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Protonation, and 
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Since X-ray structure determinations of enzyme-substrate complexes are rare and not easily 
obtained, the use of so-called molecular probes has become popular. 1 ,N6-ethenoadenine 
derivatives are often employed as such to substitute for adenine substrates due to their 
excellent fluorescent properties. By using these derivatives as an example, it is shown that a 
seemingly small alteration, namely the insertion of the 1 ,N6-etheno-bridge into the adenine 
moiety, which may appear from an «organic» point of view as very satisfying, can drastically 
alter the metal ion-coordinating properties. As metal ions are essential to biological phos­
phoryl and nucleotidyl transfer, it is important to be aware of these changes; in fact, great 
care should be exercised in employing 1 ,N6-ethenoadenine derivatives as probes for adenine 
substrates in the presence of metal ions: the stabilities and structures of the corresponding 
complexes in solution are often rather different.
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1. The Biological Relevance of Nucleotides
Nucleotides play a central role in the 

metabolism of living cells [1I.They serve as 
substrates for the enzyme-catalyzed trans­
fers of nucleotidyl or phosphoryl groups - 
reactions which depend on the presence of 
divalent metal ions12,31. Nucleotides are 
also involved in the information storage 
via RNA and DNA or in energy-transfer

* Correspondence: Prof. Dr. H. Sigel
Institut für Anorganische Chemie
Universität Basel
Spitalstrasse 51, CH-4056 Basel

**The financial support of the research work of my 
group described in this account by the Swiss National 
Science Foundation is gratefully acknowledged.

processes111. Adenosine 5'-triphosphate 
(ATP) is an especially prominent member 
of this class of key-compounds: one-sixth 
of all known enzymes require ATP or a 
related adenine-containing cofactor141. It 
has been estimated151 that a human being 
uses and resynthesizes his own body weight 
of ATP daily.

These examples nicely illustrate the im­
portance of nucleotides, especially of ATP,

2. Altered Nucleotides as Probes:
The Advent of
1,N6-Ethenoadenine Derivatives

The use of structurally altered nucleo­
tides as probes provides one way to study 
reactions of enzymes which involve nu­
cleotides as substrates. Indeed, all three 
parts of nucleotides have been sys­
tematically modified: e.g., the ribose resi­
due has been replaced by glucose181; in the 
phosphate moiety the bridging oxygen was 
substituted by a sulfur191, an imido110 "1, a 
methylene1"- 12J, or a peroxo bridge1131; and 
the purine base was enlarged as in /in-ben­
zoadenine nucleotides14-141.

and explain the efforts undertaken to 
probe the binding sites of nucleotides, e. g., 
to proteins. Indeed, the binding and 
recognition interactions16-71 between nu- 
cleotides/nucleic acids and amino acids/ 
proteins are an essential relationship be­
tween these two classes of key-compounds.

The latter alteration leads to a so-called 
dimensional probe; such probes are related 
to natural cofactors by a defined dimen­
sional change in the molecule141, and they 
are widely utilized in solution studies. 
Other base modifications led to l,N6-ethe- 
noadenosine (£-adenosine) and 3,N4-ethe- 
nocytidine1’51. e-Adenosine1151 and its nu­
cleotides116-171 were first synthesized in 1972, 
based on the previously described reaction 
of chloroacetaldehyde with 9-methyl- 
adenine1181. In this reaction the N-6 and 
N-l atoms are linked by the l,N6-etheno 
bridge to a five-membered ring1191 (see 
Fig. I)120’.

As c-adenosine and its derivatives ex­
hibit fluorescence properties115”1, a great 
effort has been made to identify the species 
responsible for fluorescence121"251. These at­
tempts are understandable, as the incorpo­
ration of the e-adenosyl residue into bio­
logical macromolecules provides a power­
ful tool to gain structural information125-261:
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R = -ribosyl 
1,N6-ethenoadenosine adenosine 

or i-adenosine • £~Ado " AdO

R • - ribosyl 5 - monophosphate
£-AMP2" AMP2"

R=-ribosyl 5'-diphosphate
£-ADP3’ ADP3"

3. Aim of the Present Account
Being a coordination chemist, and con­

sidering that all ATP dependent enzyme 
systems are also metal ion dependent[H1 
and knowing that metal ions alter the 
structure of nucleotides in solution133-351, 
one wonders about the influence of the 
1,1 O-phenanthroline-like binding site in 
the l,N6-ethenoadenine derivatives on the 
complex-forming properties of these deriv­
atives in comparison with their parent li­
gands (cf. Fig. 1). In other words, ques­
tions are arising like: are e-AMP or e-ATP 
indeed useful probes for AMP or ATP in 
the presence of metal ions? Based on our 
recent studies with e-adenosine1361 and 
some of its nucleotides137 411 an effort is now 
made to evaluate this problem and to 
answer, at least partly, such questions.

*) That seemingly small alterations in a molecule may 
influence self-stacking drastically, becomes evident, 
e. g., from the replacement of the amino group at C-6 in 
adenosine by a hydroxy group and isomerization of the 
enol to the more stable keto isomer to give inosine; this 
change reduces the association constant, X = 15 M-1, 
by about one-fifth, to K = 3.3 m ‘I341. However, the 
two-ring molecule inosine and the one-ring molecule 
uridine, which differ structurally mainly by the removal 
of the imidazole ring from inosine, differ in their self­
association only by a factor of about one-third1341, i.e. 
K = 3.3 m-1 vs. 1.2 m“1. The strictly coplanar three-ring 
system 1,10-phenanthroline (K = 31.1 m“1)1601 and the 
two-ring system 2,2'-bipyridyl (K = 7.4 m-1)!601 differ 
by a factor of about one-fourth, but a-adenosine 
(K = 9.4 M“1) which has about the same size as 1,10- 
phenanthroline, is in its self-association property more 
similar to 2,2'-bipyridyl.

The given examples indicate that factors other than 
the size of the aromatic system also influence the self­
stacking tendency. These factors are probably mainly 
steric effects introduced by substituents, thus altering 
the orientation of the stacks, and the addition (or 
removal) of heteroatoms or polar groups that will in­
fluence the bonding or charge transfer in the stack16'1. 
It should be pointed out that the formation of such 
stacks is connected with a negative enthalpy (Aff°) 
contribution to AG0145,621.

R=-ribosyl 5’-triphosphate 
0 0 0

"-ribosyl S-O-P-O-P-O-P^-O® 

0© 0© 0©

£-ATP4~ ATP4'

Fig. 1. Structuralformulae of the l,N6-ethe- 
noadenine ( = e-adenine) derivatives and of 
their adenine-parent compounds considered 
in this accountIM1. To facilitate comparisons 
between the s-adenine and the adenine resi­
dues the conventional atom numbering for 
adenines is adapted, a procedure which is 
common|191.

£-adenosine derivatives have been used, 
e.g., to probe the active sites of adenine 
nucleotide dependent enzyme systems1271, 
and the l,N”-etheno analogues of flavin 
adenine dinucleotides1281 and adenosyl­
cobalamin, i.e., the e analogue of coen­
zyme B12[29], were also synthesized and 
studied. e-ATP1201, as a probe for ATP, is 
particularly widely utilized126,301; the rea­
sons are (i) the mentioned excellent fluo­
rescent properties 125,261311 and (ii) the possi­
bility to evaluate1321 the importance of the 
N-l and 6-NH2 positions of the purine resi­
due for the specificity of binding to partic­
ular enzymes, due to the selective altera­
tion of these positions by the etheno bridge 
(Fig. 1).

One of the first points which have to be 
clarified before any metal-binding proper­
ties can be discussed is the characterization 
of the tendency for self-association of the 
£-adenine derivatives. This is a property 
well-known for adenine derivatives134,421, 
and it is also a property whose possible 
biological importance should not be un­
derestimated: e.g., the concentration of 
ATP in the chromaffin granules of the 
adrenal medulla is about 0.1 m[431 and un­
der these conditions, especially as also 
metal ions are present1431, considerable 
amounts of ATP have to exist in the form 
of dimers and oligomers[34].

4. Comparison of the Extent of 
Self-Stacking for Adenine and 
1,N6-Ethenoadenine Derivatives

4.1. Self-Association of c-Adenosine and of 
Its Parent Nucleoside

It is now well-known that self-associ­
ation of adenosine and other purine deriv­
atives occurs via stacking134,35,441. As the en­
tire e-adenine moiety is nearly planar with 
a maximum deviation of about 0.03 A (=3 
pm) among the ring atoms1”1, self-stacking 
has also to be expected for £-adenosine in 
aqueous solution. Indeed, the 'H-NMR 
spectrum changes considerably when the 
concentration is increased from 5 to 81 him 
(Fig. 1 in ref.[361). Furthermore, the upfield 
shifts observed1361 for H-2, H-8, H-10, H- 
11, and H-l' are much larger than would 
be expected for the shift due to a single 
adjacent molecule; i.e., these observations 
agree with those made at other purine de­
rivatives and they preclude the assumption 
of only dimer formation134,421. The conclu­
sion that polymers are formed agrees also 
with vapor-pressure osmometric data1451 of 
£-adenosine.

In fact, it is now generally agreed134,42,461 
that self-association of purine deriva- 
tives134,35,42,44-481 proceeds beyond the dimer 
stage, the distance between stacked mole­
cules being in the order of 3.5 A ( = 0.35 
nm)1”49-511, and the experimental re­
sults134-38,421 are best interpreted by the iso- 
desmic model for indefinite non-coopera­
tive self-stacking1471. This model is based on 
the assumption that, e.g., for an adenine 
derivative (A), the equilibria (1) are all 
characterized by the same equilibrium 
constant (2):

(A)n + A-(A)n+1 (1)

^ = [(A)n+1]/[(A)J[A] (2)

Adaption of this model to 'H-NMR shift 
measurements was described in de­
tail134,42,521; it results in a relationship be­
tween the observed chemical shift (Jobs) and 
the total concentration [A], Application to 
the experimental data gives a value for the 
association constant K as defined in Equa­
tion (2), and also values for the shift, b„, at 
infinite dilution (monomeric A) and for dx,

the shift of a molecule in an infinitely long 
stack.

The self-association constant as deter­
mined by 'H-NMR shift experiments for 
adenosine, K = 15 ± 3 m-'142,531, is appa­
rently somewhat larger than that of £-ade­
nosine, K = 9.4 ± 1.2 M“'136,541; both values 
were determined under exactly the same 
conditions. The relatively large error limits 
are a consequence of the restricted solubil­
ity of these two nucleosides. It appears, 
that one has to conclude, that the self­
stacking tendency of e-adenosine, despite 
its larger planar system (Fig. 1), is rather 
somewhat smaller than that of adenosine 
(certainly it is not larger). This agrees with 
a conclusion1551 regarding the intramolecu­
lar association of the dinucleoside mono­
phosphates 1 ,N6-ethenoadenylyl-(3' -> 5')- 
l,N6-ethenoadenosine (eApeA) and ade- 
nylyl-(3'->5')-adenosine (ApA), that 
stacking in ApA is more pronounced than 
in eApt-A (pH 7.0)1561 *).

As expected, protonation of the base 
moieties of e-adenosine and of adenosine 
leads to repulsion, and hence to a reduced 
stacking tendency: for H(fi-Ado)® and 
H(Ado)® K < 0.4 m11361 and K = 0.9 m 1|531, 
respectively. Like for the unprotonated 
base moieties, self-association appears 
again to be somewhat more pronounced 
for the adenine residue. That the presence 
of a positive charge at the base moiety 
leads to repulsion in the stacks is also evi­
dent from Zn(£-adenosine)2®: the estima­
tion1361 of the upper limit of the self-associ- 
ation constant gave X ^ 1.2 m-1 ; a value to 
be compared with K = 9.4 m 1 for free £- 
adenosine. These results are in line with 
related data152,631; e.g., for the 1,10-phenan- 
throline system it holds: Phen, A = 31.1 
m-11601 > H(Phen)®, A =12.0 M11“1 > 
Zn(Phen)2®, A = 1.1 m“I|S2!.

In the solid state, forces other than 
stacking forces have a considerable influ­
ence, therefore no (simple) relation exists 
between results obtained in solution and
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those in the solid state. For example, there 
is no base stacking in solid N6-(2-chloro- 
ethyl)-substituted l,N6-ethylene(9-methyl)- 
adenine iodide1641, whereas there are in­
finite stacks in the related salt 10-ethyl-e- 
adenosine hydrochloride1191. There is also 
no stacking in crystalline 1,10-phenan- 
throline hydrate1651, despite the pro­
nounced stacking tendency of phenan­
throline in aqueous solution152 “1.

4.2. Self-Stacking in Adenine- and 
s-Adenine-Nucleotide Systems

It is to be expected that the presence of 
the negatively charged phosphate groups 
in nucleotides influences the self-associ­
ation tendency of the base residues, though 
it cannot be assumed (in contrast to earlier 
reasonings) that repulsion between the 
negative charges diminishes self-stacking 
completely. Indeed, the ‘H-NMR spectra 
of e-AMP20 and e-ATP4e change consid­
erably as the concentration is increased 
from about 5 mM to 400 mM. The upfield 
shifts for the protons of the l,N6-etheno- 
adenine moiety and of H-T of the ribose 
residue are shown for e-AMP20 and e- 
ATP4e in Fig. 2.

Application of the isodesmic model for 
indefinite non-cooperative self-association 
(Equations (1) and (2)) to the experimental 
data results in the curves shown in Fig. 2. 
Computer-calculated least-squares fits for 
the variation of the upfield shifts for each 
of the protons with increasing concentra­
tion gave the same stability constant for 
each of the protons within experimental 
error for a given nucleotide. The associ­
ation constants for self-stacking deter­
mined in this way and as defined by Equa­
tion (2) are summarized for several purine 
derivatives in Table 1.

Comparison of these equilibrium con­
stants shows a decreasing tendency for 
self-stacking within the two series e-ade­
nosine > e-AMP20 > e-ATP40 and ade­
nosine > AMP2e > ATP4e (Table 1). 
This order is expected due to the repulsion 
between the negatively charged phosphate 
group within the stacks. The data for 
AMP20, ADP30, and ATP40 enable us to 
conclude that the value for K of e-ADP30 is 
within the limits given by the constants of 
e-AMP20 and e-ATP40, i.e. between 1.9 
and 2.5 m1. The stacking tendency of s- 
AMP2e and e-ATP4e is similar to that of 
their parent nucleotides, though it is 
slightly more pronounced; this contrasts 
with the somewhat lower self-association 
tendency of e-adenosine compared with 
that of adenosine. However, as indicated in 
Section 4.1, seemingly small alterations in 
a molecule may significantly influence the 
extent of self-stacking.

The size of the upfield shifts, 
△ <5 = ^ - <5 , (see Section 4.1), especially 
for H-2, H-10, and H-l 1 of e-adenosine1361, 
e-AMP2e[!71, and e-ATP401”1 confirms that 
stacking proceeds beyond the dimer stage; 
these upfield shifts are much higher than 
expected for a simple dimer. The same ap-

Fig. 2. Variation of the chemical shift for H-2, H-8; H-10, H-ll, and H-l' of the e-adenosine 
moiety with varying concentrations of e-AMP2e (pD 8.9) [37], e-ATP4e (pD 8.4) [38f or 
Mg(e-ATP)2& (pD 7.3) [38!. The 'H-NMR signals were assigned13'’^ according to a deute­
rium labeling study carried out with e-adenosine1'7) The spectra were measured l37-3S] on a 
Bruker FT 90 at 90.025 MHz (D2O; 27°C; 1=0.1 to « 1.2 for e-AMP and 0.1 to « 2 for 
the s-A TP systems, NaNOJ, relative to internal (CH3)4N® and converted to values relative 
to sodium 3-(trimethylsilyl)propanesulfonate by adding 3.188 ppm. The curves shown are 
the computer-calculated best fit of the experimental data (calculated with the K values of 
Table 1), using the indefinite non-cooperative stacking model134-421 (Equations (1) and (2)).

Table 1. Comparison of the equilibrium constants K (Equation (2)) for self-stacking (equilibrium (1)) of several 
l,N6-ethenoadenine derivatives with the corresponding parent adenines and of some of their metal ion complexes 
as determined by 'H-NMR shift measurements in D2O (27 °Cfal.

System1201 pD[bl I K (m *) for
e-adenine derivatives adenine derivatives

Ns 7.0 0.1 9.4 ± 1.21361 15 ± 3142-531
H(Ns)® 3.1 [36],2.4[53] 0.1 st 0.41361 0.9 ±0.2™
Zn(Ns)2® 6.1 1.5 s; 1.21361
NMP20 8.9 0.1-« 1.2 2.5 ±0.31371 2.1 ±0.41341
NDP3® 8.9 0.1-® 1.7 1.8 ±0.5™
NTP4® 8.4 0.1-«2 1.9 ±0.2[381 1.3 ± 0.21341
Mg(NTP)20 7.3[381, 7.41341 0.1-«2 7.6 ±0.51381 4.0 ±0.51341
Zn(NTP)2® 7.2 0.1-®2 % 4.4 ± 2.4^8^c’^ » 11.1 ± 4.5[34][c]

ss 3.3 ± 1.21381 lc-el «9.6±0.8[34I[c-tl

[a] The ionic strength was adjusted to 0.1 m by adding NaNO3 if necessary. The given range of error is twice the 
standard error.

[b] pD of the solutions used for the measurements.
[c] Regarding the validity of these values see text in Section 4.4134,38k
[d] Weighted mean of the individual values of K obtained from the chemical shifts of H-2, H-8, H-10, H-ll, and 

H-l'; see text in Section 4.41381.
[e] Weighted mean of the individual values of K obtained from the chemical shifts of only H-2, H-10, and H- T; see 

text in Section 4.4™.
[1] See footnote 71 in ref.1341 (weighted mean of the individual values of K obtained from the chemical shifts of H-2 

and H-l' under omission of a single experimental value, i.e. the one measured of [Zn2®/ATP4®] = 0.0061 m).

plies for the corresponding parent com­
pounds1341. The similarity of the A<5 values 
for a given proton of the £-adenine deriva­
tives suggests in addition, that the orien­
tation of the stacks is also similar for all 
three substances.

A further interesting observation based 
on the chemical shifts is that the <50 values 
for H-8 and H-l' differ somewhat for e­
adenosine and its nucleotides (see Table SI 
in ref.1381), whereas the <50 values for H-2, 
H-10, and H-ll are identical within experi­
mental error. This indicates that, like the 
adenosine nucleotides1331, the e-adenosine 
derivatives adopt in solution the anti con­
formation1“1 with respect to the glycosyl 
bond (N-9/C-1'), and therefore the negati­
vely charged phosphate groups are close to 
H-8 (and H-l'), but not to H-2, H-10, and

H-ll (cf. Fig. 1). The corresponding obser­
vation has also been made for the <50 values 
of H-8 and H-l' on the one hand and of 
H-2 on the other for adenosine and its nu­
cleotides (see Table III in ref.1341), confirm­
ing thus the anti conformation of these 
substances. These conclusions on the 
structure of these nucleotides in solution 
are important with regard to the possible 
coordination of a metal ion to both, the 
phosphate residue and the base moiety (see 
Sections 6.3 and 6.4).

4.3. The Promoted Self-Association of 
Mg(e-ATP)2e andMg(ATP)2e

A comparison of the experimental data 
shown in Fig. 2 for Mg(e-ATP)20 and e- 
ATP4® reveals immediately, i.e., without
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any calculations, that self-stacking of the 
complex is more pronounced than of the 
free nucleotide. The experimental data can 
again be well explained by the isodesmic 
model for indefinite non-cooperative self­
association and the resulting association 
constant (Table 1) confirms the promotion 
of self-stacking by Mg2®: K is increased by 
a factor of about 4 (7.6 m"1 vs. 1.9 m"1), a 
result which corresponds approximately to 
the situation with ATP4® and Mg(ATP)2e, 
where K increases by a factor of about 3.

This promotion of self-stacking, which 
again proceeds beyond the dimer 
stage134 381, can be attributed to a partial 
neutralization of the negative charge at the 
phosphate moiety by formation of a 
Mg(NTP)2® complex1201. Indeed, the asso­
ciation constants for Mg(e-ATP)2® and 
Mg(ATP)2® are between those for their nu­
cleotides and nucleosides (Table 1). How­
ever, the values of the twofold negatively 
charged Mg(fi-ATP)2® (A = 7.6 m-1) and 
Mg(ATP)2® (A = 4.0 m"1) complexes con­
siderably exceed those of the also twofold 
negative e-AMP2® (K = 2.5 M"1) and 
AMP2® (A = 2.1 m"1) species. Hence, it is 
evident that Mg2® affects the stability of 
the NTP-stacks beyond a pure charge neu­
tralization, and this is then an indication 
for an intermolecular bridging of the 
stacks by Mg2®. As the values of 3m134,381 
give no indication for a selective Mg2®/ 
base interaction in the stacks, this suggests 
a bridging by Mg2® via the phosphate 
chains - an assumption that appears rea­
sonable from the viewpoint of coordi­
nation chemistry.

At first sight the difference in self-associ­
ation between e-ATP4® and ATP4® in the 
presence of Mg2® may appear as marginal; 
but this conclusion is not really accurate, 
especially not for experiments dealing with 
kinetics, as here a species occurring only in 
a relatively low concentration may be the 
one responsible for the reactivity of a sys­
tem. Thus, if one requests that 99% of 
Mg(NTP)2® are present in the monomeric 
form one may work with a 1 mM solution

Fig. 3. Variation of the proportions of NTP presen t in the monomer ( 1), dimer (2), trimer 
(3), ..., and octamer (8) in D.O solutions as a function of the total concentration of 
e-ATP4G (K= 1.9 M"7/ [38], Mg(e-ATP)2e (K= 7.6 M"'/ 1381, and Mg(ATP)2e (K=4.0 
M"'J 1341 at 27°C and 1= 0.1 to x 2 (NaNOf. The above figure is a combination offigure 2 
from ref.1381 and the middle part of figure 7 from ref.[341.

of Mg2®/ATP, but only with a 0.6 mM solu­
tion of Mg2®/e-ATP. To mediate further a 
realistic feeling of how the proportions of 
the various oligomers vary with changing 
concentration, the calculations summa­
rized in Fig. 3 were carried out134,381: it is 
evident that the percentage of Mg(NTP)2® 
present in the monomeric form decreases 
rapidly with the increasing total concentra­
tion of Mg(e-ATP)2® or Mg(ATP)2®. 
However, it is also evident that the situa­
tion in the Mg(NTP)2® systems differs con­
siderably: e.g., in 5 10"2 m solutions of 
Mg(ATP)2e about 73% are present as the 
monomer, 21% as the dimer, 5% as the 
trimer, and 1 % as the tetramer; the corre­
sponding numbers for Mg(e-ATP)2® are 
60%, 27%, 9%, and 3% plus an addi­
tional 1 % in form of higher oligomers.

To conclude: it appears that Mg(e- 
ATP)2® may be employed as a probe for 
Mg(ATP)2®, provided the situation as de­
scribed in the preceding paragraph is kept 
in mind. It seems that the mode of coordi­
nation in Mg(ATP)2e and Mg(fi-ATP)2e is 
about the same (see also Sections 6.3 and 
6.4) and that the differences are mainly a 
matter of concentration of the occurring 
stacks. The somewhat larger self-stacking 
tendency of Mg(£-ATP)2®, compared with 
that of Mg(ATP)2®, is probably due to the 
steric restrictions imposed by the Mg2®- 
phosphate bridges; the larger three-ring 
£-adenine residue is probably more adapt­
able to the resulting restricted orientation 
of the base moieties than the smaller two- 
ring adenine unit.

4.4. Evidence for a Base-Phosphate- 
Bridging via Zn2® in Dimeric Units 
Occurring in the Self-Stacks of 
Zn(S-ATP)2e andZn(ATP)2e

By ‘H-NMR shift measurements the 
self-association of Zn(ATP)2® and Zn(£- 
ATP)2® is easily demonstrated, but the cal­
culations show134,381 that the simple isodes- 
mic model for an indefinite non-cooper­
ative self-association (Equations (1) and

(2)) is inadequate to explain the experi­
mental data: the data-fit for the shifts of 
H-8 (and H-l 1) is poor, and the calculated 
association constants according to Equa­
tion (2) differ for the individual protons. 
Hence, the values given in Table 1 for the 
Zn(NTP)2® systems are for principal rea­
sons only approximately quantifying the 
extent of stacking; the second value given 
for Zn(£-ATP)2e in Table 1 characterizes 
the situation probably somewhat better1381 
as in the calculation of the weighted mean 
the results for the protons neighboring N-6 
and N-7 (i.e., the metal ion binding sites; 
see below) were not considered.

Taking into account the well-known af­
finity of Zn2® towards nitrogen donor 
sites, and the fact that the fit with the sim­
ple model was especially poor for the shifts 
of H-8 (and H-l 1), i. e. the proton(s) which 
neighbor(s) N-7 (and N-6) (see Fig. 1), the 
following model was developed134,35,381. It is 
assumed that an intermolecular bridge by 
a metal ion coordinated to the phosphate 
residue of one nucleotide and to the base 
moiety of the neighbor favors especially 
the formation of dimers:

2 M(NTP)2® ^ M2(NTP)4® (3)

K^ = [M2(NTP)4®]/[M(NTP)2®]2 (4)

The inter molecularly bridged dimers of 
equilibrium (3) may stack with each other, 
as well as with monomeric M(NTP)2®; the 
association constants for such non-bridged 
stacks are again expected to be equal. This 
is expressed in a general form by equili­
brium (5) and Equation (6):

M2(NTP)4® + MJNTP)2”® -

M2 + n(NTP)<Vn2”’®

K [M2.n(NTPy4+V">®]
st [M2(NTP)4e] [M,(NTP)2"e] ( }

Due to the increased number of variable 
parameters (A^, Ast, 30, 3^, and 3„) it 
proved impossible to perform a least­
squares fit of the experimental data using 
all parameters. Nevertheless, this model is 
able to explain at least qualitatively the 
shift of all protons134,381. It should be 
pointed out that the self-association in the 
Zn(ATP)2e and Zn(e-ATP)2® systems may 
be more complicated than described by 
this model through the equilibria (3) and 
(5), but it cannot be simpler; the experi­
mental data can of course also be ex­
plained with more variables, but not with 
less.

Several least-squares calculations with 
the experimental data indicated for Zn(e- 
ATP)2® an equilibrium constant, Ast, be­
tween 5 and 10 m"1 and a dimerization 
constant, K^, within the range 10 to 30 
M"1 [38!. For Zn( ATP)2® the situation is simi­
lar1341: Ast is about 4 to 5 m"1 and K'a must 
be within the range 10 to 50 m”1. Again:
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with these constants a fit of the measured 
chemical shifts is possible[34,381.

The above assumption on the participa­
tion of a Zn2®/base interaction in the stack­
ing process of Zn(e-ATP)20 is confirmed 
by the chemical shifts. It is well-known 
that coordination of a diamagnetic metal 
ion to a binding site deshields neighboring 
protons and therefore the resonance sig­
nals for such protons shift down field. Al­
though there is no simple relation for aro­
matic systems between the distance of the 
site of metalation and the size of the down­
field shifts for the observed protons1671 the 
effect is clear. Hence, if Zn2® coordinates in 
the dimeric stacks of Zn(s-ATP)2e to the 
N-6/N-7 site forming an in ter molecul ar 
metal ion bridge, this should affect the 
values of 3X. Indeed, the differences 
△<5«, = ^<»/Zn(8-ATP) — ^oo/Mg(s-ATP) ® doWn- 
field (by about 0.35 ppm); it should be 
pointed out, that the values of ^ for 
Mg(c-ATP)2e are close to the 3m values of 
e-adenosine (and s-ATP46)1”1. The Zn2®/ 
N-7 interaction in the stacks of the 
Zn(ATP)2® system is correspondingly con­
firmed by considering the shifts of H-8[34].

There is one further aspect to be men­
tioned; coordination of a metal ion to the 
N-6/N-7 site in e-ATP does not necessarily 
favor stacking: e-adenosine self-stacks 
very well, while the coordination of Zn2® 
to the l,N6-ethenoadenine moiety strongly 
suppresses this property (Table 1) due to 
the repulsion occurring in stacks com­
posed of Zn(e-Ado)2® (Section 4.1). In­
deed, Mg(e-ATP)20 without a Mg2®/base 
interaction self-stacks better than Zn(e- 
ATP)2e (Table l)|6!al. This decrease in the 
stacking tendency of Zn(e-ATP)2® con­
trasts with the situation for Mg(ATP)2e 
and Zn(ATP)20; the latter complex self­
stacks considerably better than the other 
two. These observations are clearly the re­
sult of the relatively large affinity of the 
l,N6-ethenoadenine moiety towards Zn2® 
(1g K^.kio} = 1.5; Sections 6.1 and 6.2)[36]: 
this high affinity causes coordination of 
Zn2® in a Zn2®/e -ATP4® system not only to 
the phosphate chains but also to most of 
the base moieties (see also Sections 6.3 and 
6.4). For comparison, the adenine moiety 
is by a factor of about 1/60 less effective 
and interacts only weakly with Zn2® 
(lg (̂Ado) = -0.3)1341

From a general point of view it is easy to 
see that (i) in a dimeric M2(NTP)4e stack 
bridging of the two nucleotides by one 
metal ion via phosphate coordination to 
one nucleotide and base coordination to 
the other will favor the stack, while (ii) 
bridging by both metal ions will somewhat 
disfavor it due to charge repulsion favor­
ing thus the formation of monomers with 
an intramolecular bridge (Sections 6.3 and 
6.4). Furthermore, if stacking proceeds 
beyond the dimer stage, in the first case 
only about each second purine system will 
carry a positive charge due to the metal ion 
interaction and this will hardly interfer 
with the formation of a polymer, while in 
the second case nearly each purine residue

will carry such a positive charge giving rise 
to repulsion. To conclude, it seems that 
Zn(ATP)2® is an example for category (i) 
with K x 10 M“1 (Table 1), while Zn(s- 
ATP)2e is one for category (ii) with 
A" % 3.3 m 1 [38). It is apparent that these dif­
ferences should be considered if Zn(e- 
ATP)2e is employed as a probe for 
Zn(ATP)2®, especially if higher concentra­
tions of the complexes (> 10 3 m) are used!

4.5. Conclusions Regarding the 
Self-Association of e-Ade nine Derivatives 
in the Presence of Metal Ions

Adenosine and e-adenosine differ some­
what in their self-stacking tendency (Table 
1; Section 4.1), but it appears possible to 
use e-adenosine as a probe for adenosine, 
as long as no steric restrictions due to its 
larger size occur (Fig. 1). However, this 
«favorable» conclusion is not correct any­
more for studies in the presence of metal 
ions with a pronounced affinity towards 
nitrogen donor sites, like Zn2®; these metal 
ions coordinate to the 1,10-phenan- 
throline-like binding site of e-adenosine 
(Section 6.2) and reduce thus, due to 
charge repulsion, the self-stacking ten­
dency considerably (Table 1). In this re­
spect a corresponding concentration of 
metal ions will have practically no effect on 
adenosine, because the metal ion affinity of 
its base residue is much lower (Sections 6.1 
and 6.2).

The tendency for self-stacking is rela­
tively similar for the e- and the corre­
sponding parent nucleotides (Table 1). 
However, in the presence of metal ions the 
situation may again change drastically: 
Zn2® promotes the self-association of 
ATP40 much more strongly than Mg2®, but 
its promotion on e-ATP40 is even less than 
that of Mg2® (Table 1). Mg2® affects the 
stability of the stacks beyond a pure charge 
neutralization and the additional promo­
tion (most probably) occurs via phos­
phate-bridging (Section 4.3). Evidently, 
another metal ion which may act in the 
same way is Ca2®; in general all metal ions 
which have a small affinity for hetero­
aromatic nitrogen bases but a pronounced 
one for negatively charged oxygen groups 
will act in this way and must therefore be 
expected to facilitate the self-association of 
e-ATP40 more than that of ATP4®. Metal 
ions, like Zn2® (or Cd2®), which have a 
significant affinity for heteroaromatic ni­
trogen bases (Section 6.4) can also 
promote stacking beyond a simple charge 
neutralization, but here the effects on self­
stacking cannot easily be generalized (see 
Section 4.4); in this case the additional 
promotion involves (beside phosphate 
binding) also an intermolecular coordi­
nation to the base moieties, which espe­
cially favors dimers (Section 4.4).

A feeling of how the proportions of the 
various oligomers vary with changing con­
centration is provided by the results shown 
in Fig. 3 for the two representative exam­
ples, MgR-ATP)30 and Mg(ATP)2®. In ad-
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dition, one may note that a solution con­
taining 97 % of the monomeric form may 
be as much as 8 mM in e-ATP4® but only 
2 mM in Mg(e-ATP)20; for ATP40 and 
ADP30 the corresponding concentrations 
are 12 mM and 9 mM, respectively|68bl.

In conclusion, based on the results sum­
marized in Sections 4.1 to 4.4, it is not to be 
expected that in any of the metal ion con­
taining e-ATP40 systems self-association 
would increase beyond that of e-ade­
nosine, which exists in a KF3 m solution to 
about 98% in the monomeric form[36]. 
Hence, it is recommended that any studies 
aiming for properties of monomeric M2®/ 
e-ATP (or ATP) systems are carried out in 
solutions with [e-ATP] < 1 mM, or better 
(to be quite on the safe side) with [e-ATP] 
< 0.5 mM.

5. Acidity Constants of
Adenine and e-Adenine Derivatives, 
and Sites of Protonation

The nucleotides presently considered are 
composed of a base moiety and a phos­
phate residue which are linked together by 
a ribose group. This «inserted» sugar link­
age leads to a relatively large distance be­
tween the base and the phosphate residues 
and therefore the corresponding acidity 
constants of the protonated groups are re­
flected in those of the independent mole­
cules. For example, the acidity constant of 
protonated adenosine (pK^Ado) = 3.61)1®1 is 
similar to the first deprotonation constant 
of H2(AMP)®0 (p^ = pA'«(AMP) = 
3.84)[691, while the second one for 
H(AMP)® lpK12 = P^AMP1^ is 
reflected in the deprotonation of H(D-ri- 
bose 5'-monophosphate)e (p^RibP) = 
6.26)t69]. The equilibria considered here for 
protonated nucleosides, H(Ns)®, and two­
fold protonated nucleotides1201, H,(NP)®e 
or H2NP20, are given by Equations (7), (9), 
and (11) and the corresponding acidity 
constants are defined by Equations (8), 
(10), and (12):

H(Ns)® ^ H® + Ns (7) 

^(N1) = [H®] [Ns]/[H(Ns)®] (8) 

H2(NP)®9'7® ^ H® + H(NP)e/3e (9) 

Ah2(NP) = [H®] [H(NP)]/[H2(NP)] (10) 

H(NP)®/30 ^ H® + NP20'40 (11) 

Cpr[H*]|NP|/[H(NP)] (12)

One would expect that the protonation/ 
deprotonation reaction alters the chemical 
shifts for the protons of e-adenosine. This 
is indeed the case and 'H-NMR shift ex­
periments yielded for D2O as solvent 
pCa.0) = 4.64 (Z = 0.1, NaNO3; 27’C)M. 
From this value the corresponding con­
stant for H(e-Ado)® in H2O may be esti­
mated using a published transformation 
procedure1701; the result p^h(i.Mo1= 4.13 is 
in fair agreement with the constant ob-
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Fig. 4. Dependence of the UV spectrum of s-adenosine on pH in aqueous solution at 1= 0.1 
(NaClOJ and25°C (measured in 1 cm cells with [s-Ado J = 1.8 * 10 4m): (A) change of 
the UV spectrum resulting from the increase of pH from 2.70 to 6.16 (via 3.05. 3.54, 3.86, 
4.20, 4.50, 4.89, and 5.46), the direction of the spectral change is indicated by arrows; (B) 
evaluation of the spectra shown in (A) by plotting the extinction coefficient £ (M~'cnr') 
versus pH. The solid curves represent the computer-calculated best fits of the experimental 
data with pKf,^,,, = 4.05. Reproduced from ref.[M|.

To summarize, protonation occurs at 
pH about 4 at N-6 in the e-adenine residue 
of £-adenosine and its nucleotides (Fig. 5). 
In adenosine and its nucleotides the site of 
protonation at the base moiety (see Fig. 1) 
is N-l i33-69-75!. Protonation at the phosphate 
group occurs in nucleoside 5'-monophos- 
phates133,69,751 at pH about 6.2, and in nu­
cleoside S'-triphosphates133,6"1 at the ter­
minal y-phosphate group at pH about 6.5.

From the constants listed in Table 2 fol­
lows that introduction of the l,N6-etheno 
bridge into adenosine and its nucleotides 
results in an increased basicity of about 0.4 
log unit for the base moieties. The decreas­
ing acidity within the series H(fi-Ado)® > 
H,(e-AMP)®e > H2(£-ATP)2e is expected 
due to the variation of the charge of these 
species, and paralleled by the correspond­
ing series H(Ado)® > H2(AMP)®e > 
H,(ATP)2e. The data given in Table 2 indi­
cate in addition that the basicity of the 
phosphate groups of the nucleotides is not 
remarkably affected by the modification of 
the base moieties. Hence, under this aspect 
for H(AMP)Q, H(ADP)2e, and H(ATP)30 
the corresponding £-adenine nucleotides 
are usable probes in the neutral pH region.

tained in aqueous solution from the spec­
trophotometric titration shown in Fig. 4: 
pAT^, = 4.05 ± 0.01 (7 = 0.1, NaClO4; 
25° C)M. This latter value is identical with 
the one determined by potentiometric pH 
titrations; it is listed in Table 2 together 
with those of other £-adenine and adenine 
derivatives. It may be emphasized that all 
acidity constants given in Table 2 were de- 
termined,3y 7'39,60,69,7 H41 under conditions 
where self-association is negligible. In ad­
dition, the UV absorbance spectrum of £- 
ATP also shows a pronounced dependence 
on pH in the range from 2 to 7, the spectra 
being very similar to those shown in Fig. 4

Table 2. Comparison of the negative logarithms of the 
acidity constants of several protonated l,N6-etheno- 
adenine derivatives with the corresponding values of 
their parent compounds. All constants were deter­
mined by potentiometric pH titrations of aqueous solu­
tions (I = 0.1, NaNO3; 25"C)[a].

Constants ;:-adenine adenine
(Equations 
(8), (10), (12))

derivatives derivativeslbl

PAhiNsi 4.05 ±0.011361 3.61 ± 0.031691
P^HjlNMP) 4.23 ± 0.021371 3.84± 0.021691

PAh(NMP) 6.23 ±0.011371 6.22 ±0.011691 
(6.14171'Ec1)

P^h2(Ntp) 4.45 ± 0.021391 4.01 ±0.011601
P^HfNTP) 6.50 ± 0.011391 6.49 ±0.011601 

(6.42[7211cl)

[a] For the sites of protonation see text in Section 5. 
The range of error given with the constants is three 
times the standard error of the mean value or the 
sum of the probable systematic errors, whichever is 
larger.

[b] The values for H2(ADP)e at / = 0.1 (KNO3) 
are pAjLadp) = 393 (25"Q|731, 4.05 (15'C)1’41 and 
P^' adp, = 6.44 (25’C)1731, 6.41 (15°C)™.

[c] Background electrolyte in this case: NaQO4.

for e-adenosine, confirming thus that the 
resulting acidity constant, pkJJ^ atp> = 
4.41 ± 0.04 (7 = 0.1, NaClO4; 25°C)139'; is 
due to the release of the proton from the 
base moiety.

It is evident that the acidity constants, 
pK* a 4 (Table 2), are connected with the 
deprotonation of the protonated e-adenine 
residue. Hence, the question arises: where 
is the proton located? Is it at N-6 or at 
N-7? From the fact that the downfield shift 
upon protonation of £-adenosine is largest 
for H-ll (see A^ in Table IV of ref.1361), 
one cannot unambiguously conclude that 
protonation occurs at the neighboring N-6 
(see Fig. 1), because in aromatic systems 
shifts induced by protonation do not nec­
essarily decrease with increasing distance 
from the protonated site167“1. However, a 
detailed study1231 comparing H(e-ade­
nosine)® with the corresponding com­
pounds methylated at N-6 or N-7 shows 
that the predominant site of protonation is 
indeed N-6; a conclusion in agreement 
with the crystal structure analysis of 10- 
ethyl-s-adenosine hydrochloride1191. Fig. 5 
illustrates the deprotonation equilibrium 
together with the two most likely reso­
nance structures1191 of protonated 1,N6- 
ethenoadenosine and its derivatives.

Fig. 5. Illustration of the deprotonation equilibrium of 1 ,N6-ethenoadenosine (R = ribosyl) 
and its nucleotides (R = ribosyl 5'-phosphate(s) ), together with the two most likely reso­
nance structures1191 of the protonated s-adenine residue. Reproduced from ref.[361.

6. Comparison of
Binary Metal Ion Complexes of 
1,N6-Ethenoadenosine and Its Phosphates 
with Related Nucleoside and
Nucleotide Complexes

6.1. Stability of Metal Ion Complexes of 
e-Adenosine, e-AMP29, e-ADP39, 
e-A TP49, and Some Related Ligands

The stability constants listed in Table 
3136,37,39,40.76-83] were majn]y determined by 
potentiometric pH titrations and under 
conditions were the self-association of the 
nucleosides and their derivatives is negli­
gible. The experimental data1361 of the 
metal ion systems with 8-adenosine and 
adenosine can easily be accounted for by 
using the acidity constants (Equation (8)) 
of these nucleosides (Ns) and by consider­
ing the following equilibrium:

M2® + Ns ^ M(Ns)2® (13)

K^ = [M(Ns)2®]/[M2®] [Ns] (14)

The experimental data137,391 of the metal 
ion/nucleotide (NP) systems request for 
their explanation, aside from the acidity
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Table 3. Logarithms of the stability constants (Equations (14) and (18)) for several metal ion complexes of c-adenosine, e-AMP20, and s-ATP40. The corresponding data for 
adenosine, AMP20, and ATP4®, as well as for UMP20 and PNTP4® are given for comparison1201. If nothing else is mentioned the constants were determined by 
potentiometric pH titrations of aqueous solutions with Z = 0.1 (NaNOj) and 25 °C1“1.

M2®
lg^M(Ns) 1g ^M(NMP) 1g ^M(NTP)

s-Ado1361 Ado17611C1 e-AMP201371 AMP301«1 UMP201371 e-ATP4®1391 ATp4e[i] PNTP40^

Ca2® « 0.8 1.39 «3.9 th1 3.88 3.94lkl
Mg2® <0.3 <-0.8 1.61 ±0.02 1.63 1.5 4.24 ± 0.03 4.24 4.27™
Mn2® 0.72 ±0.15 -0.82 2.59 ± 0.04 2.14 2.01 5.10 ±0.15 4.81 4.63
Co2® «2.2161 -0.30 «3.5111 2.19 «5.1lhl 4.86 4.53
Ni2® ä 2.2161 -0.17, 0.3ldl «41*1 2.62 «5.8|h> 4.85 4.29
Cu2® 2.81 ± 0.09 0.84, 0.701801 5.87 ± 0.02 3.04 2.80 9 ± ! PO] 6.321601 5.81w
Zn2® 
Cd2®

1.51 ±0.03
« 1.8

-0.28, -0.3[el
-0.11w

3.18 ±0.04 2.23
2.681811

2.03 5.44 ±0.13 5.16
5.311821

4.77
4.991,1

*) Very recently a further attempt has been made1831 to 
provide a comprehensive set of stability constants ob­
tained under the same conditions and with clearly de­
fined error limits for the complexes formed between 
Mg2®, Ca2®, Mn2®, Co2®, Ni2®, Cu2®, Zn2® or Cd2® 
and ATP or the PNTPs (i. e„ CTP, UTP, and TTP)1201. 
In this study1831 also a detailed analysis of the isomeric 
equilibria occurring with M(H-NTP)0 complexes is 
provided; furthermore, estimates for the formation de­
grees of the isomers carrying the proton at the nucleic 
base residue or at the y-phosphate group are given by 
taking into account also macrochelate formation where 
appropriate. A short review on the «isomeric equilibria 
in complexes of ATP with divalent metal ions» and on 
related problems will soon also be available1881.

[a] The range of error given for the stability constants of the complexes of the E-adenine derivatives is three times the standard error of the mean value or the sum of the 
probable systematic errors, whichever is larger.

[b] These values should be viewed with care; they were determined1241 in the presence of buffers by fluorescence quenching at circa 22°C. Especially the value given for 
Co(s-Ado)2® is probably too large; an estimate based on the data listed in table V of ref.1361 gives 1g ^cofc-Ado) - k?-

[c] Most values are from ref.17?1; they were determined by UV spectrophotometry at natural ionic strength and 20 °C.
[d] From ref.178, 791; by spectrophotometry.
[e] From ref.1341; by 'H-NMR shift measurements in D.O at Z = 0.1-5 (NaNO3) and 27°C.
[Q Estimates1371 based on values determined122,241 in the presence of buffers by fluorescence quenching at about 22°C1241 and 25°C1221. The reliability of these values is 

discussed in ref.1371.
[g] / = 0.1,NaC104;25°C1711.
[h] Estimates based on values determined122,241 in the presence of buffers by fluorescence quenching at about 22 °C1241 and 25 °C1221. Most of the constants given in ref.122,241 are 

not very reliable; the reasons are indicated in ref.1391 (and ref.1371).
[i] Z = 0.1, NaClO4; 25 °C1721. For Mn2® and Zn2® the average of the values given in ref.1721 is listed above.
[j] Z = 0.1, NaClO4; 25 °C. Values1391 for complexes of pyrimidine-nucleoside 5'-triphosphates (PNTP40) (Fig. 7); these are the averages1391 of the constants given in ref.1721.
[k] Values for UTP40 complexes; those for Ca2® and Mg2® are from ref.1831, the constant for Cu(UTP)20 is from ref.16,11
[1] Value for the Cd(CTP)20 complex from ref.1821

constants of the ligands (Equations (10) 
and (12)), the following equilibria (charges 
are omitted for clarity):

M + H(NP) ^ M(H • NP) (15)

C(H NP) = [M(H • NP)]/[M] [H(NP)] (16)

M + NP^M(NP) (17)

^(np> = [M(NP)]/[M] [NP] (18)

In case of the Cu2®/e-ATP system the 
situation is more complicated and the 
dimerization equilibrium (19) has to be 
taken into account in addition1401:

Cu(H • e-ATP)e + Cu(e-ATP)20 ^ 
Cu,H(e-ATP)]e ( '

Of course, the complex M(H-NP) may 
release a proton according to equilibrium 
(20),

M(H ■ NP) ^ M(NP) + H (20)

and the corresponding acidity constant, 

^(H NP) = [M(NP)] [H]/[M(H • NP)] (21)

can be calculated with Equation (22):

P^M(HNP) = pAX

P^H(NP) + lg^M(H NP) ~ 1g AM(Np)

The complexes M(HAMP)® are 
usually not observed173,741, though evidence 
for their existence has been reported178,841; 
in other words, their stability is too low to 
allow formation of significant amounts. 
The Mg(H e-AMP)® complex could also 
not be discovered[37], but the M(He-

AMP)® complexes with Mn2®, Cu2®, and 
Zn2® are known, and the values for their 
acidity constants, p^MfH.. AMP), are between 
4.0 and 5.11371. Similarly, M(H-e-ATP)e 
complexes exist; their acidity constants, 
P^wh^.atpu &re between 4.3 and 4.8p9,401. 
Furthermore, the corresponding constants 
for M(H ADP) and M(HATP)® are be­
tween 3.2-5.51851 and 3.7-5.11861, respec­
tively. Hence, none of these protonated 
M(H • NP) complexes is extending its exis­
tence significantly into the neutral pH 
range (see also Fig. 6), despite the fact that 
their concentration in the lower pH range 
may be considerable. As the focus in this 
essay is on those complexes which do­
minate under physiological conditions 
these protonated species are not consid­
ered further and their stability con­
stants137,39,40,73,83,871 are not listed in Table 3. 
On the other hand, the existence of these 
protonated species cannot simply be ig­
nored1831; in kinetic experiments and enzy­
matic tests such a complex occurring in 
only low concentration may well be the 
reactive one: then ref.1371 and1391 should di­
rectly be consulted regarding M(He- 
AMP)® and M(H • £ -ATP)0, respectively*).

The stability constants given in Table 3 
for the metal ion complexes of e-AMP20 
and e-ATP40 are quite reliable, especially 
for the biolcgical important metal ions 
Mg2®, Mn2®, and Zn2®. The partly rather 
large error limits are mainly due to the 
scarcity of these ligands, which allowed 
only a limited number of experiments136 401.

At present unfortunately no stability 
constants of M(e-ADP)® complexes are 
available, which were determined by po­
tentiometric pH titrations. The available 
constants were obtained by fluorescence 
quenching in the presence of buffers 
(which may also form metal ion com­
plexes ,891) and without the explicit conside­
ration of equilibrium (15)122,241; hence, in 
view of the experience made with the 
complexes of £-AMP1371 and £-ATP1391 
and the corresponding results from this 
method122,241, the data for the M(e-ADP)0 
complexes must also be viewed with scep­
ticism. However, to provide those re­
searchers who are in need for stability 
constants of M(e-ADP)® complexes with 
some information, the constants assem­
bled in Table 4 have been estimated, based 
on (i) my experience, (ii) the results of Ta­
ble 3, and (ii) the data given in refer­
ences122,241.

6.2. Structural Considerations on the 
Complexes of e-Adenosine and Adenosine

It may be emphasized that the stability 
constants determined by potentiometric 
pH titration and given in Table 3 for the 
complexes cf £-adenosine with Mn2®, 
Cu2®, and Zr.2®, have also been confirmed 
by independent methods1361. In this connec­
tion ’H-NMR shift experiments had been 
carried out with the Zn2®/£-adenosine sys­
tem1361, and these results provide also a first
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Table 4. Estimates for the logarithms of the stability constants (Equation (18)) for several metal ion complexes of 
E-ADP3elal. The corresponding data for complexes of ADP3® and pyrimidine-nucleoside 5'-diphosphates 
(PNDP3®) are given for comparison. The constants refer to aqueous solutions and conditions close to 7 = 0.1 
(Na®, K®/N0?) and 25° C.

M2® [a] 
ADP)

!g ^M(ADP)lel la [f|ÄM(PNDP)

from 
ref. I22] N

corrected 
values101

from 
ref.1241

best 
estimate

Ca2® 2.81 2.87 2.9 2.86 2.9
Mg2® 3.11 3.18 3.2 3.19 3.2
Mn2® 4.57 4.63 2.87 ^ «4.5 4.16 3.8
Co2® 4.04 4.10 4.46 «4.5 4.20 3.8
Ni2® 4.73 «5 4.3 3.6
Cu2® 5.51 5.57 «8 5.90 4.7
Zn2® 3.72 3.78 «5 4.28 3.8
[a] See text in Section 6.1. Estimations for the acidity constants (based on Table 2) for H2(e-ADP)0 are 

P^H2(e-adp) = 4-4 and p^h(e.Adp) = 6 4. For the calculation of species-distribution curves (like those of Fig. 6) 
it will be necessary to estimate also the stability constants for M(Hs-ADP)®; this may be done by using the 
known values of M(H-s-AMP)®^ and M(H-£-ATP)9M and by taking also into account the acidity 
constants P^m(h np) (Equations (21) and (22)) f37’39k

[b] These are apparent stability constants valid at pH 7.2.
[c] Calculated from the apparent constants^ by adding 1g (1 + [H®T7^ see ref. ™'
[d] Maybe there is a printing error in table II of ref. I24' and this value should actually be read as 4.87.
[e] These constants are from ref.1731, except those of Mg(ADP)e (3.17[731, 3.21 [741) and Ni(ADP)® (4.50p31, 

4.181741) which are averages. For the acidity constants it holds P^h2(adp> = 4.0 and p^h(Adp) = 6.4; see 
footnote [b] of Table 2.

[f] These values are based on constants published for M(CDP)e and M(HP2O7)® complexes; the above 
estimates are taken from table VI of ref. ,35L The estimate for the acidity constant of H(PNDP)2® is 
P^H(PNDP) = 6.4.

indication on the structure of the M(e- 
adenosine)2® complexes, despite the uncer­
tainty for aromatic systems1671, about the 
distance of the site of metalation and the 
size of the downfield shifts: the downfield 
shifts, A<5zn, observed for H-8 and H-ll 
point to a complexation of Zn2® to N-6 and 
N-7 of e-adenosine (see Fig. 1).

Indeed, chelate formation with e-aden­
osine is confirmed by a comparison of the 
stability constants of the M(e-adenosine)2® 
complexes with those of the corresponding 
M(adenosine)2® complexes, in which the 
metal ion is coordinated only in a uniden­
tate way to N-l or N-7175-761. The results 
listed in Table 3 show that the e-adenosine 
complexes are more stable by about 2 or­
ders of magnitude. The fact that e-aden­
osine is about 3 times more basic than 
adenosine (see Section 5; Table 2) can 
definitely not account for the high stability 
of the M(e-adenosine)2® complexes. There­
fore it is concluded that £-adenosine acts as 
a bidentate ligand, the donor atoms being 
N-6 and N-7.

This conclusion is confirmed by a com­
parison of the stability constants of M(e- 
adenosine)2® with those for the complexes 
of the unidentate pyridine (see1361). Pyridine 
is about 15 times more basic than £-aden­
osine, but the pyridine complexes are by a 
factor of about 'A less stable than the cor­
responding M(e-adenosine)2® complexes. 
Hence, again a «1,1 O-phenanthroline-like» 
structure is born out for the M(s-aden­
osine)2® complexes.

The fact that the M(s-adenosine)2® com­
plexes (Table 3) are not as stable as the 
corresponding M2® complexes with 1,10- 
phenanthroline (Phen), e.g., 1g X^(Phen) = 
1.45 and IgX^phen» = 6.55”1-921. is most 
probably mainly due to the larger distance 
between N-6 and N-7 in e-adenosine com­
pared with N-l and N-10 in 1,10-phenan-

throline. This larger distance is already evi­
dent from the angles N-6, C-6, C-5 and 
C-6, C-5, N-7 in s-adenosine (see Fig. 1), 
which are 135.6° and 131.6°1191, while the 
corresponding angles in phenanthroline 
are close to 120°, i.e. between 116.5° and 
119.7°[931. Indeed, an estimate of the dis­
tance gives for N-6...N-7 of e-adenosine 
3.3 A and for N-l...N-10 of phenan­
throline 2.7 A. Hence, the coordinated 
metal ion is probably somewhat «shut­
tling» between N-6 and N-7 in E-aden- 
osine.

6.3. Metal Ion/Base Interactions 
in M( NP) Complexes of Adenine- and 
1 ,N6-Ethenoadenine-Nucleotides

From the results discussed in the preced­
ing section it is evident that the metal ion­
affinity of the e-adenine moiety is quite 
pronounced. Indeed, by spectrophotomet­
ric measurements a base-metal ion inter­
action can also be confirmed for the mono­
meric Zn(s-ATP)2® and Cu(s-ATP)2® 
complexes139,401. Moreover, a comparison 
of the stability constants determined by 
potentiometric pH titrations for the 
M(NP)[201 complexes shows for the diva­
lent transition metal ions and Zn2® un­
equivocally that complex stability in­
creases within the series of ligands: 
UMP2® < AMP20 < £-AMP2®(Table3); 
pyrimidine-nucleoside 5'-diphosphates 
(PNDP3®) < ADP3® < e-ADP3® (Table 
4); pyrimidine-nucleoside 5'-triphosphates 
(PNTP40) < ATP4® < s-ATP4® (Table 
3).

It is interesting to note that these differ­
ences in complex stability, despite their sig­
nificance, are hardly reflected at first sight 
if the formation degree of the complexes in 
dependence on pH is viewed: as an illustra­
tion for this, the four systems of Fig. 6 have

been collected141*94,951. This result is under­
standable, as the overall stability of these 
complexes is mainly governed by the num­
ber of phosphate groups present in the nu­
cleotide. However, the structural differ­
ences between complexes containing the 
same number of phosphate groups can be 
very pronounced: in the complexes with 
Zn2® and the related divalent transition 
metal ions the neutral pyrimidine moieties 
do not participate in complex formation of 
the pyrimidine-nucleotides134,35,60,791 (Fig. 7; 
in the N-3 ionized ligands this is differ- 
ent134,95“1); in other words, the stability of 
these nucleotide complexes is solely deter­
mined by the affinity of the phosphate resi­
dues. Consequently it has recently been 
concluded137,391 that the only source of the 
increased stability of the l,N6-etheno- 
adenine-nucleotides can be the s-adenine 
moiety with the N-6/N-7 binding site. The

100

Fig. 6. Comparison of the effect of pH on the 
concentration of the species present in an 
aqueous solution of (A) Zn29/UTPI95b|, (B) 
Zn2®IATP™, (C) Zn^te-ATP^f or 
(D) Cu29/e-ATP^'}: [e-ATP4®] < 1%>; 
PK^-atp^o^ 8-5m- The results are 
given as the percentage of the total M2® 
present ( = total NTP); they were com­
puted with the potentiometrically deter­
mined constants ,3‘>41-S2-951 for concentrations 
of 10~3 m for each reactant at I = 0.1 and 
25° C.
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R - -ribosyl 5’-(mono-/di-/or tri-)phosphate

r’=-2’-deoxy ribosyl 5'—(mono—/di—/or tn-)phosphate

UMP2- TMP2"
UDP3’ TDP3’
UTP4“ TTP4"

cmp2~
CDP3"
CTP4“

Fig. 7. Structural formulae of the pyrimidine-nucleotides considered in this account[20].

participation of this site in complex forma­
tion does lead to intra molecular macro­
chelates; such macrochelates involving the 
phosphate groups and N-7 of the adenine 
moiety are already well-known[33“35,60’77,79,821 
for adenine-nucleotide complexes with the 
mentioned metal ions:

phosphate-ribose-base phosphate-r
M29 ^ M29 §

i sb a s e — e

(23)

The next point to be emphasized is the 
equality of the Mg2® or Ca2® complexes 
within a nucleotide-series: UMP2®« 
AMP2® « a-AMP29 < PNDP3® « ADP3® 
« e-ADP3e < PNTP4® « ATP4® « e- 
ATP4® (Tables 3 and 4). This means, the 
stability of these alkaline earth ion com­
plexes is dependent on the number of phos­
phate groups present in the nucleotides but 
hardly on the kind of base moiety; hence, 
equilibrium (23) is on its left side for these 
complexes. This conclusion is confirmed 
by 'H-NMR shift experiments with the 
Mg2® complexes of ADP3®1351, ATP4®1341, 
and e-ATP1391: there is no indication of any 
direct metal ion/base interaction1’61. In con­
trast to this, 'H-NMR experiments show 
clear downfield shifts of H-8 for the Zn2® 
and Cd2® complexes of ADP3®1351 and 
ATp4e 134,82) confirming thus the macro­
chelate-formation via N-7 and phosphate 
coordination.

Similarly, such an l,N6-ethenoadenine 
interaction in the Zn(e-ATP)2® complex 
should also be reflected in the 'H-NMR 
shift positions. This is indeed the case1391: 
the experiments carried out to study the 
self-association (see Section 4.4) allow ex­
trapolation of the shifts of the protons 
neighboring the potential N-6/N-7 binding 
site, i.e. of H-8 and H-ll (see Fig. 1), to 
infinite dilution (J,,). In this way the shift 
positions for these protons in the mono­
meric Zn (e-ATP)2® complex are obtained, 
and these are clearly downfield compared 
with the corresponding shifts for e-ATP4® 
and Mg(e-ATP)2® (the latter being simi­
lar). Furthermore, by comparing the ex­
tent of the downfield shifts, A^, for H-8

and H-ll of ZnU-ATP)2® with the corre­
sponding shift values obtained for com­
plete complexation of Zn2® at the N-6/N-7 
site of e-adenosine, the percentage of the 
macrochelated isomer in equilibrium (23) 
can be estimated1391: the resulting 85% are 
in excellent accord with the 76% calcu­
lated from the stability data (see below). It 
should be emphasized that the crucial re­
sult at this point is not so much the es­
timate of the percentage, but the clear 
proof through the measured downfield 
shifts that the macrochelated form of 
Zn(fi-ATP)2® does indeed exist.

6.4. Comparison of the Extent of 
Macrochelate Formation in 
Monomeric M(NP) Complexes of 
Adenine and c-Adenine-Nucleotides

It is evident that a general estimation of 
the position of equilibrium (23) for M(NP)

Table 5. Estimates for the extent of intramolecular macrochelate formation in aqueous solution for the metal ion 
complexes of adenosine- and E-adenosine-phosphates as represented by the percentage of the «closed» isomer 
M(NP)cl (equilibrium (23) and Equation (24)) (/ = 0.1 ; 25° C)lal

M2® % [M(NP)cl] for the e-Ado-phosphates % [M(NP)cl] for the Ado-phosphates

s-AMP2® 
|b)

e-ADP3® 
[cl

e-ATP4® 
[dj

AMP2'3'
[bl

ADP3® 
Id

ATP4® 
[<1

Ca2® 0 0 0 0 0 0
Mg2® 0 0 0 0 0 O1*1
Mn2® 69 « 80 (60) 62, 32 28 55 38, 17±101831
Co2® «97 «80 (60) « 70, « 55 34 60 57, 38 ± 91831
Ni2® «99 «96 (92) «97, «95 79, 681811 80 74, 64
Cu2® 99.9 « 99.9 (99.9) >99.5[dl 44, 411811 94 76, 68 ± 41601
Zn2® 92 «94 (87) 76, 62 38 67 62, 28 ± 71831
Cd2® 521821

[a] The values given for the Ca2® and Mg2® complexes are based on Tables 3 and 4; those of the other metal ions 
are essentially also based on these data, but in footnotes16-11 the direct sources are given.

[b] From ref.(’ 'I The 0 % given for Ca(E-AMP) and Ca(AMP) is an assumption based on the other results.
[c] Calculated with Equation (25) and the estimated constants listed in Table 4. To provide a feeling for the 

influence of errors the values of lg A (Equation (26)) were artificially reduced by 0.3 log units; this results in 
the percentages given in parenthesis.

[d] From ref.1391. The second values given for Mn2®, Co2®, Ni2®, and Zn2® were calculated using as basis the 
recently1831 determined stability constants for M(PNTP)2® complexes (for Cu2® again the above value is 
obtained). If a comparison with M(ATP)2® is made, these newly calculated values must be compared with 
those percentages for M(ATP)2® which are from ref.[831. It is evident that all conclusions given in the text are 
unaffected, but these additional values indicate the difficulties in establishing exact values for the concentra­
tions of the isomers (see also ref.1831), especially if the difference lg A in Equation (26) is becoming small.

[e] From ref. 135l
[I] From ref.1341, except where another source is given. The second value provided for Ni(ATP)d® is from footnote 

«f» in table VII of ref.1341.
[g] There might be traces of an outer-sphere macrochelate present in which a water molecule is between N-7 and 

the metal ion (see also footnote 95 in ref.1341); this problem has very recently been further investigated (see 
ref[83.88,96K

complexes from stability data is desirable. 
To be able to quantify the extent of the 
metal ion/base interaction, the «open» 
isomer is designated as M(NP)op and the 
«closed» species as M(NP)C1. This allows 
now the definition of the intramolecular 
and therefore dimensionless equilibrium 
constant If by Equation (24) and its calcu­
lation via Equation (25)i34'37-39-79-97);

^ = [M(NP)d]/[M(NP)op] (24)

^1 = (^MlNPy ^MINP>„P) ~ 1 (25)

^m(np) is the experimentally accessible 
(overall) stability constant (Tables 3 and 
4), while Am(NP)o applies to the «open» 
isomer M(NP)op. This latter constant is not 
directly accessible by experimental deter­
minations, but in the present cases it is well 
represented by the stability constants 
of the pyrimidine-nucleotide com­
plexes134,35,37,391 because these exist only in 
the «open» form (see Section 6.3). Hence 
the crucial difference

lg △ = 1g kM(NP) ~ 1g ^M(NP)op (26)

may be calculated, and thus Kt and the 
percentage of the «closed» isomer M(NP)C1 
can also be obtained1981. On this basis, the 
results assembled in Table 5 were calcu­
lated by using essentially the stability con­
stants listed in Tables 3 and 4.

The results of Table 5 confirm the con­
clusions of the preceding Section 6.3: there 
is no (or only a very weak) metal ion/base 
interaction in any of the Mg(NP) or 
Ca(NP) complexes1961, but this interaction 
is quite significant in the M(NP) complexes 
containing Zn2® (or Cd2®) or one of the
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divalent transition elements and an 
adenine- or e-adenine-nucleotide, i.e., the 
macrochelated species of equilibrium (23) 
is for these systems very important. For a 
given nucleotide, the percentage of 
M(NP)C1 usually reflects quite well the 
general affinity of these metal ions for ni­
trogen binding sites; the common order is 
Ca^^Mg2® < Mir® < Co2® < Ni2® 
< Cu2® > Zn2®.

Most important, in agreement with the 
larger metal ion affinity of e-adenosine, 
compared with adenosine (Section 6.2), the 
extent of macrochelate formation is always 
significantly larger in the e-adenosine 
phosphate complexes, compared with the 
corresponding parent adenosine phos­
phate complexes. For the latter the extent 
of macrochelate formation apparently also 
depends for all studied metal ions on the 
number of phosphate groups1371, i.e., 
% M(AMP)C1 < % M(ADP)® > 
% M(ATP)de (Table 5). For e-adenine nu­
cleotides ( = e-adenosine phosphates) no 
final conclusion can in this respect yet be 
drawn (Table 4), but the situation may well 
be similar.

6.5. Conclusions Regarding Monomeric 
s-Adenosine Phosphate Complexes 
as Probes for
Adenosine Phosphate Complexes

Solutions with concentrations below 
1mM of metal ions and e-adenosine phos­
phates will self-associate only to a negli­
gible amount (Section 4.5). However, in 
such solutions the formation degree of 
complexes, especially with e-ADP3® (or 
ADP3®) and e-ATP4e (or ATP4®), will still 
be high (cf. Fig. 6). Therefore, the question 
is justified: to what extent may, e.g., M(e- 
ATP)2® be employed as a probe for 
M(ATP)2e? From the available informa­
tion it appears that the Mg2® and Ca2® 
complexes of e-adenine nucleotides may be 
used as probes. For the complexes of Zn2® 
and the divalent transition elements con­
sidered here, great care is advised in using 
them as probes due to the delicacy of the 
intramolecular equilibrium (23): there are 
structural differences between the macro­
chelated isomers (Section 6.2), in addition 
to the much higher formation degree of 
these isomers with the e-adenine nucleo­
tides (Table 5). It is to be expected that in 
an enzymic system, e. g. in the presence of 
Mn2® and/or Zn2®, a sensitive balance ex­
ists regarding the formation of macro­
chelates between the complexes of AMP20, 
ADP3®, and ATP40; it is most probable 
that the ratios of the isomers will change if 
the l,N6-etheno derivatives are employed.

The situation with Cu2® may appear as 
an extreme case, but it is mentioned here, 
because there are indications1"1 that 
Cu(ATP)2e might be a natural active form 
of Cu2®. The stabilities and structures of 
the complexes in the Cu2®/e-ATP system 
differ so much from those of Cu2®/ATP 
(Tables 3 and 5)1401, that e-ATP should 
never be employed as a probe for ATP in

the presence of Cu2®. Indeed, these differ­
ences in the coordinating properties are re­
flected already in the «simple» Cu2®-pro- 
moted hydrolysis of these two nucleotides 
(Section 8)[411. The same conclusion must 
also be drawn for Cu(e-AMP) and Cu(e- 
ADP)®; both complexes are certainly no 
reliable probes.

There is one further point, which may 
easily be overlooked: e.g., the difference 
between about 38 % Mn(ATP)21e and 62 % 
Mn(e-ATP)2® may at first sight not seem 
very significant and might even appear as 
rather comforting; the problem is that this 
difference corresponds already to 1.2 kJ/ 
mol. If the extent of macrochelation is 
more pronounced the energy differences 
become even more significant; 90% versus 
99% macrochelated isomers means a dif­
ference in AG° of 5.7 kJ/mol - and this 
difference might well mean inhibition of an 
enzymic reaction.

7. Monomeric Metal Ion Complexes 
Containing Two Different Ligands, 
One Bearing an Adenine or 
1,N6-Ethenoadenine Residue

7.1. Stability and Structure of Ternary 
Complexes Containing 2,2'-Bipyridyl and 
e-Adenosine or Its Parent Nucleoside

To find out whether the steric restric­
tions resulting from the bidentate coordi­
nation of s-adenosine (Section 6.2) still al­
low the formation of a stable ternary com­
plex with another bidentate ligand the sta­
bility of the ternary Cu(Bpy)(s-Ado)2® 
complex had been determined by poten­
tiometric pH titration1361. In general, the 
stability of a mixed ligand complex, like 
M(Bpy)(A), where A = adenine derivative, 
is best quantified by a comparison with the 
stability of the binary complexes1100"1021. 
This is expressed by the stability difference, 
A 1g A (Equation (27)), which also quanti­
fies the position of equilibrium (28) 
(charges are omitted for clarity):

AlgK=lgK“^(A)-lgK“A) (27)

M(Bpy) + M(A) ^ M(Bpy)(A) + M (28)

The stability of the ternary Cu(Bpy)- 
(e-Ado)2® complex is indeed quite 
significant: 1g A®“g^(E.Ado, = 2.46 ± 0.03 
(7 = 0.1, NaNO,; 25 °C)1361; this together 
with the value of the binary Cu(s-Ado)2® 
complex, lgA^(E.Ado) = 2.81 (Equation (14); 
Table 3), results in only a slightly negative 
value for A 1g A ( = —0.35) implying that 
s-adenosine coordinates also in the ternary 
complex in a bidentate fashion.

This observation may be generalized 
twofold: (i) It is to be expected that s-aden- 
osine forms mixed ligand complexes also 
with other metal ions and with ligands 
other than 2,2'-bipyridyl. (ii) Based on pre­
vious experience with mixed ligand

complexes1103"1051, the stability of other 
M(Bpy)(s-Ado)2® complexes may be 
estimated by subtracting 0.4 log unit from 
the stability constants of the binary 
M(s-Ado)2® complexes listed in Table 3; 
the resulting estimate is expected to be cor­
rect within ±0.3 log unit.

How is the situation in ternary systems 
containing the unidentate adenosine (Sec­
tion 6.2)? Again, based on previous experi­
ence negative values for A 1g A are ex­
pected1361 for ternary M2®/Bpy/adenosine 
systems; hence, for the metal ions listed in 
Table 3 for the coordination of adenosine 
to M(2,2'-bipyridyl)2® it holds 1g 
^m|bSaiio) <0.8. This value should be com­
pared with the stability constants of the 
stacking adducts formed between aden­
osine and 2,2'-bipyridyl (1g A^Ado) = 
1.36 ± 0.061,M1) or M(2,2'-bipyridyl)2® (1g 
TO’](Ado^1.2±0.211071). The compari­
son shows clearly that the stacking inter­
action between the aromatic ring systems is 
of a larger stability than the metal ion- 
adenosine interaction in these ternary 
systems. Consequently, the ternary com­
plexes all have about the stability of the 
binary (Bpy)(Ado) stacking adduct[106 1071, 
the metal ion being only coordinated to the 
bipyridyl unit.

The stability of the stacking adduct be­
tween l,N6-ethenoadenosine and 2,2'- 
bipyridyl is expected (Sections 4.1,4.2, and 
also 7.3) to be of the same order as the 
corresponding adduct between adenosine 
and bipyridyl (i.e., 1g K^(E.Ado) ^ 1.4). By 
considering also the above conclusions 
about the stability of the ternary 
M(Bpy)(s-Ado)2® complexes it becomes 
evident that the structure of these com­
plexes with Co2®, Ni2®, or Cu2® is governed 
by the coordination tendency of these 
metal ions toward the N-6/N-7 unit of 
s-adenosine, which is larger than the stack­
ing tendency in the binary (Bpy)(s-Ado) 
adduct. This means that in these ternary 
complexes the metal ions are coordinated 
to s-adenosine and to bipyridyl, thereby 
preventing a direct intramolecular ligand­
ligand interaction within the ternary com­
plex due to the geometry of their coordi­
nation spheres. This contrasts with the cor­
responding ternary systems containing 
Mg2® or Mn2®, where the structure will 
certainly be governed by the stacking inter­
action between the two ligands, while in 
the ternary system with Zn2®, most prob­
ably an isomeric mixture of ternary com­
plexes will exist: in some complexes Zn2® 
will be bridging the two ligands, whereas in 
others a stack between the ligands will ex­
ist, with Zn2® being coordinated only to 
bipyridyl.

7.2. Intramolecular Stacking in
Mixed Ligand Complexes Containing
2,2'-Bipyridyl and Nucleotides

The stability constants needed to char­
acterize the position of equilibrium (28) 
have been measured[37,3’’60,72,821 for several
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ternary M2®/2,2'-bipyridyl/nucleotide sys­
tems (e.g., Table 6): usually the equili­
brium is displaced to its right side as is 
indicated by positive values for A 1g A" 
(Equation (27)). This observation is due to 
two cooperative effects160,97,1001: (i) n-ac- 
cepting heteroaromatic nitrogen bases like 
2,2'-bipyridyl favor, if coordinated to a 
transition metal ion, the coordination of 
oxygen donor ligands, like phosphates11031; 
and (ii) intramolecular aromatic-ring 
stacking also enhances the stability of ter­
nary complexes11081.

It is well-known1“112’91'109’1101 that the py­
rimidine (Fig. 7) and adenine moieties (see 
also Section 7.1) may undergo stacking in­
teractions with the aromatic rings of 2,2'- 
bipyridyl. Hence, for ternary complexes of 
the type M(Bpy)(NP) the question arises 
about the position of the intramolecular 
equilibrium (29), which is formulated 
below for M(Bpy)(NMP) complexes:

(29)

The occurrence of an intramolecular 
stack in Cu(Bpy)(AMP) and Cu(Bpy)- 
(ATP)2® systems, i.e. of Cu(Bpy)(NP)st 
corresponding to the isomer at the right 
side in equilibrium (29), was proven al­
ready in 1974 by studying the charge-trans- 
fer absorption connected with the forma­
tion of the aromatic-ring adduct11061. For 
related Zn2® complexes this was confirmed 
by ‘H-NMR shift measurements[1101. The 
occurence of intramolecular stacks be­
tween the purine residue of AMP or ATP, 
the pyrimidine residue of UMP, and pyri­
dyl ring systems has in the meanwhile also 
been shown for the solid state by X-ray 
crystal studies of (Cu(HAMP)(Bpy)- 
(H2O)]2 (NO3)2-6 HjO1501, [Cd(UMP)(2,2'- 
dipyridylamine)(H2O),]n ■ (5 H2O)n [51!, 
[Zn(H2ATP)(Bpy)]2-4 H,Oiml, ‘ and 
[Cu(H2ATP)(Phen)]2 • 7 H20["2,1131.

As purines stack much better than py­
rimidines1109,1101 a larger percentage of the 
stacked isomer is expected for 
M(Bpy)(NP) complexes containing an 
adenine residue, despite the connected 
release1"01 of N-7 from the coordination 
sphere of the metal ion (Section 6.4) by the 
formation of the ternary complex. In fact, 
this is clearly born out by the results listed 
in Table 6: the intramolecular stack is 
more favored in M(Bpy)(AMP) or 
M(Bpy)(ATP)2e than in M(Bpy)(UMP) or 
M(Bpy)(UTP)2e, though the effect is not 
as pronounced as one might expect by 
comparing the stabilities of the binary 
[(UTP)(Bpy)]!e and [(ATP)(Bpy)]2e stacks 
(see lower part of Table 6). This outcome 
agrees with the general observation that by 
an intramolecular linkage especially weak 
interactions are favored160,1081.

Table 6. Quantification of the stability of some mixed ligand M(Bpy)(NP) complexes in aqueous solution by the 
values of A 1g A' (Equation (27)), together with the estimated percentage131 of the isomer, M(Bpy)(NP)st, with an 
intramolecular stack (equilibrium (29) and Fig. 8) for the corresponding systems (/ = 0.1; 25 °C). For comparison 
the stability constants of two binary stacks are also given (D2O; Z = 0.1; 27°C).

ref. M(Bpy)(Np) A IgA % [M(Bpy)(NP)sJlal
[37] Cu(Bpy)(UMP) 0.21 *30
1371 Cu(Bpy)(AMP) 0.5 *80
137] Cu(Bpy)(e-AMP) *-2.2 *80
[601 Cu(Bpy)(UTP)2e 0.35 *55
[60] Cu(Bpy)(ATP)20 0.33 86(±3)
[391 Cu(Bpy)(e-ATP)2e *-2.2 *90
[72,82] Zn(Bpy)(UTP)2e 0.15 *65; by'H-NMR: *4O["01
[72,82] Zn(Bpy)(ATP)2e 0.10 * 70; by'H-NMR: * 551""1
[109] UTP4e + Bpy [(UTP)(Bpy)]40 A*1 M“1 (by 'H-NMR)
[911 ATP40 + Bpy ^ [(ATP)(Bpy)]40 A = 8.1 ± 1.8 M-' (by 'H-NMR)

[a] If nothing else is mentioned, these estimated percentages are based on stability constants measured by 
potentiometric pH titrations.

In contrast to the so far discussed 
Cu(Bpy)(NP) complexes the ternary 
Cu(Bpy)(£-AMP) and Cu(Bpy)(e-ATP)2® 
complexes are considerably less stable than 
their binary parent complexes Cu(s-AMP) 
and Cu(e-ATP)20: i. e„ A 1g X « -2 (Equa­
tion (27); Table 6). This is due to the high 
affinity of the E-adenine moiety toward 
Cu2® in Cu(e-AMP) and Cu(e-ATP)2e (Sec­
tion 6.2), but this does not mean that no 
stacking interaction in Cu(Bpy)(£-AMP) 
and Cu(Bpy)(E-ATP)2e occurs. Indeed, 
release1"41 of the base moieties from the 
tetragonal1"51161 coordination sphere of 
Cu2® leads to comparable stability con­
stants for Cu(Bpy)(AMP) and Cu(Bpy)(c- 
AMP) (cf.1371) or Cu(Bpy)(ATP)2e and 
Cu( Bpy )(s-ATP)20 (cf.139)), and evalu­
ation137,391 of the stability data gives es­
timates of 80% and 90% for the stacked 
isomers of Cu(Bpy)(e-AMP) and 
Cu(Bpy)(c-ATP)2e, respectively. These 
percentages are close to the estimates for 
Cu(Bpy)(AMP) and Cu(Bpy)(ATP)2e (Ta­
ble 6) and in accordance with the general 
stacking properties observed for adenine 
and £-adenine derivatives (Sections 4.1 and 
4.2). A simplified structure for the stacked 
species of Cu(Bpy)(e-ATP)20 is shown in 
Fig. 8.

7.3. Intramolecular Stacks in Ternary 
Complexes Composed of e-A TP^ or 
ATP*®lL-Tryptophanate]Mg2® or Zn2®

The similarity of the stacking properties 
of the adenine and the s-adenine moieties 
became evident again in the last para­
graph, and they are also born out by the 
following stability data concerning binary 
stacks involving tryptophan (by ‘H-NMR 
inD2O;/ = 0.1;27°C):

s-Ado + Trp 
AMP20 + Trp 
ATP4e + Trp 

s-ATP40 + Trp

(£-Ado)(Trp) 
[(AMP)(Trp)]2e 
|(ATP)(Trp)re 
[(E-ATP)(Trp)]4e

Fig. 8. Probable (schematic) structure for 
the isomer with an intramolecular stack of 
Cu(Bpy) (e-A TP)20 in solution.

As the recognition interactions16,71 be­
tween nucleotides/nucleic acids and amino 
acids/proteins are an essential relationship 
between these two classes of important li­
gands such observations deserve some no­
tice. The amino acid tryptophan is of fur­
ther interest here, because there are indica­
tions for stacking between the purine resi­
due of ATP and the tryptophanyl indole 
group of myosin and it appears in addition 
that this interaction is promoted by 
Mg2®[iisi. there are in fact many such pu- 
rine-indole interactions expected1"91 to oc­
cur in nature.

Indeed, for several ternary M(ATP)- 
(Trp)30 complexes the formation of intra­
molecular purine-indole stacks has been 
proven directly by spectrophotometric and 
‘H-NMR shift measurements and indi­
rectly by the enhanced stability of the com­
plexes as determined by potentiometric pH 
titrations1120,12'1, and these results have been 
repeatedly confirmed by independent stu­
dies1"0’122’1231. It is immediately obvious

X= 6.0± 1.1 M-11361
X= 6.8± 1.6 m-""71 
À=6.2± 1.2 m-11"01
K = 7.5 ± 0.8 m“1 1391
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9 ' 85i ' 8 1 75 ' 16.5 ppm 6

Fig. 9. 'H-NMR spectra of L-tryptophan/e-ATP systems: e-ATP4® (0.01 m) at pD 8.3; 
Mg2®, e-ATP4®, andTrp (each 0.01 mJ atpD 10.5; Zn2®, e-ATP4®, and Trp (each 0.01 mJ 
at pD 9.1. The spectra were measured relative to (CH3)4N®NOf (0.002 m) and converted 
to values relative to sodium 3-(trimethylsilyl)propanesulfonate by adding 3.188 ppm 
(90.025 MHz; 27°C; I = 0.1, NaNOp D2O). Adapted from figure 3 of ref [39J.

from the ’H-NMR spectra shown in Fig. 9 
that stacking also occurs between the in­
dole residue of tryptophan and the s- 
adenine moiety of s-ATP: the upfield shift 
of the proton signals, especially for H-2, is 
nicely seen13’1. From these observed upfield 
shifts and the computed formation degree 
of the corresponding Mg(e-ATP)(Trp)3e 
and Zn(s-ATP)(Trp)3® complexes, a calcu­
lation of the shifts due to the resonances of 
H-2, H-8, H-10 and H-F in these ternary 
complexes is possible: the upfield shifts in 
the complexes are between 0.13 and 0.53 
ppm. These values may be compared with 
those determined for the binary (e-ade- 
nosine)(Trp) stack, which are between 0.38 
and 1.30 ppm, and then it becomes clear 
that again an intramolecular equilibrium 
must exist in the ternary complexes be­
tween an «open» and a «stacked» form, 
i.e. between the two isomers indicated in 
equilibrium (30):

pur ine—ribose—e

(30)

If the two isomers in equilibrium (30) are 
designated as M(NTP)(Trp)3® and 
M(NTP)(Trp)s1te, the constant of this intra­
molecular and therefore concentration-in­
dependent equilibrium is defined by Equa­
tion (31):

[M(NTP)(T<]
,st [M(NTP)(Trp)3®] (31)

A comparison of the relative shifts cal­
culated for the several protons in the ter­
nary complexes with those in the corre­
sponding binary adducts allows an estima­
tion of the percentages of the stacked iso­
mers, and hence also of a value for AI/st. 
The corresponding results are listed in 
Table 7: for all four ternary complexes, 
independent of the bridging metal ion, be it 
Mg2® or Zn2®, and also independent of the 
l,N6-etheno substituent, the percentage of 
the closed isomer (equilibrium (30)) is 
around 40%. Consequently, in these ter­
nary complexes the stacking tendencies of 
the adenine and the e-adenine moieties, as 
well as the coordination spheres of Mg2® 
and Zn2® in their respective complexes, are 
quite alike. It may be added that mixed 
ligand complexes containing ATP4® and 
L-leucinate, M(ATP)(Leu)3e, are also 
known[1211, and that in a certain percentage

Table 7. Estimates for the intramolecular equilibrium 
constants, Ky^ (Equation (31)), and approximate per­
centages of the stacked isomers, M(NTP)(Trp)Jt® 
(equilibrium (30)), in ternary complexes consisting of 
Mg2® or Zn2®, s-ATP4® or ATP4®, and L-tryptopha- 
nate, as determined by ’H-NMR shift measurements in 
D2O (I = 0.1, NaNO3; 27’C)>391.

M (NTP)(Trp)3® A’l/sl % [M(NTP)(Trp)3,®] «

Mg(e-ATP)(Trp)3® 1.0 51 ±11 
Zn(e-ATP)(Trp)3® 0.45 31 ± 6 
Mg(ATP)(Trp)fe 0.8 44± 19 
Zn(ATP)(Trp)36 0.7 40± 15

[a] The error limits are estimated.

of these ternary complexes an intramolec­
ular hydrophobic interaction between the 
isopropyl residue of the amino acid and the 
purine moiety of ATP occurs. The same 
kind of interaction may also be surmised 
for M(e-ATP)(Leu)3e complexes.

7.4. Concluding Considerations on 
Mixed Ligand Complexes
Involving the e-Adenosine Residue

From the results discussed in Sections 
7.2 and 7.3 it is evident that the extent of 
intramolecular stacking in ternary com­
plexes containing either a nucleotide with 
an adenine or an s-adenine moiety is com­
parable, indicating that in this respect the 
two types of nucleotides appear as inter­
changeable. Of course, this is only true as 
long as the larger size of the e-adenine 
moiety does not give rise to steric restric­
tions regarding space and orientation, e. g., 
at the surface of a protein.

Another point one has to be aware of is 
the availability of the N-6/N-7 site for 
metal ion coordination in stacked com­
plexes (see, e.g., Fig. 8). To give just a 
single example on what this could mean: 
The affinity of the N-6/N-7 site of the e- 
adenine moiety toward Zn2® in the physio­
logical pH region is larger than that of a 
carboxylate group; i.e. 1g A^-Adoi^ 1,51 
(Table 3) > W(R.C00) ^ 1.0 11241 As there 
is no reason to assume that in a ternary 
stacked complex the affinity of the free N- 
6/N-7 site will be strongly reduced due to 
the presence of the metal ion coordinated 
to the phosphate groups, this means, that 
Zn2® might change its place of coordi­
nation. It is evident that this could consid­
erably disturb the reactivity of a system. 
Clearly, there is no such problem with the 
adenine residue (1g A'J”(Ado1 — —0.3, Table 
3; Section 6.2), and this despite the similar­
ity of both base residues in the affinity 
toward the proton (Section 5).

A related problem is the formation of 
ternary complexes in which the metal ion is 
coordinated only to one ligand while both 
ligands are kept together by stacking; such 
examples are well-known[’01,109,1251 and 
several more have been discussed in Sec­
tion 7.1. We have seen that if the stacking 
tendency is comparable to the affinity of a 
certain metal ion toward the N-6/N-7 site 
this may give rise to two isomeric 
M(Bpy)(s-adenosine)2® complexes: one in 
which the metal ion bridges the two li­
gands, and another one which is kept to­
gether solely by stacking. Similar situa­
tions can be imagined with s-AMP com­
plexes, especially under conditions where 
the mental ion affinity of the phosphate 
group is reduced, e. g., via hydrogen bond­
ing or an ionic interaction; in an enzymic 
system this appears as quite feasible.

8. Caveat by Considering the Different 
Properties of ATP and e-ATP in a 
Metal-Promoted Reaction

Metal ions are essential to biological 
phosphoryl and nucleotidyl transfer12,31.
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Hence, it is not surprising that the metal 
ion promoted dephosphorylation of nu­
cleoside 5'-triphosphates in aqueous solu­
tion to the corresponding diphosphates 
and orthophosphate has long been 
recognized1126,1271. Indeed, studies of the 
transfer of a phosphoryl group from nu­
cleotides to a water molecule appears likely 
to provide some insight into transphos­
phorylations11280301.

In Fig. 10 some recent results1411 about 
the Zn2® and Cu2® promoted déphospho­
rylation of CTP (Fig. 7), ATP and e-ATP 
(Fig. 1) in 1:1 systems are summarized. 
The important points to note are: (i) differ­
ences in the dephosphorylation properties 
of these nucleotides become apparent only 
in the presence of metal ions: this means, 
the different base/metal ion affinities (Sec­
tion 6) lead to structurally different com­
plexes in solution and these are responsible 
for the differences in reactivity, (ii) When 
the rates in the neutral pH range are com­
pared, the orders are: with Cu2®, ATP > 
e-ATP > CTP; and with Zn2®, e-ATP > 
ATP > CTP. (iii) The effectiveness of the 
metal ions is Cu2® > Zn2® for ATP and 
CTP, but very surprisingly Zn2® > Cu2® 
for e-ATP.

It is known19561 that for M2®/CTP and 
other triphosphates with a non-coordi­
nating terminal organic residue the mono­
meric M2(NTP)(OH)e is the most reactive 
species, both metal ions being coordinated 
to the triphosphate chain. Therefore CTP 
is always the final link in the above orders, 
and Cu2® is more active than Zn2®, because 
its complexes are the more stable ones and 
it has also a higher tendency to form hy- 
droxo species1’301.

Hence, we are left with the problem: 
why is in the presence of Cu2® in the neu­
tral pH range the déphosphorylation rate 
of ATP faster than that of e-ATP, and why 
is the reverse order11311 observed with Zn2®? 
In short: in these four systems metal ion/ 
base interactions are important and de­
tailed kinetic measurements141,1301 reveal 
that (i) for all four systems the most reac­
tive species contains M2®/NTP in the ratio 
2:1[I321, and (ii) for Cu2®/e-ATP the reac­
tion proceeds via a monomeric complex, 
while for Cu2®/ATP and both Zn2® sys­
tems the intermediate is of a dimeric 
stacked nature. The proposed structures of 
the reactive complexes are shown in Fig. 
11.

What can we learn from these obser­
vations regarding the evaluation in how far 
e-ATP may be employed as probe for 
ATP? The answer appears as rather dis­
couraging: the somewhat reduced tendency 
for self-association of Zn(e-ATP)2®, com­
pared with that of Zn(ATP)2® (Section 
4.4), and the enhanced Zn2®/base inter­
action with e-ATP4®, compared with that 
of ATP4® (Sections 6.2 and 6.4), combines 
in the effect to an approximately 6-fold 
increase in the rate of the déphosphoryla­
tion reaction of Zn2®/e-ATP over that of 
Zn2®/ATP in the neutral pH range and in 
1:1 systems (Fig. 10). However, there re-

Fig. 10. Comparison of the Cu2® (—) and Zn2® (----- ) promoted dephosphorylation of
e-ATP, ATP, and CTP ( always in the ratio 1:1 ) as a function of pH, characterized as the 
first-order rate constants k (s~'). For further comparison the rate in the nucleoside 5'-tri­
phosphate systems alone, NTP = e-ATP, ATP, and CTP (------), is also given. The dotted
line portions indicate uncertainty due to precipitation. The concentration of each reactant 
( when present) was always 10~3m; I = 0.1, NaClCf; 50° C. The detailed experimental data 
from which this figure is composed are given in figures 2 and 3 of ref.[411, and in the references 
cited there.

Fig. 11. A) Probable structure of the reactive Cu2(e-ATP) ( OH) ® complex formed in the 
Cu2® promoted déphosphorylation of e-ATP; the a. fi-coordination of one Cu2® is facilitated 
due to its base back-binding1^. - B) Proposed structure for the reactive 
[M2(ATP)]2(OH)® dimer, which occurs in low concentrations in the Zn2® and Cu2® 
promoted dephosphorylation of ATP[1301, as well as in the Zn2® promoted dephosphorylation 
of e-ATP 1411 (for the latter case, in the schematic structure shown above the adenine moiety 
has to be replaced by an s-adenine moiety with M2® coordinated to the N-6/N-7 site; see 
Section 6.2). The intramolecular attack of OH® is indicated on the right side of the above 
structure, while the left side is ready to transfer also into the reactive state by deprotonation 
of the coordinated water molecule or to undergo an intermolecular water attack. The above 
figure is a combination of chart II from ref.1411 and figure 7 from ref.1130i.
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mains in this case at least one comfort: the 
pathway of the reaction1411 is the same for 
the Zn2® promoted dephosphorylation of 
ATP4®, as well as for e-ATP4® (Fig. 11B). 
In case of Cu2®, the increase in complex 
stability and in the extent of base back- 
binding is so different for e-ATP and ATP 
(Sections 6.1 and 6.4), that different path­
ways are observed (see Fig. 11A and 11B, 
respectively); and this fact then leads to the 
peculiar situation1411 that in 1:1 systems and 
at pH 7 in ICT5 m solutions Cu2®/e-ATP is 
more reactive by a factor of about 5, while 
in 10 2 M solutions Cu2®/ATP is 200 times 
more reactive than Cu2®/e-ATP. This 
example is self-explanatory.

9. Perspectives
From the Conclusion-Sections 4.5, 6.5, 

7.4 and the preceding Section 8 it is clear 
that great care must be exercized in em­
ploying l,N6-ethenoadenine derivatives in 
the presence of metal ions as probes for 
adenine derivatives. Even in the few cases 
where an application appears as possible, 
like with alkaline earth ions in dilute solu­
tions, one has to be aware that hidden pit­
falls may exist1961, especially in studies in­
volving kinetic experiments.

Because of the absence of highly re­
solved X-ray structure determinations of 
crystalline enzyme-ATP and similar com­
plexes141, molecular probes of the described 
kind are, a priori, legitimate tools to study, 
for example, in solution the binding sites 
for ATP in proteins if the appropriate care 
is taken to prevent misinterpretations. It is 
evident that one is facing in this connection 
one further problem which is only slowly 
becoming more clear: namely that of the 
properties of low dielectric cavities in pro­
teins - and in these the active sites are 
usually located. The equivalent solution 
(or effective) dielectric constants for the 
active-site cavities of bovine carbonic an­
hydrase and carboxypeptidase A have re­
cently been estimated as being in the order 
of 35 and 70, respectively11331. Values of a 
similar order have also been derived for 
some hemoproteins11341. There is now in­
creasing evidence that properties of com­
plexes may change under these conditions 
in unexpected ways: e.g., intramolecular 
ligand-ligand interactions involving stacks 
in mixed ligand complexes may to a certain 
extent be favored160,1351. This is unexpected, 
because addition of an organic solvent like 
ethanol or dioxane to an aqueous solution 
containing binary stacks destroys these.

These indicated problems are to be at­
tacked by model studies. This is the only 
way to develop a feeling and finally to pro­
vide a solid basis about the influence of a 
reduced effective dielectric constant on 
properties of metal ion complexes; already 
now there is no doubt that in this way 
specificity and selectivity can be pro­
moted1601361. Here a wide field is open for 
inorganic or coordination chemists with an 
interest toward biochemistry or biol­
ogy11371. It is obvious that model studies will

usually suffer due to incompleteness in one 
way or in another. However, to an open 
mind there is always a gain! A nice exam­
ple for this is provided by the Cu2®/e-ATP 
system described in this account: it is clear 
e-ATP is in the presence of Cu2® a poor 
probe for ATP (Sections 6.5 and 8). How­
ever, the search for a monomeric complex 
in which the a,P-coordination of a metal 
ion at a triphosphate is facilitated by the 
presence of additional binding sites in a 
sterically favorable position is a long 
standing goal. The search for such a spe­
cies had been initiated in 1956 by the hy­
pothesis of Szent-GyorgyiliX] that macro­
chelate formation in nucleotide complexes 
is of importance for biological systems. 
Consequently, such a reactive complex has 
been sought in model studies12,1391 and in 
NTP déphosphorylations1127,1401; in model 
studies no significant rate enhancement 
was observed121 and for NTP systems other 
reactive complexes were identified1128,1301. 
Now 30 years later, it is shown for the 
ATP-derivative, l,N6-ethenoadenosine 5'- 
triphosphate, that the Cu2® promoted dé­
phosphorylation proceeds via such a com­
plex as depictured in Fig. 11 A. Needless to 
say, that this result is also improving our 
understanding of transphosphorylations 
and the connected structural tuning by 
metal ion coordination.
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