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Abstract: We have studied the interaction of Mg2+ with six deoxyoctanucleotide duplexes of known sequence. Specifically, 
we have measured the resulting hydration changes by following the change in the concentration increment of ultrasonic 
velocity, SA, of each of these six duplexes, in their Cs+ salt at 1.2 0C, during a course of a titration with Mg2+. The 
addition of Mg2+ results in the initial lowering of 5A that levels off at [Mg2+] /[Pi] molar ratios ranging from 12 to 
30, depending on the duplex, and corresponds to a dehydration event from the exchange of Cs+ counterions by Mg2+ 

in the ionic atmosphere of the duplexes. This is followed by a further lowering of SA at higher [Mg2+] / [P;] ratios that 
may result from DNA aggregation and/or conformational change. We obtained a change in the molar concentration 
increment of ultrasonic velocity per mole of bound Mg2+, A^Mg

2+» and binding affinities, Kipp, ranging from -4.4 cm3 

moH and 150 M"1 for d(A)8-d(T)8 to-18 cm3 mol-1 and 40 M"1 for [d(CG)4]2, respectively, by fitting the first portion 
of each titration curve and assuming an overall binding of 0.5 Mg2+ per phosphate. Thus, the overall magnitude of 
the dehydration effect, which is determined by the structure of the Mg2+-DNA complex, and the KifP are functions 
of the DNA sequence. Furthermore, the dehydration effect of Mg2+ binding correlates with the hydration state of the 
DNA: the higher its hydration state, the lower the dehydration effect of Mg2+ binding is. Mg2+ recognizes the sequence 
of DN A through its overall hydration state, probably by forming mostly outer-sphere complexes with oligomers containing 
exclusively dA-dT base pairs and inner-sphere complexes with dG-dC oligomers. 

Introduction 

One of the physicochemical properties of DNA that is 
fundamental to all biological processes is its polyelectrolyte 
behavior. This behavior is determined by the interaction of 
counterions with the regular lattice of negatively charged 
phosphate groups of the sugar-phosphate backbone of the double 
helix.1'2 In spite of intensive investigations on the polyelectrolyte 
behavior of DNA, some questions still remain unanswered. The 
precise structure of the DNA-counterion atmosphere in solution 
with monovalent and/or divalent counterions is not known as 
well as its overall dependence on DNA conformation, composition, 
and sequence. A complete understanding of these interactions 
is important for the analysis of how DNA conformation and 
sequence controls the physicochemical properties and biological 
function of DNA. In the interaction of DNA with its counterions 
in aqueous solution, the interatomic distances are comparable to 
the size of a water molecule; therefore, these interactions are 
related to the problem of DNA hydration. 

The hydration of DNA has been reviewed earlier.3-8 Most of 
the results refer to experimental measurements on the physical 
properties of the hydration shell of helical DNA and its dependence 
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on conformation, composition, and sequence. It has been shown 
that DNA in the B conformation is the more hydrated one and 
that A-T base pairs are more hydrated than G-C pairs.9-14 The 
effect of sequence on the hydration of DNA has been demonstrated 
by ultrasound measurements12'13 as well as by volumetric and 
calorimetric measurements on the binding of ligands to DNA.15-16 

The direct observation of the hydration changes that accompany 
the binding of counterions to DNA can provide a rationale for 
the specific role of counterion interactions in the stability of the 
double helix, its conformational plasticity, and other physico-
chemical properties of DNA duplexes. 1^5-14 The investigation 
of the structural characteristics of the ionic atmosphere of DNA 
is limited by the sensitivity of traditional physical and chemical 
methods and the difficulties in the physical interpretation of 
experimental results. Experimental investigations on counterion 
binding in solution, for example, Mn2+, Co2+, or Ag+,17-23 position 
them on or near the DNA surface as detected by NMR and 
optical techniques. Much less is known on the structure of the 
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5'-pAAAAAAAA-3' 

3'-TTTTTTTTp-5' 

5'-pAAAATTTT-3' 

3'-TTTTAAAAp-5' 

5 '-pAT ATATAT-3' 

3'-TATATATAp-5' 

Cl(A)8-Ci(T)1 8 [Cf(A4T4)I2 Id(AT)4J2 

5'-pGCAATTCG-3' 

3'-CGTTAACGp-5' 

5'-pACA CACAC-3' 

3'-TGUBrGTGTGp-5' 

5'-pCGCGCGCG-3' 

3'-GCGCGCGCp-5' 

d(GCAATTGC)2 d(AC)4«d(GT)4 

Figure 1. Sequences of deoxyoligonucleotides and their designations used throughout the text. 
Id(CG)4J2 

ionic atmosphere consisting of counterions like Li+, Na+, K+, 
Cs+, and Mg2+, which do not possess paramagnetic properties 
and exert small influences on the DNA optical and NMR 
characteristics in solution, see, for example, Na-NMR inves­
tigations24-28 or Mg-DNA investigations.29,30 The information 
on the counterion distribution around DNA from small-angle 
X-ray scattering in solution was only obtained for heavy metals.31 

The X-ray data on the actual positions of small counterions in 
oligonucleotide crystals constitute a serious problem. 

Hydration changes in DNA-counterion interactions are 
determined by the position of the counterion relative to the atomic 
groupsatthesurfaceofDNA. The measurement of these changes 
gives general information on the structural characteristics of the 
ionic atmosphere of DNA. High-precision ultrasonic velocity 
measurements are very sensitive to the hydration of a DNA-
counterion molecule. The ability of high-precision ultrasonic 
velocity measurements to measure the hydration of a DNA 
molecule and to determine the dependence of DNA hydration on 
sequence and composition,12'13 as well as on the binding of metal 
ions and ligands to DNA,13'32 has been previously demonstrated. 

In this work, we use ultrasonic velocity measurements to follow 
the hydration changes that accompany the binding of Mg2+ to 
oligonucleotide duplexes with different compositions and se­
quences. Specifically, we measure the change in the concentration 
increment of ultrasonic velocity of each of six octameric duplexes 
in their Cs+ salt during a course of a titration with Mg2+. The 
results show that the formations of Mg2+-DNA complexes are 
accompanied by a dehydration effect that correlates with the 
overall hydration state of the DNA, and they suggest that Mg2+ 

is able to recognize the sequence of a DNA through its hydration 
shell. These results can be rationalized in terms of the formation 
of Mg2+-outer-sphere complexes with dA-dT base pairs and 
Mg2+-inner-sphere complexes with dG-dC base pairs. 

Materials and Methods 

Materials. All oligonucleotides (Figure 1) were synthesized and 
purified using standard procedures as described previously,33 and their 
sequences were confirmed by Maxam-Gilbert analysis.34 Oligonucleotides 
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were desalted by double elution through a Sephadex G-IO column and 
lyophilized. All solutions were prepared in a buffer consisting of 2 mM 
Hepes and 0.2 M CsCl, at pH 7.8, using double distilled water with a 
conductivity of <10 mho cm-1. Prior to acoustical experiments, the 
oligonucleotides were dissolved in buffer and their concentration was 
determined using extinction coefficients obtained by digestion with snake-
venom phosphodiesterase. Equimolar solutions of complementary strands 
for a given duplex were prepared by weighing the required volumes of 
each strand solution. To reduce evaporation, the mixing was performed 
in closed vessels by operating with Hamilton syringes through small holes. 
CsCl was used as the supporting electrolyte; this was selected because 
of its small overall contribution to the value of the ultrasonic velocity. 
For instance, at 1 0C, its contribution is —8 times smaller than that of 
NaCl. To select the proper temperature and CsCl concentration for the 
acoustical measurements, for which all oligonucleotides are in the double-
stranded helical state, UV melting curves were obtained for all oligomer 
duplexes at 260 nm as a function of CsCl concentration and at strand 
concentrations similar to the ones used in acoustical measurements. 

Background for the Interpretation of Ultrasonic Velocity Measurements. 
In high-precision ultrasonic velocity measurements in solution, the main 
experimental observable that characterizes the physical properties of the 
solute is the concentration increment of ultrasonic velocity, A, which is 
determined by the relation 

A = (U- U0)Z(U0Cp0) (D 

where u and u0 are the ultrasonic velocities of the solution and pure 
solvent, respectively, c is the molal concentration of the solute, and p0 is 
the density of pure solvent. In relatively dilute solutions, the value of A 
is related to the values of the apparent molar volume, $v, and apparent 
molar adiabatic compressibility, *k,, by the equation35 

A = %-*JW0)-M 1(Ip0) (2) 

where /30 is the coefficient of adiabatic compressibility of the solvent and 
M is the molar mass of the solute. The change in the concentration 
increment of ultrasonic velocity, SA, as a result of solute-solute interactions 
is determined by both the change of the apparent molar adiabatic 
compressibility, 8*ts, and the change of the apparent molar volume, &$y, 
according to13,32 

SA = Siy-SiJIfJ0 (3) 

In dilute solutions, the values of the apparent molar adiabatic compress­
ibility, *k», and the apparent molar volume, *v, of the solute are related 
to its molecular physical characteristics by the relations35 

^ = Km + AKh + Kt and * v = K m + AKh (4) 

where Vm is the intrinsic volume of the solute molecule, which is inaccessible 
to surrounding molecules of water, Km is the intrinsic compressibility 
(compressibility of volume Km), Afo (or AKh) represents the hydration 
contribution equal to the difference between the compressibility (or 
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volume) of the hydration shell and the compressibility (or volume) of the 
same amount in the hydration shell of pure water, and K, is the relaxation 
compressibility, which may exist if any relaxation process occurs in the 
system such as the changes in conformer distribution of the solute with 
temperature and pressure perturbations.36'37 Experimental results indicate 
that the AT, values for double-helical DNA are small and can be neglected 
as compared with the other terms of eq 4 (especially if the interest is in 
the relative changes of A due to the binding of counterions to DNA and 
not in its absolute value13). The ATn, values for small molecules, such as 
metal ions and nucleic acids bases, are within the experimental error in 
the determination of #k,.35 For a DNA double helix during the course 
of a titration with Mg2+, its ATn, and Kn, values are not negligible but 
remain constant in the absence of conformational transitions.13 In 
addition, the difference in the Kn, values for the A and B forms of DNA 
is only 1 cm3/mol,38 which is close to the experimental uncertainty of our 
measurements. Therefore, the changes in the i^ and *v values for double-
stranded DNA helices that result from the binding of counterions in the 
absence of conformational transitions should be determined primarily by 
their hydration contributions: AATh and AKh (8$io = 6(AATh) and 5$v = 
S( A Kh)). The change of the concentration increment of ultrasonic velocity 
in this case is also determined mainly by its hydration contribution, SA^. 

M = M h = 5(AK11)-5(AATh)/20° (5) 

The literature values of AATh, $ks, AKh, and $v for different electrolytes, 
small organic molecules, nucleic acid components, and DNA poly-
mers35'37,39""42 can be used to predict the overall 5(AKh), 5(AATh), and Mh 
values for different types of counterion-DNA complexes. The second 
term in eq 5 which is determined by the compressibility of the hydration 
shell is the dominant term because, in these types of intermolecular 
interactions, the sensitivity of the compressibility is higher than that of 
the volume. At ~ 1 0C, the AATh values for the majority of aqueous 
solutions of organic and inorganic compounds are negative because the 
compressibility of water in their hydration shell is less than that of bulk 
water. The reason for this is the abnormally high structural contribution 
to the compressibility of bulk water that results from the unique structure 
of pure water and its changes with pressure. The introduction of a solute 
molecule normally destroys this structure and therefore decreases the 
structural compressibility (for a detailed discussion, see ref 35). The 
higher the hydration state of a particular solute, the lower its AATh value 
is. For instance, this decrease can be observed in the following changes: 
hydrophobic organic molecules (or atomic groups) to hydrophilic 
molecules, atomic groups of sugars (forming hydrogen bonds with water) 
to charged organic molecules, and electrolytes to multivalent electrolytes. 
Therefore, one can formulate the following rule: the negative value of SA 
in eq 5, resulting from the binding of counterions to DNA, is determined 
by dehydration of the DNA plus its counterion system. The smaller SA, 
the higher the dehydration effect is. 

Previous SA measurements for the Mg2+-Cs+ exchange in the ionic 
atmosphere of natural DNAs and synthetic polynucleotides aimed at 
distinguishing hydration differences as a function of the DNA sequence 
and conformation13 have shown that these measurements are sensitive to 
the hydration changes that take place in this counterion exchange according 
to the reaction 

DNA-2Cs+ + Mg2+ — DNA-Mg2+ + 2Cs+ 

High-Precision Differential Acoustical Titrations. The changes of 
ultrasonic velocity were measured using the resonator technique described 
earlier.13'35'43 The ultrasonic resonators, manufactured of titanium, and 
the electronic block RADA-2 were developed at the Institute of Biological 
Physics, USSR Academy of Sciences. This instrument operates in the 
differential mode and consists of two acoustical resonators, measuring 
and reference cells, each with a total volume of ~ 1 mL and each containing 
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Figure 2. Illustration of the A/4 and b parameters obtained from the fit 
of the ultrasonic titration curves; this nonlinear least square fitting uses 
the exponential equation SA = AA[\ -e<IIM»*,']/Ipll>/*>]. The solid line is 
the resulting fitted line of the experimental data for the [d(AT)4] 2 duplex. 

a magnetic stirrer for the complete mixing of solutions. The changes in 
ultrasonic velocity are determined from the frequency shift of the preset 
resonance harmonic according to the expression (« - u0)/u0 = [(/"-/>)/ 
/o](l + 7). where/and f0 are the frequency values that correspond to 
the maxima of the resonance peaks of the preset resonance harmonic of 
the cells filled with solution and solvent, respectively, that have the same 
phase shift between input and output signals of the resonator cell and 7 
is a small constant ~0.01 that is determined by calibration with NaCl. 
These changes were converted to those of the concentration increment 
of ultrasonic velocity using eq 1. AU measurements were done in the 
7.0-7.2 MHz frequency range. The relative error in the measurement 
of (u - «0)/«o is 5 X 10-'%. All acoustical titrations were performed at 
1.2 0C in the differential mode by filling the measuring and reference 
cells with 677 ^L of oligomer solution and buffer, respectively. Under 
these experimental conditions, all oligonucleotides are in the duplex state. 
The initial oligomer solution, with concentration ranging from 2.3 to 3.5 
mM (in phosphate), was titrated with a ~1.5 M solution of MgC^ in 
buffer by adding 4-10 /uL stepwise with a 10 ML Hamilton syringe through 
small holes in the lids of the cells until a [Mg2+]/[Pi] ratio of ~50 was 
obtained. The temperatures of the measuring and the reference cells 
were maintained by means of a water thermostat with a large thermal 
buffer vessel between the thermostat compartment and the cells. The 
temperature stability of this thermostat was better than 0.02 0C while 
the differential temperature stability between the two cells was better 
than 0.1 mdeg, checked by measuring the resonance frequencies of the 
cells filled with water. To further improve the overall temperature stability 
of the cells and to decrease the errors caused by evaporation, if any, all 
titration measurements were performed in a thermostated room at 4 0C. 

Fitting of Acoustical Titration Curves. All titrations were analyzed 
by fitting the resulting curves to two different functions. In the first 
fitting procedure, we used the exponential function SA = AA[\ - exp-
({[Mg2+] / [Pi\]/b), where AA is the overall change of the ultrasonic velocity 
increment per phosphate at saturation and b is the intercept of the initial 
slope of each curve with the saturation line that is drawn parallel to the 
[Mg2+]/[Pi] axis (see Figure 2). This type of fitting is independent of 
any thermodynamic model of Mg2+ binding and allow us to obtain the 
AA and b (and initial slope AA/b) values for each curve. This exponential 
function contains a minimum number of independent parameters and fits 
the experimental data well within the limits of experimental error. The 
AA value at saturation is determined by the relationship AA = I(Av4Mgjj+)-
«i, where AA\itf+ is the change in ultrasonic velocity increment per mole 
of bound Mg2+ for the i-type of complex and /ij is the maximum number 
of bound Mg2+ ions per phosphate forming an i-type of complex. 
Therefore, AA is the total hydration change from the contributions of all 
types of complexes. For the physical meaning of b, we use a simple 
thermodynamic model of identical and independent sites, in which b is 
determined by the relation b = n + (ATtPj])"1, where n is the maximum 
number of counterions bound (per phosphate) to DNA, [P,] is the 
concentration of DNA in phosphate, and AT' is the limiting value of the 
binding constant at zero concentration of magnesium. In our titration 
curves, the value of (AT tPi] )_1 is much greater than the maximum potential 
value of n = 0.5; therefore, the value of b is mainly determined by the 
limiting value of the binding constant: b «* (ATtPi])-1. 

The second fitting procedure is based on the binding model where 
Mg2+ binds to a DNA lattice containing one type of identical and 
independent binding site. These sites are characterized by an equilibrium 
constant, ATapp, molar ultrasonic velocity change, A^Mg*-, and apparent 
number of Mg2+ counterions per binding site, n. The above three 
parameters may be determined from the resulting ultrasonic titration 
curves interactively using the Marquardt algorithms as described 
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100 150 200 
[CsCI], itiM 

250 

Figure 3. Ultrasonic titration curve of the least stable duplex with CsCl: 
677 /uL of a [d(AT)4]2 solution, 3.40 mM in phosphate, in 2 mM Hepes 
buffer at pH 7.8 and 1.2 0C titrated with a concentrated solution of CsCl 
in the same buffer with aliquots ranging from 4 to 20 fiL. 

20 40 60 
[Mg2+]/[DNA] 

Figure 4. Typical ultrasonic titration curves of oligonucleotide duplexes 
in 2 mM Hepes buffer and 0.2 M CsCl at pH 7.8 and 1.2 0C: [d(AT)4]2 

(open circles), 3.55 mM in phosphate; Ed(CG)4J2 (closed circles), 3.24 
mM in phosphate. Each oligomer solution is titrated with ~ 1.5 M MgCl2, 
in the same buffer, by the incremental addition of few microliters at a 
time. 

previously.44 The Fitting procedure is to let all three parameters float or 
to fix AA\itt* or n or Ktpp parameters until the lowest standard deviation 
of the fit is obtained. 

Circular Dichroism Spectra (CD). As an additional control, we 
obtained the CD spectra of each duplex to check both for the conformation 
of the duplex in the absence of Mg2+ and for any DNA conformational 
changes that might result from the addition of Mg2+. All CD spectra 
were recorded with a Jasco Model J-41A spectrophotometer at 1 0C, 
oligomer concentrations of 1.7-2.7 mM in phosphate, and [Mg2+] / [DNA] 
molar ratios of 0 to 20-30. We used a 0.5 mm pathlength cell that 
allowed us to measure the spectra of the oligomer solutions used in the 
acoustical experiments. 

Results 

To determine the optimum temperature and CsCl concentration 
for the acoustical titrations of each oligomer duplex, we obtained 
absorbance vs temperature profiles (data not shown) in buffer 
solution at several CsCl concentrations up to 0.6 M. These melting 
profiles indicate that in 0.2 M CsCl all oligomers are in the duplex 
state at temperatures below 5 0 C and melt in increasing order 
of stability with increasing percentage of dC-dG content. In 
addition, we have obtained the dependence of SA on CsCl 
concentration, shown in Figure 3, for the [d(AT)4]2 duplex that 
has the lowest stability. We observed a decrease in SA with 
increasing CsCl concentration up to 0.05 M that levels off at 
higher CsCl concentrations. Under these solution conditions, 
the initial decrease corresponds to a decrease in the overall 
hydration that accompanies the formation of a DNA duplex from 
its component single strands. At higher CsCl concentrations, 
the value of SA remains constant and indicates no further 
conformational changes as detected from the hydrational per­
turbations. Therefore, all acoustical titrations were carried out 
in a buffer solution containing 0.2 M CsCl at 1.2 0 C. 

Figure 4 shows typical acoustical titration curves for two 
duplexes with 0 and 100% dG-dC base pairs (SA as a function 
of the [Mg2+]/[Pj] ratio), increasing the [Mg2+] results in the 

(44) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L. N. Anal. Biochem. 
1989, 179, 131. 
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Figure 5. Typical CD spectra of oligonucleotide duplexes in 2 mM Hepes 
buffer and 0.2 M CsCl at pH 7.8, 1.2 0C, and [Mg2+]/[Pj] ratios of 0 
(solid lines) and 25 (dotted lines). Panel a: [d(AT)4]2, 2.14 mM in 
phosphate. Panel b: [d(CG)4]2, 1.72 mM in phosphate. 

overall decrease in SA. These curves show two parts: (i) an initial 
exponential decrease that levels off at [Mg2+]/[Pj] ratios of 20-
30 that corresponds to the overall hydration changes in the ionic 
atmosphere of each oligonucleotide duplex, due to the Mg2+-Cs+ 

counterion exchange, and (ii) a further and almost linear decrease 
at higher [Mg2+] /[Pj] ratios which may be the result of 
conformational changes and/or aggregation of the Mg2+-DNA 
complexes. For these two duplexes, the initial slopes of the curves 
are similar but the overall drop in the SA values at [Mg2+]/[Pj] 
saturation ratios of 20-30 for the [d(CG)4]2 duplex is almost 
twice as much as the drop for the [d(AT)4]2duplex. Theaddition 
of more Mg2+ results in a further decrease in SA for both duplexes: 
small for [d(AT)4] 2 and large for [d(CG)4]2. In the case of 
[d(CG)4]2, this may correspond to the familiar conformational 
transition to the Z form. 

In Figure 5, we show the CD spectra of these two oligomer 
duplexes at strand concentrations used in the acoustical titrations 
and at two [Mg2+]/[P;] ratios of 0 and 20-30. These latter 
[Mg2+]/[Pi] ratios correspond to the plateau of the acoustical 
titration curves. At these ratios, the CD spectra of each oligomer 
correspond to the typical spectra of DNA duplexes in the B 
conformation and show no significant changes with the increase 
in Mg2+ concentration; the other four duplexes follow a similar 
behavior. 

In this report, we concentrate on the dehydration changes that 
occur just in the first part of each titration curve, at [Mg2+]/[Pi] 
ratios below 20-30 that correspond to the concentration range 
of 0-0.1 M for MgCl2. Figure 6 shows the resulting acoustical 
titrations for all six duplexes. In this range, the observed changes 
are determined only by the exchange of Cs+ ions by Mg2+ in the 
ionic atmosphere of each oligonucleotide. We note that each 
curve levels off at different SA values: the higher the dG-dC 
content, the lower the final SA value. 

Comparison of Fitting Procedures. The resulting fitted curves 
using the exponential function are shown in Figure 6, see solid 
lines, and the parameters derived from both types of fits are 
shown in Table 1. The values of AA at saturation are obtained 
better with the exponential fit, while the second type of fit 
determines Kipp more directly. In the second fitting procedure 
and for the fits of each duplex, the value of the root mean square 
deviation (RMS) which characterizes the quality of the fitting 
is nearly independent of «, for n ranging from 0.05 to 1; also, the 
product A/4Mg2t X n (= A/4) and ATapp remains constant in this 
range of n. This means that, within the limits of the experimental 
uncertainties, the only parameters that can be evaluated are K 
and AA, as is the case of the exponential fits. The maximum 
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Table 1. Parameters for the Binding of Mg2+ to DNA Oligomers and Polymers at 1.2 0C 

d(A)8-d(T)8 

Id(A4T4)J2 
[d(AT)4]2 
d(AC)4-d(GT)4 
[d(GCAATTGC)]2 
[d(CG)4]2 
poly(dA)-poly(dT) 
poly[d(AT)].poly[d(AT)] 

b 
[Mg2+]/[Pi] 

3.9 
3.2 
4.8 
9.8 
6.0 
8.1 
1.0 
1.2 

fits by the function 
SA = AA\l 

K" 
(M-') 

120 
110 
70 
30 
70 
40 

1000 
710 

-eH[Mg»l/[P,]|/t)j 

AA 
(cm3/mol) 

2.2 
2.9 
3.5 
7.8 
6.6 
8.9 
2.1 
3.9 

RMS 
(cm3/mol) 

0.15 
0.23 
0.07 
0.24 
0.16 
0.19 
0.11 
0.18 

fits by a thermodynamic model 
of one set of identical binding sites 

(M^) 

180 
140 
85 
30 
80 
40 

960 
700 

AA 
(cm3/mol) 

2.4 
3.3 
4.1 

11.0 
8.0 

11.7 
2.4 
4.6 

RMS 
(cm3/mol) 

0.17 
0.10 
0.11 
0.23 
0.23 
0.22 
0.11 
0.23 

" The limiting values of K' are calculated from the b values by using the relation b < 
site; n was assumed equal to 0.5. 

n + (A7IPJ), which is true for the case of one type of binding 

| - 4 r 
m 
I -6 
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a 

[d(CG)4]2 
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50 

Figure 6. Ultrasonic titration curves of oligonucleotide duplexes with 
MgCl2 in 2 mM Hepes buffer and 0.2 M CsCl at pH 7.8 and 1.2 8C. 
Each titration is performed by adding a ~ 1.5 M solution of MgCl2 to 
677 iiL of oligonucleotide solution in the resonator sample cell using 
increments ranging from 4 to 10 ML. The duplexes have the following 
initial concentrations in phosphate: d(A)8-d(T)g, 2.34 mM; [d(AT)4]2, 
3.55 mM; Id(A4T4)J2, 3.50 mM; [d(CG)4]2, 3.24 mM; d(AC)4-d(GT)4, 
3.40 mM; [d(GCAATTGC)]2, 2.70 mM. The solid lines correspond to 
the exponential fitted lines. 

number of potentially electrostatically bound Mg2+ ions per 
phosphate is ~0 .5 , which is also the maximum value of bound 
Mg2+ ions that can be detected acoustically and whose binding 
would lead to hydration changes. Therefore, the resulting A^Mg2+ 

values that were obtained assuming n = 0.5 characterize the 
average hydration effect of bound Mg2+ ions or the minimum 
hydration effect of the bound Mg2+ ions that formed acoustically 
detectable complexes. In Table 1, the LA values and the binding 
constants are given for both fits at n = 0.5. The results of both 
fitting procedures are in good agreement. The fact that we were 
unable to obtain n values indicates that it is impractical to use 
more complicated models, such as the one that involves a higher 
number of binding sites, because these will include an additional 
number of unknown parameters. Our attempts to fit the data 
with more complicated fitting models confirmed this. 

The Hydration Effect of Mg2+ Binding Depends on the DNA 
Sequence. The AA values that characterize the overall change 
of the ultrasonic velocity increment in the titration of oligo­
nucleotides by Mg2+ are different for all six oligonucleotides (see 
Table 1 and Figure 6). Since the AA value is determined by the 
hydration effect, we conclude that the resulting hydration changes 
for the interaction of magnesium with these duplexes are a function 
of the nucleotide sequence. The Mg2+ binding affinities also 
depend on the oligonucleotide sequence: the higher the value of 
ATapp, the lower the overall dehydration effect is. These observa­
tions are in agreement with previous NMR results25 that the 
binding of 25Mg2+ to a particular DNA environment depends on 
the sequence of DNA.31'32 

The Overall Hydration Effect of Mg2+ Binding Is Independent 
of the Length of DNA. We have also fitted the acoustical titration 
curves OfMg2+ with poly [d(AT)]-poly[d(AT)] and poly(dA)-poly-

(dT) that were obtained earlier under similar solution conditions 
but at the lower CsCl concentration of 20 mM,13 and the results 
are included in Table 1. At saturation, the AA values for these 
polynucleotide sequences are similar to those of the corresponding 
oligomer duplexes dA8-dT8 and [d(AT)4]2. This indicates that 
the total hydration effect of Mg2+ is similar despite the fact that 
these oligomers may contain a percentage of frayed ends.45'46 We 
thus conclude that for these sequences the total hydration effect 
upon Mg2+ binding, which is determined primarily by the structure 
of the Mg2+-DNA complex, is independent of the DNA length. 
This observation is interesting from the point of view of the 
polyelectrolyte properties of DNA because in our oligomer 
duplexes the length and the diameter have similar dimensions. 
Therefore, the counterion condensation phenomenon inherent in 
linear polyelectrolytes such as DNA should be absent. However, 
we obtained larger Km values for the association of Mg2+ to the 
polydeoxynucleotides, which is not surprising because of the 
stronger electrostatic contribution to the binding affinity of Mg2+ 

that may result from the polyelectrolyte effect and/or the lower 
Cs+ concentration used in the polymer titrations. 

Discussion 

The Structure of the Mg2+-DNA Complexes Depends on the 
DNA Sequence. For all oligonucleotides the values of AA are 
negative. This means that the exchange of Cs+ for Mg2+ in the 
ionic atmosphere of each duplex is accompanied by a dehydration 
or release of water molecules. The absolute values of the AA 
ranges from -2.2 to -9 cm3/mol (per phosphate), in terms of per 
mole of potential binding sites (0.5 per phosphate), yield A^Mg2+ 

values ranging from -4.5 cm3 moH for d(A)8-d(T)8 to -18 cm3 

moH for [d(CG)4]2 (see Table 1). Do these differences result 
from a particular structure of the Mg2+-DNA complexes? Let 
us assume that the actual structure of the Mg2+-DNA complexes 
does not depend on the nucleotide sequence and that the differences 
in the hydration effects of Mg2+ binding are determined by other 
factors such as differences in oligonucleotide conformation; if 
true, then one should expect a higher dehydration effect for the 
binding of Mg2+ to DNA sequences that are more highly hydrated. 
Table 2 shows reported values of the apparent molar adiabatic 
compressibilities and related parameters that characterize the 
overall hydration of each oligomer duplex.12 The lower the ^ 
value, the higher the hydration state of the oligonucleotide duplex 
is 6,12,13 Figure 7 shows the dependence of A^Mg2+ on the apparent 
molar adiabatic compressibilities of these oligonucleotide duplexes. 
As seen in this figure and in Table 2, the A/lMg2+ value decreases 
with a decrease of Q^. This means that the higher the hydration 
state of the oligonucleotide is, the lower the dehydration effect 
ofMg2+bindingis. Therefore, the particular structure of a Mg2 +-
DNA complex depends on the nucleotide sequence of DNA and 

(45) Otting, G. G.; Grutter, R.; Leupin, W.; Minganti, C; Ganesh, K. N.; 
Sproat, B. S.; Gait, M. J.; Wuthrich, K. Bur. J. Biochem. 1987, 166, 215. 

(46) Celda, B.; Widmer, H.; Leupin, W.; Chazin, W. J.; Denny, W. A.; 
Wuthrich, K. Biochemistry 1989, 28, 1462. 
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Table 2. Concentration Increments of Ultrasonic Velocity A, Apparent Molar Volume *», and Apparent Molar Adiabatic Compressibility *k»> 
the Difference between the Apparent Molar Volume of Oligonucleotides and the Intrinsic Molar Volume Vm, and the Change of Ultrasonic 
Velocity Increment AAug'* of Oligonucleotides" 

DNA 

d(A)rd(D, 
[dA4T4)]2 
[d(AT)4]2 
d(AC)4-d(GT)4 
[d(GCAATTGC)]2 
[d(CG)4]2 
poly(dA)-poly(dT)rf 

poly[d(AT)].poly[(d(AT)]' 

A 
(cm3/mol) 

112.5 ±0.5 
102.9 ± 0.4 
107.0 ± 0.4 
98.6 ± 0.5 
96.5 ± 0.6 
92.0 ± 0.5 
92.4 ± 0.6 
87.9 ±0.5 

* v 
(cm3/mol) 

145.3 ±1.6 
155.0 ±1.5 
156.0 ±1.5 
156.1 ±1.5 
153.9 ±1.5 
162.0 ±1.4 
140.6 ±1.5 
147.5 ±1.5 

ICHSfc 
(cm3/[mol-bar]) 

-127.9 ±2.1 
-110.0 ±1.9 
-112.1 ±1.9 
-101.0 ±2.0 
-105.7 ±2.1 
-92.0 ±1.9 

-112.7 ±2.1 
-101.8 ±2.0 

(*v-Km)» 
(cm3/mol) 

-16.4 
-6.7 
-5.7 
-4.4 
-6.5 

3.0 
-21.1 
-14.2 

A^Mg»
c 

(cm3/mol) 

-AA 
-5.8 
-7.0 

-15.6 
-13.2 
-17.8 
-4.2 
-7.8 

" These values are from ref 12. * These values are from ref 34; in these calculations, a correction for the intrinsic volume of Br but not for that of 
Na+ has been included.c These values are calculated per mole of potential binding sites (0.5) from the AA values given in Table 1. d These polymer 
values are from ref 13. 

increment of about 6.5 cm3 moH for the exchange of one water 
molecule from its coordination sphere plus an additional con­
tribution from the dehydration of the oligonucleotide atomic 
groups; this latter contribution cannot be more than a few units 
of cm3 moH.39 We estimate then that the minimum value of 
Ay4Mg2

+ for the formation of a Mg2+-DNA inner-sphere complex 
is about -10 cm3 mol-1. Alternatively, we can estimate this on 
the basis of the results of acoustical titrations of tetramethyl-
ammonium-EDTA with Mg2+ at pH 12 (Kankiya et al., 
manuscript in preparation). Under these conditions, Mg2+ looses 
all or most of its hydration shell in its binding to EDTA (see, for 
example, ref 52), resulting in a decrease in the ultrasonic velocity 
increment of-100 cm3 moH at 25 0C, corresponding to -17 cm3 

moH per water molecule substituted in the hydration shell of 
Mg2+. This latter value includes the contribution of the 
dehydration of atomic groups of the highly hydrated EDTA anion. 
At 1 0C, the Ay4MgJ+ value, for these types of Mg2+-DNA 
complexes should be slightly lower; for instance, the A^ value for 
MgCl2 at 25 0 C is about 17% smaller in magnitude than the 
value at 0 0C.49 Therefore, we can expect a A/lMg2+ value in the 
range of -10 to -20 cm3 mol-1 for the formation of an inner-
sphere Mg2+-DNA complex containing one coordination bond 
between Mg2+ and DNA. For higher Mg2+ coordination numbers 
with DNA, the A^Mg2+ values shall be much lower. In our 
estimates we have not taken into account any potential changes 
in the hydration state of Cs+ ions released on Mg2+ binding. 
Earlier reports have indicated that Cs+ maintains a full hydration 
shell in the ionic atmosphere of DNA,1 and thus, its hydration 
state upon release should not change. 

The validity of the above estimations is supported by the 
measurements of the volume and compressibility changes for the 
formation of Mg2+ complexes with SO4

2- by Millero and co­
workers,53 who reported a A^Mg2+ value of-5 cm3 mol-1. In these 
experiments the outer-sphere types of complexes predominate. 
In the case of Ca2+, which has nearly the same A^ value47'48 as 
Mg2+ but forms inner-sphere complexes with SO4

2-, its AA value 
is about -35 cm3/mol-' (Millero et al.54) and corresponds to the 
exclusion of ~6.5 water molecules from the hydration shells of 
Ca2+ and SO4

2- in the formation of this complex. This corresponds 
to about three coordination bonds between the interacting ions. 
In addition, the binding of bis(guanidinium) to DNA that is 
hydrogen bonded to two phosphates has a AA value of 24 cm3/ 
mol per guanido group or 12 cm3 moH per hydrogen bond.32 

All of the above suggest that the average dehydration effect 
of Mg2+ binding to the oligonucleotide duplexes containing 100% 
dA-dT base pairs corresponds to the formation of outer-sphere 
complexes in which Mg2+ keeps all of its coordinated water. This 

-120 -100 
Oks x 104, cm3 mol"1 bar-1 

Figure 7. Correlation of the ultrasonic velocity change, AA, of 
oligonucleotide duplexes as a result of magnesium binding with the 
apparent molar adiabatic compressibilities of the Mg2+ free duplexes: 1, 
d(A)rd(T),j 2, [d(AT)«]j; 3, [d(A4T4)]2; 4, d(AC)4-d(GT)4; 5, [d(G-
CAATTGO]2; 6, [d(CG)4]2. 

most likely it is in this way that Mg2+ is able to recognize the 
nucleotide sequence. 

Types of Mg2+-DNA Complexes. What type of Mg2+-DNA 
complexes do the resulting A^Mg2+ values correspond to? To 
have an idea of these AAMg2+ values, one should compare them 
with the hydration parameters of both the Mg2+ ions and DNA 
molecules. The hydration part of the ultrasonic velocity increment 
of a solute molecule, A^, is determined by the volume and 
compressibility properties of the hydration shell, according to eqs 
2-4 by the relation A^ = AKh - A/ifh/2ft>. This corresponds to 
the change in the ultrasonic velocity increment as a result of the 
full dehydration of the solute. The value of A^ can be estimated 
from experimental values of A, the intrinsic compressibility Km, 
and the volume Vm of the solute and its molecular mass M, 
according to 

A = A- Vm +KJW0)+M/(2Po) 

The value of A for Mg2+ can be estimated using eq 2 from its 
partial molar volume *v and partial molar adiabatic compress­
ibility 1 Îa values reported earlier.40'47-50 At 25 0 C, these values 
are -32 cm3 moM and -63 X 1(H cm3 moH bar-1,40-47'48 

respectively; the Vm value for Mg2+, calculated from the crystal 
radii,47 is about 0.7 cm3 mol-1, which is very small and can be 
neglected, as well as its Km value,37'40 resulting in an A^ value for 
Mg2+ of 3 8 cm3 moH. If we assume a total of six water molecules 
in the coordination sphere of Mg2+ 51 then, in its interaction to 
DNA, we shall expect a decrease in its ultrasonic velocity 

(47) Millero, F. J. In Water and Aqueous Solutions; Horn, R. A., Ed.; 
Wiley-Interscience: New York, 1972; pp 519-595. 

(48) Millero, F. J.; Ward, G. K.; Chetirkin, P. F. J. Acoust. Soc. Am. 1977, 
61, 1492. 

(49) Connaughton, L. M.; Hershey, J. P.; Millero, F. J. J. Solution Chem. 
1986, 15, 989. 

(50) Millero, F. J.; Vinokurova, F.; Fernandez, M.; Hershey, J. P. /. Solution 
Chem. 1987, 16, 269. 

(51) Heizinger, K.; Palinkas, G. In The Chemical Physics of Solvation; 
Dogonadze, R., Kalman, E., Kornyshev, A. A., Ulstrup, J., Eds.; Elsevier: 
Amsterdam, 1985; pp 313-353. 

(52) Eigen, M.; Maas, G. Z. Phys. Chem. {Munich) 1966, 49, 163. 
(53) Millero, F. J.; Ward, G. K.; Lepple, F. K.; van't Hoff, E. /. Phys. 

Chem. 1974, 78, 1636. 
(54) Millero, F. J.; Combar, F.; Oster, J. /. Solution Chem. 1977,6, 269. 
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does not exclude the possibility that a few Mg2+ counterions may 
be in direct contact with atomic groups of DNA, forming inner-
sphere complexes and losing some water molecules from its 
coordination sphere. In the binding to the [d(CG)4]2 duplex, 
nearly all Mg2+ ions can form inner-sphere complexes with one 
coordination bond or partially form complexes with two or more 
coordination bonds. The other oligonucleotides with mixed 
sequences have intermediate A/4Mg2+ values and may form both 
types of complexes. 

The formation of inner-sphere Mg2+-DNA complexes has been 
suggested from the results of NMR experiments where the 
equilibrium (inner sphere) ** (outer sphere) apparently depended 
on the total concentration of magnesium.20-55 The earlier 
measurements of the volume change, A V, for the binding of Mg2+ 

to DNA also support the idea of inner-sphere complex formation. 
The AKobtained in 0.2 M (TMA)Cl by Skerjanc and Strauss56 

is equal to 6.4-8.7 cm3/mol of Mg2+, and it is much larger (20 
cm3/mol of Mg2+) if the ionic strength is decreased to 5 mM 
(TMA)Cl.57 The AKh value for Mg2+ is about -32 cm3/mol. If 
we assume six water molecules in the first coordination shell of 
Mg2+, then in the formation of the Mg2+-DNA complex with 
one coordination bond, we would expect a volume effect of 5.3 
cm3/mol in addition to the small contribution to the atomic groups 
of DNA. The latter one is not more than a few units of cm3 

mol-1.3539 Therefore, the observed volume effects for Mg2+ 

binding to DNA support the partial formation of inner-sphere 
complexes. In the original interpretation of Skerjanc and 
Strauss,56 these authors compared the volume effects of Mg2+ 

binding to DNA to those of polyphosphates, which were in the 
range 16-26 cm3/mol of Mg2+. The smaller value for the Mg2 +-
DNA system was attributed to the larger phosphate-phosphate 
distance that makes it impossible for Mg2+ to coordinate with 
more than one DNA phosphate group, in contrast to the Mg2 +-
polyphosphates system where a higher number of coordinated 
bonds is possible. This explanation is in agreement with our 
observations; therefore, the observed volume effect of 6.4-8.7 
cm3/mol of Mg2+ bound to DNA corresponds to the formation 
of a Mg2+-DNA complex with one substituted coordination bond. 

Mg2+ Recognizes the Nucleotide Sequence through the Hydra­
tion State of DNA. We have shown that the overall dehydration 
effect in the binding of Mg2+ to the oligonucleotide duplexes 
decreases with increasing their hydration levels. Another 
observation is the increase in the values of K with an increase in 
the hydration state of the oligomer. It is difficult to explain these 
effects if only one type of Mg2+-DNA complex forms. On the 
other hand, we have shown that Mg2+ forms two types of complexes 
(inner sphere and outer sphere) with some oligonucleotides. The 
presence of two types of Mg2+-DNA complexes has been reported 
in both NMR investigations3132-55 and studies using cation-specific 
electrodes.58 A possible explanation for the observed regularities 
based on the existence of both inner-sphere and outer-sphere 
complexes is shown in Figure 8. The formation of inner-sphere 
complexes requires removal of water molecules from the hydration 
shell of DNA, an effect that may be done easier for less hydrated 
sequences. Therefore, for these sequences, one would expect a 
higher amount of inner-sphere complexes and a larger value of 
the total dehydration of Mg2+ binding. 

Similarly, to explain the dependence of Kapp on DNA hydration, 
we suggest that the formations of inner-sphere complexes are 
much more "visible" in our ultrasonic titration curves because 
their formation is accompanied by a release of water molecules 
or higher dehydration effect. Assuming that the binding constant 
of Mg2+ to DNA for an inner-sphere complex is smaller than for 

(55) Rose, D. M.; Bleam, M. D.; Record, M. T., Jr.; Bryant, R. G. Proc. 
Natl. Acad. Sci. U.S.A. 1980, 77, 6289. 

(56) Skerjanc, J.; Strauss, U. P. J. Am. Chem. Soc. 1968, 90, 3081. 
(57) Clement, R. H.; Sturm, J.; Daunc, M. P. Biopolymers 1973,12,405. 
(58) Sander, C; Ts'o, P. J. MoI. Biol. 1971, 55, 1. 
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Figure 8. Illustration of the types of complexes that Mg2+ forms with 
the oligonucleotide duplexes: (i) In outer-sphere complexes, Mg2+ does 
not penetrate into the hydration shell of highly hydrated oligomer 
sequences (dA-dT base pairs). As a result, the dehydration effect of 
Mg2+ binding is small, (ii) In inner-sphere complexes, Mg2+ is able to 
penetrate past the hydration shell of less hydrated oligomer sequences 
(dC-dG base pairs). As a result, the dehydration effect of Mg2+ binding 
is large. 

an outer-sphere complex, then the average value of Kipp that was 
obtained using the model with one type of binding site would 
decrease with an increasing percentage of inner-sphere complexes. 
These complexes have a higher "visibility". This is exactly what 
we found and explains the dependence of AT on the overall hydration 
state of the duplexes. If this assumption is true, we can conclude 
that Mg2+ is able to recognize the sequence of DNA through the 
properties of its hydration shell. 

Conclusions 

We have used ultrasonic titration measurements to follow the 
overall hydration changes that occur upon the binding of Mg2+ 

to oligonucleotide duplexes of known sequences. We were able 
to show that this type of measurement is very convenient for the 
investigation of metal ion binding to DNA. Our experimental 
results indicate that the overall dehydration effect of Mg2+ binding 
depends on the DNA sequence. The higher the A-T content of 
the oligonucleotide, the lower the dehydration effect, an effect 
that is consistent with the higher hydration state of these duplexes. 
Thus, Mg2+ is able to recognize the sequence of DNA through 
its overall hydration state probably by forming a combination of 
two types of complexes: mostly outer-sphere complexes with DNA 
oligomers containing exclusively dA-dT. For oligomers with 
dG-dC base pairs, this changes gradually to those of inner-sphere 
complexes as the percentage of G-C base pairs increases. 
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