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Fig. 1. Structural formulae of the 1,N°-ethe-
noadenine ( = ¢-adenine) derivatives and of
their adenine-parent compounds considered
in this account ™. To facilitate comparisons
between the e-adenine and the adenine resi-
dues the conventional atom numbering for
adenines is adapted, a procedure which is
common ",

¢-adenosine derivatives have been used,
e.g., to probe the active sites of adenine
nucleotide dependent enzyme systems®”,
and the 1,N°etheno analogues of flavin
adenine dinucleotides™ and adenosyl-
cobalamin, i.e., the ¢ analogue of coen-
zyme B,,®), were also synthesized and
studied. e-ATP™ as a probe for ATP, is
particularly widely utilized®**%; the rea-
sons are (i) the mentioned excellent fluo-
rescent properties %" and (ii) the possi-
bility to evaluate® the importance of the
N-1and 6-NH, 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).

3. Aim of the Present Account

Being a coordination chemist, and con-
sidering that all ATP dependent enzyme
systems are also metal ion dependent!
and knowing that metal ions alter the
structure of nucleotides in solution®
one wonders about the influence of the
1,10-phenanthroline-like binding site in
the 1,N-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 ¢-ATP
indeed useful probes for AMP or ATP in
the presence of metal ions? Based on our
recent studies with ¢-adenosine®® and
some of its nucleotides """ an effort is now
made to evaluate this problem and to
answer, at least partly, such questions.

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 derivatives?®**
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*¥ and un-
der these conditions, especially as also
metal ions are present®, considerable
amounts of ATP have to exist in the form
of dimers and oligomers .

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

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

It is now well-known that self-associ-
ation of adenosine and other purine deriv-
atives occurs via stacking*%, As the en-
tire ¢-adenine moiety is nearly planar with
a maximum deviation of about 0.03 A (=3
pm) among the ring atoms "%, self-stacking
has also to be expected for e-adenosine in
aqueous solution. Indeed, the 'H-NMR
spectrum changes considerably when the
concentration is increased from 5 to 81 mm
(Fig. 1 in ref.®®). Furthermore, the upfield
shifts observed®® for H-2, H-8, H-10, H-
11, and H-1' 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 formation®*. The conclu-
sion that polymers are formed agrees also
with vapor-pressure osmometric data!*! of
g-adenosine.

In fact, it is now generally agreed!
that self-association of purine deriva-
tives 43542448 proceeds beyond the dimer
stage, the distance between stacked mole-
cules being in the order of 3.5 A (= 0.35
nm)!>¥31 and the experimental re-
sults®+%®4 are best interpreted by the iso-
desmic model for indefinite non-coopera-
tive self-stacking¥’). 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):

34,42, 46)

(A, + A= (A, M

K =[(A), J/[(A)] [A] @

Adaption of this model to 'H-NMR shift
measurements was described in de-
tail #4252, it results in a relationship be-
tween the observed chemical shift (J,,,) 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, J,, at
infinite dilution (monomeric A) and for d.,,
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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 '¥% is appa-
rently somewhat larger than that of ¢-ade-
nosine, K = 9.4 £ 1.2 m~'®%; 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 ¢-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 conclusion ™ regarding the intramolecu-
lar association of the dinucleoside mono-
phosphates 1,N°-ethenoadenylyl-(3'—5)-
1,N®-ethenoadenosine (¢ApeA) and ade-
nylyl-(3'>5')-adenosine  (ApA), that
stacking in ApA is more pronounced than
in eApeA (pH 7.0)59 %),

As expected, protonation of the base
moieties of ¢-adenosine and of adenosine
leads to repulsion, and hence to a reduced
stacking tendency: for H(e-Ado)® and
H(Ado)® K <04Mm'™and K = 0.9 m'P,
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(e-adenosine)*®: the estima-
tion® of the upper limit of the self-associ-
ation constant gave K < 1.2M7'; a value to
be compared with K =9.4 m' for free &-
adenosine. These results are in line with
related data®%¥; e. g., for the 1,10-phenan-
throline system it holds: Phen, K = 31.1
M > H(Phen)®, K = 12.0 m ' >
Zn(Phen)®®, K = 1.1 M '(3,

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

*) 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, K = 15 M,
by about one-fifth, to K = 3.3 M~'P4. 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-third ?4, i_e.
K =3.3m"'vs. 1.2M7", Thestrictly coplanar three-ring
system 1,10-phenanthroline (K = 31.1 M~")) and the
two-ring system 2,2"-bipyridyl (K = 7.4 M~ ")(® differ
by a factor of about one-fourth, but ¢-adenosine
(K =9.4 M~") 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 stack ('],
It should be pointed out that the formation of such
stacks is connected with a negative enthalpy (A HY
contribution to A G462,
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=~—ribosyl 5 —(mono—fdi—/or tn-)phosphate

R'= ~2'~deoxyribosyl 5'—(mono=/di~/or tri~)phosphate
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Fig. 7. Structural formulae of the pyrimidine-nucleotides considered in this account ®,

participation of this site in complex forma-
tion does lead to intramolecular macro-
chelates; such macrochelates involving the
phosphate groups and N-7 of the adenine
moiety are already well-known [¥*3%60.77.7.82
for adenine-nucleotide complexes with the
mentioned metal ions:

phosphate-ribose~base phosphate r
= K i
M2 4 Mze g
] s
base—e

(23)

The next point to be emphasized is the
equality of the Mg*® or Ca’® complexes
within a nucleotide-series: UMP?® =~
AMP?® x~ ¢-AMP?® < PNDP?*® ~ ADP*®
~ e-ADP?*® < PNTP*® x~ ATP*® ~ ¢-
ATP*® (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
Mg*® complexes of ADP*®C ATP*©P4
and ¢-ATPP: there is no indication of any
direct metal ion/base interaction®. In con-
trast to this, '"H-NMR experiments show
clear downfield shifts of H-8 for the Zn?®
and Cd?*® complexes of ADP*®P and
ATP*©B*# confirming thus the macro-
chelate-formation via N-7 and phosphate
coordination.

Similarly, such an 1,N°-ethenoadenine
interaction in the Zn(e-ATP)*® complex
‘should also be reflected in the 'H-NMR
shift positions. This is indeed the case™:
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-11 (see Fig.1), to
infinite dilution (J,). In this way the shift
positions for these protons in the mono-
meric Zn(e-ATP)?*® complex are obtained,
and these are clearly downfield compared
with the corresponding shifts for ¢-ATP*®
and Mg(e-ATP)*® (the latter being simi-
lar). Furthermore, by comparing the ex-
tent of the downfield shifts, Ad,, for H-8

and H-11 of Zn(¢-ATP)?® with the corre- .
sponding shift values obtained for com-
plete complexation of Zn*® at the N-6/N-7
site of ¢-adenosine, the percentage of the
macrochelated isomer in equilibrium (23)
can be estimated *: 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(e-ATP)*® does indeed exist.

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

It is evident that a general estimation of
the position of equilibrium (23) for M(NP)
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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),, and the
«closed» species as M(NP),. This allows
now the definition of the intramolecular
and therefore dimensionless equilibrium
constant K, by Equation (24) and its calcu-
lation via Equation (25)P*33797;

= [M(NP)CI]/[M(NP)op]

(K (NP)/ KM(NP)op) -1

(24)
(25)

K¥ip is the experimentally accessible
(overall) stability constant (Tables 3 and
4), while Ky, applies to the «open»
isomer M(NP),, “*This latter constant is not
directly accessxble by experimental deter-
minations, but in the present cases it is well
represented by the stability constants
of the pyrimidine-nucleotide com-
plexes®337%1 because these exist only in
the «open» form (see Section 6.3). Hence
the crucial difference
IgA=1lg Khh:(NP) —-lg Kr?:(NP)op (26)
may be calculated, and thus K, and the
percentage of the «closed» isomer M(NP),
can also be obtained . 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) complexes®, but this interaction
is quite significant in the M(NP) complexes
containing Zn*® (or Cd*®) or one of the

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

M?2@ % [M(NP),] for the e-Ado-phosphates % [M(NP),] for the Ado-phosphates
£-AMP?© £-ADP3© s-ATP*® AMP2© ADP3© ATP*®
[b] [e] [d] [b] e] U]
Ca?® 0 0 0 0 0 0
Mg?® 0 0 0 0 0 olel
Mn?® 69 ~80 (60) 62, 32 28 55 38, 17+ 108}
Co*® =97 ~80 (60) ~70, ~ 55 34 60 57, 38+ 9183
Ni2® ~99 ~96 (92) ~97, ~95 79, 6881 g 74, 64
Cu?® 99.9 ~99.9(99.9)  >99.5 44, 4181 94 76, 68+ 460
Zn?® 92 ~9% (87) 76, 62 38 67 62, 28+ 73
Cdze) 52 (82)

[a]’ The values given for the Ca?® and Mg?® complexes are based on Tables 3 and 4; those of the other metal ions
are essentially also based on these data, but in footnotes (>0 the direct sources are given.

[b] From ref.B”, 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 1g A (Equation (26)) were artificially reduced by 0.3 log units; this results in

the percentaFes given in parenlhesis.
{d] From ref. 1

The second values given for Mn2®, Co?®, Ni2®, and Zn?® were calculated using as basis the

recently® determined stability constants for M(PNTP)Ze complexes (for Cu?® again the above value is
obtained). If a comparison wuh M(ATP)?® is made, these newly calculated values must be compared with

those percentages for M(ATP)Z®

which are from ref. . It is evident that all conclusions given in the text are

unaffected, but these addmonal values indicate the difficulties in establishing exact values for the concentra-
tions of the isomers (see also ref. [831), especially if the difference 1g A ’'in Equation (26) is becoming small.

[e] From ref. B3,

[f}] From ref. B4 , except where another source is given. The second value provided for Ni(ATP)2®

«f» in table VII of ref. B4,

is from footnote

[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.**l); this problem has very recently been further investigated (see

ref [83.88.961)
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mains in this case at least one comfort: the
pathway of the reaction*! is the same for
the Zn*® promoted dephosphorylation of
ATP*®, as well as for e-ATP*® (Fig. 11B).
In case of Cu?®, 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 situation®! that in 1:1 systems and
at pH 7 in 10~° M solutions Cu®®/e-ATP is
more reactive by a factor of about 5, while
in 107 M solutions Cu?®/ATP is 200 times
more reactive than Cu*®/s-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 1,N®-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 exist?, 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-
plexest), 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, respectively!". Values of a
similar order have also been derived for
some hemoproteins**. 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 favored®'*. 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-
moted ® 1, Here a wide field is open for
inorganic or coordination chemists with an
interest toward biochemistry or biol-
ogy!"1. 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 Cu®®/e-ATP
system described in this account: it is clear
&-ATP is in the presence of Cu’® a poor
probe for ATP (Sections 6.5 and 8). How-
ever, the search for a monomeric complex
in which the a,B-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-Gyérgyi!'*® that macro-
chelate formation in nucleotide complexes
is of importance for biological systems.
Consequently, such a reactive complex has
been sought in model studies®" and in
NTP dephosphorylations!?"'“0; in model
studies no significant rate enhancement
was observed @ and for NTP systems other
reactive complexes were identified 12130,
Now 30 years later, it is shown for the
ATP-derivative, 1,N°-ethenoadenosine 5'-
triphosphate, that the Cu*® promoted de-
phosphorylation proceeds via such a com-
plex as depictured in Fig. 11A. 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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