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The stability constants of the 1:1 complexes formed between Cu(Arm)>t, where

Arm =2,2'-bipyridine or 1,10-phenanthroline, and guanosine 5-diphosphate (GDP)*~ or its
monoprotonated form H(GDP)*~ were determined by potentiometric pH titrations in water
and in water containing 30 or 50% (v/v) 1,4-dioxane (25°C; I=0.1 M, NaNOs). The stability of
the binary Cu(GDP)™ complex is enhanced due to macrochelate formation of the diphosphate-
coordinated Cu>* with N7 of the guanine residue as previously shown. In Cu(Arm)(GDP)™~ the
N7 is released from Cu®* and the stability enhancement of more than one log unit in aqueous
solution is clearly attributable to intramolecular stack formation between the aromatic rings of
Arm and the guanine moiety. Indeed, stacked isomers occur to more than 90% in equilibrium
with open unstacked forms. Surprisingly, the same formation degrees of the stacks are observed
for Cu(Arm)(dGMP) complexes, where dGMP?~ =2'-deoxyguanosine 5'-monophosphate,
despite the fact that the overall stability of the latter species is by about 2.7log units lower.
In 1,4-dioxane-water mixtures stack formation is drastically reduced, probably due to
hydrophobic solvation of the aromatic rings by the ethylene bridges of 1,4-dioxane. The
relevance of these results regarding biological systems is indicated.

Keywords: Aromatic-ring stacking; Isomeric equilibria; Mixed solvents; Nucleotide complexes;
Stability constants

1. Introduction

Nucleotides commonly participate in enzymatic reactions in the form of metal ion
complexes [1, 2]. Such substrates need to be properly oriented in the active site
cavities of the enzymes [3] where non-covalent interactions like hydrogen bonding
[4-6] and 7— stacking between aromatic residues [4, 7-9] occur. Among nucleotides
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1 This is part 70 of the series Ternary Complexes in Solution; for parts 69 and 68 see [14] and [15], respectively.
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those with a purine residue, due to their two-ring aromatic moiety, are favored in
forming relatively stable stacks, especially if compared with pyrimidine nucleotides.

2,2'-Bipyridine (Bpy) and 1,10-phenanthroline (Phen) (figure 1) as well as
derivatives thereof have proven very helpful in evaluating the stacking capabilities
of aromatic residues in metal ion complexes [7, 10] of amino acids [8, 9, 11, 12] and
nucleotides [8, 11, 13]. The metal ion most often involved in these studies is Cu*"
[7, 14-17], next to Pt*" [7, 8]. Therefore, in the present study that deals with mixed
ligand complexes, we also used the “indicator ligands” Bpy or Phen. Copper(Il) was
selected because (i) many comparisons are possible (see above), (ii) its complexes
with Bpy and Phen are of high stability [18, 19] and (iii) because it is itself
a biologically important metal ion [20-22].

The nucleotide guanosine 5'-diphosphate (GDP*") (figure 1 [10, 23]), was selected
for two reasons: (i) GDP?~ participates in many metabolic reactions; e.g., it plays
a role in the so-called G-protein systems [24] which utilize guanosine 5'-triphosphate
(GTP*") [25, 26] and where metal ions are involved in connected hydrolysis
reactions [27-29]; (ii) being interested in extended comparisons [30], after the ternary
complexes of the adenine-nucleotides [31] AMP?~ [32], ADP’~ [31] and ATP*"
[7, 33], it was logical to study those of the guanine-nucleotides. Only the mixed
ligand complexes containing 2'-deoxyguanosine 5'-monophosphate (dAGMP*") have
received attention [34, 35].

Thus, we determined the stability constants of the ternary Cu(Arm)(H; GDP) and
Cu(Arm)(GDP)~ complexes, where Arm represents a heteroaromatic nitrogen base,
i.e., Bpy or Phen, and evaluated our data with regard to the position of the intramolecular
equilibrium (1), which quantifies the extent of 7— stacking interaction between Arm and
the purine residue. The formation degree of the stacked (st) species Cu(Arm)(GDP) is

Bpy \ /

o
N
_ - 5 6 'NH
° 4 1
_O\I/O\I/O\S' ﬁ 2
PB Pa CH, N~ NH,
Il ) :o:
(o} 4 1’
HY—f 1
3 2
GDP3- a9

Figure 1. Chemical structures of the heteroaromatic nitrogen bases (Arm) used in this study,
ie. 2,2'-bipyridine (Bpy) and I,10-phenanthroline (Phen), as well as of the nucleotide guanosine
5'-diphosphate (GDP>~) which is shown in its dominating anti-conformation [10, 23].
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calculated and compared with previous results for Cu(Arm)(dGMP),, [34]; the stacking
intensities are comparable in both instances.

70 70
N, o—p P o—r
S— AN I/st N
M 0 —= M. o
N "o—P\ 0—p{_ (1)
C|)\o c|> 0
ribose ~ribose /

pase]

However, there is one more important aspect: it is now well-established that the so-called
“effective” or ““‘equivalent solution” dielectric constants or permittivities in proteins [36—
40] or in the active site cavities of metalloenzymes [41] are reduced compared to the
situation in bulk water. It is also generally agreed that different types of water exist in cells
[42,43] and that at the protein—water interface the activity of water is decreased [6, 44] due
to the presence of aliphatic and aromatic amino acid side chains [45]. Estimates for the
dielectric constants (¢) in such biological locations range from ca. 30 to 70 [36, 38, 41],
compared to about 80 in bulk water; hence, by employing aqueous solutions that contain
ca. 30 to 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 [41, 46-48], and quite a number of studies involving binary
complexes exist [11, 33, 49-52], yet information about mixed ligand complexes is hardly
available [33]. Therefore, we have also studied the stabilities of Cu(Arm)(H; GDP) and
Cu(Arm)(GDP)™ in the two mentioned solvent mixtures and shown that the extent of
intramolecular stacking decreases in the presence of 1,4-dioxane.

2. Results and discussion

Great care was taken in this study to measure the various equilibrium constants under
conditions where no self-association occurs [7, 53, 54]. The measurements were made
with solutions 0.6 mM in GDP; this guarantees [53, 54] that indeed the properties of the
monomeric species are studied. The concentration of the heteroaromatic N bases, Bpy
or Phen, was also 0.6 mM, such that self-association is negligibly small for these ligands
as well [33]; in fact, this is even more true for Cu(Bpy)** and Cu(Phen)*" due to charge
repulsion [55]. Furthermore, it is known [7, 33, 56] that the presence of 1,4-dioxane, due
to hydrophobic solvation of the aromatic rings, inhibits stacking. Hence, the results
presented definitely refer to the monomeric species.

2.1. Some comments on the acidity constants of H,(GDP)~

At pH above ca. 2.5, which is relevant for this study, GDP*~ (figure 1) accepts two
protons to give H>,(GDP)™ [52]. Considering further that the (N1)H unit may lose
a proton as well, the following three deprotonation reactions are of relevance:

H,(GDP)"=— H(GDP)*” + H* (2a)
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Kiop) = [H(GDPY JH']/[H(GDP) ] (2b)
H(GDP)*" = GDP*~ + H* (3a)
Kiipp) = [GDP*H']/[H(GDP)*'] (3b)
GDP*™=—— (GDP — H)*” + H* (4a)
Kdpp = [(GDP — H)* JH*]/[GDP*]. (4b)

The expression (GDP —H)*~ in equation (4) is to be read as GDP*~ minus H™; i.e. it
refers to the deprotonation of the (N1)H unit. The acidity constants of equations (2)—(4)
have recently been determined [52] in water as well as in water containing 30 or 50% (v/v)
1,4-dioxane; these results have also been confirmed now and are assembled in table 1 [57].

It was concluded previously [52] that in aqueous solution one proton in H,(GDP)™ is
located at the B-phosphate group and the second one to more than 90% at N7 of the
guanine with a minor percentage at one of the primary sites of the diphosphate residue.
This second proton is released first equation (2) giving H(GDP)*~ which is then
deprotonated from its B-phosphate group equation (3), and finally from its (N1)H site
equation (4). As far as equilibria (3a) and (4a) are concerned, there is no difference
in the location of the protons in H(GDP)?~ in the various solvents but a decreased
dielectric constant inhibits charge separation and consequently the pK, values increase
(table I; columns 5 and 6).

However, in Hy(GDP)™ the location of the protons changes. Of course, one of the
two protons is still at the terminal S-phosphate group, but in 50% 1,4-dioxane/water
the other proton is no longer preferably at the N7 site [52]. Thus, about 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 N7 (the other one remaining at the phosphate
residue). In other words, a decreasing solvent polarity disfavors protonation at N7.

Table 1. Negative logarithms of the acidity constants of H,(GDP)™ [equations (2)—(4)] in
dependence on the amount of 1,4-dioxane added to water, together with some properties of the
solvents (25°C; I=0.1 M, NaNO;).*®

% (V/V)

1,4-Dioxane Mol fraction £ PKH, o) PKHGop) pKHop

0 0 78.5 2.67+0.02 6.38+0.01 9.56+0.03
30 0.083 52.7 2.75+£0.02 6.89+0.02 9.97+£0.02
50 0.175 35.2 2.89+£0.04 7.09 +0.02 10.25+£0.04

* The error limits are three times the standard error of the mean value or the sum of the probable systematic
errors, whichever is larger; the error limits of derived data (in the text and other tables) were calculated
according to the error propagation after Gauss.

® The acidity constants listed above are collected from our earlier work [52]; so-called practical, mixed or
Bronsted constants are listed [57].

¢ The permittivities or dielectric constants (¢) are interpolated from the data given in refs [46-48].
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2.2. Stability constants of the various Cu’* complexes

The experimental data of the potentiometric pH titrations of the Cu’*/Arm/GDP
systems are completely described by equilibria (2), (3) and (5), (6), provided the
evaluation is not carried into the pH range where formation of hydroxo complexes
occurs. Due to the high stability of Cu(Arm)*" complexes [18, 19], the evaluation of the
data becomes simple for these ternary complexes [31, 34] and corresponds to that
of binary complexes. Therefore, for the equilibria and equations below, M*" = Cu’",
Cu(Bpy)** or Cu(Phen)**:

M?* 4+ H(GDP)*” =—= M(H:;GDP) (5a)
KMas.cop) = IM(H;:GDP))/(IM*][H(GDP)*"]) (5b)
M>* + GDP?~ = M(GDP)"~ (6a)
KMGpp) = [M(GDP)"]/([M*F][GDP*)) (6b)

In formulas such as Cu(H;GDP), the H™ and GDP?~ 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. Of course, equilibria (5a) and (6a)
are connected with each other via the deprotonation equilibrium (7a) and the
corresponding acidity constant may be calculated with equation (8):

M(H;GDP)“— M(GDP)~ + H" (7a)
Kyi.6op) = [M(GDP)”J[H*]/[M(H:GDP)] (7b)
pKI\l—/[[(H;GDP) = pKil:ll(GDP) + log KM(H;GDP) —log KM(GDP) 3

The constants for equilibria (5a), (6a) and (7a) are listed in columns 4, 5 and 6 of table 2,
respectively.

Table 2. Logarithms of the stability constants of the binary Cu(H;GDP) and Cu(GDP)~ complexes as well
as of their corresponding ternary Cu(Arm)(H;GDP) [equation (5)] and Cu(Arm)(GDP)~ [equation (6)]
counterparts in dependence on the amount of 1,4-dioxane added to water and as determined by
potentiometric pH titrations (25°C; /=0.1 M, NaNO;), together with the negative logarithms of the acidity
constants of the Cu(H;GDP) and Cu(Arm)(H;GDP) species [equations (7) and (8)] as well as the resulting
values for Alog Kcy/arm/gpp [equations (10) and (11)].%

No. M+ % (v/v)1,4-Dioxane® log KM(H: Gpp) log KM(GDP) pKQ(H:GDP) A log Kcu/arm/Gpp
la  Cu*t 0 3.3940.19 5854+0.04 3.92+0.19

b Cu(Bpy)** 0 3.9440.18 6.79+0.05 3.53+£0.19 0.94+0.06

lc Cu(Phen)*™ 0 4.134+0.25 7.00+0.05 3.51+£0.26 1.154+0.06

2a  Cut 30 3.504+0.08 6.21+0.15 4.18+0.17

2b  Cu(Bpy)** 30 3.38+0.06 6.43+0.03 3.84+0.07 0.22+0.15

2c Cu(Phen)** 30 3.214+0.17 6.29+0.03 3.81+0.17 0.08+0.15

32 Cut 50 3.804+0.13 6.36+0.05 4.53+0.14

3b  Cu(Bpy)** 50 3.8240.15 6.63+0.03 4.28+0.15 0.27+£0.06

3c Cu(Phen)** 50 3.66 £0.08 6.53+0.05 4.22+0.10 0.174+0.07

% For the error limits’ see footnote “a” in table 1. Entries la, 2a and 3a are from our earlier work [52].
® For the solvent properties’ see columns 2 and 3 in table 1.
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Constants of the binary Cu®"/GDP system in water and in water containing
increasing amounts of 1,4-dioxane are taken from our recent work [52]; those for the
ternary Cu(Arm)>"/GDP systems have not been determined before [58, 59].

2.3. Structural considerations on the monoprotonated ternary Cu(Arm)(H; GDP)
complexes

Since analysis of potentiometric pH titrations only yields the amount and distribution
of the species of a net charged type, further information is required to locate the binding
sites of the proton and the metal ions in the Cu(Arm)(H; GDP) species. A comparison
of the acidity constants of Hy(GDP)™ with those of Cu(Arm)(H; GDP) reveals, for all
three solvents employed, the order pKii Gpp) < PKCuamm: Gopy < PKhGpp) (cf- the
values listed in tables 1 and 2). This means the pKCu( AmyH:Gpp) values are
between about 0.8 and 1.4 pK units larger than those of pKH LGpp)> Yet they are also
about 2.8 to 3.1 pK units lower than pKH(GDP) The corresponding order is observed if
the acidity constant of the binary Cu(H;GDP) complex is compared with those of
H,(GDP)". Hence, the proton must be located in all instances at the terminal
phosphate group in the Cu(H;GDP) and Cu(Arm)(H;GDP) complexes because metal
ion coordination must give rise to an acidification [60, 61]. However, where is Cu*"
Cu(Arm)**? Also at the phosphate group or at the nucleobase moiety?
Are macrochelates formed or is intramolecular stacking involved in the ternary
complexes?

For the binary Cu(H;GDP) complex it was previously concluded [52] that not
only HT but also Cu®" is at the diphosphate group and that in all three solvents the
phosphate-coordinated metal ion also interacts with N7 forming a macrochelate as
indicated in equilibrium (9)

phosphate-ribose-base phosphate - r
e £ i
E Kinz £ b
2+ M2+ b )
s
base-e

though its formation degree could not be calculated. Considering that Cu(Arm)*"
binding at the N7 site of a purine is strongly inhibited [31] (see also section 2.6), it is
clear that the primary binding site in the ternary Cu(Arm)(H; GDP) complexes is also
the diphosphate residue, which carries a proton. The question is: Is there a further
interaction? Indeed, there must be one, as the stability data for aqueous solution show:
The stability of the Cu(Arm)(H;GDP) complexes is larger than the one of the binary
Cu(H;GDP) species (table 2; entries 1, column 4). Because this enhanced stability
cannot be due to macrochelate formation, as indicated above, the only remaining
possibility is intramolecular stacking between the purine residue and the aromatic rings
of Arm in the ternary complexes. In accord with this interpretation is the fact that in the
mixed solvents the stabilities of the ternary complexes decrease and approach that of the
binary complex, because, due to the hydrophobic solvation of the aromatic rings by
the ethylene bridges of 1,4-dioxane, the intramolecular stacking interaction will be
inhibited though most likely not reduced to zero in the 1,4-dioxane/water mixture.
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2.4. Proof of an increased stability of the ternary Cu(Arm)(GDP)~ complexes

One way to quantify the stability of mixed ligand complexes [62—64] is to consider
equilibrium (10a); the corresponding equilibrium constant [equation (10b)] is calculated
with equation (11) as follows.

Cu(Arm)*" + Cu(GDP)”“—= Cu(Arm)(GDP)~ + Cu*" (10a)
- 2+

J0AlogK _ [Cu(Arm)gGDP) J[Cu 7] (10b)
[Cu(Arm)**][Cu(GDP)"]

Alog K =log K 833:?3(@1)) —log K EE(GDP) (11)

If further identification of A log K for a certain equilibrium is needed, this will be given
by additional subscripts like A log Kcy/arm/Gpp-

According to the general rule for complex stabilities, K; > K>, one expects that
equilibrium (10a) lies to the left with negative values for A log K. This agrees
with statistical considerations obtained for a Jahn-Teller distorted octahedral
coordination sphere of Cu®" to which two bidentate ligands A and B are coordinated;
ie. A log Kcystatist ~ —0.9 was estimated [63]. The values for the corresponding
Cu(Bpy)(GDP)™ and Cu(Phen)(GDP)™ complexes according to equation (11) are listed
for all three solvents in column 7 of table 2. From these results it follows that
equilibrium (10a) is displaced significantly to the right! Consequently, these ternary
complexes show increased stability, yet it is difficult to draw conclusions from these
results with regard to their structure in solution, since the binary Cu(GDP)™ complex
exists in the form of the isomeric species indicated in equilibrium (9) [52]; thus,
Cu(GDP) ™ is more stable than expected on the basis of the basicity of the diphosphate
group of GDP*~.

2.5. Quantification of the stability enhancements for the ternary Cu(Arm)(GDP)~
complexes

Another way to evaluate a possibly increased stability of the ternary Cu(Arm)(GDP)~
species, independently of the binary Cu(GDP)™ complex, could rest on the well-known
[65] linear relationship for families of closely related ligands. These neither exist for
ternary Cu(Arm)(R-DP)~ complexes, where R-DP>~ represents a simple diphosphate
monoester, that is, R may be any residue which does not affect complex formation, nor
for the 1,4-dioxane/water mixtures used as solvents in the present study. However, the
parameters for the corresponding straight line for Cu(R-DP)™ complexes have been
determined [66]; they are given in equation (12):

log KM(L) =m- ng(L) +b (12a)

log K&lir_ppy = 1.283 - pKjjp_pp) — 2.939 (12b)

The five R-DP ligands used in this determination [66] are indicated in figure 2. With
a known pKﬂ(R_DP) value, an expected stability constant for the corresponding
Cu(R-DP)™ complex can be calculated. Such a value for a binary Cu(R-DP)™ complex
can be corrected to obtain an expected stability constant for a ternary
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Figure 2. Evidence for an enhanced stability of the Cu(GDP)™ () and Cu(Arm)(GDP)™ (< ,4) complexes in
aqueous solution and in water containing 30 or 50% (v/v) 1,4-dioxane, based on the relationship between
lo KE;LRfDP and pKﬂ(RfDP for the Simple. Cu(R-DP) complexes in aqueous solution (©), where
R-DP’" =phenyl diphosphate (PhDP”"), uridine 5-diphosphate (UDP)’", cytidine 5-diphosphate
(CDP*7), thymidine [= 1-(2'-deoxy-B-p-ribofuranosyl)thymine] 5'-diphosphate (dTDP°7), and n-butyl
diphosphate (BuDP*") (from left to right) and the deduced straight reference line with m=1 for the mixed
solvents. The parameters of the least-squares line (solid line) through the indicated five data sets are given
in equation (12b), those for the mixed solvents (broken line) in equation (17) (see text in section 2.5).
The equilibrium constants for the Cu®"/H"/R-DP*~ systems (O) are from [66] and the data points due to the
Cu*"/H"/GDP>~ (e) and Cu(Arm)**/H*/GDP>~ (<, 4) systems are based on the values listed in tables 1
and 2. The vertical broken lines emphasize the stability differences from the reference lines; for details the
text in sections 2.5 and 2.6 needs to be consulted. All the plotted equilibrium constants refer to solutions at
25°C and I=0.1 M (NaNO3).

Cu(Arm)(R-DP)~ complex [31]. For the situation in mixed solvents the situation is even
more complicated but sophisticated estimations are still possible, as shown
subsequently.

Equation (12b) is valid in the pK, range 6.2-6.8 and the error limit (three times the
standard deviation) for a calculated log KSE(R_DP) value is 0.04 [66]. Figure 2 shows
that the binary Cu(GDP)~ complex in water is about 0.6 log unit more stable than
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expected on the basis of the basicity of the diphosphate residue. The corresponding
ternary Cu(Bpy)(GDP)™ and Cu(Phen)(GDP)™ complexes, based on the same reference
line, show an enhanced stability of about 1.5 and 1.7 log units, respectively (figure 2).

From previous experience one knows [62—64, 67] that an increased complex stability
is expected for mixed ligand complexes formed by a divalent 3d metal ion,
a heteroaromatic N base, and an O donor ligand. Hence, the open (op)
Cu(Arm)(GDP),, isomer, depicted in equilibrium (1) at the left, already has an
“intrinsic’” increased stability due to the Arm/O,O-ligand combination [63, 68, 69]. This
expected stability increase resulting from the Arm/O,O-ligand combination is certainly
well represented by the Cu’"/Arm/MePP?~ system, where MePP?~ represents
methylphosphonylphosphate (CH3; — P(O); — O — PO%‘) [69], because the equatorial
coordination sphere of Cu®*, i.e. Cu(Arm)(0,0)", is identical in all these mixed ligand
complexes. Hence, the previously obtained results for the MePP~ systems [69], as
summarized in equations (13) and (14),

Cu(Bpy)*" 4+ Cu(MePP)” === Cu(Bpy)(MePP)™ + Cu*" (13a)
Alog Kcu/spymepp = 0.42 £ 0.05 (13b)

Cu(Phen)’* + Cu(MePP)”“—= Cu(Phen)(MePP)~ + Cu** (14a)
Alog Kcu/phenymepp = 0.45 £ 0.05 (14b)

can now be applied. The calculated stability of the open complex Cu(Arm)(GDP);p is
given by equation (15):

(Arm) _
log ng(Aix)(GDP)Op = log Kgﬂ(GDP)op + Alog Kcu/Arm/Mepp (15)

The stability constant of the Cu(GDP),, complex follows from equation (12b) and
ng(GDP) (table 1), and values for Alog Kcy/arm/Mmepp are given in equations (13b) and
(14b). Consequently, the “actual” (actl) stability increase due to any intramolecular
interaction with the guanine residue in the ternary Cu(Arm)(GDP) ™~ complexes is given
by equation (16):

o u(Arm) u(Arm)
]()g ACu/Arm/GDP/actl - 1Og K(Cju(Arm)(GDP)exp - IOg Kgu(Arm)(GDP)op (]6)

The various terms which appear in equations (15) and (16) are listed for aqueous
solution in entries la and 1b of table 3.

No reference line exists for binary Cu(R-DP)~ complexes in the 1,4-dioxane/water
solvents. 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 uridine 5'-triphosphate (UTP*7), formate (HCOO™),
and acetate (CH3COO™) has been studied. [70]. These eight rather different systems
show the astonishing result that, in all instances, straight lines with slopes close to one
are observed. In fact, the average slope (m) for the indicated eight systems is
m=1.00+0.15(30¢), thus one may expect that the slope for the Cu?*/H*/R-DP*~
system is also close to one.

Application of pKﬁ(GDP) = 6.38 to equation (12) gives for the Cu(GDP),, complex in
water log KSE(GDP)OP =15.2540.04 (see also table 3). Use of this value together with the
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one for pKE(GDP) and m=1 allows calculation for the intercept bgioxane/water Of the
straight reference line for dioxane/water mixtures and Cu®"/H™/R-DP*~ systems
[equation (17)]:

log KglLll(GDP)op/Diox =1.00- ng(GDP)/Diox - 1.13 (17)

Evidently, for the acidity constant in water, i.e. pKE(GDP)=6.38, one obtains from
equation (17) the corresponding stability constant of the open isomer, Cu(GDP),,, i.e.
10g K& Gppyop = 108 Kelg_ppy = 5.25, also in water, in agreement with the calcula-
tions of equation (12). Therefore, the broken reference line in figure 2, valid for the
1,4-dioxane/water mixtures, has its starting point at log KSE(RfDP) =5.25 and
pKﬂ(GDP) =6.38. The vertical broken lines for 30 or 50% 1,4-dioxane/water represent
the overall stability enhancements for the ternary Cu(Arm)(GDP)™ complexes from
which A log Kcyjarm/mepp Values [equations (13) and (14)] need to be deducted to obtain
the stability enhancements solely due to the guanine residue. Previously it has been
shown for several O-donor ligands that the values for Alog Kcy/arm/o-Donor are (Within
their error limits) rather independent of the solvent by going from water to 50%
1,4-dioxane/water mixtures [71]. Hence, in a first approximation, equations (13)—(16)
can also be applied here; the corresponding values are summarized in entries 2 and 3 of
table 3, indicating that equilibrium (1) is also of relevance, at least to some extent, in the
1,4-dioxane/water mixtures.

The data points for the binary Cu?*/H"/GDP*~ system are inserted into figure 2 for
comparison; the corresponding stability enhancements due to macrochelate formation
[equilibrium (9)] involving N7 have been discussed recently [52].

2.6. Evaluation of the stability enhancements of the ternary Cu(Arm)(GDP)~
complexes and extent of intramolecular stack formation

From figure 2, it is evident that the Cu(Arm)(GDP)~ complexes in aqueous solution are
considerably more stable than the binary Cu(GDP) . It follows further that the stability
of all these complexes is overwhelmingly determined by the metal ion affinity of the
diphosphate residue and that the observed stability enhancement must result from an
additional interaction in the guanine residue. There are two possibilities for further
interactions of the open isomer Cu(Arm)(GDP)_: (i) A macrochelate could be formed
with N7, ie. Cu(Arm)(GDP) ;. as known for the binary Cu(GDP)™ complex
[equation (9)] [52]. (ii) The formation of an intramolecular stack, Cu(Arm)(GDP),
as occurs in the ternary Cu(Arm)(H; GDP) systems (section 2.3) and proven to occur in
the Cu(Arm)(dGMP) complexes, where dGMP?~ = 2'-deoxyguanosine 5'-monophos-
phate [equation (1)] [34]. A schematic and simplified structure of the Cu(Phen)(GDP)
species is shown in figure 3.
Based on the above considerations the equilibrium scheme (18) may be written as:

K Cu(Arm)(GDP)gn7
Cu(Arm) I/Arm/N7 cl
K Cu(Arm)(GDP),, /
Cu(Arm)?* + GDP3~ =————= Cu(Arm)(GDP)g, (18)

K\u\‘ Cu(Arm)(GDP)5;

st
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Figure 3. Schematic and simplified structure of the species with an intramolecular stack according to
equilibrium (1) for Cu(Phen)(GDP) . It may be noted in this connection that in solution certainly a whole
series of stacked complexes occurs in which the orientation of the aromatic rings toward each other differs
somewhat; of course, the expression Cu(Arm)(GDP), and the quantifications given for it (tables 3 and 4)
encompass all these species.

The question which needs to be answered now is: are both branches in the
equilibrium scheme (18) of comparable importance? Already in section 2.3 we have
indicated that a N7 interaction of diphosphate-coordinated Cu(Arm)>" is inhibited.
In fact, this inhibition amounts to —(0.80 +-0.25) log units compared with the same
interaction of Cu®* as concluded recently [31, 34]. In fact, this value is an upper limit
since there is evidence that the steric inhibition is actually more pronounced [72]. In
any case, the enhanced stability of the binary Cu(GDP)™ complex is solely due to
macrochelate formation [52] and therefore, the expected stability of the
Cu(Arm)(GDP)~ complexes can be calculated as given in equation (19) under the
assumption that only macrochelate formation and no stacking occurs:

log Kcyamyopyynt = 108 KebGop) + Alog Kewammerp — (0.80 £0.25) (1)
= (5.85+0.04) + (0.44 £ 0.07) — (0.80 + 0.25) (19b)
= 5.49 £ 0.26 (19¢)

The stability constant for the first term is from our previous work [52] (see also table 2)
and the second term on the right hand side in equations (19a) and (19b) appears here
since the Arm/O,0-ligand combination [the average of equations (13) and (14) is used]
leads to an enhanced complex stability (see above and in section 2.5) which must be
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taken into account in the calculation for Kﬁﬂﬁﬁiﬁi@nm /n7- The result in equation (19¢)
shows that the calculated stability for Cu(Arm)(GDP) \; is at least [72] 1.3 and 1.5 log
units less stable than the stability constants measured for the ternary Cu(Bpy)(GDP)™
and Cu(Phen)(GDP)™ complexes, respectively (see table 2; entries 1, column 5); hence,
one may conclude that the upper branch of the equilibrium scheme (18) does not
significantly contribute to the overall stability of these complexes in aqueous solution.
In other words, the concentration of Cu(Arm)(GDP)g \; is negligible. Therefore, we
are left with the lower branch of the equilibrium scheme (18) and this then means that
the total actual stability increase as defined by equation (16) (table 3, column 8) has to
be attributed to the intramolecular stack formation according to equilibrium (1).
This conclusion is in accord with the results obtained for Cu(Arm)(dGMP) in aqueous
solution where the extent of macrochelate formation was estimated as being 8 9% and
6 £7% for Cu(Bpy)(dGMP)n7 and Cu(Phen)(dGMP)n7, respectively [34]. In other
words, at best traces of macrochelates occur in the ternary Cu(Arm)(dGMP)
complexes.

Of course, at this point one may recall that intramolecular stacking interactions may
in addition be proven via spectrophotometric (charge transfer) [7, 11, 34, 73] and 'H
NMR shift measurements (upfield shifts) [7, 11, 74], as previously carried out for related
mixed ligand—nucleotide systems [7, 11, 34, 73, 74]. However, we considered such
attempts as superfluous in the present case because (i) intramolecular stack formation in
Cu(Arm)(dGMP) was proven to occur by spectrophotometric measurements [34] and
(i) a crystal structure study showed for the ternary Cu’'/Bpy/ADP system
intramolecular stacks [75]. We considered it more important to gather quantitative
information about the actual position of equilibrium (1) and the effect of the solvent
composition on this equilibrium.

The above conclusion that macrochelates involving N7 are not of relevance
in aqueous solution for the ternary Cu(Arm)(GDP)™ complexes, can be confirmed by
related reasonings but this time also including the results obtained for the 1,4-dioxane/
water mixtures (table 2). At first one needs to calculate Kgﬁgg;ﬁ;(GDPm /x7 in analogy to
equation (19), and this is done in equations (20) and (21) for water containing 30 or
50% 1,4-dioxane, respectively:

log Kcyammycopyynt = 108 KebGpp) + A1og Kewammerp — (0.80 £0.25)  (20a)
= (6.21 £0.15) + (0.44 + 0.07) — (0.80 + 0.25) (20b)
= 5.85+0.30 (20¢)

log KeurmmGopyyny = (6.36 20.05) +(0.44 £0.07) — (0.80 £0.25)  (21a)
= 6.00+0.26 (21b)

Comparison of the results given in equations (19¢), (20c) and (21b), valid for water and
water containing 30 or 50% 1,4-dioxane, respectively, with the stability constants
calculated for the open Cu(Arm)(GDP),, isomers, listed in column 7 of table 3, reveals
that the values obtained for the open Cu(Arm)(GDP),, isomers are somewhat larger
than those obtained for the macrochelated Cu(Arm)(GDP), \; species. Hence, the
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Table 4. Comparison of the extent of intramolecular stack formation in ternary Cu(Arm)(GDP)™
complexes in dependence on the solvent employed and as calculated from stability constants determined by
potentiometric pH titrations in water and in water containing 30 or 50% (v/v) 1,4-dioxane. Listed are the
stability enhancements 10g Acy/arm/Gpjaca [€quation (16)], the intramolecular and dimensionless equilibrium
constant Kj s [equations (1) and (22)] and the percentages of the stacked Cu(Arm)(GP) species [equation (23)].
The corresponding results [34] for the Cu(Arm)(dGMP) complexes are given for comparison (25°C; I=0.1 M,
NaNOs3).*

Cu(Arm>(GP) % (v/v)1,4—Di0xane"‘ IOg ACLl,rArm/GP,factlb Kl,’st Yo Cu(Arm)(GP)sl
Cu(Bpy)(dGMP) 0 1.20+0.09 14.854+3.28 93.7+1.3
Cu(Phen)(dGMP) 0 1.33£0.10 20.38 £4.92 95.3£1.1
Cu(Bpy)(GDP)~ 0 1.12£0.08 12.18£2.43 924414
Cu(Phen)(GDP)™ 0 1.3040.08 18.95+3.68 95.0+0.9
Cu(Bpy)(GDP)~ 30 0.254+0.09 0.78 £0.36 44412
Cu(Phen)(GDP)~ 30 0.08 £0.09 0.20 (0/0.48)° 17 (0/32)°
Cu(Bpy)(GDP)~ 50 0.25+0.12 0.78 £0.49 44+ 16
Cu(Phen)(GDP)™ 50 0.12£0.13 0.32 (0/0.78)° 24 (0/44)°

# See footnote “a” of table 1 regarding the error limits. For the solvent properties see columns 2 and 3 in table 1.

® The first two entries are from the second column in table 4 of ref. [34]; all other values are from table 3 (column 8) of this
study.

¢ The values in parenthesis are the lower and upper limits, respectively.

latter isomers do not contribute remarkably to the overall stability of the ternary
Cu(Arm)(GDP)~ complexes in all three solvents; this would only be the case if
Kgﬂéﬁﬁg((}m)cl/m > CEEQ?{E;(GDP)OP. This result confirms again that only the lower
pathway, involving stacking, in the equilibrium scheme (18) needs to be considered. The
stability enhancements l0og Acy/arm/GDP/act (€quation (16)) listed in column 8 of table 3
are attributed completely to intramolecular stacking interactions (figure 3) in the
ternary Cu(Arm)(GDP)™ complexes.

These values for Alog Kcy/arm/Gpp/acu allow quantification of the position of
equilibrium (1) by following previous routes and by applying equation (22) (for details
see, e.g., refs. [11, 14, 32, 65, 76]), where log A represents log AcujArm/GDP/actl:

Kijs = [Cu(Arm)(GDP);]/[Cu(Arm)(GDP), | (22a)

=102 | (22b)

Of course, once Kj is known, the percentage of the stacked isomer in equilibrium (1)
can be calculated with equation (23):

% Cu(Arm)(GDP); = 100 - Kis¢/(1 + Ky/st) (23)

The corresponding results are assembled in table 4 together with the corresponding data
obtained previously [34] for the Cu(Arm)(dGMP) systems.

3. Conclusions

Several of the results summarized in table 4 warrant emphasis: of utmost interest is the
fact that in the corresponding Cu(Arm)(dGMP) and Cu(Arm)(GDP)~ systems (top
four entries of table 4) the formation degrees of the intramolecular stacks are very large
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but identical within their error limits and this despite the fact that the actual global
stability constants differ significantly, e.g. logl(i‘jggﬂzgg(dGMP):4.27:&0.08 [34] and
log K§3§§E§E§<GDP> =7.00+0.05 (table 2). Of course, these differences are a reflection
of the much higher metal ion affinity of a diphosphate residue compared to that of
a monophosphate residue.

Another point of interest is that the larger Phen is expected to stack somewhat better
with the guanine residue than Bpy and indeed, for aqueous solutions this is observed.
However, for mixed 1,4-dioxane/water mixtures, two points need to be noted: (i) most
importantly, the extent of stacking is drastically inhibited by increasing amounts of
1,4-dioxane though most likely it does not completely disappear. (ii) In contrast to
the situation in water, the results for the mixed solvents indicate that intramolecular
stacking in the Cu(Phen)(GDP) systems is somewhat more inhibited than in those
which contain Bpy. The reason most probably is that Phen is more strongly solvated by
the ethylene bridges of 1,4-dioxane than Bpy.

To conclude, the most interesting result of this study, from our point of view, is the
fact that the stacking tendency of a nucleobase moiety in a nucleotide complex does not
depend on the denticity or length of the phosphate residue, in agreement with earlier
indications [31]. However, the relevance of this kind of adduct formation for
recognition reactions in nature is evident; e.g., in protein—nucleotide/nucleic acid
interactions the role of Bpy or Phen may be taken over by the phenyl or indole moieties
of phenylalanyl or tryptophanyl residues, respectively. In the same context one should
note that a decrease of solvent polarity favors phosphate-metal ion binding whereas
stacking interactions of the nucleobase residue appear as being perturbed (figure 2), yet
in an active site cavity of an enzyme exactly this process could lead to a reorientation of
the nucleotide substrate by replacing stacking (partly) by hydrophobic interactions,
simulated in the present study by the ethylene bridges of 1,4-dioxane.

4. Experimental

The heteroaromatic amines, i.e. 2,2’-bipyridine and 1,10-phenanthroline monohydrate
(both pro analysi), were obtained from Merck AG, Darmstadt, Germany. All other
materials used in the experiments, including CO,-free water, were from the same
sources as previously [52, 66, 77]. The exact concentrations of the stock solutions were
determined as described [52, 66].

The potentiometric pH titrations were carried out with the same equipment and in
the same way as described [66]; this also holds for the evaluation of the experimental
data [66, 77]. The titration apparatus was calibrated with aqueous buffer solutions [52].
The given acidity constants are so-called practical, mixed or Brensted constants [57];
no corrections were applied for the change in solvent from water to 1,4-dioxane/water
mixtures [52]. The stability constants presented are, as usual, concentration constants. It
needs to be noted further that always the differences in NaOH consumption between
solutions with and without ligand [57] were evaluated.

In the determination of the stability constants of the Cu(Arm)(H; GDP) and
Cu(Arm)(GDP)~ complexes [equations (5) and (6)], the same concentrations (0.6 mM)
(1:1:1 ratios) were used as previously [52], but Cu®>" was replaced by Cu**/Arm (1: 1
ratio). Under the experimental conditions the formation of the Cu(Arm)*" complexes is
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practically complete due to their high stability [18, 19]; in fact, titrations containing only
HNO5 or HNO; plus Cu?*/Arm were identical in the lower pH range, and therefore the
evaluation of the titration data of the ternary systems could be done in the same way as
for the binary ones. The data collection was initiated at a pH of about 2.7 and stopped
at the onset of the formation of Cu(Arm)*-hydroxo complexes which was evident from
the titrations without GDP.

The listed stability constants of the Cu(Arm)(H; GDP) and Cu(Arm)(GDP)~
complexes are the results of at least four independent pairs of titrations in each solvent.
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