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BINARY AND TERNARY METAL COMPLEXES OF
URIDINE AND THERMODYNAMIC QUANTITIES
ASSOCIATED WITH THE INTERACTION OF
URIDINE WITH BIVALENT METAL IONS IN
SOLUTION
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Formation of binary and ternary complexes of Cu(II). Ni(Il), Zn(1I), Co(1I), Mn(II), Mg(Il). Ca(II), metal
ions with uridine as a primary ligand and 2,2'-bipyridyl, 1.10-phenanthroline and 5-sulphosalicylic acid
as secondary ligands was studied by a potentiometric technique at 15°, 25°, 35° and 45°C and 0.10 M
(KNO,) ionic strength. The ternary complex formation was found to take place in a stepwise manner.
The stability constants of these binary and ternary systems were calculated and the A log K values
obtained were found to be negative. The lower stability of 1:2 complexes of uridine and those of the
ternary systems compared to the corresponding binary systems is in accord with statistical considerations.
Thermodynamic parameters are reported for all the systems studied.
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INTRODUCTION

Ternary complexes of nucleosides and nucleotides have attracted the attention of
many investigators.!~7 This is because of the fact that metal ions participate in
many biological processes such as replication, transcription and translation®”!? In
recent years, considerable research has been carried out on model mixed-ligand
complexes in an effort to understand the nature of metal ion complexation in
biochemical systems. The uridine complexes of 3d metal ions and Ru(IIl) have
been investigated in the solid state.'*

As very little work has been carried out on binary and ternary complexes of
uridine in aqueous media, it seemed worthwhile to study the formation of binary
uridine metal complexes and the effect of secondary ligands on the stabilities of
these complexes. In the present work we have investigated the interaction of Cu(Il),
Ni(Il), Zn(II), Co(II), Mn(Il), Mg(Il) and Ca(Il) with uridine and the effect of
secondary ligands such as 22'-bipyridyl (bipy). 1,10-phenanthroline (o-phen),
S-sulphosalicylic acid (SSA).

EXPERIMENTAL
The experimental method consisted of the potentiometric titration of each ligand
with standard sodium hydroxide solution in the absence and presence of the metal

ions being investigated. The ionic strength of the solution was maintained constant

T Author for correspondence.
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during the course of titration at 0.10 M (KNO,) and relatively low concentrations
of ligand and metal ion were used. Presaturated nitrogen was passed through the
solution throughout each titration and the temperature was maintained constant
+ 0.1°C. A Digisun model DI1-707 pH meter, with a Toshniwal combination
glass electrode was used to determine hydrogen ion concentration. The electrode
system was calibrated by direct titration with acetic acid and the observed pH was
compared with the actual hydrogen ion concentration as calculated from the data
tabulated by Harned and Owen.!* The pH regions below 3.5 and above 10.5 were
calibrated by measurements in HCl and NaOH solutions respectively.

Reagents

Chromatographically pure uridine was obtained from the Sigma Chemical
Company, USA; 2.2-bipyridyl. 1,10-phenanthroline and 5-sulfosalicylic acid were
obtained from E. Merck, Dermstedt. The metal salt solutions were standardised by
titration with the disodium salt of EDTA as described by Schwarzenbach.'®
Carbonate-free sodium hydroxide was prepared by the method of Schwarzenbach
and Biedermann!” and was standardized by titration with pure potassium acid
phthalate. Fresh solid ligand was weighed out for each titration to ensure against
loss by hydrolysis or photochemical decomposition.

The acid dissociation of neutral uridine is related to the usual equilibrium
dissociation

HL==L+H*

by the equation

K, = [H*] (aT_ + [H*] = [OH "PAT, — (aTy +[H *|—-[OH ~])} ()
where a = mole of base added per mole of ligand and T, = total ligand

concentration. The equilibrium involved in the formation of 1:1 metal uridine
complex may be represented by
K

M+ L &———ML
KL= v — [M]}/[M][L] @
where
[L] = {1 — m) T, — (H*] + [OH 7]} K,/[H 7).
M] = [L] ({H*]/K, + 1), and
Ty = total metal ion concentration.
The equations involved in the formation of 1:2-metal-uridine complexes may be
represented by the following equations.
M + L=—=ML
ML + L—=ML,

KME, = [ML,J/[MLJ{L] &)
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where
[L]={2—-m) T, — [H*] + [OH 7]} Ka/[H *],
M] = [L] ((H*)/K, + DA2 + Ki[L].)
IML,] = T, — [M] (1 + K, [L]). and
[ML] = K,[M][L].
K, is the stability constant of 1:1 normal complex.
For the formation of the ternary complexes of metal ions in presence of uridine

and 22-bipyridyl or 1.10-phenanthroline the following equilibria may be
considered by the equations given.
K

M + A—MA
MA + Le&==MAL
KMAL = [MAL)/[MAJ[L] @

where A = bipy or o-phen, MA = 1:1 metal-bipy or 1:1 metal-o-phen normal
complex, and L = neutral ligand uridine.

Here complex formation is considered to take place in a stepwise manner. The
calculation of the stability constant KmL is similar to that of a 1:1 metal-uridine
complex.

The stability constants for the ternary metal-SSA-uridine were calculated by the
help of the fol}(owing equations

MHA + L MHAL

KMHA = [MHAL)/[MHA][L] )

where MHA = monoprotonated 1:1 metal-SSA complex, L. = neutral uridine, and
MHAL = monoprotonated ternary complex. The values of AHZ AG; AS} were
calculated by using the usual relationships as described in an earlier paper.'® All
calculations were carried out using a Casio FX-702P personal computer with
appropriate programmes,

RESULTS

The potentiometric titration curve of uridine is shown in Fig. 1(a). Acid dissociation
constants calculated at 15°, 25°, 35° and 45° C by using equation (/) are presented in
Table 1. Titraton curves of uridine in the presence of Cu(II) and Mg(IT) at a 1:1 ratio at
35°C are given in Fig. 1(b) and 1(d). Similar titration curves were obtained for Ni(I),
Co(II). Zn(Il), Mn(I) and Ca(Il) with uridine. The titration curves at other
temperatures are similar to those obtained at 35°C. It was assumed that normal 1:1
complexes of uridine are formed between a = 0 to 1 with the abovementioned metal
ions. The stability constants were calculated in this region by using equation (2) and the
resulting values are presented in Table I. The corresponding thermodynamic
parameters are given in Table II. The titration curve for Mg(Il)-uridine at a 1:2 ratio of
metal ion to ligand is shown in Figure 1(c). Similar titration curves were obtained for
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TABLE 1
Stability constants® of 1:1 metal-uridine and 1:2 metal-uridine complexes and A log K values for these systems;
g = 0.10 M (KNO,).

Log KM, log Km,’:, Alog K

TCC) 45° 35° 25° 15° 45° 35° 25° 15° 45° 35° 25° 15°
pKa 891 907 921 933

Cu(I) 424 416 403 393 343 334 320 310 -081 -—08 —088 —083
Ni(IT) 408 400 39 379 397 389 375 365 —011 —01t -—0.15 —0.14
Co(1l) 391 385 379 370 383 375 364 355 —008 —010 —0.15 —0.15
Zn(I) 380 372 367 358 340 330 319 308 —040 —042 —048 —050
Mn(I}) 359 352 344 337 366 355 344 331 —007 +003 000  —0.06
Mg(I) 33 325 314 302 321 310 298 287 —015 -—015 -016 —015
Ca(Il) 325 315 305 295

*The constants are accurate to + 0.03 log K units. A log K = (log Km}; — log KMD.

TABLE II
Thermodynamic parameters' associated with the interaction of metal ions with uridine at a 1:1 and 1:2 ratio of
metal jon to ligand, and AAH; AA Sfvalues for these systems.

log KM, log Kmt,
AHf AG;(25°) ASF(25%) AHf AG{(25°) AS}(25°) AAH; AAS
(kJ mol™) (kJ mol™) (J mol™ K*) (kJ mol™) (kJ mol™) (J mol™ K™*)  (kJ mol™") (J mol™ K™)
Cu(ll) +18.5 -23.0 139 +19.8 —183 128 +1.3 =11
Nil) +17.0 —-22.2 131 +19.2 214 136 +22 +5
Co(Il} +12.1 —21.7 113 +16.6 —20.8 125 +4.5 +12
Zn(Ily +12.5 -20.9 112 +18.8 —18.2 124 +6.3 +12
Mn(I)+13.0 —19.6 109 +204 —19.6 134 +74 +15
Mgl +19.8 -~17.9 126 +20.0 —17.0 124 +0.2 =2
Ca(ll) +17.7 —174 118

*The AH; values are accurate to + 0.5 kJ mol™ and the AS{values to & 2 J mol™ K™

! 2 m 3 4
FIGURE 1 Petentiometric titration curves for uridine with Mg(II) and Cu(I1) at 35°C. p. = 0.10 M(KNO,).
a: free ligand: b: 1:1 Mg(1l)-uridine: ¢: 1:2 Mg(ID)-uridine: d: 1:1 Cu(H):uridine: e: (1:1:1)Mn(11)-2,2'-bipyridyl-
uridine: f: (1:1:1) Cu(II)-2.2’-bipyridyl-uridine: m: mol of base added per mol of metal ion.
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Cu(ID), Ni(II). Co(IT), Zn(II) and Mn(II) ions. The stability constants KML;, were
calculated by using equation (3). The stability constants at 15°, 25°, 35° and 45° C and
the corresponding thermodynamic constants are given in Tables I and I
respectively.

Potentiometric titration curves for M-A-L (M = metal ion; A = 2.2'-bipyridyl,
1,10-phenanthroline or 5-sulfosalicylic acid and L = uridine) show an inflection atm =
2 indicating stepwise complex formation. The titration curves for Mn(II)-bipy-uridine
and Cu(II)-bipy-uridine at 35°C are given in Figs. 1(e) and 1(f), respectively. Similar
curves were obtained at other temperatures and for the other systems. The stability
constants of these ternary complexes were calculated as outlined in the earlier section
are given in Table 11l and the corresponding thermodynamic parameters are listed in
Table IV.

DISCUSSION

Uridine is a weak base, as compared to uracil. The dissociation constant of cationic
uridine could not be calculated potentiometrically, because of the highly acidic nature
of the associated proton (pKa < 0.5). IR data show that uridine predominantly exists in
the diketo form'®.

0 OH
N — N;\/”
R
OJ\N 02\%
R
keto enol
R = Ribose

Schurukow et al.?, have reported that the site of proton dissociation in uracil and
thymine is the N,H or N,;H group, whereas Taqui Khan ez al >, have reported proton

TABLE III
Stability constants™ for ternary metal complexes of uridine with 2.2-bipyridyl 1.10-phenanthroline or
5-sulfosalicyclic acid; u = 0.10 M (KNO,).

Metal-22-bipyridyl-uridine Metal-1,10-phenathroline- Metal-SSA-uridine

uridine
log KMAL log KMAL log KMHAL

T(°C) 45°  35°  25° 15°  45° 35 25° 15 45° 35° 25° 15°
Cu(II) 382 390 401 408 374 381 391 398 375 3.66 3.55 343
Ni(Il) 397 404 415 427 383 389 398 404 36l 3.53 3.42 335
Co(II) 382 391 401 408 370 379 389 400 349 340 331 3.20
Zn(Il) 351 35 360 364

Mn(1D) 339 343 349 354 359 362 367 370 361 3.66 3.75 3.85
Mg(1I) 322 312 300 287 302 284 270 251

Ca(Il) 301 294 285 278

Y The values are accurate to = 0.07 log K units.
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dissociation from the N;H group. In uridine, as the N, position is blocked by the
presence of a ribose moiety, N; is the only proton ionization site. The enthalpy change
for the dissociation of a proton from neutral uridine is more exothermic by
30.8 kJ mol™! than thymine and 10.6 kJ mol™! than uracil, respectively. The entropy is
however more negative (87 and 30 J mol~! K™! than thymine and uracil, respectively).
The exothermic enthalpy for the first dissociation of proton thus seems to be the
contributing factor in making uridine less basic than uracil and thymine.

The stabilities of normal 1:1 metal-uridine complexes decrease in the order Cu(II) >
Ni(II) > Co(II) > Zn(IT) > Mn(II) > Mg(II) > Ca(1]) in accord with the Irving-Williams
order. The stabilities of 1:1 metal-uridine complexes decrease with decreasing
temperature. It is of interest to compare the stability constants of 1:1 metal-uridine
species with those of uracil complexes??. Both uracil and uridine form metal complexes
with the same binding site (N; of the pyrimidine ring). The weak basicity of uridine is
reflected in the lower stability of its metal complexes than that of uracil. The enthalpy
changes for the formation of the 1:1 metal-uridine complexes are endothermic and the
entropy change values are positive in all the cases. The enthalpy and entropy values of
these complexes are more positive than those of the corresponding metal-uracil and
metal thymine species?®. The entropy values decrease with increasing ionic radius of the
metal ion. There is however no regular trend in the entropy values. The relatively small
positive values of AHf compared with AS¢(Table II) are contributing factors favouring
the formation of the normal 1:1 complexes in solution.

The stability constants of the 1:2 metal-uridine complexes are lower than those of the
correspond1 r»%l 1 systems, as expected from statistical considerations. The A log K (log

- log Ky ) values for the uridine complexes are negative (Table I). The enthalpy
changes for 1 2 complex formation are less negative, i.e, less exothermic, than the
corresponding 1:1 complexes (Table II). The entropy values are however more positive
for the 1:2 systems. This is the normal trend in neutral ligands where the enthalpy is
more favourable for a 1:1 species (exothermic) as compared to a 1:2 species. The low
enthalpy coupled with a higher positive entropy is responsible for the formation of 1:2
complexes.

It was shown earlier that the A log K values are all negative for 1:2 metal uridine
complexes. A log K values often vary with temperature however, and the quantities of
fundamental importance are the AA Hand AA S(AA H= AH, - AH,, where AH, and
AH, are the AHf values for 1:2 and 1:1 metal-uridine systems, respectively and AA S= AS,
- AS, where AS, and AS, are the entropies for 1:2 and 1:1 complexes, respectively). The
AAH values for the ML, complexes of uridine are all endothermic in the range of 0.2 -
7.4 kJ mol™! (Table II). The values of AA H may be roughly correlated to the extent of
steric hindrance in the 1:2 complexes of uridine. The values of AA S are however both
positive and negative indicating that there are solvation differences in the 1:2 and 1:1
systems.

The stability constants for the mixed ligand complexes metal-bipyridyl-uridine and
metal-o-phen-uridine-decrease in the order Ni(IT) > Co(II) > Cu(I) > Zn(1II) > Mn(II) >
Ca(II). However, Ca(Il) and Zn(II) do not form mixed ligand complexes in the latter
system. For the above two ternary systems the A log K values are negative (Table IV).
The lower stabilities of the mixed ligand ternary systems as compared to the
corresponding binary complexes is in accord with statistical considerations. The
stabilities of 1:1:1 metal-SSA-uridine ternary complexes decrease in the order Cu(II) >
Ni(IT) > Mn(II) > Co(1I). The metal ions Zn(II), Mg(II) and Ca(II) do not form such
ternary complexes (Table III). The A log K values are negative except for Mn(II) (Table V)
and are also in accord with statistical considerations. By comparing the energetics of
formation in the 1:1:1 ternary systems containing metal-bipyridyl-uridine, metal-o-
phen uridine (Table IV), it is clear that the enthalpies and entropies do not follow
regular trends. However, the entropies are less positive as compared to the
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TABLE V
A log K values for the ternary complexes; up = 0.10 M (KNO,).

M-bipy-uridine M-phen-uridine M-SSA-uridine

Alog K A log K A log K
T(°C) 45° 35 25° 15 45°  35°  25° 15°  45° 35° 25° 15°
Cu(Ily -0.39 —0.26 —0.07 —0.07 —047 —035 —0.17 —0.03 —046 —050 —0.52 —0.58
Ni(II —0.09 +0.04 +020 +043 —029 —0.11 +003 +020 —045 —047 —053 —049
Co(ID) —-0.09 +0.12 +0.22 +0.38 —021 —0.06 +0.10 +0.30 —042 —045 —048 +049
Zn(H) —0.29 —026 —0.07 +0.06
Mn(II) —-0.20 —0.09 +005 +0.17 +0.10 +0.23 +033 +0.02 +0.14 «031 4048
Mg(1l) —0.14 —0.13 —0.14 —018 —0.34 +04] +044 +0.54
Ca(ll) —0.24 —0.21 —020 —0.17

A log K = (log KMa; — (log KM, + log KM ).

corresponding binary systems. The more negative and favourable enthalpy changes are
responsible for the mixed ligand complex formation.
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