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The acidity constants of twofold protonated guanosine 5'-diphosphate, H,(GDP)~, and the stability
constants of the [Cu(H;GDP)] and [Cu(GDP)]~ complexes were determined in H,O as well as in 30 or 50%
(v/v) 1,4-dioxane/H,O by potentiometric pH titrations (25°; I =0.1m, NaNOs;). The results showed that in H,O
one of the two protons of H,(GDP)~ is located mainly at the N(7) site and the other one at the terminal -
phosphate group. In contrast, for 50% 1,4-dioxane/H,O solutions, a micro acidity-constant evaluation evidenced
that ca. 75% of the H,(GDP)~ species have both protons phosphate-bound, because the basicity of pyridine-
type N sites decreases with decreasing solvent polarity whereas the one of phosphate groups increases. In the
[Cu(H;GDP)] complex, the proton and the metal ion are in all three solvents overwhelmingly phosphate-
bound, and the release of this proton is inhibited by decreasing polarity of the solvent. Based on previously
determined straight-line plots of log K& _pp) vs. pKiir_pp) (Where R represents a non-interacting residue in
simple diphosphate monoesters ROP(O~)(=0)—O—-P(=0)(0~),, R—DP3"), which were now extended to
mixed solvents (based on analogies), it is concluded that, in all three solvents, the [Cu(GDP)]~ complex is more
stable than expected based on the basicity of the diphosphate residue. This increased stability is attributed to
macrochelate formation of the phosphate-coordinated Cu?>* with N(7) of the guanine residue. The formation
degree of this macrochelate amounts in aqueous solution to ca. 75% (being thus higher than that of the Cu?*
complex of adenosine 5'-diphosphate) and in 50% (v/v) 1,4-dioxane/H,O to ca. 60%, i.e., the formation degree
of the macrochelate is only relatively little affected by the change in solvent, though it needs to be emphasized
that the overall stability of the [Cu(GDP)]~ complex increases with decreasing solvent polarity. By including
previously studied systems in the considerations, the biological implications are shortly discussed, and it is
concluded that Nature has here a tool to alter the structure of complexes by shifting them on a protein surface
from a polar to an apolar region and vice versa.

1. Introduction. — It is now well-established that the so-called ‘effective’ or
‘equivalent solution’ dielectric constants or permittivities in proteins [1-4] or in the

1) Abbreviations used: ADP3~, adenosine 5'-diphosphate; AMP?~, adenosine 5'-monophosphate; ATP*,
adenosine 5'-triphosphate; GDP3~, guanosine 5'-diphosphate; GMP?-, guanosine 5'-monophosphate;
GTP*, guanosine 5-triphosphate; Guo, guanosine; I, ionic strength; K,, general acidity constant; L,
general ligand; M?**, divalent metal ion; NDP3~, nucleoside 5'-diphosphate; NTP*-, nucleoside 5'-
triphosphate; Nu, general nucleotide; R—DP3-, diphosphate monoester, R being a non-interacting organic
residue; UTP*-, uridine 5'-triphosphate. Species written in the text without a charge either do not carry
one or represent the species in general (i.e., independent from their protonation degree); which of the two
possibilities applies is always clear from the context. In formulas such as [Cu(H;GDP)], the H" and GDP3*~
are separated by a semicolon to facilitate reading; yet, they appear within the same parenthesis to indicate
that the proton is at the ligand without defining its location. A formula like (GDP - H)*~ means that the
compound has lost a further proton and it is to be read as GDP3~ minus H*.
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active-site cavities of metalloenzymes [5] are reduced compared to the situation in bulk
water. It is also generally agreed that different types of water exist in cells [6]. At the
protein-water interface, the activity of water is decreased [7] due to the presence of
aliphatic and aromatic amino acid side chains [8], and, in such a low-dielectric medium,
inner-sphere binding of metal ions to the ligating groups of proteins, especially in the
case of negatively charged residues, is favored [9]. It has also been pointed out with
regard to biological systems [10] that metal ions like to be coordinated to a hydrophilic
shell that is then embedded within a larger hydrophobic shell.

Estimates for the dielectric constant (¢) in such biological locations range from ca.
30 to 70 [1][3][5] compared to ca. 80 in bulk water; hence, by employing aqueous
solutions that contain ca. 20—50% 1,4-dioxane, one may expect to simulate to some
degree the situation in active-site cavities [11]. The dielectric constants of the two
indicated solvent mixtures are ca. 60 and 35, respectively [S][12]. Other solvents that
have been used in studies [5][13] devoted to a decreased solvent polarity are H,O/
EtOH mixtures. However, for the present, we prefer the use of 1,4-dioxane for two
reasons: i) H,O containing 20 or 50% (v/v) EtOH gives ¢ values only of ca. 70 or 50,
respectively [5][13]; to achieve ¢ values of ca. 60 or 35, H,O mixtures containing ca. 35
or 80% EtOH would be needed, respectively. ii) Because EtOH is a smaller and less-
rigid molecule compared to 1,4-dioxane, one expects that its hydrophobic solvating
properties by the Et residue are somewhat more pronounced than those of the CH,CH,
bridges of 1,4-dioxane, and this would not be in accord with the aim of this study where
not the hydrophobic solvation but the decreased solvent polarity is in the center of
interest.

Among the few available studies in which the effect of a decreasing solvent polarity
has been investigated [13—17] is one that deals with the Cu>* complex of adenosine 5'-
monophosphate (AMP?~) [16]. In this study, it has been shown that, by changing the
solvent from H,O to 50% (v/v) 14-dioxane/H,O, the overall stability of the
[Cu(AMP)] complex increases gradually by 1.6 log units. However, despite a rather
regular stability increase due to the change in solvent, the formation degree of the
macrochelate according to the equilibrium of Egn. I passes through a minimum in ca.
30% (v/v) 1,4-dioxane/H,O; in other words, there is a significant change in the structure
of this complex. It should be noted that macrochelate formation of a phosphate-
coordinated metal ion by interaction with N(7) is commonly observed in complexes of
transition-metal ions with purine nucleotides [18-20]. In contrast to the indicated
properties of [Cu(AMP)], the overall stability of the Cu** complex formed with
adenosine 5'-triphosphate (ATP*") is only relatively little affected by the change in
solvent composition [21], whereas the formation degree of its macrochelate decreases
rather significantly by going from H,O to 50% (v/v) 1,4-dioxane/H,O.
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Since guanosine is known to have a significantly larger affinity toward divalent
transition-metal ions than adenosine (cf. the data in [22] with those in [23]) [24], we
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selected for the present study a guanosine derivative, i.e., guanosine 5'-diphosphate
(GDP3-), the structure of which is shown together with the one of AMP?~ in Fig. 1
[25][26]. GDP plays a role in the so-called G-protein systems [27] which utilize
guanosine 5-triphosphate (GTP*") [28] and where metal ions are involved in the
hydrolysis reactions [29][30]. Cu?* was selected because of its high affinity toward the
N of guanosine in aqueous solution [18][23][31] and also because of its role in biology
[32][33].
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Fig. 1. Chemical structure of guanosine 5'-diphosphate (GDP3") and adenosine 5'-monophosphate (AMP?") in
their dominating anti conformations [25][26]

By potentiometric pH titrations, we studied now the effect of increasing amounts of
1,4-dioxane added to aqueous solutions on the acid —base properties of GDP*~. Indeed,
this effect is rather pronounced, and the species H,(GDP)~ has different structures in
H,0 and in 50% (v/v) 1,4-dioxane/H,O. It is, thus, no surprise that also the properties of
the [Cu(H;GDP)]!) and [Cu(GDP)]~ complexes are affected by the change in solvent.

2. Results and Discussion. — 2.1. Preamble. Great care was taken in this study to
measure the various equilibrium constants under conditions where no self-association
occurs [24][34][35]. The measurements were made with solutions being 0.6 mM in
GDP; this guarantees [24][34] that indeed the properties of the monomeric species are
studied. It may be added that it is also known [21][36] that the presence of 1,4-dioxane,
due to hydrophobic solvation of the aromatic rings, inhibits stacking.

2.2. Acidity Constants of Hy(GDP)~. In the pH range of ca. 2.5 to 11, relevant for
this study, GDP*~ (see Fig. I) accepts two protons to give H,(GDP)~. Based on the
experience with H,(GMP)* [24] and H,(GTP)?~ [37] in aqueous solution, one may in a
first approximation assume that the first of the two protons of H,(GDP)~ is released
from the H—N(7)" site and the second one from the terminal S-phosphate group.
Considering further that the H—N(1) unit may lose a proton as well, the following three
deprotonation reactions need to be taken into account:

H,(GDP)-=H(GDP)* + H* (2a)
Kii,oor = [H(GDP)* ] [H']/[Hy(GDP)"] (2b)

H(GDP)> = GDP* + H* (3a)



HELVETICA CHIMICA ACTA — Vol. 88 (2005) 409

Kiigoe) = [GDP*" [[H*J/[H(GDP)*"] (3b)
GDP*-=(GDP-H)* +H* (4a)
KEpe =[(GDP—H)*"][H*]/[GDP*"] (4b)

Indeed, with Egns. 2b, 3b, and 4b, the experimental data could be perfectly fitted in
the mentioned pH range and in the solvents H,O and 30 or 50% (v/v) 1,4-dioxane/H,0.
The corresponding acidity constants are listed in 7able I together with some related
data [38-40].

Table 1. Negative Logarithms of the Acidity Constants of H,(GDP)~ (Eqns.2-4), of Monoprotonated

Guanosine (Guo), and of also Twofold Protonated and Related Nucleotides (Nu) in Dependence on the Amount

of 1,4-Dioxane Added to Water, as well as Some Properties of the Solvents®)'). The constants were measured by
potentiometric pH titrations at 25°, I=0.Im (NaNO;).

Entry H(Guo)* or 14-Dioxane %) PKH Guo) OF PKI, vy PKH N pKL, Ref.
Hy(Nu) % (v/v) mol fraction H-N(7)* ©)9) P(O),(OH) ¢) H-N(1)°)
I H(Guo) 0 0 785 2.11+0.04 9224001 [24]
2 H,(GMP)* 0 0 785 2.48+0.04 6.25+0.02 9.49+0.02 [24]
3 H,(GDP)~ 0 0 78.5 2.67+0.02 6.38 +£0.01 9.56 +£0.03 —f)
4 H,(GDP)~ 30 0.083 52.7 2.7540.02 6.89 +£0.02 9.97 +0.02 —f)
5 H(GDP)- 50 0.175 352 2.89+0.04 7.09+0.02 1025+0.04 —f)
6 H,(GTP)*- 0 0 78.5 2.944+0.02 6.50 £0.02 9.57+0.02 [27]
7 H(AMP)* 0 0 785 3.84+0.029) 6.21+0.01 [38]
8§  H,(AMP)* 50 0.175 352 34240029 7.48+0.01 [16]
9 H(ATPR 0 0 785 4.01£0.01%) 6.49+0.01 [21]
10 H,(ATP)>* 50 0.175 352 3.59:t0.02d) 6.90+£0.02 [21]
I H(UTPY- 0 0 785 —°) 6.46 £ 0.01 [21]
12 H(UTP)- 50 0.175 352 - 6.92+0.01 [21]

) So-called practical, mixed, or Brgnsted constants [39] are listed, see Exper. Part. The errors given are three
times the standard error of the mean value or the sum of the probable systematic errors, whichever is larger.
) The dielectric constants (&) for the 1,4-dioxane/H,O mixtures are interpolated from the data given in [12].
¢) Site at which the deprotonation reaction occurs. The P(O),(OH)~ unit refers always to the terminal
phosphate group in a nucleotide. ) In the case of the adenine nucleotides, the proton is released from the
H—-N(1)" site. ©) The uracil residue cannot be protonated in aqueous solution [40]; further protonation of
H(UTP)*" occurs at the phosphate chain. ) Measured in this work.

The results of Table I allow the following conclusions: /) From the acidity constants
in Column 7 of Entries 6, 9, and 11, it follows that the kind of nucleobase has very little
influence on the pK, value due to the release of the last proton from the phosphate
chain, i.e., from the terminal y-phosphate groups of the NTPs. This conclusion is
confirmed by the pK, values in Entries 2 and 7 due to H(GMP)~ and H(AMP)-,
respectively. Considering the large distance between the nucleobases and the
phosphate residues, this result is expected, and it means that the pK, values for
P(O),(OH)~ groups may directly be compared with each other independent of the
nucleobases of the nucleotides.

2) The release of the proton from the H—N(7)* site of the guanine moiety is
increasingly inhibited by increasing charge on the phosphate residue: Guo < GMP <
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GDP < GTP (Column 6, Entries 1-3 and 6). The same effect, though clearly less
pronounced, is observed for the deprotonation of the H—N(1) site (Column 8). This is
also expected because removal of a positive charge should become increasingly difficult
if the negative charge in the vicinity increases. Naturally, the effect on H—N(1) should
be smaller, because this unit is further away from the phosphate residue than the
H—N(7)* site. Note, purine nucleotides exist in solution in the anti conformation (see
Fig. I).

3) Evidently, for a decreasing solvent polarity, which corresponds to an increasing
hydrophobic medium, one expects that charge separation becomes more difficult and
indeed, this is observed: with increasing 1,4-dioxane concentration, the pK, values for
the P(O),(OH)~ groups increase as well (Column 7 of Table 1, Entries 3—5 and 7—12).

4) However, the smaller the phosphate residue, the larger is the effect of a
decreasing solvent polarity: The ApK, values for the differences between the acidity
constants measured in H,O and in 50% 1,4-dioxane/H,O are 1.27 >0.71 > 0.41 ~0.46
for HLAMP)~, H(GDP)?>-, H(ATP)*-, and H(UTP)?*-, respectively ( Entries 7 vs. 8, 3
vs. 5,9 vs. 10, and 11 vs. 12 of Column 7). Considering that the charges and the number
of O-atoms increase by going from a mono- via a di- to a triphosphate, it is expected
that the extent of solvation by H,O increases within this series as well. Clearly, the
stronger the solvation by H,O the less should be the effect of 1,4-dioxane, and this is
exactly observed.

5) That a low-polarity or -permittivity medium inhibits charge separation is also
evident from the properties of the H—N(1) site in GDP?*~: The pK, value increases
from 9.56 £+ 0.03 in H,O to 10.25 +0.04 in 50% 1,4-dioxane/H,O (Column 8 of Table 1,
Entries 3-5). The fact that this ApK, value of 0.69 4 0.05 is identical within the error
limits to the one observed for the H(GDP)?~ species, i.e., ApK, =0.7140.02 (=(7.09 +
0.02) — (6.38 £ 0.01)), should not give rise to speculation; this result is fortuitous! For
example, for H{GMP)~, the change in ApK, equals 1.23 £+ 0.06 due to the same change
in solvent, whereas the corresponding value for the H—N(1) site of GMP?~ amounts
only to ApK,=0.8140.042).

6) To say it more generally, in conclusions 3) and 4), we have seen that, in accord
with previous observations [41], the basicity of negatively charged O sites increases
with a decreasing solvent polarity, i.e., it becomes more difficult to remove the proton.
This contrasts with the also known [41] properties of pyridine-type N-sites, in which the
basicity of N decreases with decreasing solvent polarity; i.e., the pyridinium moiety
becomes less stable. In accord herewith, the pK, value for the H—N(1)* site decreases
in H,(AMP)*, which is a pyridine-type site, by ApK, =0.42 +0.03 in going from H,O to
50% 1,4-dioxane/H,O as a solvent; similarly, for the same site in H,(ATP)?>~ and the
same change in solvent, ApK, =0.42 +0.02 (Column 6 of Table 1; Entries 7 vs. 8 and 9
vs. 10). Hence, the property of the H—N(1)™ unit of the adenine residue is as expected!
Understandably, to solvate the positively charged H—N(1)™ unit with H,O molecules
becomes increasingly difficult with increasing 1,4-dioxane concentrations.

7) In view of conclusion 6), the apparent basicity increase of the H—N(7)* site of
the guanine residue in H,(GDP)~ is not to be understood! There is no reason why an

2)  Results to be published.
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imidazole N-atom should behave totally differently than a pyridine N-atom. Does the
macro acidity constant measured for H,(GDP)~ in 50% 1,4-dioxane/H,O involve a
contribution of a proton released from the phosphate residue ? To say it differently, is in
H,(GDP)~ in H,O one proton at N(7) and the other at the S-phosphate group (see
Sect. 2.3) and does in 50% 1,4-dioxane/H,O exist an isomer where both protons are at
the diphosphate residue in H,(GDP) ? This then would explain why pKH cpp)
increases with an increasing 1,4-dioxane concentration (Column 6 in Table 1, En-
tries 3—5). An answer is attempted in Sect. 2.4.

2.3. Location of the Protons at Hy(GDP)~ in Aqueous Solution. First, it may be
noted that the present results given for the acidity constants of H,(GDP)~ in aqueous
solution (Table 1, Entry 3) are in fair agreement with a much earlier determination
[42], and they also agree well with the previous results obtained for H,(GMP)* [24] and
H,(GTP)?* [37].

Evidently, in monoprotonated guanosine, H(Guo)*, the proton must be located at
N(7) [43]. That this is also true in H,(GMP)*, in which a P(O),(OH)" residue is
attached to the 5'-position, follows from the increase in basicity of N(7), which is due to
the negative charge now present in its neighborhood. The ApK, increase of 0.37 £ 0.06
(=(2.48+0.04) — (2.11 £0.04)) is in accord with the expectations [44] (Column 6 in
Table 1, Entries 1 and 2).

For H,(GTP)?-, it has recently been shown via a micro acidity constant evaluation
[37] that one proton is at the terminal y-phosphate group and the other one is located
to ca. 90% at N(7) with ca. 10% being also at the triphosphate chain. Since the overall
basicity of the phosphate residues decreases in the order triphosphate > diphosphate >
monophosphate, one may conclude, based on the results provided for H,(GMP)* and
H,(GTP)?, that in H,(GDP)~ in aqueous solution, one proton is at the terminal -
phosphate group and the other overwhelmingly, i.e., 90% being the lower limit, at the
N(7) site.

2.4. Evidence for an Isomer Equilibrium of the H,(GDP)~ Species in 50% 1,4-
Dioxane/H,0. In conclusion 7) of Sect. 2.2, we asked the question, is one of the protons
in H,(GDP)~ in 1,4-dioxane/H,O mixtures partially located at N(7) and partially at the
already monoprotonated diphosphate chain, and is this the reason why pKijj gpe
increases (Column 6, Table 1, Entries 3—6) with increasing amounts of 1,4-dioxane
added to H,O? The only way to deal with such a problem is to try to quantify the
intrinsic acid —base properties of the various sites in a molecule, which can accept and/
or release protons, via micro acidity constants [45]. The corresponding micro acidity,
constant scheme for the reaction of H;(GDP)* to H(GDP)? releasing two protons is
given in the Scheme; in this reaction, the above-mentioned H,(GDP)~ species appear
as intermediates. The Scheme summarizes the equilibrium for H;(GDP)* defining the
micro acidity constants k and giving their interrelationships with the macro acidity
constants K according to the definitions given in the lower part [45][46]. The species
H;(GDP)*, on its way to H(GDP)?>~, may release protons from the H—N(7)* site and/
or from the diphosphate residue and therefore, we rewrite H;(GDP)* as (H-GDP-
H,)*; since deprotonation may occur at either site, we define the intermediate forms of
H,(GDP)~ as (H-GDP-H)~ and (GDP-H,)~. There are four unknown micro-
constants but only the three independent Eguns. a, b, and c interrelating them with the
macroconstants [45][46]. This means that one of these microconstants needs to be
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Scheme. Equilibrium Scheme for H;(GDP)* Defining the Micro Acidity Constants k and Showing Their
Interrelationships with the Macroconstants K and the Connection between (H-GDP-H)~ and (GDP-H,)~ and
the Other Species Present®)

(H-GDP-H)~ + H*

H-GDP-H GDP-H
PKH.GDPH, Kt.GDP-H
=148+020 =2.2540.04

H H

= PKhyaor)*+ PKH @)
— (0.84 £ 0.21) + (2.89 + 0.04)

=3.73+0.20

(H-GDP-Hy)

(GDP-H)>~ + 2 H*

GDP-H GDP-H
PKH-GDPH, PKGDP-H,
=0.95+0.28 =278+ 0.05
(GDP-Hg)~ + H*
H _ _HGDPH , ,GDPH,
Kuy epp) = KH.GDP-H,* KH.GDPH, @
1 1 1
= - (b)
K L GDPH " GDPH
HxGDP) KHGDPH KGDPH,
H H _ _HGDPH _,GDPH
Khycor)* KH,GDP) = KH-GDP-H," KH-GDPH
_ (GDP-H, | GDPH
= KH-GDPH,* KGDPH,

a) In (H-GDP-H)" and (GDP-H,)", one of the two protons is always bound to the terminal S-phosphate
group and the other one either to the N(7) site or also to the diphosphate residue, respectively; (H- GDP - H,)*
and (GDP-H)?* are also often written as Hy(GDP)* and H(GDP)?*-, respectively. The arrows indicate the
direction for which the constants are defined, and the Egns. a—c provide the connection between the macro-
and microconstants. The macroconstant pKi pp) = 2.89 £0.04, valid for 50% 1,4-dioxane/H,O (Column 6 of
Table 1, Entry 5), was measured by potentiometric pH titrations (25°; I =0.1m, NaNOj;), and the microconstants
pki:GBh 1, =1.48+0.20 and pk§SipE n =2.25+0.04 were estimated as described in the text of Sect. 2.4.
Knowledge of these three acidity constants allowed us to calculate with Egn. ¢ the missing values for the
macroconstants given on the horizontal arrow in the Scheme; now, with the upper pathway complete, the micro
acidity constants for the lower pathway could also be calculated by application of Egns. a and b. The error limits
of the various constants were calculated according to the error propagation after Gauss (see also Footnote a in
Table 1).

either measured or estimated independently [37][46]. In fact, in the present case,
where we shall concentrate on the solvent 50% 1,4-dioxane/H,O, the situation appears
at first sight to be rather discouraging because the only constant known is pKij, gpp) =
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2.89 +0.04, which is given on the horizontal arrow in the Scheme. Evidently, this means
that two more constants need to be obtained or estimated before Egns. a, b, and ¢ can
be applied.

It has been repeatedly noted that, for a set of related ligands, the difference between
the pK, values of the P(O),(OH)~ and P(O)(OH), residues is constant [47][48], even
though the absolute pK, values may differ depending on the systems considered.
Similarly, for uridine 5'-triphosphate (UTP*"), it has been observed [21] that the
difference ApK,urp = pKiiure) — PKH,utp), both protons being released from the
phosphate residue, is independent of the solvent, i.e., it is within the error limits the
same for H,O and for 30 or 50% 1,4-dioxane/H,0O, namely ApK,yrp =4.42 £0.10. This
constancy implies, of course, that the solvent effect on the release of the first and the
second protons from the phosphate residue is approximately the same. Hence, by
taking the difference ApK,gpp=(7.09 +0.02) — (6.38 £0.01) =0.71 £ 0.02, where the
first value refers to 50% dioxane/H,O and the second one to H,O (see Column 7 of
Table 1, Entries 3 and 5), one may estimate a value for the release of the first proton
from the twofold protonated phosphate residue of H;(GDP)*, provided the acidity
constant for Hy;(GDP)=* in aqueous solution (where one proton is at N(7) and the other
two are at the phosphate residue) is known. Indeed, this value has previously been
estimated [49], i.e., pKHi Gpp) = 0.77 £ 0.20. Consequently, by adding the above given
difference to this value for H,O, one obtains for the mixed solvent the needed value,
ie.,pkii &8 H, = (0.77 £0.20) + (0.71 £0.02) = 1.48 4 0.20, which is shown in the upper
pathway at the left of the Scheme.

A further estimate that is possible is for the deprotonation of the H—N(7)* unit in
(H-GDP-H) . From the discussion in Sect. 2.3 it follows that pKij, gpp) =2.67 £0.02
(Column 6 of Table 1, Entry 3) describes the situation in H,O for the deprotonation of
H-N(7)"in (H-GDP-H)  rather well since in H,(GDP)~, overwhelmingly N(7) and
the terminal S-phosphate group are monoprotonated each. Hence, by using this value
and by making the reasonable assumption that the deprotonations of the H—N(1)* and
H—N(7)* sites are affected by a change in the solvent in about the same way, one can
use the data available for H,(AMP)* and H,(ATP)?": for H,(AMP)#, the pK, change
due to the solvent change (Column 6 of Table 1, Entries 7—10) amounts to ApKavp =
(3.84+£0.02) — (3.42+0.02) =0.42+0.03 and for H,(ATP)>~ to ApKyarp=(4.01+
0.01) — (3.59+0.02) =0.42 £ 0.02 (see also conclusion 6) in Sect. 2.2). Now a value
for pk{i%ps. 11 in 50% dioxane/H,O may be estimated, ie., pki°ns. 1 = KL, Gpp) —
ApKampiare = (2.67 £0.02) — (0.42 £ 0.03) =2.25 £ 0.04. This value appears in the
upper pathway at the right in the Scheme.

Now, the upper pathway in the Scheme can be completed, and also the missing
macroconstants on the horizontal arrow can be obtained by applying Egn. c), ie.,
K§3(GDP) . KEZ(GDP) — 10—(1.484;0.20) . 10—(2.2510.04) —=10-37340204) and thus also pK&(GDP) —
(3.73+0.204) — (2.89 £0.04) =0.84 £+ 0.21; these estimated values given on the hori-
zontal arrow in the Scheme refer to the corresponding deprotonation reactions in 50%
1,4-dioxane/H,0O. Application of Egns. a and b allow now calculation of the micro
acidity constants for the lower pathway of the Scheme. Comparison of the macro-
constants with the micro acidity constants reveals that the lower pathway dominates
because here the macro- and microconstants are more similar.
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Since the values in the left part of the Scheme have rather large error limits, we use
for the calculation of the ratio R, which quantifies the position of the intramolecular
equilibrium of Egn. 5, the right hand part of the Scheme, i.e., Eqn. 6.

(GDP-H,)"=(H-GDP-H)- (5)
g_ l(H-GDP-H) ] [((GDP-H)*][H'] [(H-GDP-H)] (62)
(GDP-H,) ] [(GDP-H,) ] [(GDP-H) ][H']
k&BrH,
Tk (6b)
1077 1 1 _ 23+£3% (60)

- 107(2.2&0.04) - 1()(0.53+0.06) = 3.39 4+ 047 - 77 + 3%

Though the above evaluation contains several assumptions, there is no doubt that it
describes the correct trend for the formation of the isomers appearing in the
equilibrium of Egn. 5. This means, we may conclude that, in 50% 1,4-dioxane/H,O ca.
75% of the H,(GDP)~ isomers have two protons phosphate-bound, and only ca. 25% of
the isomers have one of the two protons at the N(7) site (the other one remaining at the
phosphate residue). This contrasts with the situation in H,O where the isomer with one
proton each at N(7) and at the terminal S-phosphate group strongly dominates (see
Sect. 2.3).

To conclude, the suspicion indicated in conclusion 7 of Sect. 2.2 that the change in
solvent affects the location of the protons in H,(GDP)~, and thus the position of the
isomer equilibrium of Egn. 5, is correct. Moreover, considering that, in the (H- GDP -
H)- isomer, three charged sites occur, ie., two negatively charged ones at the
phosphate residue and a positively charged one at the H—N(7)* unit, and that, in the
(GDP-H,)~ isomer, only the singly charged site at the phosphate chain exists, it is
understandable that, under conditions with a reduced H,O activity, solvation of the
charged sites becomes more difficult and, thus, the (GDP - H,)~ isomer with the lower
number of charged sites is favored.

2.5. Stability Constants of the [Cu(H;GDP)] and [Cu(GDP)]- Complexes. The
experimental data of the potentiometric pH titrations of the Cu**/GDP systems are
completely described by the equilibria of Egns. 2a, 3a, 7a, and 8a, if the evaluation is
not carried into the pH range where formation of hydroxo complexes occurs (see
Exper. Part). The acidity constant of the connected equilibrium of Egn. 9a may be
calculated with Egn. 10. The results obtained for the equilibria of Egns. 7a, 8a, and 9a
are listed in Columns 3, 4, and 5 of Table 2, respectively. For reasons of comparison, the
corresponding results for the Cu?>*/ADP system in aqueous solution are also given [38].
The constants for the Cu**/GDP systems in H,O and in H,O containing increasing
amounts of 1,4-dioxane have not been determined before [42].

Cu’* + H(GDP)*> =[Cu(H;GDP)] (7a)
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K&imcor) =[[Cu(H:GDP))/([Cu** ] [H(GDP)*"]) (7b)%)
Cu?* + GDP* == [Cu(GDP)]- (8a)

KE&ior) = [[Cu(GDP) | J/([Cu**][GDP*]) (8b)°)
[Cu(H;GDP)]<==[Cu(GDP)]- + H* (9a)
Koo =[[Cu(GDP) "] [H*])/[[ Cu(H:GDP)]] (9b)°)
PK 8, iiaop) = PKHiaop) +10g K& iaop) — 10g K Goe) (10)

Considering that the acidity constants of H(GDP)*" (pKijpp) =6.38+0.01; see
Table 1) and H(ADP)*~ (pKHapp) =6.40+0.01 [38]) are very similar, the stability
constants of the corresponding [Cu(GDP)]~ and [Cu(ADP)]~ complexes can directly
be compared. From the stability constants given in the fourth column of Table 2, it is
evident that the [Cu(GDP)]~ complex is somewhat more stable, confirming the
expectation expressed in Sect. I. Since [Cu(ADP)]~ forms macrochelates according to
Eqn. 1, the formation degree of the corresponding macrochelates for [Cu(GDP)]~
must be higher; this is indeed the case, as will be shown in Sect. 2.8. It may be added
here that, for the [Zn(GDP)]- and [Cd(GDP)]- complexes, the formation of
macrochelates has been established by '"H-NMR shift experiments in aqueous solution
[34].

Table 2. Logarithms of the Stability Constants of the [Cu(H;GDP)] (Eqn.7) and [Cu(GDP)]- (Egn.8)

Complexes in Dependence on the Amount of 1,4-Dioxane Added to Water and as Determined by Potentiometric

pH Titrations (25°; I=0.1m, NaNQO;), as well as the Negative Logarithms of the Acidity Constants of the

[Cu(H;GDP)] Species ( Eqns. 9 and 10)*)®). The corresponding constants for the Cu?*/ADP system in H,O are
given for comparison [38].

NDP3- 1,4-Dioxane®) [% (v/v)] log KSE(H:NDP) log Kg-":(NDP) ngu(H;NDP)
ADP3~ 0 2.774+0.16 5.6140.03 3.564+0.16
GDP3- 0 3.39+0.19 5.854+0.04 3.9240.19
GDP3- 30 3.504+0.08 6.214+0.15 4.184+0.17
GDP3- 50 3.80+0.13 6.36 4 0.05 4.534+0.14

) The error limits given are three times the standard error of the mean value; the limits of the derived data
(Column 5) were calculated according to the error propagation after Gauss. °) For the acidity constants of
H,(GDP)", see Table 1. The acidity constants of H,(ADP)~ are pKi,(app) =3.92 £ 0.02 and pKijapp) =6.40 +
0.01 (25°; I=0.1m, NaNO;) [38]. ©) For the mol fractions and dielectric constants of the 1,4-dioxane/H,0O
mixtures, see Table 1.

2.6. Structural Considerations on the [Cu(H;GDP)] Species. Potentiometric pH
titrations allow determination of the stability constants of the [Cu(H;GDP)]
complexes in the various solvents, but to locate the binding sites of the proton and
the metal ion in these species, further information is needed. At first, one considers best

3)  For convenience, the brackets of the complex formulae are omitted in mathematical equations.
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the proton, because binding of a metal ion to a protonated ligand commonly leads to
acidification of the ligand-bound proton [23][50][51]. Indeed, the acidity constants of
the [Cu(H;GDP)] complexes given in Column 5 of Table 2 are on average ca. 2.6 pK
units below pKfspp) (see Table I) and ca. 1.4 pK units above pKHi, gpp). Hence, in all
the [Cu(H;GDP)] species, the proton must evidently be located at the terminal S-
phosphate group of the diphosphate, because this is the most basic site.

However, where is the metal ion? Is it at N(7) of the guanine moiety or also at the
diphosphate residue? Considering that the stability of the [Cu(Guo)]*" complex in
H,O amounts only to log K& gu) =2.15 [23], it is evident that the charge effect of the
diphosphate residue alone cannot account for the much higher stability observed for
the [Cu(H;GDP)] species (log K& .pp) =3.39 in H,0); hence, one has to conclude
that Cu?* is also located at the diphosphate residue and that this also holds for the
situation in mixed solvents.

Furthermore, in Sect. 2.8 we shall see that the formation of the macrochelates
according to Eqn. 1 varies for [Cu(GDP)]~ between ca. 75% in H,O and 60% in 50%
1,4-dioxane/H,0. Since the main difference between [Cu(GDP)]~ and [Cu(H;GDP)]
is that, in the latter species, the S-phosphate group carries a proton, Cu?* is of course in
the [Cu(H;GDP)] species also in position to reach N(7) of the guanine residue and to
form macrochelates. In fact, for [Cu(H;ADP)], it was shown [38] that Cu?* is
overwhelmingly coordinated to the diphosphate residue, which also carries the proton,
and that ca. 50% of it form macrochelates. Though a quantitative evaluation for
[Cu(H;GDP)] in the various solvents is not possible because not enough information
exists, it is clear that macrochelate formation must also be substantial for this species in
all three solvents considered, since [Cu(Guo) ]** [23] is more stable than [Cu(Ado)]**
[22].

2.7. Evidence of Enhanced Stability of the [Cu(GDP) |- Complexes in Various Solvents.
The existence of the equilibrium of Egn. I is well-established for many complexes of
purine nucleotides [18 —21][23][31][38]. For example, the increased stability observed
for various [M(AMP)] complexes, being due to macrochelate formation with N(7) of
the already phosphate-coordinated metal ion, disappears as expected in all the
corresponding complexes formed with tubercidin 5-monophosphate (=7-deaza-
AMP?") since, in this ligand, N(7) is replaced by a CH unit [52]. Indeed, any kind of
chelation [53] must be reflected in enhanced complex stability [14][18]. Of course, such
macrochelates will hardly form to 100%. It is important to be aware that the formation
degree of the macrochelated or ‘closed’ species, which we designate for the Cu?*
complexes of GDP3~ as [Cu(GDP)]g, is independent of the total complex concen-
tration because the intramolecular equilibrium constant K, as defined by Egn. 11,
where [Cu(GDP) |, refers to the ‘open’ species in Egn. 1,is dimension-less. Taking this
into account, Egn. 8a may be rewritten as given in Egn. 12. The corresponding
equilibrium constant is then defined by Egn. 13. This expression contains as one term
the stability constant of the open isomer, which is defined in Egn. 14.

K =[[Cu(GDP)]a)/[[Cu(GDP)[;,] (11)%)

Cw** + GDP* = [Cu(GDP)];, = [Cu(GDP)]; (12)
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c _ [[Cu(GDP)|] 3

Cu(GDP) — [CC][GDP™ ] (13a)?)

_[[CUGDPL, | + [CUGDPL o)
[Cu™"][GDP]

K&\ Goriop = [[Cu(GDP) |5, J/([Cu**][GDP*"]) (14)%)

It is evident that any break-down of the values for K& spp), Which has to reflect the
contribution of the various terms necessary for further interpretation, requires that
values for K&} Gpp)op, Which cannot directly be measured, are obtainable. In contrast,
K& pry (Eqns. 8 and 13) is experimentally accessible. However, the existence of a
linear relationship for families of structurally closely related ligands between log KM(L)
and pKjj is well-known [53] and exists also for log K} pp) vs. pKiir-pp) plots [54],
where R—DP?- represents a simple diphosphate monoester, that is, R may be any
residue which does not affect complex formation. The parameters for the correspond-
ing straight line for [Cu(R—DP)]~ complexes have been determined [54]; they are
given in Egn. 15:

log KMy =m-pKii1, +b (15a)
log K&z _pp) = 1.283 - pKlz_pp) — 2.939 (15b)

The five R—DP?" ligands used in this determination [54] are indicated in Fig. 2.
Evidently, with a known pKijz pp value, an expected stability constant for the
corresponding [Cu(R—DP)]~ complex can now be calculated. Eqn 15b is valid in the
pK, range 6.2—6.8, and the error limit (three times the standard deviation) for a
calculated log K&ir pp) value is +£0.04 [54]. Fig. 2 shows that the [Cu(GDP)]~
complex in H,O is by ca. 0.6 log units more stable than is expected on the basis of
the basicity of the diphosphate residue. In fact, by application of Egn. 15b and
pKiipr), the stability enhancement, log Acygpe, for [Cu(GDP)]~ can exactly be
defined by Egn. 16. The equality of the various terms in Egn. 16 is evident.

log Acyopr =1og KSE(GDP) - Kgll:(R—DP) (16a)
=log K&i6pp) — log K&gpp)op = l0g 4 (16b)

Unfortunately, no reference lines for Cu**/H*/R —DP?~ systems in mixed solvents
exist. However, the influence of a decreasing solvent polarity, i.e., an increasing amount
of 1,4-dioxane added to aqueous solutions, on the stability of several Cu** and Zn**
complexes in dependence on the acid—base properties of three monophosphate-
monoester ligands as well as of UTP*-, formate (HCOO™), and acetate (MeCOO™)
have been studied [55]. These in total eight rather different systems show the
astonishing result that, in all instances, straight lines with slopes close to one are
observed. This indicates that the solvent effect on proton binding and on metal-ion
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Fig. 2. Evidence for an enhanced stability of the [Cu(GDP) ]~ complex in H,0 (®) and in 30 or 50% (v/v) 1,4-
dioxane(D )/H,0 (®). Results based on the relationship between log K&r_pp) and pKiir_pp) for the simple
[Cu(R—DP)]- complexes in H,O (0), where R—DP3~ = phenyl diphosphate (PhDP3-), uridine 5'-diphosphate
(UDP?*), cytidine 5'-diphosphate (CDP?-), thymidine (=1-(2'-deoxy-$-D-ribofuranosyl)thymine) 5'-diphos-
phate (dTDP3-) and butyl diphosphate (BuDP?-) (from left to right) and the deduced straight reference line
with m =1 due to the mixed solvents. The parameters of the least-squares line (solid line) through the indicated
five data sets are given in Egn. 15, those for the mixed solvents (broken line) in Eqn. 17 (see text in Sect. 2.7).
The equilibrium constants for the Cu?>*/H*/R—DP*" systems (0) are from [54] and the data points due to the
Cu?**/H*/GDP?~ systems (@, ®) are based on the values listed in Tables I and 2. The vertical dotted lines
emphasize the stability difference from the reference lines; they equal log A, gpp as defined in Egn. 16 (see also
Table 3, Column 5). All the plotted equilibrium constants refer to solutions at 25° and /=0.1m (NaNO;).
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binding is approximately the same. In fact, the average slope (m) for the indicated eight
systems is m =1.00+0.15 (30); note, the error limit of the slope is deliberately given
very generously, and one may thus expect that the slope for the Cu?>*/H*/R—DP3*-
system is within these error limits.

Application of pKijppy =6.38 (Table 1) to Egn. 15 gives for the [Cu(GDP)],,
complex in H,O log K& Gpp)op = 5.25 +0.04. Use of this value together with the one for
pKiiGpr) and m =1 allows to calculate the intercept byipxanemater Of the straight reference
line for dioxane/H,O mixtures and Cu*'/H*/R—DP3~ systems (see Egn. 17).

log KgE(GDP)op/Diox =(1.00£0.15)- ng(GDP)/Diox —113 17)

Evidently, for the acidity constant in H,O, i.e., pKiigpp) = 6.38, one obtains from
Eqn. 17 the corresponding stability constant of the open isomer, [Cu(GDP)];,, i.e.,
log K& Gppyop =10g KEir_pp) = 5.25, also in H,O, in agreement with the calculations of
Eqgn. 15. Therefore, the broken reference line in Fig. 2, valid for the 1,4-dioxane/H,O
mixtures, has its starting point at log K& pp) = 5.25/pKHgpp) = 6.38. The vertical
dotted lines for 30 or 50% 1,4-dioxane/H,O represent the stability enhancements
according to Egn. 16 for the [Cu(GDP)]~ complex in these two solvents. This
establishes that the equilibrium of Egn. I is also of relevance under these conditions.

2.8. Extent of Macrochelate Formation in Various Solvents for the [Cu(GDP)]~
Complex. With the results depicted in Fig. 3 in mind, it is evident that values for the
intramolecular equilibrium constant K; (Egn. 11) have to be the aim. In fact,
combination of Egns. 11, 13, and 14 leads to Egn. 18, which may be rearranged
[52][53] to yield a further definition for K; (Egn. 19), in which the stability difference
log 4 is defined by Egn. 16.

K&apr) = K& appiop + Ki* KEl(GDP)op (18a)
= K&iGprop (1 +K7) (18b)
KCU
K= —o" 0 1 =104 — 1 (19)
KCu(GDP)op

The equilibrium constant K; can now be calculated through Egns. 16 and 19 as the
values for K&} pp) are known (Table 2, Column 4) and those for K&} spp)o, may be
calculated with the acidity constants of H(GDP )~ in the various solvents ( Table 1) and
the corresponding straight reference lines defined in Egns. 15 (H,O) and 77 (mixed
solvents). It may be noted that the errors for the calculations carried out here with
Egn. 17 (see Table 3) are based on the error limits given for the slope m.

As indicated before, the vertical distances emphasized by the dotted lines in Fig. 2
are identical with the stability differences log A gpp as defined in Egn. 16. Of course,
the reliability of any calculation for K; depends on the accuracy of the difference
log Acygpp Which becomes the more important the more similar the two stability
constants in Egn. 16 are. Therefore, only well-defined error limits allow quantitative
evaluation of the extent of a possibly formed macrochelate. Of course, once K; is
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known, the percentage of the closed or macrochelated species occurring in the
equilibrium of Egn. 1 follows from Egn. 20.

% [Cu(GDP)];=100-K; (1 + K;) (20)

Application of this procedure [52][53] yields the results given in Table 3. The values
in the final column show that macrochelate formation in aqueous solution is somewhat
less-pronounced for [Cu(ADP)]g than for [Cu(GDP)]g, in accordance with the
expectation. Interestingly, the effect of the addition of 1,4-dioxane on the formation
degree of the [Cu(GDP)]y macrochelate is relatively small; the formation degree
decreases only from ca. 75 to 60% going from H,O to 50% 1,4-dioxane/H,O (see
Table 3, Column 7). However, it needs to be emphasized that, in contrast to the
decrease in the formation degree of the macrochelate, the overall stability of the
[Cu(GDP)]~ complex increases due to the mentioned change in solvent by ca. 0.5 log
units (7able 3, Column 3).

Table 3. Solvent Influence on the Extent of Macrochelate Formation According to the Equilibrium of Eqn. 1 for

the [Cu(GDP)]~ Species as Quantified via log Acycpp (Eqn. 16) by the Dimensionless and Intramolecular

Equilibrium Constant K, (Egns. 11 and 19) and the Percentage of [Cu(GDP)]; (Egn. 20) (25°; I=0.1m,
NaNO;)?). The corresponding data for [ Cu(ADP)]~ in H,O [38] are given for comparison.

NDP?- 1,4—Dioxaneb) [% (v/v)] log Kgﬁmr)mc) log KS::(NDP)op log Acunpr K %[Cu(NPD)]
ADP3>- 0 5.6140.03 5.2740.04 0344005 1.194£025 54+ 5
GDP* 0 5.8540.04 525+0.04%) 0.60+£006 298+052 75+ 3
GDP3*- 30 6.21+£0.15 5.76+0.08°) 0454017 1.82+1.10 65+14
GDP3*- 50 6.36 £0.05 596+0.11¢) 0404012 1.51+0.70 60+11

) For the error limits, see Footnote a in Table 2. b) For the mol fractions and dielectric constants of the 1,4-
dioxane/H,O mixtures, see Table 1. ©) From Column 4 of Table 2. ¢) Calculated with Eqn. 15. ¢) Calculated with
Egn. 17; the error limit is based on the error given for the slope m in Egn. 17.

2.9. Comparison of the Effect of a Decreasing Solvent Polarity on Macrochelate
Formation of Several [Cu**(Nucleotide)] Complexes. In Fig. 3 the percentages of the
macrochelated species [Cu(Nu) |, involving Cu?* and the four 5'-nucleotides that have
been studied [16][21] up to now, are plotted as a function of the percentage of 1,4-
dioxane added to the aqueous solutions of the reagents. In all four instances, the overall
stability of the complexes increases ([16][21] and Table 2) with increasing amounts of
1,4-dioxane, i.e., a decreasing solvent polarity, as is expected for metal-ion complexes in
which phosphate residues are the primary coordinating sites [18][55].

However, as far as macrochelation is concerned, the complexes behave very
differently (see Fig 3): i) [Cu(ATP) % decreases from nearly 70% in H,O to ca. 25% in
50% 1,4-dioxane/H,O0. ii) [Cu(AMP)], passes through a minimum with a formation
degree of ca. 10% in ca. 30% 1,4-dioxane/H,O solutions and reaches in 50% 1,4-
dioxane/H,O again a formation degree of ca. 50% , which corresponds to that present in
H,O. This property of [Cu(AMP)], is not an isolated case, since the corresponding
observation [56] regarding a minimum has also been made with the antiviral AMP?~
analogue, i.e., the dianion of 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA2-) [57],
which is used in the form of its bis(pivaloyloxymethyl) ester (Adefovir dipivoxil), as a
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Fig. 3. Formation degree of the macrochelates formed in the binary [Cu(AMP)] [16][38], [Cu(ATP) >~ [21],
[Cu(GMP)?), and [Cu(GDP) ]~ (see Table 3) complex systems as a function of the percentage of 1,4-dioxane
added to the aqueous reagent mixtures (25°; [=0.1m, NaNOj;)

drug for the treatment of chronic hepatitis B [58]. iii) Surprisingly, [Cu(GDP)] is only
little affected by a decrease in solvent polarity, and, in the case of Cu(GMP),, even a
small enhancement of macrochelate formation is observed under these conditions.
These results are not easily explained: most likely, solvation of the adenine residue
by the hydrophobic parts of 1,4-dioxane leads to an inhibition of the accessibility of
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N(7) and, thus, to a decrease in macrochelate formation in [Cu(ATP)J>*~ and
[Cu(AMP)] as well. However, the fact that, with [Cu(AMP)],, the formation degree
reaches a minimum and then increases again indicates that opposing solvent effects
operate. It seems likely that, with decreasing H,O activity, hydration of the not yet
ligand-coordinated Cu?* sites becomes increasingly difficult, and that this increases the
affinity of Cu?t for the N(7) site to such an extent that hindering 1,4-dioxane molecules
are pushed away. If this picture is correct, then one should be able to observe also a
minimum in the formation degree of [Cu(ATP)]4 at larger 1,4-dioxane concentra-
tions; unfortunately, the corresponding experiments cannot be made as the reactants
become insoluble at higher dioxane concentrations.

Why is macrochelate formation of the Cu?* complexes of the guanine nucleotides
affected so little by increasing amounts of 1,4-dioxane? The guanine residue is clearly
somewhat less hydrophobic than the adenine residue, and this probably means that its
solvation by 1,4-dioxane is less intense and, therefore, screening of the N(7) site less
significant. However, this can be only part of the explanation. The other reason is most
likely the presence of the C(6)=0O carbonyl group (see Fig. 1). There are indications
that phosphate-coordinated metal ions like Cu?* bind inner-sphere to N(7) and outer-
sphere to C(6)=0 [24]; if so, such a H-bond formed by a coordinated H,O molecule to
C(6)=0 will be stabilized in an environment of reduced polarity!

The above considerations indicate further that the macrochelated [Cu(Nu)],
species may actually not be a single one with a well-defined structure but that there
are in fact several ‘closed’ isomers in equilibrium with each other [20][24][59]. In any
case, the presented results establish that, by changing the polarity of the medium at a
given site, e.g., by a hydrophobic amino acid side chain, Nature has a tool to change the
structure of complexes in solution. Such structural changes are certainly of relevance
for enzyme/metal ion/substrate complexes.

3. Conclusions. — The effect that a change in the polarity of the solvent exerts on the
acid —base properties of a compound can be rather dramatic: as seen for H({GDP)*~
and some related acids, deprotonation of phosphate residues is inhibited by decreasing
solvent polarity (see Table 1); for positively charged pyridinium-type N-sites, like the
H—N(7)" unit of the guanine residue, just the opposite is true, i.e., deprotonation is
facilitated. Both effects are clearly linked to the decreasing solvation/hydration
properties of aqueous solutions that contain increasing amounts of 1,4-dioxane. To say
it differently, a low-polarity or -permittivity medium hinders charge separation, as is
also evident from the properties of the H—N(1) site in GDP?*~; the pK, values increase
by going from H,O to the 1,4-dioxane/H,O solvent mixtures (Table ).

The opposing solvent effects indicated above are clearly responsible for the
observation that, in aqueous solution, one of the two protons of H,(GDP)~ is
overwhelmingly located at the N(7) site, whereas the other one is bound to the terminal
pB-phosphate group of the diphosphate residue. Reduction of the solvent polarity by
changing the dielectric constant from ca. 80 (H,O) to 35 (50% 1,4-dioxane/H,0) leads
to a relocation of the protons in H,(GDP)~; now, the larger part of both protons is
phosphate-bound. Clearly, Nature has here a tool to relocate protons, and thus, to affect
reactivities, by moving a given site into a more-hydrophobic region or vice versa to a
more hydrophilic one.
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In the [Cu(H;GDP)] complex, the proton and the metal ion are both bound to the
phosphate residue; in accord herewith as well as with the observations presented above,
the release of the proton in [Cu(H;GDP)] is inhibited by decreasing solvent polarity,
i.e., with increasing amounts of 1,4-dioxane added to H,O (see Table 2). At the same
time, the stability of the [Cu(GDP)]~ complex increases steadily with decreasing
solvent polarity (7able 2). This observation is generally true for metal ions bound to
phosphate or carboxylate groups.

As known from many previous studies [18][20][31][38][59], metal ions coordi-
nated to the phosphate residue of purine nucleotides may form macrochelates with
N(7) of the purine moiety as is reflected in increased complex stability. As we have
seen, this is also true for [Cu(GDP)]  (see Fig.2 and Table 3). However, the
astonishing observation is that the intramolecular equilibrium of Egn. I between the
‘open’ [Cu(GDP)];, isomer and the macrochelated [Cu(GDP)]; species is only
relatively little affected by the change in solvent (7able 3). This contrasts with the
properties of the [ Cu(AMP) ] complex for which a minimum in the formation degree of
the chelate in 30% 1,4-dioxane/H,0 is observed (see Fig. 3) [16]. Hence, depending on
the complex considered, Nature may alter the structure of a substrate simply by moving
it along a protein surface from a more-polar to a more-apolar region or vice versa [11].
It is most important to note in this context that the changes in free energy (AG")
associated with such isomeric equilibria are very small; for example, the difference in
AG° between a situation where all complex species are present in the ‘open’ form and
the situation where 50% exist as (macro)chelates amounts at 25° only to — 1.71 kJ/mol,
which corresponds to a stability difference of log Ay, =0.3 [14].

The competent technical assistance of Mrs. Astrid Sigel in the preparation of this manuscript and helpful
discussions with members of the COST D20 Programme, as well as research grants from the Swiss National
Science Foundation and the Swiss State Secretariat for Education and Research (within COST D20) are gratefully
acknowledged.

Experimental Part

General. The sodium salt of GDP was purchased from Sigma Chemical Co., St. Louis, MO, USA, and 1,4-
dioxane (‘extra pure’) was obtained from Merck KGaA, Darmstadt, Germany. All other materials used in the
experiments, including CO,-free H,O, were from the same sources as previously [38][54]. The concentration of
free, inorganic phosphate in GDP was determined [60] via molybdate reagent; it amounted to ca. 2% or less of
GDP. The aq. stock solns. of the ligand were freshly prepared daily, and the pH was adjusted to ca. 8.0; the exact
GDP concentration was newly determined each time by titrations with NaOH (see below).

Potentiometric pH Titrations. The pH titrations were carried out with the same equipment and in the same
way as described in [54]; this also holds for the evaluation of the exper. data [38][54]. The titration apparatus
was calibrated with aq. buffer solns. (pH 4.00, 7.00, and 9.00 [54]). The given acidity constants are the so-called
practical, mixed, or Brgnsted constants [39]; no corrections were applied for the change in solvent from H,O to
1,4-dioxane/H,O mixtures, though correction factors have been published for such [61] and related mixtures
[62]. The stability constants presented are, as usual, concentration constants. It needs to be noted that always the
differences in NaOH consumption between solns. with and without ligand [39] (see below) were evaluated.

The acidity constants Kii, gpp) (Eqn. 2), Kiigpp) (Eqn. 3), and Kfpp (Eqn. 4) were determined by titrating
50 ml of aq. 3-10~> M HNO; (or 30 or 50% (v/v) 1,4-dioxane/H,0) in the presence and absence of 6-10~*m
GDP (25°; I=0.1m, NaNOs;) under N, with 3 ml of 0.06M NaOH. For each pair of titrations, the data were
evaluated for every 0.1 pH unit in the pH range 2.7-10.7. The final results for the acidity constants K}, Gpp)
K Gpr), and K¢, are the averages of at least eight independent pairs of titrations.

In the determination of the stability constants of the [Cu(H;GDP)] and [Cu(GDP)]~ complexes ( Egns. 7
and 8), also the concentrations given above were applied. The Cu**/GDP ratio used in the experiments was 1:1.
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The data were collected every 0.1 pH unit from the lowest pH reached in an experiment (usually pH 2.7) to the
beginning of the hydrolysis of [Cu(aq)]**, which was evident from the titrations without ligand. The stability
constants of the [Cu(H;GDP)] and [Cu(GDP)]~ complexes are the results of four independent pairs of
titrations.
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