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Abstract—The thermodynamic parameters of the interaction between nickel(II) and
3’AMP, 2’AMP, 5UMP and 5CMP in aqueous solution were determined calorimetrically
(ionic strength adjusted to 0.1 with tetramethylammonium bromide, 25°C at physiological
pH). The experimental conditions were carefully selected to avoid polynuclear complex
formation. The calorimetric data confirm the existence of the [(Ni(NMP),]*>~ complexes
for 3’ AMP and 2’AMP, the latter previously studied by Frey and Stuehr by potentiometry.
The [(Ni(NMP),]*~ complex formation constant (log X, = 1.96 and 2.16 for the 3’AMP
and 2’AMP derivatives, respectively) and complex formation enthalpies (AH, = +4.5 kJ
mol~' and AH, = —10.0 kJ mol~"! for the 3’AMP complexes, and AH, = +2.4 k] mol™!
and AH, = —22.3 kJ mol™' for the 2’AMP complexes) were determined. The values of
AH, for the complexes Ni(5"UMP) and Ni(5'CMP) are, respectively, 8.3 and 8.7 kJ mol ™',
The degree of macrochelation indicated by Sigel after very careful potentiometric studies
is confirmed by the calorimetric data, and follows the order: [Ni(5AMP)], >
[Ni(2’AMP)],, > [Ni(3’AMP)],;. These results confirm the formation of the ML, complex
in solution and agree very well with the hypothesis of ‘stacking’ between the purine

bases promoted for metal ions.

The bioinorganic chemistry of nickel is a topic of
increasing interest.!? The interactions of nickel (1I)
with nucleotides in solution have been reviewed
recently.’ The study of nickel(I1I)-3’AMP and nick-
el(I1)-2’AMP and nickel(IT) formation constants
with pyrimidine nucleotides have been determined
by potentiometric methods.*” Only previous calor-
imetric studies with 5’AMP have been published®®
but none, to our knowledge, with 2’AMP or
3’AMP.

There are no X-ray diffraction studies on nick-
el(I) and 3’AMP or 2’AMP compounds and very
few crystalline structures with related nucleotides
have been described so far.' There is a solid state
structure for [Ni(5’AMP)(H,0)] - H,O where nick-
el(II) is bound to N(7) and via a coordination water

* Author to whom correspondence should be addressed.

molecule also to the phosphate group. Other crys-
talline structures, in which the metal ion is coor-
dinated to two nucleotides in cis position, have
also been described for nickel (IT) with GMP and
5'IMP. The coordination sites are the same as in
the former complex. The latter structures suggest
a relevant base stacking stabilization between the
purine bases in cis position, despite a butterfly-like
arrangement of the two purine residues.

Frey and Stuehr* established the formation of the
[Ni(2’AMP),]*~ complex potentiometrically. Sigel*
studied the relationship between macrochelation and
the first stability constants for the nickel(II) and
5’AMP, 3’AMP and 2’AMP compounds; in the
2'AMP case the anti conformation of the nucleotide
is preferred and would allow an interaction with
N(3) of the adenine ring, but not with the N(7) for
steric reasons; macrochelation is more difficult in
the 3’AMP complex because the unfavourable syn
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conformation is required. Sigel also measured the
self-association of different nucleotides.!™!!'2

The aim of our study is to confirm, by a different
technique, the existence of the [Ni(2’AMP),)*~
complex and the analogous 3’AMP complex, to
determine directly thermodynamic values, and
consider the influence of adenosine base stacking
stabilization in these complexes.

EXPERIMENTAL

The nucleotides were obtained from Sigma and
Serva. The purity was checked by elution through
a liquid chromatography column Pharmacia basic
system I with a UV detector; in all cases a single
fraction was detected. The nucleotide solutions
were freshly prepared by dissolving the required
amount of the solid in deionized, distilled water
and the concentration in the solution was tested by
spectrophotometry in a UV—vis Perkin—Elmer 552
spectrophotometer. The nickel(I) nitrate (ana-
lytical grade) was purchased from Merck, and the
nickel concentration in solution was determined by
weighing and by atomic absorption spectroscopy
using a Perkin—-Elmer 703 spectrophotometer. The
tetramethylammonium bromide (analytical grade)
was purchased from Merck and Aldrich. All the
solutions were prepared with deionized and then
distilled water and the ionic strength (/) was
adjusted to 0.1 with tetramethylammonium
bromide. The pH in equilibrium was determined by
means of a Crison micropH 2002 with an accuracy
of 0.001.

The calorimetric measurements were carried out
in a LKB 2001 batch calorimeter connected to
an IBM PS2 for data acquisition by means of the
BATCHCAL program previously described."” All
the measurements were taken at 25.00+0.01°C.
The nucleotide solutions were placed in the ref-
erence cell to correct the heat of dilution in all cases ;
the metal heat of dilution was obtained exper-
imentally and then subtracted from the reaction
heat.

The measurements of nucleotide enthalpy
protonation were carried out, mixing 3.00 mM
HCl (4 cm®) and ~80 mM of the respective
nucleotide (2 cm’) at I=0.1 (using tetra-
methylammonium bromide) in the calorimeter
reaction cell. The calorimeter reference cell con-
tained 2 cm’ of the nucleotide solution of the same
concentration and 4 cm® of tetramethylammonium
bromide to correct for the enthalpy dilution of the
nucleotide. The values of the enthalpy of reaction
minus the heat of dilution allow the enthalpy of
protonation of the nucleotide to be calculated very
easily.
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RESULTS AND DISCUSSION

Definition of equilibrium constants

The main equilibria considered for the nickel (IT)-
2’ AMP and nickel(I1)-3’AMP systems are :

Ni'' + NMP?~ —=[Ni(NMP)] K, and AH,

M
[Ni(NMP)] +NMP?~ — [(Ni(NMP),]*~
K, and AH, (2)
Ni" + NMPH ™ — [Ni(NMPH)]*
K7and AH, (3)
NMP?~ +H* =NMPH K, and AH,,
4)

where H,NMP is H,3’AMP or H,2’AMP, respec-
tively.

In order to carry out the calculations of this
theoretical model the SAFCOR program® was used.
The program considers the following values: log
K,, AH,, (protonation heat of the nucleotides), pK,,
and the experimental heat values (Q = exper-
imental heat of dilution), the initial metal (M,)
and nucleotide (L,) concentrations, as well as the
reaction and reference cells pH (pH and pH, respec-
tively). The values of K, and K, were taken
from the literature and AH, was measured
experimentally : log K, =2.004+0.03 for 3’AMP,
1.9540.03 for 2’AMP, pK, =6.014+0.02 and
5.8340.02, respectively (values from the literature®
after correction of the background electrolyte), and
AH, = —3.0104kJImol~'and 0.0+0.3kJ mol ',
respectively (values obtained experimentally by
calorimetry).

The third equilibrium can be neglected in the
experimental conditions of the study.?

For the pyrimidine nucleotides 5UMP and
SCMP only equilibria (1) and (4) may be
considered. The values of K, and K|, were taken
from the literature’ (after correction of the
background electrolyte) and AH, was measured
experimentally: log K; =2.00+0.06 for 5CMP
and 2.03+0.05 for 5SUMP, pK, =6.25+0.02
and 6.21+0.01, respectively, and AH, = 3.0+
0.3 kJ mol™' and AH, = +3.440.4 kJ mol™},
respectively.

The SAFCOR program and data treatment

The SAFCOR program® calculates the best AH,
and AH, and log K, compares the theoretical and
experimental heats for each experimental point and
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estimates the 3o deviation, considering not only the
experimental error but the error of the parameters
introduced in the program as well.

The experimental data for the nickel(11)-2’AMP
and nickel(II}-3’AMP systems for correlations
between Q, and X are presented in Fig. 1, where:

0, = AH, + XAH,

0\ = QR/(Cy + Cui2)
X = Cymp2/(Cy + Cur2)

QR =0-0QP

Here Q is the reaction heat, QP is the heat associ-
ated with eq. (4) and Cy, and Cyy, are the amounts
of [Ni(NMP] and [(Ni(NMP),)*" at equilibrium,
respectively, where NMP is 22AMP or 3’AMP in
each case.

The pyrimidine nucleotides are more easy to
study because no 1:2 complexes form, and equi-
librium (2) need not to be considered.

Thermodynamic parameters and structural con-
siderations

Table 1 contains the values obtained for AH,,
AH, and log K, for 2’AMP, 3’AMP, 5CMP and
5'UMP with the 3¢ deviation in comparison with
the 5’AMP values.® The entropies have been cal-
culated from the experimental results considering
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Fig. 1. Correlation between , and X.
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AG = AH—TAS and AG = —230RT log K. The
experimental measurements are collected in Tables
2-5 and Fig. 1 shows the correlation between Q,
and X for the nickel(II)-2’AMP and nickel(IT)}-
3’AMP systems.

All these results point to the formation of the
[(Ni(NMP),)*~ species in agreement with the pre-
vious potentiometric results of Frey and Stuehr for
the 2’AMP system.? The log K, value obtained by
calorimetry of 2.16 +0.07 for the nickel (I1)-2'AMP
system is in very good agreement with that pre-
viously measured by potentiometry (log K, = 2.20,
I=01at15C).?

The AH, values for the three adenosine mono-
phosphates present great differences. It is necessary
to consider the different steric contribution to sta-
bilize a macrochelate complex of nickel(II) bound
to the phosphate group and to the N(7) or N(3)
ring base in solution, and the different degree of
macrochelation for each nucleotide: 71+4% for
5"AMP and 13+ 13% for 3’AMP or 2’ AMP >

phosphate-ribose-base phosphate—r

i
b
nickel(Il) o
s
|base—---~-~—e

-~
B —

nickel (1)

There are two different species in solution
[Ni(NMP)],,, where nickel(II) is bound only to the
phosphate group and the closed macrochelate com-
plex [Ni(NMP)].; [Ni(2’AMP)],, can afford the
stable anti conformation, but the [Ni(3’AMP)],
complex must present, for steric hindrance, the very
unstable syn conformation. In any case, Sigel estab-
lished*® that it is clear that the degree of formation
of the closed species follows the order:
[Ni(5AMP)]y > [Ni(2’AMP)],, > [Ni(3’'AMP)]..
Thus, the apparent differences in the AH, values
can be related to the different degrece of macro-
chelation of the nucleotide. In the nickel(IT)-
5'CMP and nickel(I[)-5"UMP systems, the coor-
dination takes place only through the phosphate
group, and the enthalpies measured by calorimetry
(AH,+87409 and +8.3+0.7 kJ mol™", respec-
tively, at / = 0.1 and 25°C) are coincident (Table
1). The value of +8.5+0.8 can be tentatively
assigned to the enthalpy of interaction between
nickel (1) and the phosphate group from a nucleo-
side monophosphate. This endothermic interaction
is stabilized due to the entropic value (+ 58 J mol ™!
K '). The formulae of the nucleotides are indicated
in Fig. 2.

The different nature of the nickel complexes with
adenosine monophosphates indicated by Sigel>®
also appears in the calorimetric data. It is possible
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Table 1. Comparison between experimental data for the [Ni(NMP) and [Ni(NMP),]>~ complexes

AH, AS, Log K, AH, AS, AH,—AH, AS,—AS,
NMP (kJmol™")  (e.u.) (kJ mol™") (Jmol™' K" (kJ mol™") (Jmol™' K™h
5’ AMP* —10.0+1.0 15 234+0.14 -21.6+2.0 —28 —11.6 —43
3’AMP +4.5+0.3 52 1.96+0.08 —10.0+1.3 +4 —14.5 —48
2’AMP +2.440.6 46 2.16+0.07 —-223+14 —34 —24.7 —80
SUMP +8.3+0.7 58
5S’CMP +8.7+0.9 58

“Data from ref. 8.

Table 2. Nickel(I)-S'UMP system. Amount of
[Ni(5S"UMP)] complex and enthalpies obtained

CuL 0 AH,
Measurement  (mol x 107) (mJ) (kJ mol~!

1 103 62.2 8.5

2 103 60.0 8.2

3 103 59.3 8.2

4 63.4 373 8.3

5 63.4 373 8.4

6 63.4 37.3 8.4

7 43.0 25.5 8.4

8 43.0 25.1 8.3

9 43.0 25.7 8.2

Table 3. Nickel(I[}>5CMP system. Amount of
[Ni(5"CMP)] complex and enthalpies obtained
Cu 0 AH,
Measurement  (molx 107) (m]) (kJ mol™")

1 98.4 62.3 8.7

2 98.4 60.5 85

3 98.4 60.3 85

4 60.6 37.3 8.9

5 60.6 36.8 8.8

6 60.6 37.6 9.0

7 374 22,9 8.6

8 374 22.5 8.5

9 374 23.7 8.8

to consider the formation of the complexes in two
steps
Ni”+NMP2*‘:‘[Ni(NMP)]oP AH,,, (5
[Ni(NMP)],, = [Ni(NMP)], AH,;,  (6)
Where NMP is used as the abbreviation for
5’AMP, 3’AMP or 2’AMP, respectively. The

enthalpy of the pure interaction nickel(II) phos-
phate represented as AH,,, can be estimated as

+8.5+0.8 as indicated above, whilst AH, is the
enthalpy value due to the interaction of the metallic
ion with the ring base, possibly through the N(3)
for 22’AMP and 3’AMP and through the N(7) with
5’AMP.*¢ For the latter, and considering the 71%
degree of macrochelation®® a value for AH,q
[enthalpy of interaction Ni"-N(7)] of —26.0 kJ
mol ™!, very similar to the single value in the litera-
ture for Ni"-N(7) in 9-methylpurines (—20.8 kJ
mol™")** is obtained.

The AH, enthalpy values for [Ni(2’AMP)] and
[Ni(3’AMP)] (Table 1) are less positive than the
[Ni(5"UMP] and [Ni(5'CMP)] values but not nega-
tive like the [Ni(5’AMP)] enthalpy. The small
amount of macrochelate in the equilibrium, eq. (6),
produces the exothermic Ni'-N(7) ring inter-
action, diminishing the endothermic A#,,, con-
tribution of eq. (5). In agreement with the potent-
iometric studies of Sigel,*® the interaction of
nickel(I1I) with 2°’AMP is less endothermic than the
interaction with 3’ AMP (+ 2.4 and +4.5 kJ mol ™/,
respectively), indicating a major degree of macro-
chelation for 2’AMP than for 3’AMP. Con-
sidering tentatively, in a first broad approach, that
the Ni"-N(3) ring interaction is similar to the
Ni"-N(7) enthalpy, a degree of macrochela-
tion of 23% for 22’AMP and 15% for 3’AMP
is obtained. Although these percentages are not
clearly quantitative, they indicate that the order of
macrochelationis: [Ni(5’AMP)], > [Ni(2’AMP)],,
> [Ni(3’AMP)],. Thus, the order of macro-
chelation obtained by Sigel is confirmed by calor-
imetry. The degree of macrochelation implies
different entropic values, and it is clear again that
in the [Ni(3’AMP)] complex (Table 1) a small
amount of [Ni(3’AMP)],, is present (AS = 52 e.u.
in comparison with AS = 58 e.u. for [Ni(5CMP)]
and [Ni(5UMP)]). The [Ni(2’AMP)] entropic
value of 46 e.u. indicates a greater degree of mac-
rochelation than for the 3’AMP complex, and less
than for the [Ni(5’AMP)] complex. Thus, not only
the enthalpy values, but also the entropic values
are in agreement with the order of macrochelation
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Table 4. Experimental data for the nickel (II)-2"AMP system’

Mo Lo pH pHr 0
Measurement  (mol dm™?x 10%) (mol dm—>x 10*) (mol dm~*x 10*) (moldm~*x10%*  (ml)
1 333 8.93 7.35 7.50 2.2
2 333 7.60 7.28 7.45 1.1
3 333 12.8 7.32 7.50 -2.0
4 333 23.6 7.30 7.50 —8.8
5 333 35.6 7.40 7.57 —20.0
6 6.67 53.2 7.22 7.23 - 10.8
7 16.7 53.2 7.18 7.23 —26.2
8 16.7 125 7.25 7.30 - 78.5
9 6.67 125 7.27 7.30 ~31.8
10 64.7 10.2 7.20 7.40 1.1
11 64.7 10.2 7.20 7.40 2.0
12 64.7 10.2 7.20 7.40 1.7
13 64.7 10.2 7.20 7.40 2.0
14 333 20.9 7.13 7.26 —4.5
15 6.67 194 7.23 7.25 —16.1
16 16.7 194 7.21 7.25 —118.0
17 333 353 6.89 7.07 0.9
18 19.6 135 7.28 7.33 ~93.0
19 333 3.53 6.89 7.07 0.7
20 333 3.53 6.89 7.07 0.7
21 333 3.53 6.89 7.07 1.1
22 32.3 128 7.19 7.31 —138.7
23 19.6 128 7.25 7.31 —83.8
24 12.8 128 7.27 7.31 —57.3
25 323 135 7.23 7.31 —146.0

“Mo, total ion concentration; Lo, total nucleotide concentration ; pH, reaction cell; pHr, reference
cell pH ; Q, reaction heat (subtracted the heat dilutions).

proposed by Sigel using the potentiometric tech-
nique.

To discuss the enthalpy and entropic values of
the ML, complexes is more difficult. Not only must
the macrochelation, the nickel phosphate and
nickel ring interaction be considered, but also the
intramolecular stacking stabilization between the
bases.®!""'2 1t can be considered, as a first approach,
that the enthalpy for the nickel(II)-NMP inter-
action is the same in the first and second NMP
ligand. The difference AH,—AH; (Table 1) is very
similar for 5’AMP and 3’AMP, and can be assigned
tentatively to the stacking interaction between the
bases, with a high degree of macrochelation and
cis configuration for the 5’AMP derivatives® and
a minor degree of macrochelation for the 3’AMP
derivatives. However, the 2’AMP enthalpy differ-
ence AH,~AH, = —24.7 kJ mol™' and entropic
difference AS,—AS, = —80 e.u. can only be ex-
plained due to the coordination of nickei(Il)
through the N(3) ring (different from the N(7) for
the SAMP case) and a promotion of the degree
of macrochelation with the entrance of the second
ligand : the latter would be an exothermic process

and at the same time a process that diminishes the
entropy, and the degree of macrochelation would
be facilitated by stacking between the purine bases.
This hypothesis is in agreement with the values
AH, = —22.3 kJ mol™' for the [(Ni(2’AMP),]*~
complex and —21.6 kJ mol~! for the [(Ni(5AMP),]*~
complex, being very similar indicating a structural
cis macrochelate configuration; and —10.0 kJ
mol™' for the [(Ni(3’AMP),]*~ complex where
macrochelation is not favoured due to steric hin-
drance™® and the enthalpy value is consequently
much less exothermic.

CONCLUSIONS

The calorimetric data confirm the existence of the
[(Ni(NMP),)*~ complexes for 3’AMP and 2’AMP,
the latter previously studied by Frey and Stuehr by
potentiometry.

The degree of macrochelation indicated by
Sigel*® after very careful potentiometric studies
is confirmed by the calorimetric data, and follows
the order [Ni(5’AMP)], > [Ni(2’AMP)],, > [Ni
(3’AMP)].,.
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Table 5. Experimental data for the nickel(II}-3’AMP system*

Mo Lo pH pHr
Measurement (moldm—*x 10%) (moldm™3x10* (moldm=3x10*) (moldm~>3x10%  (ml)
1 333 126 7.52 7.54 —0.8
2 16.7 126 7.57 7.54 —1.0
3 6.67 126 7.55 7.54 —-2.5
4 323 31.5 7.18 7.21 10.8
5 16.7 14.9 7.18 7.24 3.6
6 6.67 14.9 7.19 7.24 1.8
7 333 4.37 6.96 7.04 2.8
8 16.7 40.1 7.21 7.35 5.8
9 19.6 276 7.28 7.32 —23.0
10 16.7 54.4 7.22 7.25 7.4
11 19.6 192 7.31 7.35 —11.9
12 333 16.8 7.10 7.17 7.1
13 64.7 11.0 7.13 7.30 8.8
14 333 12.8 6.98 7.10 5.0
15 64.7 7.57 7.07 7.21 6.3
16 333 5.83 7.00 7.12 33
17 64.7 7.57 7.07 7.21 54
18 19.6 276 7.28 7.32 —21.8
19 16.7 165 7.23 7.27 -8.1
20 6.67 165 7.25 7.27 —4.3
22 65.7 11.0 7.10 7.30 8.8
23 65.7 11.0 7.10 7.30 9.8
24 64.7 11.0 7.13 7.30 9.2

“Mo, total ion concentration ; Lo, total nucleotide concentration; pH, reaction cell ; pHr, reference
cell pH ; Q, reaction heat (subtracted the heat dilutions).

NH, NH, 0
H——</Iz‘| SY bl o |
N N/)\H o)\ N! O/J\Nl
¢ | |
AMP? CMP? UMP>

' 2- . = 2- . = =

2-AMP” :R, =-PO} ;R =Ry =-H

f 2- . = 2- . = =

3-AMP* : R, =-PO} ;R, =Ry =-H

5'-AMP%, 5'-CMP? and 5'-UMP? :R, =-PO} ;R, =R, =-H

Fig. 2. Chemical structures of the pyrimidine and adenine nucleotide monophosphates.
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