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Studies of the binding of Ni2* to adenylyl-3’,5-adenosine (ApA) at pH 6.0 by ultraviolet spectrophotometry indicate the
formation of a 1:1 complex in the presence of a large excess of metal ion. At 25°C, and ionic strength x =0.5 M, the stability
constant of Ni(ApA) is evaluated to be K =2.6 (=0.6) M~ '. The low stability is taken as evidence that the predominant
complex species is one in which the ApA acts as a monodentate ligand, mainly through the adenine group. The rate constants
for complex formation and dissociation, k;=1430 M~! s~! and k,=665 s~! (25°C, p=0.5 M). determined by the
temperature-jump relaxation technique, are consistent with this interpretation. The binding strength of Ni2™ to poly(adenylic
acid) [poly(A)] has been studied at pH 7.0 using murexide as an indicator of the concentration of free NiZ*. Within the
concentration range [NiZ* ], . =1>X107°3—-1X 1073 M the data can be represented in the form of a linear Scatchard plot. i.e..
the process can be described as the binding of Ni?™ to one class of independent binding sites. The number of binding sites per
monomer is 0.26, and the stability constant X =8.2X% 103 M~ ! (25°C. g =0.1 M). In Kkinetic studies of the reaction of Ni¥*
with poly(A), two relaxation effects due to complex formation were detected. one with a concentration-independent time
constant of about 0.4 ms, the other with a concentration-dependent time constant in the millisecond range. The concentration
dependence of the longer relaxation time can be accounted for by a three-step mechanism which consists of a fast second-order
association reaction followed by two first-order steps. There is evidence, however, that the overall process is more complicated

than expressed by the three-step mechanism.

1. Introduction

In recent years, the interactions of metal ions
with nucleotides and related spzacies have been the
subject of many investigations and the results have
been summarized in several review articles [1-7].
Most of the work was concerned with the sites of
the interactions both in solution and in the solid
state. Thermodynamic and kinetic aspects of these
interactions have been studied less extensively. In
the kinetic studies adenosine phosphates have been
the preferred nucleotides and Mg?* and Ni?™ the
preferred metal ions [2,8—10]. Other nucleotides
such as cytidine phosphates and inosine mono-
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phosphate and metal ions like Co®* and Mn®~
have also been used in kinetic studies [2,11-14].
The kinetics of the interactions of divalent metal
ions with mononucleotides are usually rather com-
plex. For the reactions involving nucleoside di-
phosphates (NDP) and nucleoside triphosphates
(NTP), curved plots are obtained if the reciprocal
of the observed relaxation time is plotted vs. the
reactant concentrations, indicating that the reac-
tion is not a simple complex-formation process.
The curvature can be rationalized by taking into
account that at higher metal ion concentrations
NDP and NTP form 2:1 complexes (M,L) in
addition to 1:1 complexes (ML) [2,9,11]. Curved
plots of 1/7 vs. reactant concentration have also
been reported for the reactions of NiZ* and Co*™*
with various nucleoside monophosphates (NMP)
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[8,10,12,13] although NMP apparently is not able
to form complexes of the type M,L [8]. In these
cases the curvature is accounted for by a 1:1
complex-formation mechanism in which the tran-
sition metal ion binds stepwise to the phosphate
group and to the nucleotide base of the ligand.
The experimental data usually allow a complete
kinetic evaluation of such a two-step substitution
process {8,13].

The results obtained so far with mononucleo-
tides should provide a reasonable basis for the
study of more complex nucleotides. Among the
simplest oligonucleotides is adenylyl-3’,5"-adeno-
sine (ApA) which has two adenine bases and one
phosphate group as potential binding sites. Far
more complex are polynucleotides like poly
(adenylic acid) [poly(A)]. This compound, which
exists in the single-stranded form above pH 6, has
been frequently used as a model for a biological
macromolecule. Equilibria and dynamics of the
interactions of Ni?* with ApA and with poly(A)
are reported in this study.

2, Materials and methods

ApA, poly(A) (Bochringer), Ni(ClO,),- 6H,0
(Fluka), NaClO, (p.a., Merck), cacodylic acid
(Fluka), murexide (Merck) and other chemicals
were of the highest quality commercially available
and were used without further purification. All
solutions were prepared in water which was dou-
bly distilled from a quartz apparatus. Stock nickel
solutions were standardized by titration with
EDTA using bromopyrogallol red as indicator [15].
The EDTA was standardized by titration with
either standard zinc solution (Eriochrome Black-T
as indicator) or nickel solutions prepared by dilut-
ing Merck Titrisol concentrate.

All measurements were carried out at 25.0
(=0.1)°C. Measurements of pH were made using
a Radiometer PHM 52 digital pH-meter equipped
with a Metrohm EA 125 combined electrode. The
pH-meter was calibrated using Merck Titrisol
buffer solutions. For measurements involving solu-
tions containing NaClQ,, the Kl solution in the
reference compartment of the electrode was re-
placed by an NaCl solution. The pH of all solu-

tions for both equilibrium and kinetic studies was
stabilized by adding 1 X 103 M cacodylate buffer.
At this concentration the buffer components do
not interact noticeably with Ni*™ [8].

2.1. Reactions of NiZ™ with ApA

The ionic strength (p) of all solutions was ad-
justed to 0.5M with NaClO,. The equilibrium
constant for the binding of Ni’* to ApA was
determined by ultraviolet spectrophotometry using
a Cary 118 spectrophotometer. The free ligand has
an absorption maximum at 258 nm, with e,;3 =
2.78x10* M™! em™! in neutral solution [16].
Addition of Ni?* shifts the absorption band
slightly to longer wavelengths. In order to increase
the accuracy, difference absorbance measurements
have been carried out at a high sensitivity of the
instrument (0.1 4 /full scale). Relatively high con-
centrations of Ni®™* are required in order to achieve
appreciable complex formation. The contribution
of free Ni2* to the absorbance was compensated
by using two-compartment cells in each path, ie.,
by measuring (Ni2* + ApAYH,0) vs. (Ni?h)
(ApA).

Kinetic measurements were carried out by
means of the temperature-jump relaxation tech-
nique with spectrophotometric detection [17]. The
cell with the solution was thermostatically con-
trolled to 19.7°C before raising the temperature to
25.0°C by discharging a 0.05 pF capacitor of 40
kV. A minimum of 10 min were allowed to elapse
between successive jumps in order to provide suffi-
cient time for temperature re-equilibration. The
relaxation signal was recorded by means of a
Datalab DL 905 transient recorder. In all cases a
single exponential of relatively small amplitude
was observed. Its time consiant was determined
using an analogue device (constructed by C.R.
Rabl) which produces exponential curves of varia-
ble time constant and amplitude. The relaxation
times given for this system are the mean of 5-9
individual measurements.

2.2. Reactions of Ni** with poly(A4)

Concentrations of poly(A) were determined
spectrophotometrically at pH 7, €,5; = 1.01 X 10%
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M™! cm™! (in terms of monomer concentration)
[18]. The equilibrium constant for the binding of
Ni?* to poly(A) was evaluated spectrophotometri-
cally, in this case, however, not in the ultraviolet
range but in the visible region, using murexide as
an indicator of the concentration of free metal
ions. (Addition of Ni2* to solutions of murexide
(mur) produces very large spectral changes, e.g.,
€ nur/ €ENimue = 9 3t 520 nm). This procedure was
adopted since the ultraviolet absorption changes
on addition of Ni2* not only reflect direct NiZ™ -
base interactions but also shifts in the degree of
base stacking [19], and these two contributions are
not easily separated. Solutions of murexide were
titrated spectrophotometrically against standar-
dized Ni?* solutions in the presence of poly(A)
and, for calibration, in the absence of poly(A),
each series of spectra showing excellent isosbestic
points. In these titrations, small amounts of the
Ni?* solution were added to the solution in the
spectrophotometer cell by means of a micrometer
syringe unit. The cell holder was equipped with a
variable-speed d.c. motor in order to operate a
micro magnetic stirring bar in the cell. Separate
tests showed that the spectrum of murexide is also
sensitive to higher concentrations of alkali metal
ions, the effect of K being considerably smaller
than that of Na™. The ionic strength of all solu-
tions was therefore adjusted to 0.1 M using KNO,.
Additional tests revealed that the spectrum of
murexide is not affected by poly(A) in the absence
of Ni2* . Because of the instability of murexide in
aqueous solution, the spectrum was recorded only
over a narrow wavelength range around 520 nm
after each addition of Ni2*, and all measurements
of individual runs were completed within 1h. It
was previously demonstrated that the decomposi-
tion of murexide under our conditions is negligible
over a period of 1 h.

The kinetic measurements were carried out by
the temperature-jump technique as described above
(no murexide present, observation in the ultra-
violet). The helix-coil equilibration is very rapid
[20.21], it occurs within the heating time (a few
microseconds) of the apparatus used and contrib-
utes to a fast initial absorbance change. The ob-
served relaxation effects could not be fitted by a
single exponential. Therefore, the measured signals

were transferred from the transient recorder to the
Univac 1108 computer of the Gesellschaft fiir
Wissenschiftliche Datenverarbeitung, Gottingen
(GWDG). This was done ecither directly via a PDP
11 /34 minicomputer or alternatively using mag-
netic tapes. The data were subsequently processed
using the Provencher method [22]. The curve-fit-
ting routine was a standard non-linear least-squares
method as used in the GWDG. The time constants
given represent the average of 9-15 individual
measurements.

3. Results
3.1. Ni?* + 4pA

In the spectrophotometric determination of the
binding constant the concentrations of total ligand
(Ly) and total metal (M;) were L;=3X10"°M
and M,=0.03-0.17M. The spectrophotometric
data for 1:1 complex formation (ML) can be
represented by the relationship

vt 1 1 .
A4~ AeLy Al K M, M

where A4 = difference absorbance per cm light
path, Ae=¢,,; — ¢; = difference of the extinction
coefficients of complex and ligand and K=
stability constant of ML. In deriving eq. 1, use has
been made of the condition M, > L,, and, conse-
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Fig. 1. Experimental data for the spectrophotometric evaluation
of the stability constant of the Ni-(ApA) complex (total ApA
concentration=3X10"°M, pH 6.0, A=270 nm, 25°C, p=
0.5 M).
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quently, of M,L,>[ML}? ie., of the Benesi-
Hildebrand approximation [23].

Experimental data obtained at pH 6.0 and A =
270 nm are shown in fig. 1 in the form of a plot of
1/AA4 vs. 1 /M, (eq. 1). A least-squares evaluation
yields for the stability constant K,

- [NiApA*]

K e
[Ni** J{ApAT ]

=2.58 (=0.65) M~ (25°C. p=0.5 M).

The kinetics of the complex-formation reaction
between NiZ* and ApA~ were studied by the
temperature-jump relaxation techmique. In all ex-
periments the observed signal corresponded to a
single exponential, its time constant being depen-
dent on the reactant concentrat:ons. The expres-
sion for the reciprocal relaxation time which is
expected for a simple complex-formation process
is of the form
%=k,([Ni2“‘]+[ApA_ D+k, (22)
where k is the second-order association rate con-
stant and k,, the first-order dissociation rate con-
stant. The total concentration of Ni(II) in the
kinetic studies was again very large compared to
that of ApA (L,=5.5X107°-7.0 X 107° M);
therefore, [Ni** ] = Ni,, and

é=k,mo+ k. (2b)
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Fig. 2. Concentration dependence of the reciprocal relaxation
time for the reaction NiZ* +ApA~ =Ni(ApA)* (pH 6.0,
A =265 nm, 25°C, p=0.5 M).

Experimental data obtained at pH 6.0 are shown
in fig.2 (A=265 nm). A least-squares fit of the
data gives k,; = 1428 (=145) M~ ' s~ ! and k, = 665
(=20) s7! (25°C, p=0.5M). The ratio k;/ k=
Kiny = 2-15 (=0.3) M7 ! is in fair agreement with
the value of 2.58 (==0.65) obtained from the spec-
trophotometric data.

3.2. Ni** +poly(A)

In order to evaluate the strength of binding of
Ni2* to poly(A), we have used the metallochromic
indicator murexide (ammonium 35,5"-nitrilodibar-
biturate) to determine the free Ni’* concentration
of solutions containing murexide, poly(A) and
Ni(II). The equilibrium between Ni(IT) and mure-
xide alone was investigated at pH 6.0, 6.5 and 7.0
in 0.1 M KNO;. An apparent stability constant
K, for the binding of Ni*" to murexide was
obtained from spectrophotometric data (460 or
520 nm) via eq. 3 by an iterative procedure (the
second term on the left-hand side of eq. 3 was
neglected at first and approximate values of K,
and Ae were evaluated; the approximate value of
Ae was then introduced into the left-hand side of

eq- 3 to get better values of X, and Aeg, etc.).

MyL, AA 1 My+ Lo
+ = + 3)
A4 ( Ae )2 KE!PPAE Ae

M,, L,, AA and Ae denote total metal (3 X 107°—
1.2 1073 M Ni(II)), total ligand (6.7 X 1075 M
murexide), the change in absorbance, and the dif-
ference of the apparent extinction coefficients of
complex and ligand, respectively. The stability
constants thus obtained show an appreciable pH
dependence: K,,,=248X 10> M™' at pH 6.0,
4.47 X 10® at pH 6.5 and 1.03 10* at pH 7.0
(25°C, pn=0.1 M). This pH dependence indicates
that Ni?* does form a complex not only with the
mono-negative murexide anion (HL™, stability
constant K4y, ) but also with the deprotonated
form L2~ (K ). Therefore (charges neglected)

_ [ML]+[MHL]
Kore = IMI(ALI+ LD )
and
Kapp([H+]+Ka)=KaKB!L+KMHL[H+] {5)
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with
K,=[H*J[12~ I/[HL™ ]1=63Xx107'° M [24].

*

A plot of K, (IH ]+ K,) vs. [H"] (not shown)
yields a good straight line from which is obtained
Ky =143%106 M™! and Ky = 1.59 % 103
M™! (25°C, p= 0.1 M). This gives a value of K,
at pH 4.0 of 1.6 X 10> M ™!, compared to the value
of 2.3 X 103 reported by Geier [25] at a tempera-
ture of 12°C.

If the fraction of murexide converted to its
nickel complex is a, eq. 4 may be rewritten as eq.
6.

Kopp=a/[Ni*" ](1—a) (6)

Thus, if K, is known, the free Ni** concentra-
tion can be determined-also in, the presence of
poly(A)-from absorbance meaurements with the

aid of eq. 7.
a=(A, ~A,)/( AL — Amr) O]

where A4, i1s the absorbance measured at a given
Ni(IT) concentration, 4, —¢,; L, is the initial ab-
sorbance in the absence of Ni(II), and A4, =
€n3 Lo 1s the absorbance if all murexide has been
converted to the Ni2* complex. The concentration
of Ni** bound to poly(A), [Ni_gya,), is now ob-
tained from the mass balance relationship [8],

Nig=[Nig ]+ [Ni(mun) ]+ [Nigua, ]- (8)

004 008 012 016 020 0.24
n
Fig. 3. Scatchard plot for binding of Ni%* 1o poly(A) (total
POly(A)=1.8X 1073 M, total Ni(II)=5.6 X 10"5-1.1x 1073 M,
pPH 7.0, 25°C, pn=0.1 M).

with [Ni(murn)]=al,.

The ratio n= [Nipo,g( ayl/poly(4), denotes the
average number of Ni’™ ions bound-per mono-
nucleotide (the concentration of total polynucleo-
tide, poly(A4),. given in terms of monomeric units).
Under our conditions, with Z,=6.7X 1075 M,
poly(A),=1.8X107>M and Ni,=5.6X 107 5-
1.1 1073M, n varies between 0.021 and 0.23
(25°C, p=0.1 M, pH 7.0); i.e., at the lowest Ni(II)
concentration 1. Ni?* is bound per approx. 50
mononucleotides, at the highest Ni(II) concentra-
tion 1 Ni?* per 4.4 mononucleotides.

The simplest representation of site-binding data
for polyelectrolytes is that of Scatchard [26]. As-
suming that binding occurs only at certain binding
sites S, eq. 9 is obtained (the Scatchard equation),

n/[Ni?** ]= Km — Kn, &)

in which » is the number of binding sites per
monomer and X is the stability constant for bind-
ing to S, i.e., K = [NiS]/[Ni?>"J[S].

Fig. 3 shows a plot of 1#/[Ni?*] vs. n according
to eq. 9 for the reaction of Ni2* with poly(A) at
PH 7.0 (25°C, p = 0.1 M). Within the experimental
accuracy the relationship can be represented by a
straight line. From the slope and intercept the
results K=28.2X 10°> M~! and m =0.264 are ob-
tained.

The kinetics of the reaction betwzen Ni** and
poly(A) were investigated at pH 7.0 under the

N N w
> 3 8
T

MILLIVOLT
R,

224

0 i 2 3 Z 5 & 7 8 9 10
t {ms)
Fig. 4. Relaxation effect in the system Ni2* +poly(A) (total
poly(A)=8.2x10"*M, total Ni(ID=1.2X10">M, pH 7.0,
25°C, p=0.1 M, A =264 nm). Broken line: best fit with one
time constant. Solid line: best fit with two time constants.
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concentration conditions, poly(A4),=4.1>x 107~
82X 107° M, Nip =25X107°-15%X107°*M
(25°C, p=0.1M, A =264 nm). The total ampli-
tude of the relaxation process is rather small,
corresponding to a relative change in light inten-
sity, AI/I, of 2X107°-4X 1072 The observed
relaxation signals were always clearly fitted better
by two overlapping exponentials than by a single
exponential. This is demonstrated in fig. 4 which
shows an experimental curve, the best fit with one
tirne constant (broken line), and the best fit with
two time constants (solid line). The relaxation time
constants and amplitudes of the two contributions
were resolved as described in section 2. The time
constant 7; of the faster process is always approx.
0.4 ms and does not show a pronounced con-
centration dependence but considerable scatter (up
to =35%). This lack of precision is due to the
small amplitude of this effect which contributes
about 30-40% to the total amplitude. The slower
relaxation effect has a larger amplitude and its
time constant 7, can be evaluated with better accu-
racy. Its concentration dependence is shown in
fig. 5 in form of a plot of 1/7, vs. [S];.. + [NiZ*
tcee» Where [S},.. denotes the concentration of free
binding sites and is given by [S];,.. = mpoly(A), —
[Niya] (With m = 0.26, see above). The sum of
the reactant concentrations, [S];. + [Ni?* ]iees
was always close to Nig. *

At low reactant concentrations 1/7, varies ap-
proximately linearly with increase in reactant con-
centration (fig.5). At higher reactant concentra-
tions it rapidly levels off and becomes independent
of reactant concentration. This type of behaviour
suggests that the reaction proceeds by a multi-step
reaction mechanism.

Several mechanistic models of increasing com-
plexity were tested and their rate parameters
evaluated using a non-linear curve-fitting tech-
nique. A two-step mechanism involving a rapid
pre-cquilibrium, applicable to many complex-
formation reactions of metal ions with simple

* It was pointed out by a referee that at very low values of n
each monomeric unit might act as a binding site. If this
model is adopted, the points of fig. 5 at low reactant con-
centrations (initial steep increase) are shifted to the right by a
small amount {3 10~ M) but otherwise the shape of the
plot in fig. 5 is not affected.
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Fig. 5. Concentration dependence of 1 /7, for the reaction Ni2*
-+ poly(A) (pH 7.0, 25°C, x=0.1 M). Broken line: best fit with
tvo-step mechanism. Solid line: best fit with three-step mecha-
nism; see text).

ligands, is clearly inconsistent with the experimen-
tal data: The broken line in fig. 5 shows the best fit
coutained for this mechanism with an overall equi-
librium constant of K=28.2X 10° M~'. The sim-
plest mechanism consistent with the experimental
data is given by the scheme:

Ko Ky L$!
Ni2* +8 == Ni,§ = NiS = Ni§". (10)
k_, k_s
In this three-step mechanism, a rapid association
process is followed by two first-order reaction
steps. The first product in this sequence, Ni,S, is
an outer-sphere state, whereas NiS and NiS’ are
considered to be inner-sphere states. Thus, K, is a
rapidly establishing pre-equilibrium (time constant
<1 us) compared to the following steps and two
more relaxation time constants are expected for
this mechanism. The expressions for these two
time constants can be calculated [17] and are of
the form shown by eq. 11:

1
1 cosftan e

+ -

:\/E"ll+"zz)2‘4(°nazz—”lzazl)] an
with

(K-Ko)'c‘ 4z~ ay
1+ K C aq

a,,=k_,+k_,

ap=k_yian=kyiap=ky+k_,
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and where C is the reactant concentration (=
[Ni?* e +[Slfree). and K the overall stability
constant (=8.2X 10° M™). X is related to the
stepwise equilibrium constants by the relationship:

K=K,[1+ K,(1+ K>)] (12)

where K, =k, /k_,and K, =k, /k_,.

The experimentally observed concentration de-
pendence of 7, is consistent only with the minus
sign of the square root in eq.' 11, ie., 7_ =17,
Keeping K constant and allowing K, a,,, a,, and
a,, to vary simultaneously, the following values
were obtained from the curve-fitting process: K,
=780 M™%, a,=k_,=173 s7%, a,;=k,=89
s ayp=k,+k_,=463s" ' ie, k_,=454s"L
Fromk_,; and K, =(K— K,)/Ky(1+ K,) (by re-
arranging eq. 12) results k; = 1.61 X 103 s~ 1.

The concentration dependence of 1/7_ calcu-
lated with these values is shown as the solid line in
fig. 5; the fit to the experimental data is fairly
good. However, the minimum of the sum of the
square deviations (relative errors) is a rather shal-
low one for this four-parameter fitting process,
and fits which are almost as good as that shown in
fig. 5 may be obtained also with other data sets in
which X, can vary approximately between 102 and
103M™ Y eg, withK,=100 M~ k_,=184s"1,
k,=38 s7!, k_,=434 s~!, and therefore k,=
1.35< 10% s~

4. Discussion
4.1. Ni** +ApA

The pK of the phosphate group of ApA in
aqueous solution is very low (=< 1.0) while the
apparent pK for the addition of protons to the
adenine bases is:3.5 [27). Thus, at pH 6.0 ApA
exists in the mono-negative form, ApA~ (charge
at the phosphate).

The stability constant for complex formation of
Ni?* with ApA~ was found to be 2.6 M~ ! by
spectrophotometric techniques (25°C, p= 0.5 M).
This value appears to be rather low if compared to
that for NiZ* + AMPH™, k=11 M™! at 25°C,
p=0.1 M [8]. (At an ionic strength of 0.5 M this
constanat is expected to be close to 6 M~ 1) ApA~

is of the same charge type as AMPH™ but has one
more potential binding group (an adenine). The
stability data apparently indicate that the pre-
dominant Ni?*-ApA~ species is not a chelate
complex, contrary to the situation with AMPH™
as ligand. This difference in behaviour is probably
a consequence of the conformational properties of
ApPA™ in solution. ApA~ prefers conformations in
which the two adenines are in a stacked position.
Recent studies gave evidence for the presence of
two different stacked conformations in solution
[28,29]. Literature data regarding the degree of
stacking in ApA~ at room temperature vary con-
siderably, reported values include 50% stacking
[30], 62% [27] and 84% [31]. The most likely con-
formation of unstacked ApA~ is one with a base
above a ribose moiety [29]. In all three conforma-
tions of ApA™ mentioned the phosphate group is
rather far away from the adenines [29] and simul-
taneous binding of a metal ion to phosphate and a
base is not possible without drastic conformational
changes. Similarly, the arrangement of the adenines
in these conformations does not allow the forma-
tion of a chelate structure involving the two bases.
On the other hand, the two adenines are fairly
close to each other in all three conformations [29]
and their N, atoms (the preferred binding sites for
transition metal ions) can certainly not be taken as
independent binding sites. It is probably more
correct to consider the region of the two adenines
as one reaction site, allowing only the binding of
one Ni?™ to one of the bases.

Metal ion binding to the phosphate group is
also possible, of course. However, under our con-
ditions of high ionic strength (0.5 M) and with the
steric hindrance from the two adenosines, binding
of Ni?* to the mono-negative phosphate group is
rather weak; the binding constant is estimated
(from the data of Table 3 of ref. 8) to be less than
2M~ ! This estimate is consistent with stability
constants of 3—6 M ™! which have been reported
[8,32] for complex formation of Ni’* with F,
H,PO; and ribose phosphate, RPO;H ™, at 15 or
25°C, p=0.1 M, with little or no steric hindrance
effects.

In view of these considerations the observed
overall stability constant for ccmpiex formation of
Ni?* with ApA~ of K=2.6 M™! appears quite
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reasonable if one takes into account that the sta-
bility constant for complex formation of Ni®*
with adenosine is 2.0 M~! [8]. As far as we are
aware, no other equilibriun data exist for the
reaction of transition metal ions with ApA.
Porschke [33] reported the following stability con-
stants for complex formation of Mg>* with the
next members of this nucleotide series: Mg2™*
+A(pA);, K=12 M7 ! and Mg2* +- A(pA);, K=
370 M~ ! (20°C, low ionic strength).

Despite the apparent varnety of species in
Ni?* JApA~ solutions, the kinetics of the com-
plex-formation process exhibit a simple pattern:
only one relaxation effect is observed, the recipro-
cal relaxation time increases linearly with the re-
actant concentrations (fig. 2). In this context it is
of relevance that the conformational transitions
between stacked and unstacked forms of
oligonucleotides are known to be rapid. For ApA™,
the time constants for the equilibration processes
are less than or equal to 0.5 ps [20b,34], too short
to be observed with the preseat apparatus (in
those studies two relaxation effects were detected,
indicating the presence of (at least) three forms of
ApA™, see above). The conformational transitions
of monodentate Ni-Apa complexes are presuma-
bly just as rapid. Because of these fast conforma-
tional pre-equilibria, the complex-formation pro-
cess can be descibed by the simple reaction
scheme,

N'-P/A]?
+ —p— A% 1-P A
\A‘\\P<2-Ni-] +

Ni2+
(13)

In principle, such a mechanism should give rise to
the appeararice of two relaxation effects, whereas
only one is actually observed. The spectrophoto-
metric amplitude of one of the effects i1s ap-
parently very low and is not detected experimen-
tally. Two factors may contribute to this be-
haviour: (a) binding of Ni?* to the phosphate
group of ApA~ has no noticezble effect upon its
ultraviolet absorption; (b) the rates of Ni%™*-
phosphate binding and dissociation are apprecia-
bly faster than the corresponding reactions of NiZ+
with an adenine group. Therefore, there is liitle
coupling between the upper and lower reaction

path of scheme 13, i.e., the upper reaction step 1is,
to a good approximation, a pre-equilibrium to the
lower step. Point b is illustrated by the following
data: the rates of reaction of Ni?* with H,PO,
and RPO;H™ are 33X 10* M7 ! s™!, and the
dissociation rates are 1.1 X 10% and 0.7 X 10°% s™!,
respectively (15°C, p=0.1 M) [32]). Under our
conditions (25°C, p=0.5 M) these rate constants
will not be very different. The corresponding rate
constants for the reaction with adenosine, how-
ever, are 1.1 X 10° M™! s7! and 650 s~ ' [8].
Therefore, it is to be expected that the faster effect
has a negligible ultraviolet amplitude.

It is also consistent with this interpretation that
the apparent rate constants for the complexation
reaction of Ni?* with ApA~ which have been
evaluated from fig. 2, k;,=1.4X 103 M~ ! s~ ! and
k, =665 s~ !, are remarkably similar to those just
mentioned for the complex-formation reaction of
Ni2* with adenosine.

4.2. Ni’F + poly(A)

At pH 7 poly(A) exists in the single-stranded
form [35] and carries one negative charge per
phosphate group. Because of the high charge den-
sity, polynucleotides interact very strongly with
metal ions. These interactions may be of two types.
Firstly, there is ‘diffuse’ binding in which the
metal 1ons are attracted by the electrostatic poten-
tial of the polyelectrolyte to form a mobile cloud
around the polymer. Secondly, there is ‘site’ bind-
ing in which the metal ions are bound to specific
binding sites at the polymer [33,36].

The equilibrium studies reported here for the
binding of Ni** to poly(A) do not distinguish
between these binding modes. For the reasons
given above (section 2), the metal ion indicator
murexide was used to evaluate the binding equi-
libra. Murexide can be used to determine the
concentration of free Ni** with sufficient accu-
racy approximately between 12X 107°M and 1 X
1073 M [Ni?*],,_.. Within this concentration range
the Scatchard plot shows good linearity (fig. 3) and
thus indicates that the process can be described as
the binding of Ni?* to one class of independent
binding sites. There are 72 = 0.26 binding sites per
monomeric unit, and the stability constant for
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binding of Ni2¥ to these sites is K=8.2 X 103
M™! (25°C, p=0.1 M). It should be realized that
this is only a formal description which probably
would break down (i.e., the Scatchard plot de-
viates from linearity) if the studies were extended
to higher concentrations of Ni2* (which is not
possible with murexide).

The lack of evidence for anti-cooperative effects
is not astonishing, particularly at an ionic strength
of 0.1 M, in view of the fact_that even at the
highest Ni2¥ concentration used in this study only
one Ni?” is bound per 4.4 nucleotide units. When
our binding data are subjected to the approach
used by Wagner [37], the nearest-neighbour inter-
action energy evaluated via eq. 5 of ref. 37 is
indeed vanishing small, about 250 J mol~!.

Linear Scatchard plots have also been reported
for a few other binding reactions between divalent
metal ions and polynucleotides, e.g., for the reac-
tions of Mn2* with poly(A) and other homopoly-
ribonucleotides [.’%8], but also for the binding of
Mn2* to some natural nucleic acids, like yeast
RNA and some DNAs, at nucleic acid concentra-
tions below 1 X 1073 M [39]. The Scatchard plots
for binding of Mg>™* by polynucleotides also show
a linear region at low degrees of binding (7 <0.3)
[40].

The stability constants depend very strongly
upon the ionic strength. For Mg?* +poly(A), K
increases from 2.7 X 10 M~! at medium ionic
strength (20 mM Tris buffer) to 2.7 X 107 M~ ! at
very low 1onic strength (no buffer) [20a]. The
number of binding ‘sites’ per nucleotide is 0.2-0.3,
but according to kinetic studies [20a] inner-sphere
site binding does not take place in this system, and
only diffuse binding is observed. For the binding
of Mn?* to poly(A) the following values for the
stability constant and for the number of binding
sites per nucleotide have been reported: K=4X
10° M™!, m=0.45 (20°C, 107>M NaCl) [39].
K=82X%103> M™!, m=0.38 (22°C, p=0.1 M)
[38] and K=5.2X 10> M}, m=0.41 (n=0.1M)
[41]. The values of the stability constant for p=
0.1 M are very similar to that obtained in the
present study for NiZ* + poly(A).

From 'H- and 3'P-NMR relaxation studies.
Yamada et al. [41] concluded that 48% of the
Mn?* -poly(A) complexes are bound only via the

phosphate groups (the authors assume that each
Mn?~ is coordinated to two phosphates), 39% are
coordinated additionally to N, of the adenine ring,
and 13% to two phosphates and to N, or N,.
Similar conditions may be expected to apply also
to the binding of Ni®™ to poly(A). It was shown
above that the observed concentration dependence
of 1/7, can be simulated by a three-step mecha-
nism. However, only the rate constants k_, and
k_, can be evaluated fairly accurately by the
fitting procedure (section 3), whereas the uncer-
tainties of K, k, and i, are large, up to about one
order of magnitude. Stiil, a value of 10°-103 M ™!
for the outer-sphere association constant K, ap-
pears quite reasonable at an ionic strength of
0.1 M, and a value of 10°-10* s™! for k, is fully
consistent with that for a first substitution step at
Ni?* (see table4 of ref. 8). If k, represents a
second substitution step at Ni(II), its rather low
rate can be rationalized if a conformational change
of the poly(A) ligand is necessary before substitu-
tion can occur.

The observation of a second relaxation effect

with 1/7,=~2500 s~ ! indicates that the three-step
mechanism is not sufficient to describe the binding
process (1/7; is not identical with 1/7, of eq. 11
for which values between 470 and 1040 s~ ! are
calculated). If Yamada et al. [41] are correct, the
reaction scheme could be of the form (charges
neglected)
Ni+SgNi,S=NiS=NiS’§::§:, (19)
in which the complex species have the following
binding modes: NiS (one phosphate), NiS’ (two
phosphates), NiS” {two phosphates and N,), NiS"”
(two phosphates and N; or N,). The second re-
laxation effect (7;) may be due to the transition
NiS" = NiS” or NiS’ = NiS’”. If this step
equilibrates rapidly compared to NiS = NiS’, the
fitting of the experimental data to the three-step
mechanism is formally correct and the considera-
tions given above are still valid. The complete
description of reaction scheme 14 would require
the determination of eight unknowns. This cannot
be done with the experimental data available at
present.
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