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Solid state structures of the ATP-metal compounds are critically analyzed. Partic-
ular attention is devoted to the metal coordination and its influence on the con-
formation of the triphosphate chain and ribose ring. The three phosphate groups
are involved in the coordination in all the compounds. The strongest coordinating
group is y-phosphate, while a-phosphate is the weakest. The +y-phosphate can
coordinate to two metal cations, allowing the formation of dimeric species. The
triphosphate chain reveals a high degree of flexibility about its backbone bond and
torsion angles; however, it is always in a bent conformation with the P---P---P
angle ranging from 85-100°. The O(By)-P(y) bond is the longest of the backbone
O-P linkages. The conformation of the ribose ring is commonly C(2')- or C(3’)-
endo; however, one ATP molecule has a C(4')-endo geometry. The orientation of
the adenine system about the glycosidic linkage is anti. The adenine system does
not show any donating ability in most of the structures. Nevertheless, formation
of a macrochelate through the coordination of adenine N(7) and y-phosphate
oxygen atoms to sodium ions was found in the structures of ATP-disodium salt.
Furthermore, the adenine system is involved in stacking interactions and in some
type of base pairing via H-bridges in all the ATP-metal compounds. The presence
of an aromatic base facilitates the formation of crystalline material. The base can
act as a ligand for the metal cation, or it can just stabilize the crystal lattice via
weak interactions such as stacking forces and H-bonds. Previously unpublished data
for [Co(HATP),])[Co(H,0).}-2(HDPA)-9H,0 are reported. The review also in-
cludes data relevant to ADP-metal compounds.
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I. INTRODUCTION

It is well known that adenosine 5'-triphosphate (hereafter ATP)
is the standard currency in the economics of living cells.’®® It is
practically impossible to give an exhaustive report of the works
that have appeared in the literature, whose main subjects are the
enzymatic reactions on ATP (or its analogues). At least seven
papers have appeared in the first 22 issues of Vol. 30 (1991) of
Biochemistry on this matter,'*-! and at least nine reviews have
been published (or are in preparation) in only three selected jour-
nals in the last six years.!i-* The phosphate units can be hydrolyzed
in an enormous number of enzymatic processes to produce aden-
osine 5'-diphosphate (ADP), or adenosine 5'-monophosphate
(AMP); the free energy change drives a variety of biochemical
processes or performs mechanical work via muscle contrac-
tion.’=" The human body is a large-scale maker and consumer of
ATP. It has been estimated that during a fast tennis game an
amount of 500 g of ATP per minute per man can be burned,
whereas at rest the consumption can be about 40 kg of ATP per
day per person.'s

All the enzymatic reactions of ATP require the presence of metal
ions which interact only with the enzyme molecule or bind ATP
to form complex molecules that act as the real substrates. Mg(II)-
ATP species often accomplish this role.!* Therefore many workers
have carried out extensive investigations to elucidate the structure
of ATP-metal complexes. Binary M-ATP and ternary M-ATP-L
(L = low molecular weight ligand) systems have been widely stud-
ied in the solution phase.!*~* Furthermore, nucleoside 5'-mono-
phosphate-, nucleoside-, and nucleobase-metal compounds have
also been thoroughly investigated to shed light on the importance
of metal species in genetic information transfer and on anticancer
activity. At least nine reviews published since 1980 describe the
results of these studies.’Y='# On the other hand, enzyme/M/ATP
(or ATP derivative) complexes have been investigated with X-ray
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diffraction,'™- ¥ and with a combination of X-ray diffraction and
model building.!’* However, the literature on X-ray structures of
nucleoside 5'-triphosphate-metal compounds has not been de-
scribed in any review, to my knowledge.

This work reports on the structural studies carried out, with
single crystal diffraction techniques, on metal compounds of ATP
(the enzyme/M/ATP complexes are not included) to examine in
depth the conformation of the nucleotide and its behavior as ligand.

The number of ATP-metal compounds investigated to date is
relatively small, the major reason being the difficulties in preparing
suitable single crystals. Nevertheless, it seemed important to cor-
relate and to critically analyze the data available and to summarize
the most successful synthetic strategies.

To clarify the discussion, all the data reported here are referred
to the labelling scheme pictured in Fig. I.1.

FIGURE I.1 The molecule of ATP*~ with the labelling scheme used in this review.
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II. ATP-METAL COMPOUNDS

The ATP-metal compounds studied by single crystal X-ray dif-
fraction are reported in Table II.1.

I1.1 Synthesis of ATP-Metal Compounds

Crystalline ATP-metal compounds were usually obtained from
slightly acidic aqueous solutions of the components. Preparation
of single crystals required care, since evaporation of solutions con-
taining metal salts and ATP leaves a mixture of metal phosphate
and AMP.

Single crystals of Na,H,ATP-3H,0 were prepared from a water/
dioxane solution of the commercial disodium salt by diffusion of
dioxane.?* Very thin blades (at best, 0.003 mm thick) with me-
chanical deformities were obtained.

TABLE I1.1

Relevant data for crystalline ATP-metal compounds

Space
Compound Preparation Group R %* Ref.
Na,H,ATP-3H,0 water/dioxane or  P212121 11.7 2-5
water/1-propanol
Na,H,ATP-2H,0 water/l-propanol  P212121 9.7 S
[Zn(H,ATP)(BIPY)],-4H,0 water, pH 4 P21 9.8 6-8
[Cu(H,ATP)(PHEN)],-7H,O water, pH 2.8 P21 6.9 9,10
[Mg(HATP),)[Mg(H,0),] water, pH 5.0 C22z 111 11-13
-2(HDPA)-12H,0
[Ca(HATP),][Ca(H,0)] water, pH 5.0 C2221 124 11-13
-2(HDPA)-9H,0
[Mn(HATP),)[Mn(H,0)4} water, pH 4.5 C222 72 11,12, 14
-2(HDPA)- 12H,0
[Co(HATP),}{Co(H,0)) water, pH 4.5 C2221 111 11,12,15

-2(HDPA)-9H,0

[Zn(HATP),}[Mg(H,0)¢)o.72 water, pH 4.5 C2221 9.0 16
[Zn(H,0)g)y 4 2(HDPA)
“12H,0

[CA(HATP),][Ca(H,0)q] water, pH4.5  C221  10.1 16
-2(HDPA)-9H,0

*"When more than one X-ray analysis was carried out, the value of R-% reported
here is the lowest one.
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Single crystals of Na,H,ATP-2H,0 were grown from water/1-
propanol (1:2.5 v/v) solution by slow evaporation, at room tem-
perature.>® The crystals had the shape of thin plates (approximately
0.01 mm thick); the water content increased up to Na,H,ATP-3H,0O
as the relative humidity of the surroundings was increased from
5% to 50% at 23°C.>®

Crystalline powders of the [M(H,ATP)(BIPY)],-4H,0
compounds® (M = Mn(II), Co(Il), Cu(Il), Zn(I1), BIPY = 2,2'-
bipyridyl, Fig. I11.1.1) were obtained from ethanol/water solutions
of BIPY, commercial Na,H,ATP and the metal sulfate in a 1:1:1
molar ratio.

Single crystals of [Zn(H,ATP)(BIPY)],-4H,0’ were prepared
by slow evaporation of very dilute ethanol/water solutions adjusted
to pH 4 by adding H,SO,. The crystals that formed exhibited large
deformities.

Single crystals of [Cu(H,ATP)(PHEN)},- 7H,0" (PHEN = 1,10-
phenanthroline, Fig. 11.1.1) were prepared by adding a mixture of
copper nitrate, PHEN and water to an aqueous solution of
Na,H,ATP. The components were in a 1:1:1 molar ratio. The
initial pH was adjusted at 2.8. The solution was heated up to 8§0°C
for 30 min and then allowed to cool and evaporate at room tem-
perature. The crystal used for data collection had suitable dimen-

O o’ e
q \ '
BIPY PHEN
! N
DPA
FIGURE I1.1.1 The aromatic bases of some ATP-metal compounds.
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sions. The agreement R index converged down to 6.9,'° the lowest
value so far reported for the ATP-metal compounds.

Crystalline powders of the [M(HATP),][M(H,0),] - 2(HDPA)

nH,0 (M = Mg(II), Ca(II), Mn(II) and Co(II), DPA = bis(2-
pyridyl)amine, Fig. II.1.1) compounds!!-!* were obtained by
following a procedure similar to that used for the
[M(H,ATP)(BIPY)],-4H,08® compounds. The pH of the mother
liquor ranged from 4.2 to 5.4, depending on the metal ion.

Single crystals were obtained by slow cooling of hot dilute aqueous
solutions.!> The Mg(II) and Ca(Il) derivatives grew as needles
showing large cracks. The Co(II) derivative produced pink prisms
with large mechanical deformities. The Mn(Il) compound pro-
duced good quality prisms which allowed refinement of the struc-
ture to a final agreement index R of 7.2, even though the HDPA *
molecules were affected by statistical disorder. The H atoms could
be located from the difference Fourier synthesis. The atomic co-
ordinates show the lowest estimated standard deviations so far
reported for ATP-metal compounds.

Crystalline powders and single crystals of the [M, _ ,M,(HATP),]
M; - M;(H;0)e)- 2(HDPA) - nH,O mixed metal complexes with
a variable overall M/M' molar ratio, which depends on the com-
position of the mother liquor, were obtained from water/ethanol
solution.!® Each M-M' couple gave a series of complexes that differ
from each other in the overall M/M' ratio. A systematic investi-
gation of the relationship between the M/M' molar ratio in the
mother liquor and in the solid state was carried out for the series:
Mg(II)Mn(I1), Mg(IT)/Fe(1I), Mg(II)/Co(II), Mg(II)/Zn(II), Mg(II)/
Cd(11), Ca(II)/Mn(Il) and Ca(II)/Cd(IT). The M/M’ molar ratio
in the mother liquor was varied over a wide range for most of the
systems. Crystalline products were usually obtained. However,
single crystals from the Ca(II)/Cd/ATP/DPA system could be pre-
pared only when the Ca/Cd ratio in the starting mixture was 1.

I1.2 The Triphosphate Chain

The most active donating moiety of ATP is the triphosphate chain.
As the metal coordination has some influence on the chain con-
formation, the two structural aspects will be treated together. The
ATP-metal complexes show analogies and differences in the chain
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structure. The most evident analogy is that of the folded confor-
mation with the P---P---P angle included in the range 85-100°.
This geometry facilitates a facial coordination of the negatively
charged phosphate groups to the metal cation.

The two molecules of the dimer of Na,H,ATP-3H,0? are re-
ported in Fig. 11.2.1. Oxygen atoms from the a-, B- and y-phos-
phate groups are linked to the metal ions. However, the triphos-
phate chains of each dimer are tightly bound to only one type of
sodium ion (two ions). The Na-O,, -O,z and -O, bond distances
range from 2.38(2) to 2.55(2) A, are 2.44(2) A, and range from
2.33(2) to 2.63(2) A, respectively, for Na,H,ATP-3H,0.%* A sec-
ond group of two sodium ions is coordinated by both phosphate
oxygen atoms (only O, and Og) and water molecules. In this case,
the Na-O, and -O, distances are 2.62(4), and 2.36(2) and 2.42(2)
A, respectively, for Na,H,ATP - 3H,0.5 The coordination scheme
around the first group of sodium ions of Na,H,ATP-2H,0%* is

FIGURE II.2.1 Dimer of Na,H,ATP - 3H,0. The coordination bonding to the Na*
ions and H-bonds involving NH, adenine groups are shown. Octahedral geometry
around each Na* ion is completed by a y-phosphate oxygen atom from translated
dimer (from Ref. 2, with permission).
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similar to that of the trihydrate form. On the other hand, some
differences in the coordination scheme of the second type of so-
dium ions occur on changing the number of water molecules. The
triphosphate chains point towards the adenine bases. However,
the P atoms are not coplanar with the base atoms. The folding of
the chain is stabilized by the sodium ions that bridge the N(7)
atoms and the y-phosphate groups.

The bent conformation of triphosphate was observed also for
[Zn(H,ATP)(BIPY)},-4H,07 (Fig. 11.2.2) and [Cu(H,ATP)
(PHEN)],- 7H,0 (Fig. 11.2.3), for which the P---P---P angles
are 94(2) and 87(2)°, and 93.5(3) and 88.8(3)° for the two molecules
of the dimers, respectively. The nitrogen atoms of BIPY and PHEN
exclude the N(7) atom from the coordination sphere. This explains
the lack of folding in the triphosphate chain towards the adenine
system.

Metal coordination to the y- and B-phosphate groups is strong
for both [Zn(H,ATP)(BIPY)], - 4H,0” and {Cu(H,ATP)(PHEN)],
-TH,0° dimers. The Zn-O(y) and Zn-O(B) bond distances av-
erage 2.03(3) A. On the other hand, the Zn-O(c) bond distances
are 2.71(4) and 2.39(3) A for the two molecules of the dimer,

Né

FIGURE I1.2.2 ORTEP drawing of the [Zn(H,ATP)(BIPY)], dimer (from Ref.
7).
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FIGURE I1.2.3 View of the [Cu(H,ATP)(PHEN)], dimer (from Ref. 10, with
permission).

respectively. Distorted octahedral coordination geometries are found
in a variety of Zn(II) complexes.!”-!8

The long Zn-O(a) bond distance found in one moiety of
[Zn(H,ATP)(BIPY)],-4H,0O" dimer can be related to the intra-
molecular stacking interactions and intermolecular H-bonds. It is
supposed that the strongest adenine - - - BIPY interaction can assist
the shift of an O(a) atom away from the Zn center. Furthermore,
the strong intermolecular H-bonds involving a O(a) atom and a
NH, group contribute to the difference in the Zn-O(c) bond lengths.

The Cu-O(p) and Cu-O(y) bond distances relevant to the same
ATP molecule of [Cu(H,ATP)(PHEN)], - 7H,0 average 1.941(9)
A. However, both the Cu-O(y) linkages that bridge the two moie-
ties of the dimer are longer than the other Cu-O(y) bonds and
average 2.279&8) A. The two Cu-O(a) bond distances are: 2.878(9)
and 2.730(9) A. If the equatorial planes are considered to be de-
fined by the two nitrogen atoms from PHEN and the O(B) and
O(y) donors from the same triphosphate chain, the
[Cu(H,ATP)(PHEN)], - 7TH,0° compound shows the usual axially
elongated coordination geometry.!?

The series of [M(HATP),][M, _ ,M;(H,0)¢] - 2(HDPA)-nH,O
compounds’*~1¢ shows a folded triphosphate chain, too; the P-+-P- - - P
angle being 85(1), 87(1), 86.0(5), 85(1), 85.1(7), and 86(1)° for
the ¢ = 0, M = Mg(ll), Ca(ll), Mn(II), Co(II), and ¢ = 0.72,
M = Zn(Il), M’ = Mg(Il), and ¢ = 1,M = Cd(II), M’ = Ca(Il)
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FIGURE I1.2.4 ORTEP drawing of the [Mg(HATP),}*~ complex (from Ref. 13).

derivatives, respectively (Fig. I11.2.4). Both alkaline-earth (Mg(II)
and Ca(Il)) and some d-block divalent cations (Mn(II), Co(II),
Zn(II) and Cd(I1)) are linked to six oxygen atoms from the phos-
phate groups of two ATP molecules without any bonding inter-
action to the HDPA™* base.

Some interesting points about the triphosphate chain confor-
mation for the [M(HATP),]*~ complexes'>~'¢ must be empha-
sized:

(a) The chain points away from the adenine base (see below Table
I1.2.3 for the C(4')-C(5")-O(5')-P(a) and O(5')-P(a)-O-P(B)
torsion angles, and Fig. 11.2.4).

(b) Allthe metal ions coordinate more strongly to the O(y) oxygen
atom than to the O(B) and O(a) ones. The M-O bond length
usually increases in the order M-O(y) < M-O(B) < M-O(«a).
However, the M-O(a) interaction is stronger for the
[M(HATP),}*~ species*~'¢ than for the [Zn(H,ATP)
(BIPY)],-4H,0” and [Cu(H,ATP)(PHEN)],-7H,0® com-
pounds, when compared to the M-O() and M-O(y) ones.

(c) The triphosphate chain interacts with hydrated metal cations
via a network of H-bonds involving chiefly the y-phosphate

group.

10
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The average backbone P-O bond distances for all the compounds
are reported in Table 11.2.1. It should be pointed out that the mean
O(By)-P(y) bond length is the longest backbone P-O bond dis-
tance. The mean of all the P(y)-O(p) bond lengths is 1.482 A,
while the ideal P-O bond distance is 1.54 A for the PO}~ group,?
and the mean P-O distance calculated from 45 structures of in-
organic salt and other compounds is 1.546 A 2

The C(5')-O(5')-P(a) angle ranges from 113 to 128°, in agree-
ment with some double bond character for the P-O ester linkage
(ideal P-O single bond distance = 1.71 A%; ideal P = O double
bond distance = 1.40 A%; mean O(5')-P bond distance for the
ATP-metal compounds 1.56 A, Table 11.2.1).

The P-O-P backbone bond angles are reported in Table 11.2.2.
The P(a)-O-P(B) and P(B)-O-P(y) bond angles range from 127 to
139° and show a tendency towards a linear relationship to the metal
ionic radius. This is most remarkable when the comparison involves
the [M(HATP),])*~ compounds, for which the packing forces should
be similar. The smallest divalent cation, namely Mg(II), causes
the narrowest P-O-P angles for all the ATP complexes. The (C/
P)O-P-O(P) bond angles are not much influenced by the nature
of the cation. They range from 99 to 108°.

The values of the backbone torsion angles (Table I1.2.3) reveal
a high pliancy of the triphosphate chain. The differences found for
the torsion angles of Na,H,ATP-3H,0% and Na,H,ATP-2H,0%
are noteworthy. The C(4')-C(5')-O(5')-P(a) torsion angles show
large deviations from the trans conformation for Na,H,ATP-3H,0,
[Zn(H,ATP)(BIPY)],-4H,0 and one of the ATP molecules of
[Cu(H,ATP)(PHEN)], - 7H,0. These deviations do not usually oc-
cur for nucleoside 5'-monophosphates, while they are considered

TABLE H.2.1

Mean backbone P-O bond length (A) for the ATP-metal compounds. The mean
of the peripheral P(y)-O(p) and -O(p)H bond distances for Na,H,ATP-3H,0,
Na,H,ATP-2H,0, [Cu(H,ATP)(PHEN)], and [Mn(HATP),]* - species are
also reported

0(5)- P(a)- O(ap)- P(B)- O(Bv)- P(y)- P(y)-
P(a) O(aB) P(B) O(BY) P(y) O(p) O(p)H

1.560 1.608 1.595 1.589 1.621 1.482 1.542

11
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TABLE I1.2.2

Selected backbone bond angles (°) of the triphosphate chain for the ATP-metal
compounds. The ionic radius (Ir (A), coordination number = 6)*' for each

metal cation is also reported

Complex P(a)-O(aB)-P(B) P(B)-O(8v)-P(v) Ir
[Mg(HATP),})*- 125(1) 127(1) 0.72
[Cu(H,ATP)(PHEN)], 131(1) 130(1) 0.73

130(1) 131(1)
[Co(HATP),}*- 129(2) 129(1) 0.74
[Zn(H,ATP)(BIPY)], 130(2) 133(2) 0.75
127(2) 138(2)
[Zn(HATP),]*~ 128.4(6) 130.3(6)
(Mn(HATP),]*~ 130.4(4) 131.1(3) 0.82
[Cd(HATP),]*- 132.3(8) 132.0(6) 0.95
[Ca(HATP),}*- 131(2) 132(1) 1.0
Na,H,ATP-3H,0 134(1) 139(1) 1.02
132(1) 134(1)
Na,H,ATP-2H,0 133(1) 135(1)
137(1) 136(1)
TABLE I1.2.3
Selected torsion angles (°) for the triphosphate chain of some ATP-metal
complexes
O(5')- P(a)-O- O(ap)-
C@)C(s') C(5Y-O()- P@)-O-  P(B)- P

Complex O(5')-P(a) P(a)-O(eB) P(B) O(BY) O-P(y)

Na,H,ATP:3H20 ~139(1) 72(1) 152(1) —117(1) 88(1)
~-141(1) —45(1) ~76(1) 62(1) —118(1)

Na,H,ATP-2H,0 —146(1) 67(1) 105(1) -72(1) 127(1)
—158(1) 75(1) - 119(1) 82(1) -—126(1)

[Cu(H,ATP)(BIPY)], —147(1) —55(1) -71(1) —109(1) 77(1)
170(1) 72(1) 85(1) 99(1) -75(1)

[Mn(HATP),]*- 171(1) —66(1) 161(1) 64(1) —100(1)

normal for di- and poly-phosphates for which the base - - - phosphate
attractive interaction can fold the phosphate chain towards the
adenine base.?? However, the conformation around this angle is
+ap? for all the [M(HATP),]*~ complexes.

The conformation around the O(5')-P(a) bond is +sc or —sc
for all the complexes. The conformation around the P(a)-O(ap)
bond is +ap for all the [M(HATP),}*~ complexes and for one of

12
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the ATP molecules of the dimers of the forms of the disodium
salt. For the other ATP molecules it is +sc, —sc, +ac or —ac.
The conformation around the O(af3)-P(B) bond is + sc for all the
[M(HATP),]*~ complexes. Itis —ac for one of the ATP molecules
of the Na,H,ATP-3H,0 and [Cu(H,ATP)(BIPY)],-7H,0 dimeric
structures, while it is +sc, —sc or +ac for the other one. Finally
the conformation around the P(B)-O(By) bond is —ac for the
[M(HATP),])*~ complexes, and it is +ac, —ac, —sc and +sc for
the other compounds.

I1.3 Chelate Ring Conformation and Chirality of Coordination

The average Q% value for the o/B and B/y rings is 0.65 and 0.29,
respectively, for [Cu(H,ATP)(PHEN)], - 7H,0,° showing that the
B/v rings are flatter than the «/B ones. The a/f and B/y chelate
rings of the [M(HATP),]*~ ions!*-1¢ have a chair and a skew boat
conformation, respectively. The o/ rings are flatter (mean Q- =
0.49) than the B/y ones (mean @, = 0.59).

The handedness of [Cu(H,ATP)(PHEN)], - 7H,0 is A-exo* for
one molecule and A-exo for the other. The enantiomers of the
[M(HATP),}*~ ions!3-16 can be designated as A-exo.

11.4 The Ribose Group

The bond distances and bond angles for the ribose moiety may
differ slightly, although significantly, depending on the confor-
mation of the sugar ring.?*> However, analysis of the geometrical
parameters should be possible only for Na,H,ATP-2H,0,*
[Cu(H,ATP)(PHEN)],,'° and [Mn(HATP),)*~ * owing to the high
estimated standard deviations for the other species. The C(4')-
O(4’) bond is longer than the C(1')-O(4") bond (difference = 7.75
a, for the manganese complex). This effect was previously noted
in Ref. 25a.

The parameters that define the ribose ring conformation are
pictured in Fig. I1.4.1 and (some of them) reported in Table 11.4.1.

The conformation of the ribose ring is usually the common C(2')-
endo or C(3')-endo. However, it must be emphasized that molecule
B of Na,H,ATP-2H,0°* has the rather uncommon C(4')-endo
conformation. The degree of pucker, 7,,,° is lower for the
[M(HATP),}*~ complexes than for the other species.

13
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P(a)

x C(8)-N(8)-C(1)-0(4) voe  C(3)-C(4)-C(5)-O(5)
o C(4)-0(4)-C(1)-C(2) yeo  O(4)-C(4')-C(5)-O(5")
u  O(4)-C(1)-C(2)-C(3) v C(5)-C(4')-C(3)-0(3)
u  C(1)-C(2)-C(3)-C(4) ¢ C(4)-C(5)-0(5')-P(a)

1 C(2)-C(3)-C(4)-0(4) ©  C(5)-0(5)-P(a)-O(aB)

1 C(3)-C(4')-0(4)-C(1")

FIGURE II.4.1 Parameters defining the ribose conformation.

The conformation around C(4')-C(5') can be described as
gauche* 2 for all the ATP-metal compounds, except molecule B
of Na,H,ATP-3H,0,% which shows a gauche - conformation (.
= —67°). As noted in Ref. 5a, the gauche ~ form of the . torsion
angle is necessary for the C(4')-endo conformation to avoid contact
between C(8) and O(5').

A molecular mechanics investigation has been carried out to
investigate the conformational space around the C(4')-C(5') bond.
The computations were performed with the MacroModel V3.0
package.?® The Amber force field?” was used and the total strain
energy of the H,ATP?~ molecule was computed as a function of
rotation (step 10°) around Vs torsion angle. The strain energy was
computed as the sum of the torsion angle deformation, non-bond-
ing interaction, electrostatic interaction, and hydrogen bond in-
teraction contributions. Bond lengths and valence angles were con-
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TABLE I1.4.1

Phase angle of pseudorotation of the ribose (P) and main torsion angles (°) for
some ATP-metal complexes. The ¢ and « angles are reported in Table 11.2.3
(for the Na(I), Cu(II) and M(II) derivatives)

Complex X Poe Conf. pe
Na,H,ATP-3H,0 64(2) 56(2) C(3')-endo 5
29(2) 57(2) C(2')-endo- 177
-C(3')-exo

Na,H,ATP-2H,0 61(1) 60(1) C(3')-endo 11
4(1) -67(1) C(4')-endo 233
[Cu(H,ATP)(PHEN)], 32(2) 60(2) C(3')-endo 16
. 6(2) 50(1) C(3')-endo 15

[Mn(HATP),J*- 66(1) 55(1) C(2")-endo-
-C(3')-exo 179

[Co(HATP),}*- 57(3) 60(3) C(2')-endo-
-C(3')-exo 177

*The values of P have been calculated on the basis of the equation reported in
Ref. 20, without any smoothing of the experimental errors.

strained. The starting structure of HATP?~ was that found in the
[Mg(HATP),]*~ complex.!* A H-atom was added to the y-phos-
phate. The absolute minimum occurs at Yoc and Yoo of +54° and
—63°, respectively. The energy differences between the two rel-
ative and the absolute minima are 12 and 8 kJ - mol ~!, respectively,
while the barriers between the absolute minimum and the relative
minima are 23 and 26 kJ-mol~!, respectively. These data are in
agreement with the values of o and Yo found for the ATP-
metal compounds in the solid state.

The conformation of the glycosidic bond x is not free but de-
pends on steric hindrance and weak interactions such as stacking
forces and H-bonds. A relationship of x vs. the C(2')/C(3')-endo
conformation of the ribose was previously noted.?20250:25¢ The x
value is usually larger for a C(2')-endo than for a C(3')-endo sugar
conformation.?

The C(3')-endo ribose shows a x torsion angle of 64(2)°, while
the C(2')-endo/C(3')-exo sugar has a x angle of 29(2)° for the
Na,H,ATP-3H,0% species. This anomaly was accounted for on
the basis of the larger displacement of C(1'B) than that of C(1'A)
from the respective adenine system.? The x value for the ATP
molecule (B) of Na,H,ATP-2H,0,%* which shows a C(4')-endo
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conformation, is relatively low (4(1)°). As already reported, quan-
tum mechanical calculations give an explanation for these data
(see Ref. Sa and references therein).

In [Zn(H,ATP)(BIPY)],-4H,0,’ the two ribose rings have a
C(3')-endo conformation. The two nucleosides show a significant
difference in the x angle values (38(3) and —8(3)°, respectively).
This difference can be due to different packing forces such as
stacking interactions and H-bonds involving the adenine and the
sugar system. A similar trend for the x value was found for the
[Cu(H,ATP)(PHEN)}],- 7TH,0!° compound (see Table I1.4.1).

The [M(HATP),]*~ ions'3-16 show x values of 67(2), 58(3), 66(1),
57(3), 65(1), 67(2)°, for M = Mg(Il), Ca(Il), Mn(II), Co(Il),
Zn(11), Cd(II) respectively, while the conformation of the ribose
is C(2')-endo/C(3')-exo.

I1.5 The Adenine Group

The N(7) atoms link the Na* ions that bridge the adenine systems
to the triphosphate chains of the two moieties of the
Na,H,ATP-3H,0° and Na,H,ATP-2H,0°** dimers. The N(7)-
Na internuclear distances are 2.81(1) and 2.59(2) A, and 2.69(2)
and 2.52(2) A for the trihydrate and dihydrate form, respectively.
It should be noted that the ionic radius for hexa-coordinated Na*
ions is 1.02 A 2! while the van der Waals radius for N is 1.55 A28
The NH, and N(1)-H groups are involved in the H-bond network.

No inner-/outer-sphere coordination to the zinc ions involves the
nitrogen atoms of the adenine systems of [Zn(H,ATP)
(BIPY)],-4H,0.7 The C(6)-NH, bond distances average 1.30(4)

, suggesting a double-bond character. The NH, groups are in-
volved in the H-bond scheme. The analysis of the H-bridges sug-
gests that the NH, groups are almost coplanar with the adenine
system and that both the N(1) atoms are protonated.

The N(9)-C(1') bond distances average 1.48(1) A for the
[Cu(H,ATP)(PHEN)],-7H,0'® complex. The C(1') and N(3)
atoms of a molecule interact via a H-bond.?8-3° In fact, the C(1') - - -
N(3) distance and the C(1')-H(1')---N(3) angle are 3.06 A and
95(2)°, respectively. The C(6)-NH, average distance (1.31(2) A)
is consistent with a percentage of double bond character. The
atoms of each adenine system are almost planar. The C(6)-N(1)-
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C(2) angle averages 123(1)°, in agreement with the protonation
on N(1) on the basis of the empirical Singh rule 3! which states
that the C(2)-N(1)-C(6) angle is in the range 125 + 3°if N(1) is
protonated, and 116 * 3° if there is no proton on N(1).

The N(9)-C(1') bond length is 1.47(1) A for [Mn(HATP),]*~."
The H(1') atom, located from the analysis of the experimental X-
ray data for the Mn(II)'* derivative, is involved in the N(3) - - - C(1")
H-bond interaction, the N(3)---C(1") distance and C(1")-H---N(3)
angle being 3.05 A and 110°, respectively. The C(2)-N(1)-C(6)
bond angle is 117(2), 119(3), 123(1), 118(2), 121(1) and 120(1)°
for the [M(HATP),]*~ complexes with M = Mg(II),"* Ca(Il),*?
Mn(1I),** Co(11),'* Zn(II),'¢ and Cd(11),'¢ respectively.

The N(1) atom turns out to be the only protonated site in
[Mn(HATP),]* ", as clearly revealed by the X-ray analysis. Owing
to the isomorphism of crystals of the Mg(II), Ca(II), Co(II), Zn(II),
Cd(IT) and [Mn(HATP),]*~ ions, it seems reasonable to conclude
that N(1) is protonated for all the species. However, it must be
noted that the value of the C(2)-N(1)~C(6) bond angle for the
Mg(II), Ca(Il) and Co(II) derivatives, indicates that the N(1) atom
is not protonated, on the basis of the Singh rule. On the other
hand, the relatively high estimated standard deviations preclude a

-sure conclusion for these three species. However, the intermolec-

ular H-bond interaction between N(1) and a y-phosphate oxygen
atom, found for all the [M(HATP),}*~ complexes, may imply pro-
tonation on either N(1) or on y-phosphate, depending on the na-
ture of M(II). It is possible that the two kinds of protonation do
not appreciably differ with regard to the lattice energy, preserving
the isomorphism of all the solids.

The C(6)-NH, length is 1.31(1) A for the [Mn(HATP),]*~ spe-
cies, again in agreement with some double-bond character. The
coplanarity of the NH, group with the adenine atoms is confirmed
by the position of the two H atoms as determined with the analysis
of the X-ray data.

11.6 The Role and Structure of the Aromatic Base

Most of the crystalline ATP-metal compounds contain an aromatic
base, i.e., BIPY, PHEN, and DPA (see Fig. 11.1.1). Inclusion of
the base in the starting mixture of a divalent metal salt and Na,H,ATP
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proved to be fruitful in obtaining crystalline materials. The BIPY
or PHEN bases act as bidentate ligands for the Zn(II) and Cu(II)
metal ions.”*® The nitrogen atoms occupy two equatorial posi-
tions and are trans to the y- and B-phosphate oxygen donors.
The four M-N distances average 2.14(4) and 2.01(1) A for
[Zn(H,ATP)-(BIPY))],-4H,07 and [Cu(H,ATP)(PHEN)],-7H,0,°
respectively, which are normal values for Zn(II)- and Cu(Il)-
N(pyridine) bond lengths.!”!® The atoms of the PHEN systems
are almost coplanar (with a maximum deviation of 0.09 A) for
both the molecules.

The DPA base does not act as ligand in the crystals containing
the molecules of ATP bound to metal ions such as Mg(II), Ca(II),
Mn(II), Co(II), Zn(II), and Cd(II). The DPA molecules were
protonated in the ATP-metal compounds as opposed to the BIPY
and PHEN bases. This can be due to the competition between the
protons and metal ions towards the base which favors H* over
some metal cations for DPA. It must be pointed out that pK,
values are 4.47,%2 4.98,%2 and 7.14> for HBIPY*, HPHEN* and
HDPA*, respectively. However, lattice energies, too, should play
important roles in forming the solid species.

Structural studies of ternary complexes of Cu(Il) ion with nu-
cleotides and DPA show that the metal center is coordinated to
the nitrogen atoms of the base.34-%7

I1.7 Stacking Interaction

Stacking interactions involving the adenine system and eventually
the molecules of the second base play a prominent role in deter-
mining the stability of the crystal lattices of all the ATP-metal
compounds. The dimers of Na,H,ATP-3H,0%*5 are interleaved
to produce stacking interactions between almost parallel adenine
planes (Fig. 11.7.1).2 The mode of stacking shows minor changes
upon dehydration to Na,H,ATP-2H,0.%

The angle between a pair of closest planes is about 179.3(4)°
and 178.3(5)° for Na,H,ATP-3H,0%® and Na,H,ATP-2H,0,3 re-
spectively; the average separation between the planes is 3.4 A.5
The overlap is large and an approximate potential energy calculation®
confirms that it corresponds to a minimum for inosine and guan-
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FIGURE I1.7.1 View of the interleaved bases stacked in the crystaliographic ¢
direction for the disodium salt of ATP (from Ref. 2, with permission).

osine dihydrate. The stacking interactions are supported by H-
bonds involving the stacked bases.

BIPY - - -adenine and BIPY - - - BIPY stacking interactions were
found for the [Zn(H,ATP)(BIPY)],-4H,0’ complex. Aden-
ine- - -adenine interactions are not present. The intramolecular
BIPY - - - adenine interaction involves the five-membered ring of
adenine, while the intermolecular interactions involve mostly the
six-membered ring. The angles between the rings involved in the
intramolecular and intermolecular stacking interactions range from
4 to 13°.

Intramolecular stacking interactions between the adenine system
and the PHEN ligand are found for the [Cu(H,ATP)(PHEN)],-
7H,0'° compound. The overlap involves only the imidazole ring
of the adenine system. The closest contact involves a C(8) and a
carbon atom of the PHEN ligand (3.32 A). Dihedral angles be-
tween aromatic stacked rings are about 6°.

The stacking interactions for the [M(HATP),][M, _ M (H,0)]"
2(HDPA)-nH,0 compounds involve the adenine systems and both
the HDPA* molecules (Fig. 11.7.2). The two paired adenine
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FIGURE I1.7.2 Packing diagram of [Mn(HATP),][Mn(H,0).] - 2(HADP)- 12H,0
(from Ref. 14). ‘

moieties sandwich both the HDPA * molecules, which are stacked
with respect to each other. Both the pyridyl rings are involved in
the HDPA* ---HDPA* as well as in the HDPA™ - - -adenine in-
teractions. The overlap is large and the closest contact is 3.37 A.

11.8 The Role of [M(H,O)]?* Cations in the [M(HATP),]
[Ml _qM;(Hzo)G] * Z(HDPA) ° nHzo Compounds

The [M(H,0)¢}J** cations have a distorted octahedral geometry.
The coordinated water molecules are involved in H-bonds to the
triphosphate chain oxygen atoms. The [M(HATP),}*~ units!3-1¢
are sandwiched between [M(H,O)¢]** cations. The hexa-aqua spe-
cies stabilize in this way the highly charged [M(HATP),]*~ com-
plexes. Large deviations from octahedral symmetry have been found
for the [Mg(H,0)sJ** and [Ca(H,O)¢J** cations.!>16

The structures of the ATP-mixed metal compounds reveal that
alkaline earth metal ions occupy preferentially the [M(H,O)¢)**
sites while the d-block ions link to ATP, when the two metals are
in a molar ratio of 1 in the crystal. As the six water molecules can
be located in a more flexible way around alkaline earth than around
d-block metal cations, the [Mg(H,0)¢J** and [Ca(H,O)¢J?* cat-
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ions are presumably suitable to give the strongest H-bonds to the
triphosphate chain.

The role of a second metal ion interacting with ATP is invoked
for phosphate transfer reactions.> Proposed mechanistic steps for
the polyphosphate hydrolysis are: (1) coordination of the metal
ions to the B and vy groups to reduce the nucleophilicity of the
polyphosphate; (2) coordination of a second metal ion, having cis
coordination positions available, to the y group; (3) hydrolytic
attack by the cis-hydroxide on the polyphosphate chain.

I1.9 Hydrogen Bonds

H-bonds between B-phosphate oxygen atoms and the NH, groups
of the two ATP molecules of Na,H,ATP-3H,0 play an important
role in stabilizing the dimer itself.2>* Moreover, the dimeric units
are held together mostly by H-bonds involving oxygen atoms from
the phosphate chain and the sugar moiety. Interleaving columns
of dimers are linked by H-bonds involving N(1) and y-phosphate
oxygen atoms. Water molecules are close to some of the Na*
cations, completing their coordination spheres. Furthermore, these
water molecules are involved in the hydrogen bonding network.
There are some kinds of channels which contain the free water
molecules. Hydrophilic channels are found in all structures of ATP-
metal compounds. The channels are usually relatively open so that
the H,O molecules can easily move and even effloresce, causing
some alteration in the strength of the bonds between “blocks.”
Some of the water molecules of Na,H,ATP - 3H,0%* interact, via
H-bonds, with the phosphate oxygen atoms and with the hydroxyl
groups of the riboses. They are lost during the transition to
Na,H,ATP-2H,0%; this loss is related to the conformational changes
of the ribose groups.>® A series of other changes in the H-bond
network follows the dehydration phenomenon.

Intermolecular H-bonds in [Zn(H,ATP)(BIPY)],-4H,07 in-
volve the free oxygen atom of the a-phosphate, the N(1) atom of
adenine and the free oxygen atom of the y-phosphate. Dimers
related by the screw axis are linked via H-bonds involving the
ribose and phosphate oxygens.

All the oxygen atoms of the triphosphate chain of
[M(HATP),}[M, - M (H,0)4} - 2(HDPA) - nH,O compounds,'3-16
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which are not involved in the P-O-P bridges, participate in the
hydrogen bonding scheme. The N(1) nitrogen atom is involved in
an intermolecular H-bond with one of the free oxygen atoms from
the y-phosphate. The NH, and N(7) groups are involved in H-
bonds that pair two adenine bases symmetrically related by a two-
fold axis.

The free water molecules are located in the channels around the
phosphate chains and the ribose rings. They stabilize the
[M(HATP),]*~ unit by linking the two phosphate chains via H-
bonds.

III. ADP-METAL COMPOUNDS

The ADP-metal compounds studied by X-ray diffraction are listed
in Table II1.1.

I11.1 Synthesis of ADP-Metal Compounds

Thin needles of KH,ADP -2H,0 were prepared by slow evapo-
ration of a water/ethanol solution (pH 6.3) of the substance at 280
K.* The structure was refined down to R 6.2%. Smaller crystals
were obtained at pH 4 from a water/ethanol solution.®

RbH,ADP - H,0 was crystallized (as poor quality needles) from
a water/ethanol solution of H;ADP and RbBr (1:1 molar ratio).
The pH was fixed at 5.5 by using Tris buffer, and the solution
temperature was maintained at 5°C. The structure was refined to
an R index of 11.9%.4

[Cu (HADP),(BIPY),(H,0),(NO,),]- (NO,), was prepared from
a mixture of copper nitrate, BIPY, NaH,ADP (molar ratio 1:1:1)
and water. The pH was adjusted to 4.0 and the solution heated
up to 80°C. Small crystals formed in a period of 3—4 weeks as
plates. The structure was refined to R 15.5%.1°

II1.2 The Pyrophosphate Group

The backbone P-O bond lengths and the P-O-P bond angles for
ADP-metal compounds are reported in Table 111.2.1. It should be
noted that the P(«)-O(af) bond length is higher than the O(af)—
P(B) distance for the KH,ADP-2H,0,* K,HUDP-3H,0,% and
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TABLE 1111

ADP-metal compounds studied with X-ray diffraction methods*

Space R:%
Compound Preparation Group Ref.

KH,ADP-2H,0 water/ethanol P21212 6.2 39

water/ethanol P21212 9.3° 40
RbH,ADP-H,0 water/ethanol P21212 11.9 41, 42
[Cu {HADP),(BIPY),_ water, pH 4 P21 15.5 10

(Hzo)z(Nos)zl -(NO,),
H,ADP:3H,0 7.8 43
Tris-H,ADP-2H,0 water, Tris buffered/ P21 4.7 44
acetone
H,CDP- H,0 water/acetone/ethanol 2 6.3 45
NaHCDPC-5H,0 water/acetone/ethanol  P212121 9.1 45
K;HUDP:-3H,0 water/ethanol P212121 5.9 46
NDP dimethyl sulfoxide/ P2i/c 6.5 47
ethanol/pyridine

TDP-HCI water/ethanol P2i/c 3.7 48
LiINAD-2H,0 water, pH 4/methanol  P212121 10.0 49

*H,ADP-3H,0, Tris-H,ADP-2H,0 (Tris = (HOCH,),(CH,)N), H,CDP-H,0
(CDP = cytidine 5'-diphosphate), NaHCDPC-5H,0 (CDPC = cytidine 5'-di-
phosphocholine), K,;HUDP:3H,0 (UDP = uridine 5'-diphosphate), NDP (= P',
P>-di-B-naphthyl pyrophosphate dicyclohexylammonium salt), TDP-HCl (TDP =
thiamine pyrophosphate) and LINAD -2H,0 (NAD = nicotinamide adenine di-
nucleotide) are also included for comparison.

"Rw value.

TDP-HCI® compounds, and possibly for the [Cu,(HADP),
(BIPY),(H,0),(NO,),] - (NO5),'® complex (on the other hand, the
terminal P—O backbone linkage is the longest for most of the ATP
derivatives). The P-O-P angle of 131.3(4)° for KH,ADP-2H,0
is normal when compared with other ATP- and ADP-metal com-
pounds.

The pyrophosphate oxygen atoms of KH,ADP-2H,0% exhibit
the usual staggered conformations about the P(a) - - - P(B) axis (Fig.
[11.2.1). The metal ion is coordinated to two oxygen atoms from
the B-phosphate group and to an oxygen atom from the a-phos-
phate group. The K—O bond distances are 3.238(8) and 2.953(8),
and 2.767(8) A for the B-phosphate and a-phosphate groups re-
spectively. The short K-O(a) bonding interaction has to be com-
pared with the long P(a)-O(aB) bond distance. It should be noted
that the structure of K,HUDP - 3H,0 shows a similar feature for
the P—O backbone distance and the metal ions coordinate to the
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TABLE I11.2.1

Backbone pyrophosphate geometrical parameters for the ADP-metal
compounds. Data relevant to other diphosphate compounds are also listed

Compound P(a)-O(aB)/A P(B)-O(aB)/A P-O-PF
KH,ADP-2H,0 1.626(8) 1.609(8) 131.3(4)
RbH,ADP-H,0 1.542) 1.64(2) 135(1)
(Cu HADP), _ 1.69(6) 1.58(6) 132(4)

(BIPY)(H,0), 1.57(4) 1.56(4) 140(4)
(NO,),]- (NOy),
Tris-H,ADP - 2H,0 1.585(6) 1.627(5) 130.5(3)
H,CDP-H,0 1.58(1) 1.62(1) 127.8(5)
NaHCDPC-5H,0 1.60(1) 1.64(1) 131.7(8)
K,HUDP-3H,0 1.617(8) 1.566(7) 129.6(5)
1.597(9) 1.572(9) 133.7(5)
NDP* 1.593(4) 1.611(4) 134.2(2)
TDP-HCI 1.602(2) 1.583(2) 133.6(1)
LiNAD-2H,0? 1.56(1) 1.66(1) 133(1)

*Both phosphate groups are esterified.

FIGURE 1II.2.1 Coordination sphere around the K* cation of KH,ADP-2H,0

(from Ref. 39, with permission).

a- and B-phosphate groups. The K+ ion of KH,ADP-2H,0* cc-
ordinates also to a second nucleotide through the N(3) and O(2')
atoms, and to a third ADP molecule via a O(a) atom,; finally the
coordination sphere is completed by a water molecule. There is
no intramolecular metal bridge between the adenine base and the

phosphate groups.
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The structure of RbH,ADP - H,0* is isostructural with that of
KH,ADP-2H,0.% The two structures differ by a water molecule
that bridges two K+ ions in KH,ADP - 2H,0%’; this water molecule
was not found in the Rb* salt. The pyrophosphate moiety of
RbH,ADP-H,0% shows a relevant difference of 0.1 A (Table
I11.2.1) for the P(a)—O(apB) and P(B)-O(apB) bond distances. The
order of lengthening of the P~O backbone linkages is reversed
when compared with the K* salt. However, the poorer accuracy
of the structure of the Rb derivative makes this result less signif-
icant, even though the influence of metal ion dimension cannot be
excluded. The P-O-P bond angle is 135(1)°.

The poor quality of the data makes impossible a detailed dis-
cussion of the structure of [Cu,(HADP),(BIPY),(H,0),(NO,),]"
(NO,),'° (Fig. 111.2.2). The complex displays two Cu(II) ions, with
bidentate equatorial coordination involving a- and B-phosphate
oxygen atoms of ADP molecules. The coordination geometry of
these Cu(II) centers is square pyramidal. Two of the basal sites
are occupied by BIPY nitrogen atoms. The metal ions shift slightly
towards the axial ligand, which is provided by a B-phosphate oxy-

FIGURE 1I1.2.2 Structure of the [Cu,(HADP),(BIPY),(H,0),(NO;),]** complex
(from Ref. 10, with permission).
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gen atom. The basal Cu-O bond distances average 1.92(4) A,
while the axial ones average 2.29(4) A. The other two Cu(II) ions
show a monodentate coordination by the B-phosphate oxygen at-
oms. However, these Cu(II) centers also have a square pyramidal
geometry completed by two BIPY nitrogen atoms and a nitrate
oxygen atom in the equatorial plane. The axial position is occupied
by a water molecule. All three peripheral oxygen atoms of the B-
phosphate groups are coordinated to three different Cu(II) ions.

The conformation of the pyrophosphate chain is revealed by the
torsion angles. The C(4')-C(5')-O(5')-P() torsion angle in
KH,ADP-2H,0%* and RbH,ADP-H,0* (144.6(5) and 147(3)°,
respectively) shows a large deviation from the trans conformation
and can be described as +ac. The C(5')-0O(5')-P(a)-O(aB) tor-
sion angle for KH,ADP-2H,0% is —63.6(5)°, so the conformation
around O(5’)-P(a) can be described as gauche ~. This feature is
characteristic of the nucleic acids with right-handed helical con-
formation,?? and of most of the ATP molecules. The O(5')-P(«a)-
O-P(B) torsion angle (157.3(5)°) shows some deviation from the
ideal trans conformation; it can be described as +ap.

II1.3 Chelate Ring Conformation and Chirality of Coordination

The Q; parameter?® of the six-membered chelate ring of
KH,ADP-2H,0%* (taking into account only the strongest metal
coordination to the B-phosphate group) is 0.93, and corresponds
to a distorted chair conformation. The chirality of the chelate ring
can be designated as A.2* The Q, parameter for the chelate ring
of RbH,ADP-H,0% is 0.91.

The O, parameters relevant to the chelate rings involving the
two ADP molecules of [Cu,(HADP),(BIPY),(H,0),(NO;),]
(NO,),! are 0.45 and 0.21, while the chirality of coordination is
A and A, respectively.

II1.4 The Ribose Group

Some parameters that define the ribose ring conformation are
listed in Table II1.4.1 (see Fig. 11.4.1). The conformation of the
ribose rings for the KH,ADP - 2H,0* and RbH,ADP - H,0* com-
pounds is C(2')-endo. The O(2') atom is coordinated to the metal
ions in both the K* and Rb* salts of ADP.
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TABLE 111.4.1

Some torsion angles (°) and phase angle of pseudorotation of the ribose (P) for
the ADP-metal compounds. Data relevant to K,HUDP-3H,0 are included
for comparison

Compound X Yoo Conformation P*
KH,ADP-2H,0 32(1) 58(1) C(2')-endo 163
RbH,ADP-H,0 40(3) 57(3) C(2')-endo 163
[Cud(HADP),(BIPY),(H,0),_ 47(5) 68(5)

(NOs),]- (NO,), 3(5) 72(5)
KHUDP-3H,0 45(1) 52(1) C(2')-endo 157
41(1) 54(1) C(2')-endo 165

*See note to Table 11.4.1.

I11.5 The Adenine Group

The bond lengths and bond angles of the adenine system of
KH,ADP-2H,0% are in agreement with the values found for the
ATP-metal compounds. The C(2)-N(1)-C(6) bond angle of 124.6(7)°
is in agreement with protonation of N(1) on the basis of the Singh
rule.®® The C(2)-N(1)-C(6) bond angle of RbH,ADP-H,0* is
121(2)°. The C(6)-N(6) bond distance is 1.293(13) and 1.35(3) A
in the K* and Rb* salt, respectively. The conformation around
the N(9)-C(1') bond can be described as anti for the K* and Rb*
salt (x = 32(1) and 40(3)°, respectively). It is noteworthy that the
N(3) nitrogen atom is coordinated to both K+ and Rb™*, a rather
uncommon feature for adenine nucleotides.

The N(7) nitrogen atom is not coordinated to the metal ion.
However, the N(7) atom is involved in an intermolecular H-bond
to the B-phosphate group. N(1) and NH, also interact intermo-
lecularly with B-phosphate oxygen atoms via H-bonds (Fig. I11.5.1).

The structure of [Cu,(HADP),(BIPY),(H,0),(NOs),] (NO3),!°
reveals that N(1) atoms are presumably protonated, as all the
oxygen atoms of the B-phosphate group are coordinated to Cu(II)
ions. The nitrogen atoms are not involved in any interaction with
the metal ions. The N(6) and N(7) atoms are connected via H-
bonds that pair two bases related by a translation along the a axis.
The conformation of the adenine base around the N(9)-C(1') bond
is anti for both the nucleotide molecules, the x angles being 47°
and 3°, respectively.
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FIGUREIIL.5.1 View of the base - - - phosphate pairing interactions in KH,ADP - 2H,0
(from Ref. 39, with permission).

I11.6 The Stacking Interaction and the Role and Structure of
BIPY Base

For the KH,ADP -2H,0%* and RbH,ADP - H,0* compounds, there
is an absence of base stacking. However, an intermolecular
sugar - - -adenine interaction exists. The O(4') oxygen atom of the
sugar lies under the six-membered ring of the neighboring adenine
(Fig. I11.6.1). Short interatomic contacts exist between O(4') and
N(1), C(6), C(2), C(4) and C(5) atoms. This kind of interaction
is sometimes observed in nucleosides and nucleotides having a
protonated base®®; however, it was not found for other ATP- and
ADP-metal compounds.

The BIPY base plays two important roles in the
[Cu (HADP),(BIPY),(H,0),(NO;),] (NO;),'° complex: (1) it acts
as a chelating ligand for all four metal centers; (2) it is involved
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FIGURE I11.6.1 The diagram shows the overlapping of the adenine system on the
neighboring ribose ring found in KH,ADP - 2H,0 (from Ref. 39, with permission).

A B

FIGURE H1.6.2 Intramolecular stacking interaction between the adenine and BIPY
systems of the [Cu,(HADP),(BIPY),(H,0),(NO,),]** complex (from Ref. 10, with
permission).

in intramolecular stacking interactions with the adenine system
(Fig. 111.6.2). The dihedral angles between the BIPY and adenine
systems of the same complex molecule are about 5° one of the
rings of the BIPY ligand overlaps large regions of both six- and
five-mgmbered rings of adenine. The closest interatomic contact
is 3.2 A.
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IV. CONCLUSION

It is evident that ATP-metal compounds are useful models for
biological systems. The study of these species, through X-ray dif-
fraction, allows a high resolution determination of the atomic po-
sitions which is not obtainable with any other technique in solution,
or even in the solid state for enzyme/M/ATP systems. Inasmuch
as it has been shown that similar coordination patterns were found
for model compounds!1416 and some enzyme/M/ATP complexes
(Ref. 1o and references therein), the structures of M-ATP com-
pounds can reasonably be used to fit the electron density maps
derived from X-ray analysis of enzyme-containing systems as well
as in interpreting the spectroscopic and kinetic data of biological
complexes. Therefore more work on nucleoside triphosphate—metal
compounds must be carried out.

Among other topics, the following ones, in my opinion, should
be taken into account: (a) the synthesis and X-ray characterization
of metal complexes with nucleotide and amino acids or oligopep-
tides; (b) the synthesis and X-ray characterization of metal com-
plexes containing amino acid, nucleoside triphosphate and nu-
cleoside monophosphate; amino acid, nucleoside diphosphate and
orthophosphate; amino acid, nucleoside monophosphate and py-
rophosphate; phosphorylated amino acid and nucleoside diphos-
phate; (c) the synthesis and X-ray characterization of bi-/poly-
metallic complexes with nucleoside triphosphates; (d) the in-depth
investigation of hydration phenomena for the solid state of metal-
nucleotide complexes; and (e) the development of well refined
force-fields suitable for molecular mechanics calculations on metal-
nucleotide complexes.

Data collected from compounds mentioned in (a) will give im-
portant insights into the nature of interactions in the substrate (S)
bridge (E-S—M), metal bridge (E~M-S), and enzyme (E) bridge
(M-E-S or E-M-S) types of coordination scheme (see Ref. 1c
and references therein). Compounds such as those indicated in (b)
should give useful information about the mechanism of the catalytic
phosphotransfer and nucleotidyl transfer reactions as well as on
the stereochemistry of the intermediate of reaction. In fact, the
question whether substitution at phosphorous proceeds via a sin-
gle-displacement or a double-displacement pathway, and whether
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it is an associative or dissociative process!9:1°3! has prompted a
large number of investigations and still has no suitable answers for
many processes. Compounds such as those mentioned in (c) should
shed light on the catalytic role of two metal centers in reactions
involving at least two metal ions per active site (see for example
Ref. 1f). Studies such as those mentioned in (d) should reveal the
dynamic aspects of nucleotide—metal structures and provide a sound
basis for theoretical models of the solution phase.*® Finally, a large
number of X-ray structures of nucleoside triphosphate—metal com-
plexes, together with spectroscopic data from solid and solution
phases, will allow the development of rigorous force-fields for
molecular mechanics calculations (e¢). The combination of this kind
of computation with nuclear magnetic resonance experiments,>? in
turn, will be of increasing importance in gaining insights about the
solution structures being elucidated as a consequence of advances
in instrumentation, computers and computational methods.

Regarding the formation of good quality single crystals, the data
reviewed here indicate that the pH of the mother liquor plays a
prominent role. Owing to the presence of a high number of basic
sites on the nucleotides, the distribution diagrams of the metal
species are strongly dependent on pH. Potentiometric and/or spec-
trophotometric titrations on the chosen systems should therefore
be carried out to produce suitable distribution diagrams as a func-
tion of pH and molar ratio of components.

Furthermore, the presence of metal ions often increases the rate
of hydrolysis of the nucleoside triphosphate and this phenomenon
is dependent on pH. Since crystallization procedures usually re-
quire long times (from some hours to some weeks) and starting
solutions often must be dilute, the pH (and temperature) should
be adjusted so as to decrease decomposition of the nucleotide
molecule. Such precautions and systematic investigation of crys-
tallization procedures may overcome the limitations imposed by
the relatively few relevant ATP structures.
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