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Binding of Divalent Metal Ions to Synthetic Double-stranded 
Polyri bonucleotides 
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The equilibria for the binding of Mg2+, Ni2+ and Co2+ to the synthetic double-stranded polyribo- 
nucleotides poly(A)-poly( U), poly( I)*poly(C) and poly( G)-poly( C) have been investigated by UV 
spectrophotometry and (in part) by a metal-ion indicator technique. At ionic strength 0.1 rnol dm-3 the 
apparent binding constants of Mg2+ are close to 2 x 1 O3 dm3 mol-' in all cases; those for NiZ+ and Co2+ 
are 4-40 fold higher, depending on the type of purine base involved. The binding constants to 
poly(A)*poly( U) are similar to those for the extensively stacked single-stranded poly(A). Kinetic studies 
indicated that Mg2+ is bound mainly by electrostatic interactions (i.e. outer sphere) to the polynucleotides, 
whereas in the case of Ni2+ inner-sphere co-ordination (site binding) also occurs. The inner-sphere 
substitution at Ni2+ (aq) is reflected by reaction effects in the millisecond range, detected by stopped-flow 
techniques. The kinetic data can be rationalized only by assuming (at least) two successive inner-sphere 
binding steps, presumably due to co-ordination to N7 of the purine bases and to a phosphate oxygen atom. 

The interactions of divalent metal ions with mono- and poly- 
nucleotides are known to play an eminent role in a multitude of 
biological processes. For a full understanding of these 
processes it is essential to know about the nature of the 
interactions between metal ions and nucleotides in aqueous 
solution. In previous investigations we have used spectro- 
photometric and kinetic techniques in order to learn about 
the strength and mode of binding of divalent metal ions to 
mononucleotides 24 and to single-stranded polyribo- 
nu~leotides.~-' In the present paper we report on the 
interactions of Mg2+, Ni2+ and Co2+ with the synthetic 
double-stranded polyribonucleotides poly(A)-poly(U), poly(1)- 
POlY(C) and PolY(G)*PolY(C).t. 

Experimental 
Muterzuls.-All substances were of the highest quality 

commercially available and used without further purification. 
Stock solutions (1 x 10-3-1 x mol dm-3) of poly(A)- 
poly(U), poly(I)*poly(C) (both Pharmacia) and poly(G)*poly- 
(C) (Sigma) were prepared by dissolving the solid material in 
aqueous solutions of 0.1 mol dmP3 NaCl + 0.001 mol dm-3 
cacodylate [ = dimethylarsinate, (CH3),As02 -3, pH 6.5-7.0. 
They were kept in the dark at - 30 "C and checked for changes 
in absorption spectra prior to each experiment. The poly- 
nucleotide solutions were standardized spectrophotometrically, 
using literature absorption coefficients * or from the 'Certificate 
of Analysis' [poly(I)*poly(C)]. Stock solutions of Mg2 +, Ni2 + 

and Co2 + were standardized by complexometric titrations with 
ethylenediaminetetraacetate (edta),g using eriochrome black T 
as a metal-ion indicator for Mg2+, and murexide [5-(hexa- 
hydro-2,4,6-trioxopyrimidin-5-ylimino)pyrimidine-2,4,6-trio- 
nate] for Ni2+ and Co2+. The edta solution had been 
standardized by means of a Merck 'Titrisol' standard solution 
of Mg2+. All solutions were prepared with water doubly 
distilled from a quartz apparatus. 

Melhods.-Most experiments were carried out at 
25.0 ? 0.1 "C, ionic strength, I = 0.10 or 0.010 mol dm-3, and 

Poly(A) = polyadenylate, poly(U) = polyuridylate, poly(1) = poly- 
inosylate, poly(C) = polycytidylate and poly(G) = polyguanylate. 

pH 6.5-7.0 (during the titrations I increased by 1 4 %  in the 
cases of Ni2+ and Co2+,  and by 8-10% in the case of Mg2+). 
Under these conditions the double-stranded forms of the 
polyribonucleotides considered here are stable lo  and are far 
away from any protolytic pK8  Measurements of pH were made 
using a Radiometer PHM 52 digital pH-meter equipped with a 
Metrohm EA 125 combined electrode. For measurements in 
solutions containing perchlorate the KCI solution in the 
reference compartment of the electrode was replaced by a NaCl 
solution. The pH-meter was calibrated using Merck 'Titrisol' 
buffer solutions. The pH of all solutions was stabilized by 
adding 0.001 mol dmP3 cacodylate buffer. At this concentration 
the buffer components do not interact noticeably with divalent 
metal ions.z 

The binding equilibria were investigated spectropho- 
tometrically using a Cary I 18 or a computer-supported Perkin- 
Elmer Lambda 17 spectrophotometer. Since the spectral 
changes in the UV region (absorption by the nucleotide bases) 
upon the addition of divalent metal ions are generally small 
(1.5-673, most of the spectrophotometric titrations were 
performed in the difference mode, i.e. with two cuvettes in each 
path, measuring (nucleotide + M2+) (water) vs. (nucleotide + 
water) (M2 +) at a high sensitivity of the instrument (0.02-0.05 
full absorption unit scale). This technique compensates for 
the dilution of the nucleotide solution and for the (small) 
absorption due to the metal ions. The extent of the dilution was 
kept low by adding pl amounts of a concentrated M2 + solution 
to a 2.5 cm3 initial volume of the nucleotide solution, applying a 
micrometer syringe unit. When necessary, the small volume 
changes were corrected for in the evaluation. 

Additional spectrophotometric measurements were per- 
formed in the visible range, using murexide as an indicator of the 
concentration of free Ni2 + ions. Spectrophotometric titrations 
of murexide with Ni2+ produce very strong changes in the 
absorbancy near 520 nm,6 and in the absence of polynucleotide 
enable the determination of the apparent equilibrium constant 
for the binding of Ni2 + to murexide. Analogous titrations 
performed in the presence of polynucleotide allow then the 
determination of the concentrations of free and murexide- 
bound Ni". The difference from the total amount of Ni2 + added 
yields the concentration of Ni2+ which is bound to the 
polynucleotide. The details of this technique have been 
described before. 
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Kinetic studies of the M2 +-polynucleotide systems have been 
done by applying stopped-flow and temperature-jump 
relaxation methods (conventional and cable T-jump). For the 
stopped-flow experiments an apparatus was used which had 
been built at our institute and which is characterized by a dead- 
time of 1.3 ms. The conventional T-jump instrument '' has a 
heating time of about 5 ps at I = 0.1 mol dm-3, and for the cable 
T-jump apparatus l 2  the lower time limit was about 100 ns 
under our conditions. In all cases the reaction was followed 
spectrophotometrically. The reaction signal was stored in a 
transient recorder (Biomation 1010 or Tektronix 7612D), 
displayed on a screen, and then transferred to an IBM 3090 
computer for evaluation. 

Results and Discussion 
Equilibrium studies.-Poly(A)*poly( U )  + Ni2 + . Difference 

spectra of a titration of poly(A)-poly(U) with Ni2 + are shown in 
Fig. 1. The maximum dilution due to the addition of the Ni2 + 

solution was 2%. The largest changes in absorbancy are 
observed at 249 nm and amount to AA = 0.02. The changes in 
absorbancy at 250 nm (read digitally) as a function of the 
concentration of total Ni2+ are plotted in Fig. 2. The shape 
of this curve is similar to one for a simple binding process, as 
has been observed before also with several other M2+ + 
polynucleotide s y ~ t e m s . ~ , ~ . '  Assuming a simple binding 
equilibrium of the type expressed by equation (l), where S 

K = [NiS]/[Ni2 '][S] 

denotes a binding site, the relationship between the changes in 
absorbancy and the metal-ion concentration is given by 
equation (2) if the Hildebrand-Benesi approximation ' applies, 

(2) 
1 mi2 + l t o t  +- m i 2  +]tot - 

AA K .  AAm AAm 

i.e. [NiS]' + [Ni2'],,,[S],,, (the subscript tot denotes total 
concentration), and [SltOt $ m i 2  +Itot. At our concentrations 
these conditions are fulfilled to a good approximation ([S],,, is 
usually considerably smaller than the concentration of 
momomeric nucleotide units 5 , 7 7 1  ') and a plot of the left-hand 
side of equation (2) us. [Ni2 yields a good straight line (not 
shown) which gives (at 250 nm) A A ,  = 0.0247 (i.e. A A J A  = 
0.033) and K = 8.35 x lo3 dm3 mol-' (best-fit values). 
Alternatively, equation (3) may be used for the evaluation.6 

AA 
AAm - AA AA 

= K" [Ni2 +Itot - K[S],,, (3) 
AAm 

This equation does not depend on any approximation but 
requires knowledge of AA,. Accepting the value of A A ,  given 
above, a plot according to equation (3) is shown in Fig. 3. From 
the slope, K = 8.51 x lo3 dm3 mol-'. The intercept is too small 
for a determination of [SltOt. The mean value of six titrations 
was found to be K = (8.6 _+ 0.8) x lo3 dm3 mol-' at 25 "C, 
I = 0.1 mol dm-3, pH 6.6. Another titration with a 1 mol dmP3 
solution of Ni2+ confirmed that the absorbancy remains 
practically constant at high concentrations of Ni2 + , 4  x 1 0-3- 
6 x lo--' mol dm-3 (limiting value A A J .  

Analogous measurements have been carried out at I = 0.01 
mol dmP3 (0.009 mol dmP3 NaClO, + 0.001 mol dmP3 sodium 
cacodylate), pH 7.0, with [poly(A)-poly(U)] = 9.33 x lo-' 
mol dmP3 and [Ni2+Itot = 4 x 1OP6-1.3 x lo4 rnol dm-3. 
Now the condition >> [S],,, is no longer fulfilled; 
therefore equation (3) had to be used to evaluate the data. Two 
titrations gave K = (8 f 2) x lo4 dm3 mol-' a t  25 "C, I = 
0.01 mol dm-3, pH 7.0. At the low ionic strength the uncertainty 
in K is large since an evaluation according to equation (3) is 

1 I I 
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Unm 

Fig. I 

p i2+] ,o t  = 0.47 x 10-,4.65 x 
NaClO,, pH 6.6 

Difference spectra of poly(A)-poly(U) us. poly(A).poly(U) + 
rnol dm-3, 25 "C, 0.1 rnol dm-3 

Ni2 +.  , [poly(A)*poly(U)] = 6.4 x lo-' rnol dm-3 (in base pairs), 

1 -0.02 

I 
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Fig. 2 Plot of the changes in absorbancy at 250 nm us. the total 
nickel@) concentration (same data as in Fig. 1) 
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Fig. 3 Plot of AAm/(AAm - AA) us. [Ni"],,, (AA,/AA) according to 
equation (3) (same data as in Figs. 1 and 2) 

rather sensitive to the value of AAm,  which is difficult to 
establish exactly. 

The UV spectral changes which are observed during these 
titrations are in part due to changes in the conformation of the 
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polynucleotide and in part to the binding of Ni2 + to the purine 
base. The UV spectrophotometric data can therefore be 
interpreted only in terms of an 'apparent' binding ~ o n s t a n t . ~  A 
second technique for a quantitative description of the binding 
process is based on making use of a metal-ion indicator, for 
instance murexide in the case of Ni2 + . The stability constant of 
the Ni2+-murexide complex was taken from a recent study by 
O'Mara et al. ' Using this indicator, spectrophotometric 
measurements in the visible range (near 520 nm) enable the 
determination of the concentrations of free and murexide- 
bound Nit+. The difference from the total amount of Ni2+ 
added is considered to be the concentration of Ni2+ which is 
bound to the polynucleotide. The results of these measurements 
have been evaluated in terms of the Scatchard equation l 6  (4), 

where n denotes the number of Ni2+ ions bound per monomeric 
unit (here per base pair) and m the number of binding sites per 
monomer (base pair). Plots of the left-hand side of equation (4) 
vs. n yielded reasonable straight lines, see Fig. 4. The linearity 
demonstrates that (within the concentration range considered) 
the process can be described as the binding of Ni2+ to one class 
of independent binding sites. From 10 titrations, with nucleotide 
concentrations (in base pairs) from 0.9 x 
mol dm-3, the following values have been obtained: m = 
0.22 & 0.04 and K = (1.1 2 0.3) x lo4 dm3 mol-' at 25 OC, 
I = 0.1 mol dm-3, pH 7.0. 

Poly(A)*poly( U )  + Mg2+. The UV difference spectra which 
are observed when poly(A)-poly(U) is titrated with Mg2+ 
exhibit a negative maximum near 274 nm and are clearly 
different from those obtained with Ni2 + . At low ionic strength, 
I = 0.01 rnol dm-3 NaClO,, the spectrophotometric titration of 
1.02 x 
2.8 x rnol dm-3) yields values which are consistent 
with a simple binding equilibrium [equation (l)], i.e. plots 
according to equations (2) and (3) give straight lines (AAa) = 
0.022 and AA,/A = 0.025). Evaluation by means of equation 
(3) leads to K = (1.3 & 0.1) x lo4 dm3 mol-' at 25 "C, 
I = 0.01 rnol dm-3, pH 7.0 and m < 0.2. 

At I = 0.1 mol dm-3 (NaCIO,) the situation is more 
complicated. The addition of Mg2+ gives rise to an initial 
decrease in absorbancy (273 nm) but does not lead to a limiting 
value. Instead, the absorbancy continues to fall gradually, until 
about [Mg"] = 0.02 rnol drnp3, and then it starts to increase 
drastically, until about [Mg2'] = 0.05 mol dmP3. After 
standing overnight, a precipitate formed. The initial section of 
the AA us. [Mg"] curve does not permit one to evaluate an 
accurate value of the binding constant, since it cannot be 
established when the other processes start to interfere with the 
binding reaction, i. e. AA cannot be determined. Limiting-case 
considerations lead to the conclusion that at I = 0.1 mol dmP3 
the value of K lies between 1 x and 3 x dm3 mol-', 
say (2 k 1) x lo3 dm3 mol-'. 

Analogous measurements were done also with the other 
polynucleotides. These systems may be characterized by the 
following short remarks. 

Poly(l)-poly( C )  + Mg2 + . The difference spectra exhibit 
negative maxima at 277 and 252 nm. The spectral changes are 
small;forinstance,AA,/A = 0.017at277nm,Z = 0.1 m ~ l d m - ~ .  

Poly(l)-poly(C) + Ni2+. The spectral changes are apprec- 
iably larger than in the titrations with Mg2+, see Fig. 5. Now 
AAJA = 0.05 at 277 nm, I = 0.1 rnol dmP3. At high 
concentrations of Ni2+ about 0.004-O.04 mol dm-3, AA remains 
essentially constant ( = A A , ) .  At low ionic strength, 0.01 mol 
dm-3, the experimental data do not fit well to equation (3). 
Apparently the assumption of a simple binding equilibrium is 
not really correct under these conditions. Thus only approx- 
imate figures for the binding constants with Ni2 + and Co2 + can 
be given. 

Pofy(G)-poly(C) + Mg2+. The difference spectra show a 

to 1.9 x 

rnol dmP3 poly(A)-poly(U) with Mg2 + (1.5 x 

C 

7, 
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n 

Fig. 4 Plot of n / ~ i Z + ] , , , ,  us. n according to equation (4); 
[poly(A)-poly(U)] = 0.91 x lo-, mol dm-,, ~ i z + ] , , ,  = 2 x 
4.7 x rnol dm-,, 25 "C, 0.1 mol dm-3 KNO,, pH 7.0 
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Fig. 5 Difference spectra of poly(1)-poly(C) us. poly(1)-poly(C) + 
Ni2+; [poly(I)*poly(C)] = 6.2 x mol dm-3 (in base pairs), 
~ i 2 + ] , , t  = 1 . 1  x 10-5-3.8 x lo4 mol dm-,, 2SoC, 0.1 mol dm-3 
NaClO,, pH 7.0 

negative maximum at 252 nm and a small positive maximum at 
294 nm. The spectral changes are small, AAJA = 0.01 6 at 252 
nm, I = 0.1 mol dm-3. At high concentrations of Mg2+, 0.01- 
0.09 mol dm-3, AA remained constant (=AA,). 

Poly(G)*poly(C) + Ni2+. The spectral changes are much 
more pronounced than with Mg2+, now AAJA = 0.065 at 252 
nm, I = 0.1 mol dmP3. 

It is remarkable that nearly all of the experimental data, 
obtained by the UV or the murexide technique, can be fitted well 
by equations which have been derived assuming that there is 
only one class of non-interacting binding sites, see Figs. 3 and 4. 
Such a simple two-state model would not be expected apriori to 
be applicable to a polyanion, but was found to be a suitable 
description also for several other metal ion-polynucleotide 
systems. 5-7*1 3 * 1 7  It does not appear to be reasonable that there 
should be [S],,, = m[poly(N)],,, binding sites, with rn = 0.2- 
0.3 at the beginning of the binding process (as follows from 
the Scatchard evaluation and also from our evaluation of the 
UV data). A value of m close to '1' when the first metal ions are 
being bound, as obtained by the refined binding model of 
McGhee and von Hippel,I8 would be more realistic. However, 
this treatment cannot be applied to our UV data (the binding 
density is not known) and so we will stay with the 'apparent' 
binding constants which result from equations (2)<4). A 
summary of the constants which have been derived during this 
study is presented in Table 1. 

At I = 0.1 mol dm-3 the constant for the binding of Mg2 + to 
each of the three polynucleotides is near 2 x lo3 dm3 mol- ', 
with considerable uncertainty (experimental problems, aggre- 
gation and precipitation) in the case of poly(A)-poly(U). Since 
kinetic effects in the time range expected for inner-sphere 
substitution at Mg" could not be detected (see below), we 
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Table 1 Apparent binding constants K (in dm3 mol-') and number m 
of binding sites per base pair for the binding of Mg2 + , Ni2 + and (in part) 
Co2+ to various double-stranded polynucleotides (25 "C, pH ca. 7.0) 

Polynucleo- 
tide M2 + 

Poly(A)* Mg2 + 

POlY(U) Mg2+ 
Ni2 + 

Ni2 + 

Ni2 + 

Poly(1)- Mg2+ 
POlY(C) Mg2+ 

Ni2+ 
Ni2 + 

c o 2  + 

Ni2 + 

Poly(G). Mg2+ 
POlY(C) Mg2+ 

Ni2 + 

Ni2 + 

c o 2  + 

NiZ + 

K 
ca. (2 f 1) x 103 
(1.3 0.1) x 104 

(1.1 0.3) x 104 
(2.0 f 0.3) x 103 
(3.5 f 1) 104 
(2.2 _+ 0.3) x 104 

ca. 1 x 105 

(2.1 0.2) x 103 
(1.9 0.2) x lo4 

CQ. z x 1 0 5  
ca. (2-3) x lo5 

(8.6 k 0.8) x lo3 
(8 f 2) x lo4 

ca. 1 x los 

(4.6 k 0.3) x lo4 

(8.8 f 1.2) x lo4 

(1.8 f 0.3) x lo5 

* Uncertainty about k 15%. 

I/mol 
m* dm-3 

0.10 
G0.2 0.010 

0.10 
0.010 

0.22 0.10 
0.10 

0.18 0.010 
0.10 
0.0 10 
0.010 

0.28 0.10 
0.10 
0.010 

0.18 0.10 
0.010 
0.010 

0.30 0.10 

Method 
uv 
uv 
uv 
uv 
Murexide 
uv 
uv 
uv 
uv 
uv 
Murexide 
uv 
uv 
uv 
uv 
uv 
Murexide 

conclude that most of the Mg2+ is bound by electrostatic 
interactions only (mobile cloud, outer-sphere binding), as has 
been found also with double-stranded poly(dG-dC) ' and with 
single-stranded polyribonucleotides.6.' The conformations of 
the three double strands are similar, and so the binding 
constants (for Mg") are almost the same, contrary to the 
single-stranded polynucleotides.6 The ions Ni2 + and Co2 + bind 
more strongly than Mg2 + to all three double strands, indicating 
partial inner-sphere binding. This binding mode presumably 
involves co-ordination to the purine bases, with N7 of A, I and 
G being the preferred binding site. l 9  The base-bound transition- 
metal ion may in addition co-ordinate to a second site, e.g. a 
phosphate 0 atom.20 It has been demonstrated that the N7 
atoms of I and G are better metal-ion binding sites than that of 
A.4*21 Also, the metal-ion binding ability of the N7 atom is 
directly related to the pK for its protonation which increases 
from A to G, i.e. pK,,, < pK,,, < pK,,, (evaluated for the 
nucleotides), according to Sigel and co-workers.22 These 
differences are reflected also in our binding constant for Ni2+ 
(Table 1) which rises from poly(A)-poly(U) to poly(I)=poly(C) 
to poly(G)*poly(C) by a factor of 10 at I = 0.1 mol dm-3. At 
I = 0.01 mol dmP3 the binding constants (according to the UV 
method) are higher than at I = 0.1 mol dm-3, often by about 
one order of magnitude, sometimes somewhat less. Of 
particular interest is a comparison of the constants for binding 
of Ni2 + which have been obtained by UV spectrophotometry 
and by the metal-ion indicator (murexide) technique. For 
poly(A)*poly(U) the two constants are fairly similar [this was 
the case also with single-stranded poly(A) 6]. For poly(1). 
poly(C) and poly(G).poly(C) the two methods yield values 
which differ by about a factor of 2. These differences are outside 
the experimental uncertainties; presumably they reflect 
deficiencies in the methodology. Consider the murexide 
technique: here we determine the amount of bound metal as a 
function of the free metal-ion concentration. The value of the 
binding constant depends on what we consider to be a binding 
site. The UV spectrophotometric data, too, are not easily 
rationalized. The changes in absorbancy may in part be due to 
direct co-ordination of the metal ion to the nucleotide base (if 
inner-sphere binding occurs) and in part to conformational 
changes of the polynucleotide, induced by its interactions with 
the metal ions. Both contributions may not show the same 
dependence on the metal-ion concentration. 

Nevertheless, the data of Table 1, obtained by UV spectro- 
photometry, are in reasonable agreement with several other 

literature values, which have been determined by applying other 
techniques and which refer to a different ionic strength: 
potentiometric measurements yielded for the binding of Mg2 + 

to poly(A)-poly(U) a constant K = 6.3 x lo3 dm3 mol-' in 
0.005 rnol dm-3 sodium phosphate + 0.01 mol dmP3 Na+ as 
counter ion; practically the same value was obtained also for 
Mg2+ + p~ly(I)-poly(C).~~ Again for Mg2+ + poly(A)= 
poly(U), using eriochrome black T as a metal-ion indicator for 
Mg2+,24 a binding constant K = 4 x lo3 dm3 mol-' in 0.029 
mol dm-3 Na' was derived.25 Furthermore, the constants for 
Ni2 + and Co2 + given in Table 1 are of a similar magnitude like 
many of those which have been reported for the binding of 
divalent first-row transition-metal ions (and Zn2 +) to double- 
stranded polynucleotides, see the compilation in ref. 26. 

Finally, it should be noted that the binding constants ( I  = 0.1 
mol dm-3) for Mg2+ to the three double-stranded poly- 
nucleotides considered here are practically the same as that for 
Mg2 + + single-stranded (but strongly stacked) poly(A); those 
with poly(C), weaker stacking, and poly(U), unstacked, are 
considerably lower.6 Nickel(Ir), too, binds to poly(A)-poly(U) 
and poly(A) with the same constant. Previously it had been 
reported that the constants for the binding of Mg2+ to poly(A), 
poly(A)-poly(U) and calf thymus DNA are nearly the same, 
( M . 3 )  x lo3 dm3 mol- ' (at a lower ionic strength).23 Another 
source gave K = 3 x lo3 dm3 mol-' for Mg2+ + poly(A) and 
4 x lo3 dm3 mol-' for Mg2+ + poly(A)-poly(U) in 0.029 mol 
dm-3 Naf.25 Thus it is apparent that the electrostatic binding of 
divalent metal ions to the single-stranded but extensively 
stacked poly(A) is just as strong as to double-stranded 
polyribonucleotides. 

Kinetic Studies.-Measurements of the kinetics of the metal- 
ion binding reactions have been carried out initially by 
temperature-jump relaxation techniques (conventional and 
cable T-jump). The experimental conditions were similar to 
those in the equilibrium studies: [polynucleotide] = 4 x lop5- 
15 x mol dm-3, I = 0.1 mol dmP3 NaClO,, 25 "C, 
pH = 7.0. Preliminary experiments in the absence of divalent 
metal ions revealed that the polynucleotides alone display 
relaxation effects. Following T-jumps of AT = 3.0 "C, small 
changes in the transmitted light intensity (< 1%) were observed 
between 265 and 275 nm. Their temporal variation could be 
fitted by two time constants, z1 = 16 k 3,20 2 3 and < 50 ps 

respectively, and T~ = 150 f: 30 ps (very small amplitude) for 
all three polynucleotides. These time constants do not depend 
on the polynucleotide concentration and are observed also in 
0.1 mol dmP3 NaC1. Apparently they reflect conformational 
changes of the double-stranded polynucleotides. A 19 ps effect 
was found also with poly(dG-dC).' 

In the experiments done in the presence of divalent metal ions 
the metal-ion concentrations were adjusted such as to span the 
transition range for binding of M2+,  and the reactions were 
monitored at wavelengths where the difference spectra showed 
reasonable amplitudes. For instance, with Mg2 + + poly(A)- 
poly(U) the concentration of Mg2 + was varied from 2.5 x lo4 
to 27 x lo4 rnol dm-3, and the reaction was monitored at 276 
nm. No additional reaction effects (beyond those mentioned 
above) were found for the three polynucleotides in the presence 
of Mg2+. This is not unexpected since previous studies had 
indicated that Mg2+ ions apparently do not co-ordinate in an 
inner-sphere manner to polynucleotides.6,' 3 3 1  ' Ho wever, also 
with Ni2+, specific reaction effects which can be assigned to 
inner-sphere substitution processes at Ni2 '(as) and which are 
sufficiently pronounced to be evaluated reliably have not been 
observed, although the equilibrium data (Table 1) and earlier 
studies with several other polynucleotides 5-7,1 demonstrate 
inner-sphere binding of transition-metal ions to purine poly- 
nucleotides. It has been observed before (e.g. ref. 7) that the 
T-jump relaxation amplitudes of such binding processes may be 
rather small, possibly too small in some cases to demonstrate 

for poly(A)*poly(U), poly(I)*poly(c) and poly(G)=poly(C), 
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site binding by this technique. Indeed, by determining the 
equilibrium constant for the binding of NiZ + to poly(I)=poly(C) 
at 10 and 40 “C ( I  = 0.1 mol dmP3), we found values K = 
2.5 x lo4 and 2.3 x lo4 dm3 mol-’, respectively, i.e. there is 
hardly any temperature dependence of this binding equilibrium. 

Satisfactory reaction curves (which demonstrate inner-sphere 
binding!) were obtained, however, when Ni2+ was mixed with 
poly(1)-poly(C) or poly(G)*poly(C) in a stopped-flow apparatus, 
see Fig. 6. For instance, with 9 x lo-’ mol dmP3 (in base pairs) 
of poly(I)=poly(C) and miz+],,t = 1 x lO-’-l.l x rnol 
dm-3, measurements at 280 nm gave reaction effects with 
amplitudes from 20 to 60 mV (i.e. AIc/Ic = 4 x 10-3-12 x 
where I ,  = light intensity). The curves could be fitted well by a 
single exponential, the time constant of which decreased only 
slightly with increasing concentration of Ni2+, from T = 5.7 ms 
at [NiZ+],,, = 1 x lo-’ rnol dmP3 to 3.1 ms at 1.1 x mol 
dm-3 (20 O C ,  0.1 rnol dm-3 NaC1, pH 7.0). 

With 4.8 x lo-’ mol dm-’ poly(G)*poly(C) and mi2+I t0 ,  = 
5 x 10-6-2.5 x mol dm-’, stopped-flow experiments at 
h = 250 nm yielded effects of amplitudes 40-125 mV (AIc/Ic = 
8 x 1OP3-25 x 10 3), with time constants between 5.2 and 3.6 
ms. 

Several mechanisms have been considered for an interpret- 
ation of the kinetic data. Clearly, a simple two-step mechanism 
of the form shown in equation ( 5 )  is not able to account for the 

Ni + S & Ni,S & NiS ( 5 )  
k ,  

experimental findings (Ni,S = outer-sphere state, NiS = inner- 
sphere complex; charges neglected). If $ [S],,, 
(fulfilled for [Ni”] 3 1 x lo4 mol dm-3), the reciprocal time 
constant is given by equation (6) .  The value of K ,  (= k , /k_ , )  

l /r  = k , (1 + K,K,mi]/(I + K,Wi])) 

can be determined from K = KO (1 + K , )  if the outer-sphere 
constant KO is assumed to be the same as for Mg2+ (KO = 
2 x lo3 dm3 mol-’). According to equation (6), l/z should vary 
much more over the concentration range considered than is 
actually observed. As mentioned above, transition-metal ions 
obviously co-ordinate to the nucleotide bases (N’ of the 
purines) and to phosphate oxygens of nucleotides. Therefore. a 
more likely mechanism includes two inner-sphere substitution 
steps after the fast outer-sphere association, equation (7), where 

(6) 

Ni + S&Ni,S--K’-Ni-S&Ni=S (7) 
k-2 

-1 
* 1 I 6 0.01 0.02 0.03 

f i s  

Fig. 6 Kinetic reaction effect of the binding of Ni2+ to 
poly(G).poly(C); [poly(G).poly(C)] = 4.8 x rnol dm-3 (in base 
pairs), [Ni”],,, = 1.0 x mol dm-3, h = 250 nm, 20 “C, 0.1 mol 
dm NaCl, pH 7.0 

Ni-S and Ni=S denote the mono- and bi-dentate species 
respectively. The experimental data can be rationalized now by 
assuming that the last step is rate determining. Then, we obtain 
equation (8) where K ,  = k,/k-,. If, for Ni2+ + poly(G)*poly- 

l/z = 

k2{1 + KzKIK,[Ni]/(l + K,[Ni] + K,K,[Ni])) (8) 

(C), K ,  < 1 and therefore K ,  2 20.5 { K ,  and K2 are related 
by K = K,[1 +K,(l + K 2 ) ] } ,  then the variation of l/.r with 
p i ]  according to equation (8) is indeed as low as observed 
experimentally. Similarly, for Ni2 + + poly(1)-poly(C) we con- 
clude that K ,  < 2 and K ,  > 3.3. The value of k-, for both 
systems is near 180 s-’. Consequently, k,  d 180 s-l in the case 
of poly(G)-poly(C) and d 360 s-’ for poly(I)*poly(C). These 
values of k ,  are much lower than those of ‘normal’ first-order 
inner-sphere substitution rates at hydrated Ni2 +, which are 
close to 1 x lo4 s - ~ . ’ ~  Presumably the polynucleotide has to 
undergo some change in conformation after the first substitu- 
tion step before the second site can attach to the Ni2+ ion, 
thus slowing down the second binding step. According to the 
estimates for the stepwise equilibrium constants given above, 
the monodentate intermediate is not a steady-state species. 
Therefore, its formation should also be observable. The first 
binding step is expected to occur without hindrance, i.e. k ,  is 
near lo4 s-l, and then the time constant of this step will be below 
1 ms, too short to be detected by our stopped-flow apparatus. 
The conclusion that the recorded reaction is preceded by 
another step is supported also by the observation that the 
measured reaction amplitudes are only 25-50% of those calcu- 
lated from the absorption changes which have been recorded 
during the equilibrium studies. 
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