6893 

Refns with I>2σ(I) 2969 3763 3216 

Rint 0.0266 0.0717 0.0652 

Theta max 25.00 24.84 26.09 

h, k, l -1÷12, -1÷26, -1÷36 -11÷8, -15÷26, -27÷35 -12÷10, -21÷28, -39÷30 

Refinement of F2  

R1, [F2>2σ(F2)] 0.0711 0.0579 0.0983 

wR(F2) 0.1658 0.1578 0.2579 

S 1.035 0.996 1.012 

Parameters 521 468 490 

(Δ/σ)max 0.000 0.000 0.000 

Δρmax /Å-3 0.630 0.308 0.613 

Δρmin /Å-3 -0.371 -0.334 -0.854 
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atoms for DS1 and DS2, respectively. In the case of DS2, the 
Mg-O(Pγ) distance is smaller than the value for O(Pα) at a 
probability larger than 99.7 (within 3σ). A similar comment 
can be done for the structure of the [Mn(H2O)6]·[Mn 
(HATP)2]·2(HDPA)·12H2O derivative reported previously 
[27]. On the contrary and interestingly, the trend is altered 
for the model from DS3, where the relation Mg-O(Pβ) < 
Mg-O(Pγ) < Mg-O(Pα) holds at a probability higher than 
99.7% (see Fig. (2) for the overlay of the structure from DS2 
and DS3, and Table 2). 

 The Pγ-O7 bond distance confirmed to be the longest in 
all the structural determinations. The value from DS2 
(1.636(7) Å) is significantly longer than Pβ-O7 (1.576(7) Å) 
but is close to Pα-O4 1.627(7) Å. As regards DS3 the values 
for Pγ-O7, Pβ-O7 and PαO4 are 1.643(4), 1.597(4) and 
1.628(4) Å; thus Pγ-O7 has even a longer value than Pβ-O4 
at 95.45 probability. 
 Interestingly, results from refinement of DS3 has also 
subtle but significant differences with respect to the refine-
ment of the model from DS2 as regards the conformation at 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Packing diagrams for [Mg(H2O)6]·[Mg(HATP)2]·2(HDPA)·xH2O 1 as viewed almost along cell axis a for: (a) x = 12, data set DS2; 
(b) x = 6, DS3. It has to be noted that the [Mg(H2O)6]2+ cation is disordered in (a) but not in (b). The occupancy for the free water molecule 
oxygen atoms for (b) is 1 (O2WD), 0.5 (O1WD, oxygen on special position), 0.25 (O3WD, O4WD), and 0.5 (O5WD, O6WD); whereas the 
occupancy for the corresponding water molecule oxygen atoms in (a) are 1, 0.5, 1, 1 (as regard naming of atoms and occupancy value, see 
the respective CIF files, supplementary material). 

(a) 
 

(b) 
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the triphosphate chain (see Fig. 2), whereas the ribose sys-
tem is almost unaltered. These effects can be related to the 
differences in the co-crystallized water molecules that reside 
mostly in the proximity of the phosphate systems. In fact, the 
ribose conformation is still C2’-endo/C3’-exo upon reducing 
the overall number of free water molecules (Table 3). The 
most important hydrogen bonds that involve the ribose  
system are equivalent for the two models. The ribose O2’ 
and O3’ oxygen atoms are involved in strong H-bonds to 
O10(γ-phosphate) (O2’…O10 and O3’…O10, 2.971(9) and 
2.639(8) Å), and to a free water molecule (O2’…O6WD 
(SOF 1), 2.836(8) Å) for DS2. The corresponding pattern for 
the structure from DS3 is the following: O2’…O10 and 
O3’…O10, 2.756(5) and 2.717(5) Å, and O2’…O5WD 
(SOF 0.5), 2.869(5) Å. The α-phosphate for the model from 
DS2 has a strong H-bond with a free water molecule: 
O2…O3WD (SOF 1), 2.666(8) Å; such a strong H-bond 
does not occur from the DS3 data set, the shortest contact of 
that type being 3.279(6) Å to O2WD (SOF 1). The β-
phosphate, through O5, has strong H-bond (O…O, 2.664(8) 
Å) to O7WD (SOF 1) from DS2, but in the case of model 
from DS3 the corresponding contact distance (to O2WD) is 
3.065(6) Å. As regards the γ-phosphate for models from DS2 
and DS3, O8 has H-bond with H-N1 function of adenine 
with almost equal donor…acceptor distances: 2.529(8) and 
2.532(5) Å. O10(Pγ) has strong H-bonds to a free water 
molecule with donor…acceptor distances: 2.653(9) (DS2, 
O2WD SOF 0.5) and 2.827(6) Å (DS3, O1WD SOF 0.5). 

The position of the [Mg(H2O)6]2+ cation is influenced by the 
free water molecules; in fact, the (HATP)Mg…Mg(OH2) 
shortest intermetallic distance is 5.361(10) and 5.116(7) Å 
for DS2 and DS3, respectively. In other words, on reducing 
the hydration of the crystal, the hexa-aqua magnesium cation 
approaches to the Mg(HATP)2

4- grouping. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). Overlay for the Mg(HATP)- moiety of [Mg(H2O)6]· 
[Mg(HATP)2]·2(HDPA)·xH2O 1: monochrome green relevant to x 
= 12, DS2; color relevant to x = 6, DS3. 
 

Table 2. The Selected Bond Distances and Angles for the Structures of [Mg(H2O)6]·[Mg(HATP)2]·2(HDPA)·xH2O, 1 

Parameter Value 

 DS1,a x = 12 DS2, x = 12 DS3, x = 6 

Mg-O9/Å 2.01(2) 2.055(6) 2.097(4) 

Mg-O6 2.08(2) 2.076(6) 2.054(3) 

Mg-O3 2.10(2) 2.097(6) 2.112(4) 

P1-O5’ 1.49(2) 1.578(6) 1.579(4) 

P1-O2 1.50(2) 1.463(7) 1.489(4) 

P1-O3 1.52(2) 1.477(6) 1.476(4) 

P1-O4 1.66(2) 1.627(7) 1.628(4) 

P2-O4 1.60(2) 1.591(6) 1.614(4) 

P2-O5 1.48(2) 1.487(7) 1.480(4) 

P2-O6 1.42(2) 1.488(5) 1.491(4) 

P2-O7 1.61(2) 1.576(7) 1.597(4) 

P3-O7 1.63(2) 1.636(7) 1.643(4) 

P3-O8 1.49(3) 1.506(8) 1.497(4) 

P3-O9 1.48(2) 1.503(6) 1.495(4) 

P3-O10 1.51(2) 1.521(8) 1.542(4) 

O5’-P1-O4/° 101(1) 101.0(4) 101.4(2) 

P1-O4-P2 125(1) 127.9(4) 129.3(2) 

O4-P2-O7 104(1) 102.6(4) 101.9(2) 

P2-O7-P3 127(1) 130.2(4) 130.5(2) 

P1…P2…P3 85.4(7) 84.6(3) 85.2(1) 
a Previous work, see Ref [13]. 
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 The structure for [Ca(H2O)6]·[Ca(HATP)2]·2(HDPA)· 
8H2O from data set DS5 has a water molecule less than that 
previously obtained from DS4 [13]. The accuracy for the 
present analysis is significantly improved on the basis of 
conventional agreement factors and of esds for geometrical 
parameters (Table 4). The small change of the overall num-
ber of free water molecules can be probably related to differ-
ences in the humidity of the two laboratories in which DS4 
and DS5 were collected [10]. In fact, the Ca-O(P) bond dis-
tance trend, the conformation of triphosphate moiety do not 
change significantly (the values are equal within 2σ) (see 
Table 4). The shortest contact distances between the calcium 
ion linked to triphosphate and the calcium center from hexa-
aqua cation are very close in the models refined from the two 
data sets: 5.43(1) Å (DS4) and 5.41(1) Å (DS5). Interest-
ingly, the torsion angles on the backbone atoms from 
triphosphate from the two models are equal within 1σ, ex-
cluding the C5’-O5’-Pα-Oαβ angle whose values are -58(2)° 
and -65.0(7)° from DS4 and DS5. Significant changes are 
evident from the comparison of ribose ring conformations 
(C2’-endo with small component of C1’-exo, pseudorotation 
phase angle P = 156(2)°, DS4, and C2’-endo/C3’-exo, P = 
177.8(6)°, DS5) and conformations around the glycosidic 
bond (C8-N9-C1’-O1’, χ, 58(2)° DS4 and 67.7(6)° DS5). In 
fact, a water molecule is close to O2(Pα) atom from DS4 but 
not in the model from DS5. Instead, the location of water 
molecules proximal to Pβ- and Pγ-phosphate oxygen atoms 
is mostly the same in the two models. 

Other Structures of Nucleoside-tri(di)Phosphates from 
Literature 

 The work by Bianchi et al. [28] reports on the structure 
of an adduct between a polyfunctional macrocyclic ligand, 
consisting of two terpyridine moieties linked together by two 
diamine chains and tymidine 5’-triphosphate TTP (Scheme 
1). The triphosphate chain is more extended (P…P…P angle 
is 97.0(6)°) than that for the [M(HATP)2]4- series probably 
owing to the electrostatic repulsions between the negative 
charges on the O(P) atoms, that is not attenuated by any M-
O(P) bonds. The O-P bridging bond distances are: 1.604(4), 
1.602(4), 1.616(4), 1.585(4), 1.640(4) Å, for Pα-O5’, Pα-
Oαβ, Pβ-Oαβ, Pβ-Oβγ, Pγ-Oβγ, respectively. A strict close-
ness to the corresponding values for structure of 1 (DS3) and 
2 (DS5), especially as regards the β- and γ-phosphate region 
is evident. 
 The work by Kato et al. [29] reports on the structure of 
[Cu4(µ-ATP)2(BPY)4] (BPY = 2,2’-bipyridyl) where the two 
ATP molecules have the phosphate groups tightly linked to 
Cu(II) atoms, and have bridging Pα-O5’, Pα-Oαβ, Pβ-
Oαβ, Pβ-Oβγ,   Pγ-Oβγ bond distances 1.582(4), 1.592(4), 
1.611(5), 1.583(3), 1.644(3) Å (namely ATP1) and 1.580(4), 
1.600(4), 1.602(5), 1.577(4), 1.637(4) Å (namely ATP2). It 
is clear that all the corresponding values are equal within 2σ, 
and are equal within 3σ to those from the work on TTP by 
Bianchi et al. [28], even though the chemical environment 
for the triphosphate chain is different in the two structures. 
The absence of significant discrepancies between terminal P-

Table 3. The Selected Torsion Angles for the Structures of [Mg(H2O)6]·[Mg(HATP)2]·2(HDPA)·xH2O, 1 

Parameter Value 

 DS1,a x = 12 DS2, x = 12 DS3, x = 6 

χ (C8-N9-C1’-O1’)/° 67(1.2) 68.2(4) 67.8(2) 

τ0 (C4’-O1’-C1’-C2’) -10(1.2) -10.1(5) -10.4(2) 

τ1 (O1’-C1’-C2’-C3’) 26(1.2) 27.2(5) 26.7(2) 

τ2 (C1’-C2’-C3’-C4’) -31(1.2) -32.8(5) -32.3(2) 

τ3 (C2’-C3’-C4’-O1’) 25(1.2) 27.3(5) 27.6(2) 

τ4 (C3’-C4’-O1’-C1’) -9(1.2) -11.3(5) -11.2(2) 

ψOC (C3’-C4’-C5’-O5’) 57(1.2) 55.7(5) 54.8(2) 

ψOO (O1’-C4’-C5’-O5’) -60(1.2) -63.4(5) -64.3(2) 

ψ’ (C5’-C4’-C3’-O3’) 149(1.2) 147.4(5) 148.3(2) 

φ (C4’-C5’-O5’-Pα) 168(1) 169.3(4) 165.9(1) 

ω1 (C5’-O5’-Pα-Oαβ) -66(1) -66.6(3) -62.6(1) 

ω2 (O5’-Pα-Oαβ-Pβ) 159(1) 157.1(2) 155.3(1) 

ω3 (Pα-Oαβ-Pβ-Oβγ) 67(1) 67.5(2) 65.3(1) 

ω4 (Oαβ-Pβ-Oβγ-Pγ) -101(1) -97.8(2) -100.3(1) 

Pb 178(1) 179.4(4) 179.0(2) 

a Previous work, see Ref [13]. 
b P is the pseudo-rotation phase angle, see Ref [9]. 
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Ot and P-O(M) bonds distances in the selected structures 
show that metal coordination does not have much influence 
on nature of P-Ot bonds. 
 The structure of [Cu(TERPY)(H2O)2][Cu(TERPY) 
(ADP)](H2ADP)·16H2O, ADP = adenosine 5’-diphosphate, 
TERPY = 2,2’:2”-terpyridine [30] confirms that diphosphate 
chain has terminal Pα-O and Pβ-O, and (Cu)O-P bond 
lengths that agree with the finding presented above for NTPs 
that P-Ot lengths do not vary significantly upon complex 
formation to Cu(II) (and to other divalent cations from alka-
line earth group and first row block-d of the periodic table). 
On the other hands, in case an oxygen atom from phosphate 
groups is protonated the relevant O-P bond distance is  
significantly elongated with respect to the not protonated 
ones. 
 Therefore, the structural data commented in this work 
show that the (di)triphosphate backbone is not much influ-
enced, at least as regards terminal P-Ot bond distances, by 
metal ligation to phosphate oxygen atoms, or by interaction 
with water molecules or receptor molecules, that mimic en-
zymes. Even the bridging P-O(P/C) bond lengths seems to be 
not much altered through metal coordination or interaction 
with amines at least in the model complexes so far analyzed. 
Instead, the orientation of the triphosphate system and the 
conformation around the glycosidic bond and that of ribose 
ring are significantly influenced by those factors. 

The Selected Computational Data from Literature 

 The results reported above from experimental determina-
tions are compared to results from computations through the 
density functional (DFT) methods at the Becke3LYP/(6-
31+G**) level reported on models for ATP and Mg-ATP 

molecules [11]. The models consisted of methyl-
triphosphate, (CH3OPO2)O(PO3)2

4- and its Mg(II) com-
plexes. The structure optimization showed that Mg is tri-
coordinate by the three phosphate groups. The computed 
Mg-O(Pγ) length is the shortest Mg-O(P) bond distance in 
the molecule, in agreement with the structural determinations 
for 1. The work shows that the Pγ-Oβγ bond length is elon-
gated by 0.135 Å upon metal coordination, an effect larger 
than other computed elongations for the P-O bridging bonds. 
On the contrary, the computed Pβ-Oαβ and Pα-O5’ bond 
distances undergo a shortening by 0.092 and 0.084 Å, re-
spectively upon ligation of Mg(II) cation to methyl-
triphosphate in {Mg(CH3OPO2)O(PO3)2}2-. The authors re-
late the large lengthening effect computed for the Pγ-Oβγ 
bond to the bond breakages that occur in many enzymatic 
hydrolytic reactions. 

 Similar computations were reported previously for 
Ca(II)-methyltriphosphate species, by using the level of the-
ory DFT-Becke3LYP/(Lanl2DZ, Ca; 6-31G, CHO; 6-
31G**, P) [31]. The Ca-O(P) computed bond distances are 
2.525, 2.338 and 2.228 Å for α-, β- and γ-phosphate, respec-
tively, showing that the strongest interaction of the metal 
cations is that to the terminal PO3 grouping. The computed 
Pγ-Oβγ bond distance for the model undergoes a lengthening 
by 0.090 Å upon ligation to Ca(II), much smaller than the 
corresponding one computed for the Mg-model. The com-
puted P-O-P bond angles are 139.8 and 145.8°, for P-Oαβ-P 
and P-Oβγ-P respectively, and show a narrowing of 9.9 and 
6.9° respectively. In conclusion the computed values for 
bond distances and angles have trends that agree well with 
experiments for metal-nucleotide complexes, at least for 
Mg(II)/Ca(II)-triphosphate species. 

Table 4. The Selected Bond Distances and Angles for the Structures of [Ca(H2O)6]·[Ca(HATP)2]·2(HDPA)·xH2O, 2 

Value Parameter 

DS4,a x = 9 DS5, x = 8 

Ca1-O3/Å 2.28(3) 2.298(8) 

Ca1-O6 2.30(2) 2.346(7) 

Ca1-O9 2.25(2) 2.266(8) 

O5’-P1 1.50(3) 1.594(8) 

P1-O4 1.64(3) 1.562(11) 

O4-P2 1.54(3) 1.594(8) 

P2-O7 1.57(2) 1.558(7) 

O7-P3 1.63(2) 1.649(7) 

O5’-P1-O4/° 101(1) 101.5(6) 

P1-O4-P2 131(2) 132.2(5) 

O4-P2-O7 108(1) 104.6(5) 

P2-O7-P3 132(1) 132.0(4) 

P1…P2…P3 87.5(9) 87.4(4) 

a Previous work, see Ref [13]. 
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The Selected Structural Studies for Protein Systems from 
Literature 

Structures that have at Least Two Divalent Metal Atoms in 
the Proximity of the Phosphate Backbone 

 As compounds 1 and 2 have two metal centers in the 
proximity of the triphosphate chain we looked for similar 
complexes in the PDB [3]. The selection was usually based 
on small values for the nominal resolution and on how recent 
was the deposition in the data bank. A paper relevant to the 
structural analysis of the active site of N5-Carboxyamino- 
imidazole Ribonucleotide Synthetase from Escherichia coli 
is first commented (see Ref 32 and PDB structure code 
3ETH Ref [3]). The crystals contain a dimer per asymmetric 
unit and the X-ray data had a nominal resolution of 1.6 Å. 
The enzyme is required for purine biosynthesis in microbes, 
contains two ATP molecules linked to magnesium ions and 
is postulated to hydrolyze the γ-phosphoryl group and form a 
carboxy-phosphate intermediate, that in turn transfers CO2 
onto 5-amino-imidazole ribonucleotide (AIR) to bring about 
5-aminocarboxy-imidazole ribonucleotide (N5-CAIR). The 
first step in the sequence is therefore the attack of hydrogen 
carbonate anion on Pγ. The phosphate group of each nucleo-
tide have different binding patterns to the metals (Fig. 3). 
One of the metal ions per each Mg-ATP system links two 
phosphate groups (α and β). Interestingly, a second metal 
cation interacts with just the β- and γ-phosphate groups for 
each nucleotide. The phosphate chains are relatively ex-
tended, the P…P…P bond angles being 106 and 108°. The 
(P)O-P bridging distances (mean values for corresponding 
bonds from the two nucleotide molecules) are in the range 
1.569-1.603 Å, the largest value being relevant to a Pγ-Oβγ 
bond. It has to be noted that the structure for 1 has signifi-
cant similarities to that of the enzyme system structure. In 
fact, the presence of two proximal Mg(II) ions in 1 reminds 
that for 3ETH. Water molecules play some roles in the coor-
dination to the metals both for 1 and 3ETH and some water 
molecules form H-bonds with the phosphate groups. The 

elongation for Pγ-Oβγ bridging bond distances in 1 when 
compared to the other P-O vectors is reminiscent of the find-
ing from 3ETH structure. On the other hand, there are also 
significant differences between 1 and 3ETH: (a) both the 
metal centers have some phosphate oxygen atoms in the first 
coordination sphere for the enzyme system, whereas one of 
the metal is linked to two triphosphate chains from two 
ATPs and the second one is linked to six water molecules for 
1; (b) the shortest Mg…Mg distances are significantly dif-
ferent (5.116(4) Å for 1 and 3.74 Å (average) for 3ETH); (c) 
the metal ions are linked to aminoacids residues for 3ETH, 
whereas no interaction between metal and DPA ligand exists 
for 1; (d) the conformation of the ribose ring is C3’-endo for 
3ETH, whereas is C2’-endo/C3’-exo for 1. 
 The adenylyl cyclases catalyze the conversion of ATP  
to cAMP (3’-5’-cyclic adenosine monophosphate) and  
pyrophosphate (see Ref 33 and PDB structure code 3C16 
Ref [3]). The enzymatic process requires Mg(II) or Mn(II)  
as cofactor. Some isoforms of the enzyme are stimulated  
by Ca(II) ions whereas some others are inhibited. A series of 
crystal structures determinations have been done and re-
ported in the paper by Mou et al. [33] including the systems 
Ca(II)-ATP-enzyme that was solved at a nominal resolution 
of 2.9 Å. Even though this latter value is high the structure 
seemed worthy of attention because the presence of two 
metal centers located near the triphosphate chain. The work 
elucidates the mode of calcium binding to ATP. The β- and 
γ-phosphate group of an ATP molecule interact tightly with 
Mg(II) whereas all three phosphate groups of a second mole-
cule of ATP interact with Ca(II) ions that sit in two close 
positions (contact distance 2.786 Å). It has to be noted that 
the ionic radius for Ca(II) is 1.14 Å [34]. This is an unusual 
location for a couple of divalent metal ions and the authors 
thought that this might be in part due to the presence of static 
disorder for the metal ions. It is possible that other explana-
tions can stem also from stabilizing interactions that occur  
between the metal ions and the ligands, including water  
molecules, aminoacid residues and triphosphate chain. In 

 

 

 

 

 

 

 

 

 

 

Fig. (3). The diagram shows two sites of N5-Carboxyaminoimidazole Ribonucleotide Synthetase from Escherichia coli (see Ref [32] and PDB 
structure code 3ETH Ref [3]). The ATP molecules are represented color tube style whereas the Mg(II) cations are depicted as green balls. 
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fact, this latter group has linking interactions to metal ions 
via O(Pα) (2.638 Å) Ca1, and via O(Pβ) (2.108 Å) Ca2. The 
bridging P-O bond distances range 1.623-1.663 Å, the larg-
est value being relevant to Pβ-Oαβ, that is in agreement with 
hydrolytic formation of pyrophosphate. 
Structures that have a Metal Atom in the Proximity of the 
Phosphate Backbone 

 The work by Regni et al. (see Ref [35] and PDB structure 
code 3H5N, Ref [3]) reports on the crystal structures of Es-
cherichia Coli MccB enzyme that catalyzes a modification 
of a heptapeptide (MccA) during the biosynthesis of the an-
tibiotic microcin C7 (MccC7). The MccB-Mg-ATP system 
has four Mg(II) and four Zinc(II) ions in addition to four 
ATP molecules as substrate in the asymmetric unit (Fig. 4). 
The nominal resolution was 1.90 Å. The Zn(II) ions are  
far away from the nucleotide and just Mg(II) ions are in  
the proximity of the triphosphate chain in all the molecules 
and all the three phosphate groups of each chain are involved 
in interactions to the metal. The Mg-O(P) bond distances 
span the wide range 1.948-2.546 Å. For a molecule, namely 
ATP1, the shortest Mg-O(P) bond distances is at α-
phosphate (1.948 Å); in another molecule, namely ATP2, the 
shortest Mg-O(P) linkage is at β-phosphate (2.012 Å). ATP1 
and ATP2 have a hexacoordinate sphere (pseudo-octahedral) 
in which three positions are occupied by water molecules. 
The structure for the ATP3 molecule shows the Mg(II) ion 
linked just to phosphate oxygen atoms (and not to water 
ligands). Finally, the structure for ATP4 molecule shows the 
Mg(II) linked to the three phosphates groups and to two wa-
ter molecules. The longest P-O bridging distance is P(γ)-
O(βγ) for ATP1 (1.625 Å). On selecting ATP2 the bridging 
P-O bond distances span 1.600-1.615 Å and the largest value 

is relevant to Pα-O5’. The triphosphate chains for the four 
ATPs are relatively extended, the P…P…P angles being in 
the range 99-103°. 
 The work by Evans et al. (see Ref 36 and PDB structure 
code 3F2B, ref [3]) reports on the X-ray structural  
determination at 2.4 Å nominal resolution for a polymerase 
enzyme (that is responsible for the genome duplication 
Gram-positive bacteria Geobacillus kaustophilus) in ternary  
complex with DNA and dGTP (2’-deoxy guanosine 5’-
triphosphate). The structure was selected because it contains 
a NTP different from ATP. The active site, that contains the 
MgGTP system, has a Mg(II) ion linked to Pα, Pβ and Pγ 
with Mg-O distances 1.860, 1.966 and 2.176 Å, respectively. 
Thus the strongest interaction of the metal is at Pα. The co-
ordination sphere around the metal cation has six sites that 
include also a water molecule and two oxygen atoms from 
aspartate residues. The triphosphate chain is somewhat more 
extended than in 1: P…P…P angle being 97.3°. The bridging 
Pα-O5’, Pα-Oαβ, Pβ-Oαβ, Pβ-Oβγ and Pγ-Oβγ distances 
are 1.621, 1.626, 1.611, 1.612, 1.598 Å. Terminal P-O bond 
distances are, 1.499 (Pα), 1.495 (Pβ), and 1.488 and 1.521 Å 
(Pγ), whereas P-O(Mg) bond distances are, 1.500(Pα), 1.502 
(Pβ) and 1.515 Å (Pγ). 
 The work by Jönsson et al. (see Ref [37] and PDB struc-
ture code 3CYI, Ref 3) reports on the X-ray structural analy-
sis of sulfiredoxin a Mg-ATP enzyme that catalyzes a novel 
enzymatic reaction: the reduction of cysteinic sulfinic acid 
Cys-SO2

-. The nominal resolution for the structure was 1.8 
Å. The metal ion is linked to Pα, Pβ and Pγ with Mg-O(P) 
distances 2.142, 2.076 and 2.180 Å, respectively. The 
triphosphate chain is in the extended form: P…P…P angle 
102°. The P-O bridging distances are: 1.609 (Pα-O5’), 1.619 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). The diagram shows details of the crystal structures of Escherichia Coli MccB enzyme that catalyzes a modification of a heptapep-
tide (MccA) during the biosynthesis of the antibiotic microcin C7 (MccC7) (see Ref [35] and PDB structure code 3H5N, Ref [3]). The 
MccB-Mg-ATP system has four Mg(II) and four Zinc(II) ions in addition to four ATP molecules in the asymmetric unit. The ATP molecules 
are depicted color ball & stick style, the Mg(II) ions are dark green balls, whereas the Zn(II) ions are brick red balls. 
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(Pα-Oαβ), 1.606 (Pβ-Oαβ), 1.583 (Pβ-Oβγ) and 1.630 (Pγ-
Oβγ) Å. 

 Finally, the work by St. Maurice et al. (see Ref [38]  
and PDB structure code 3CI4, Ref [3]) reports on the X- 
ray structural characterization of a human-type corrinoid  
adenosyltransferase, a Mg-ATP-protein system in which 
Mg(II) is linked to Pα, Pβ and Pγ (Fig. 5). Note worthy, the 
triphosphate chain is folded like that found in 1: P…P…P 
angle being 91°, and a K+ cation has contacts with two O(Pγ) 
oxygen atoms (2.677 and 2.877 Å) and with a O(Pa) oxygen 
atom (2.899 Å). This datum shows the preference of triphos-
phate chain for Mg(II) when in competition with K(I). All 
the P-O distances compare well with those from low molecu-
lar weight metal-nucleotide species. 

4. CONCLUSION 

 A number of high accuracy nucleoside triphosphate 
structures as such or linked to metal ions through the phos-
phate oxygen atoms are now available from this work and 
from the literature. Even though the triphosphate chain is a 
flexible grouping, it is evident that certain structural data like 
terminal P-O and P-O(M) distances are fixed within narrow 
ranges. The analysis for 1 and 2 from new data sets (namely 
DS2, DS3 and DS5) showed that changes on hydration of 
crystals cause significant alteration of conformation at the 
triphosphate chain and at the ribose system as well as of the 
pattern of M(II)-triphosphate interactions. The effects from 
hydration on M-O and P-O bonds are weaker than those 
found and reported on the corresponding moieties of 
Na2H2ATP·xH2O species [10]. The higher affinity of Mg(II) 
towards phosphates when compared to Na(I), and K(I) is 
such to link the divalent cation just to the triphosphate back-
bone and exclude any inner sphere interaction to the base 

and sugar moieties as well as to DPA molecules in 1. Thus, 
the Mg(II) cation can shift along the triphosphate chain and 
approach more to one or the other of the phosphate groups, 
depending on the web of water molecules in 1, or/and on the 
metal-aminoacid interactions in the enzyme systems, and in 
turn depending on the need for phosphoryl or pyrophos-
phoryl transfer. In fact, among the available metallo-
macronutrients, Na(I), K(I), Mg(II) and Ca(II), in living sys-
tems, nature selected Mg(II) as the cofactor for the vast ma-
jority of enzymes that catalyze the breakage of (P)O-P(O) 
bonds. It appears important that experimental studies via 
XRD, MQMAS, ESIMS, Raman crystallography like those 
reported in Refs [10, 39-42], as well as theoretical studies 
like those reported in Refs 11, 43-45, are more and more 
performed on Mg(II)-NTPs and -NDPs species with the aim 
to shed light on the mobility of the metal on (di)triphosphate 
chain, on the role of free and metal bound water molecules, 
on the role of third molecules (mostly aminoacid residues) 
able to interact with the metal ions proximal to nucleotides 
and with nucleotides themselves. The structural role of the 
second divalent cation in biological systems that catalyze 
reactions on nucleotides (see for example Refs [46-49]), are 
worthy of more efforts too, on the basis of structure for 1 and 
2 and of recent structures deposited in the PDB. 
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Fig. (5). The diagram shows a portion of the X-ray structure of a human-type corrinoid adenosyltransferase, a Mg-ATP-protein system (see Ref 
[38] and PDB structure code 3CI4, Ref [3]). The corrinoid moiety and the ATP molecule are color ball & stick style. The Mg(II) ion is big green 
ball, whereas the violet small ball in the proximity of triphosphate chain is K(I) ion and the pink-red small ball inside the ring is cobalt. 
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