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Abstract

The binding of Mg to single-stranded ribo- and deoxy-polynucleotides, poly(rA), poly(rU), poly(dA) and2q

poly(dT), has been investigated in dilute aqueous solutions at pH 7.5 and 208C. A combination of ultrasound
velocimetry, density, UV and CD spectroscopy have been employed to study hydration and spectral effects of Mg2q

binding to the polynucleotides. Volume and compressibility effects of Mg binding to random-coiled poly(rU) and2q

poly(dT) correspond to two coordination bonds probably between the adjacent phosphate groups. The same parameters
for poly(rA)qMg correspond to an inner-sphere complex with three–four direct contacts. However, almost no2q

hydration effects are arising in binding to its deoxy analog, poly(dA), indicating mostly a delocalized binding mode.
In agreement with hydration studies, optical investigations revealed almost no influence of Mg on poly(dA)2q

properties, while it stabilizes and aggregates poly(rA) single-helix. The evidence presented here indicates that Mg2q

are able to bind specifically to single-stranded polynucleotides, and recognize their composition and backbone
conformation.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Divalent cations, particularly magnesium,
strongly influence the structure and biochemical
activity of nucleic acids. Cation binding mode to
a nucleic acid can be divided into three modes:
(i) diffuse or delocalized binding in which cations
interact with the anionic field around the nucleic
acids via long-range Coulombic interactions. In
this binding mode, hydration shells of cations and

*Tel.: q1-612-624-7468; fax:q1-612-625-5780.
E-mail address: bkankia@umn.edu(B.I. Kankia).

the nucleic acids are considered intactw1–3x; (ii)
outer-sphere complexes in which the binding
occurs through the water bridges and as a result
interacting molecules are partly dehydrated; and
(iii ) inner-sphere complexes in which cation and
the nucleic acid make one or more direct contacts
w4–7x. These three binding modes can be charac-
terized by hydration techniques. The advantage of
a hydration approach becomes more evident if one
recalls the difficulty of studying magnesium ions
in solutions by other techniques: Mg does not2q

possess paramagnetic properties; and heats of bind-
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ing to nucleic acids are usually small, although,
free energy of binding is considerable, which
reveals entropic nature of the bindingw8–12x.
Increase in entropy usually is attributed to release
of solvent(water) molecules to bulk state.

The method of volume and compressibility
measurements proved to be successful for cation
binding to nucleic acidsw13–19x. These properties
are very sensitive to hydration of solutions, and
can follow transfer of water molecules from bulk
state to hydration shells and vice versa. The basis
of the measurements is that the molar volume and
molar compressibility of pure(bulk) water are
significantly larger than the same parameters of
first shell water molecules. Upon binding, the
hydrated water molecules are released to the bulk
state, which is accompanied by an increase in
volume and compressibility. The magnitude of the
effects is determined by the position of cation
relative to the surface of a receptor molecule and
can characterize the cation binding modes.

Here we report on hydration effects of magne-
sium binding to single-stranded ribo and deoxy
polynucleotides: poly(rA), poly(rU), poly(dA)
and poly(dT). These polynucleotides are charac-
terized by their large degree of structural flexibility
w20x. At the experimental conditions used in the
present work(neutral pH and 208C) poly(rA)
and poly(dA) occur as right-handed single-strand-
ed helices with ordered secondary structure due to
strong stacking interaction between adenine bases
w20,21x. The poly(rA) single helix is a member of
A-conformation family with C39-endo sugar puck-
ering w22x; and poly(dA) is characterized by C29-
endo sugar puckering classifying this helix as a
B-conformation w23x. At ambient temperature
pyrimidine bases of poly(rU) and poly(dT) are
exposed to solvent without any interaction between
them, leading to random-coiled conformations
w20x. Thus, this set of molecules allows us to study
the role of secondary structure and chemical com-
position of polynucleotides in Mg binding2q

process.
The present optical studies have demonstrated

that magnesium ions increase stacking interaction
of poly(rA), while no influence is observed on
secondary structure of poly(dA), poly(rU) and
poly(dT). We have also found that increase of

magnesium concentration in poly(rA) solutions
induce an aggregationycondensation process.
Other polynucleotides, poly(dA), poly(rU) and
poly(dT), do not undergo a transition to any
condensed form in the presence or absence of
magnesium ions under present experimental
conditions.

From acoustic and density measurements the
volume and compressibility effects of Mg bind-2q

ing to the polynucleotides have been calculated.
For both parameters positive changes are observed,
which is interpreted in terms of dehydration of
magnesium ions and atomic groups of the poly-
nucleotides. Random-coiled poly(rU) and
poly(dT) are characterized by similar dehydration
effects corresponding to two direct contacts. The
highest dehydration effects, corresponding to inner-
sphere complex are observed for Mg binding to2q

poly(rA). The hydration effects of Mg binding2q

to poly(dA) are negligible, indicating mostly a
delocalized binding mode.

2. Experimental section

2.1. Materials

All polynucleotides, poly(rA) (450 KDa),
poly(rU) (1300 KDa), poly(dA) (420 KDa) and
poly(dT) (1400 KDa) were obtained from Sigma.
The polynucleotides were converted into sodium
salts by dissolving in 100 mM NaCl, 5 mM EDTA,
pH 8 and dialyzed against the final buffer(2 mM
Na–Hepes, pH 7.5) for 3–4 days at 48C. The
concentration of the polynucleotides was deter-
mined optically using the molar extinction coeffi-
cients in M cm of nucleotide units:́ sy1 y1

257

10 700 for poly(rA), ´ s9100 for poly(rU),260

´ s8600 for poly(dA) and ´ s8700 for257 265

poly(dT). The concentrations were determined in
100 mM NaCl, 10 mM Na–Hepes, pH 7.5 at 20
8C. Analytical grade salts were purchased from
Fisher and Merck. The amounts of water in the
solid salts were determined by measuring ultrason-
ic velocities in the aqueous solutions at 258C and
then comparing to literature dataw24x. The salt
solutions were prepared using the same buffer. No
significant differences in pH of the polynucleotide
solutions before and after binding were observed.
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Table 1
Mg binding parameters obtained from the acoustic titration2q

curves

Polynucleotide n K=10y4

(M )y1

Poly(rA) 0.26"0.04 1.8"0.4
Poly(rU) 0.20"0.03 0.7"0.2
Poly(dT) 0.23"0.03 1.1"0.2

All experiments were conducted in 2 mM Na–
Hepes, pH 7.5 at 208C.

2.2. Optical studies

All UV absorption experiments were conducted
on a GBC 918 spectrophotometer equipped with
thermoelectrically controlled six-cell holder.
Absorbance vs. temperature profiles(melting
curves) were measured at either 257, 260 or 320
nm. The temperature was scanned at a heating rate
of 0.5 8C per minute. CD spectra were obtained
with a JASCO J710 spectropolarimeter equipped
with a water-jacketed cuvette holder. Quartz cells
with 0.05- and 1-cm path lengths were used in all
studies. The optical titrations were performed by
adding salt solutions to polynucleotide solutions in
the cuvette. Stirring was carried out directly in the
cuvette using a vibrating bar.

2.3. Centrifugation study of polynucleotide
aggregation

The polynucleotide solutions of 0.4 ml volume
(0.1 mM per nucleotide) were mixed with the
appropriate amount of MgCl solution, and made2

up to 0.65 ml with the buffer in microcentrifuge
tubes. After vortexing and incubation at ambient
temperature, the mixtures were centrifuged for 10
min at 14 000 rev.ymin. The supernatant(0.5 ml)
was carefully transferred into 1-cm cuvette and the
remaining amount of nucleic acids were deter-
mined by absorbance measurements on a GBC
918 spectrophotometer at 208C.

2.4. Ultrasound velocity measurements

Relative ultrasound velocity was measured by
the resonator techniquew25–27x. The molar incre-
ment of ultrasonic velocity,A, was calculated using
the equation:

As(UyU )y(U C) (1)o o

where U and U are the ultrasound velocities ino

the solution and solvent, respectively; andC is the
molar concentration of the polynucleotides per

nucleotide. The change of molar increment of
ultrasound velocity,DA, accompanying the inter-
action of cations with the polynucleotides was
calculated using the equation:

DAsAyA (2)o

where A is the molar increment of ultrasound
velocity of the polynucleotideqcation solution
relative to bufferqcation and A is the molaro

increment of ultrasound velocity of polynucleotide
solution relative to buffer.DA values per mole of
phosphate have been obtained from the ultrasound
titration curves atwMg xywPxs0.44. DA values2q

per mole of cations have been calculated in two
separate ways:(i) from the initial points of the
titration curves; andyor (ii) multiplying number of
binding sites,n, from Table 1 on theDA values
per mole of phosphates; for poly(dA) ns0.5 have
been used.

2.5. Density measurements

The density of solutions was measured with
DMA 602 and 5000 densimeters(Anton Paar).
The molar apparent volume was calculated using
the equationw28x:

FVsMyr y(ryr )y(r C) (3)o o o

wherer andr are the density of the solvent ando

solution, respectively; andM is the molecular mass
of the polynucleotides per nucleotide unit. The
volume changes,DV, accompanying cation inter-
action with the polynucleotides were calculated
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Fig. 1. Optical titration of poly(rA) with Mg in 2 mM Na–Hepes, pH 7.5 at 208C. The concentration of the polynucleotides2q

was 2.4 mM per phosphate.

using the equation:

DVsFVyFV (4)o

whereFV is the apparent molar volume of poly-
nucleotideqcation solution relative to bufferq
cation, andFV is the apparent molar volume ofo

a polynucleotide solution relative to buffer. The
volume effects of binding were measured as batch
experiments mixing certain amounts of polynu-
cleo-
tide and salt solutions on the balance.

2.6. Calculation of the change in apparent molar
adiabatic compressibility

The apparent molar adiabatic compressibility,
Dk , was determined as a function of changes inS

the increment of ultrasonic velocity and apparent
molar volumew29,30x:

Dk s2b (DFVyDA) (5)S o

where b is the adiabatic compressibility coeffi-o

cient of the solvent. The value ofb was calculatedo

from our data on density,r , and the ultrasonico

velocity, U , in the solvent using the equation:
o

2 y1b s(r U ) (6)o o o

3. Results and discussion

3.1. Effects of Mg on the secondary structure of2q

the polynucleotides

No effects were seen arising in UV or CD
spectra of poly(dA), poly(dT) and poly(rU) from
magnesium chloride(data not shown). However,
both optical techniques detect some stabilization
effect on the poly(rA) single-helix. Fig. 1 shows
optical absorbance of poly(rA) at 257 and 320 nm
as a function of the concentration ratio,wMg xy2q

wPx. The latter wavelength has been used for
monitoring the condensationyaggregation process
that can accompany multivalent cation binding to
nucleic acids. At the initial stage of binding, up to
wMg xywPxs0.3, Mg induces a slight decrease2q 2q

in absorption at 257 nm, approximately 4%. This
result demonstrates that additional base stacking
takes place in single-stranded helical structure of
poly(rA). Similarly, CD titration of poly(rA) by
Mg showed an increase of the signal at both2q

positive (264 nm) and negative(249 nm) peaks
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Fig. 2. UV melting profiles of poly(dA) (a) and poly(rA) (b)
without Mg (filled circles), with 1 mM Mg (open circles)2q 2q

and with 4 mM Mg (triangles). The concentration of the2q

polynucleotides was 0.10 mM per phosphate. In the case of
poly(rA), melting curves with Mg have been relocated for2q

clarity.

by ;10% (data not shown) also indicating a
stabilization effect. Total unfolding of the single-
helical structure of poly(rA) is accompanied by
;25% increase in UV signal at 257 nm(Fig. 2b)
and ;80% drop of CD signal at 264 nmw31x.
Thus, 4% decrease in UV and 10% increase of

CD signals in our experiments agree well with
each other and correspond to 10–15% of total
folding effect of single-helical structure of
poly(rA).

After wMg xywPxs0.5, the absorbance at 2572q

nm drops(Fig. 1), accompanied by increase in
absorption at 320 nm; this corresponds to aggre-
gation andyor precipitation of Mg -poly(rA). No2q

aggregation was observed for the other polynucleo-
tides under the same experimental conditions.

3.2. UV melting curves

Fig. 2 shows the thermal unfolding profiles of
poly(dA) and poly(rA) single helices with and
without magnesium ions. The presence of magne-
sium ions has little influence on melting behavior
of poly(dA). The only observable effect is the
decrease of the overall hyperchromic effect with
increasing Mg concentration, which can be2q

explained by non-specific electrostatic stabilization
of the single-helical structure by the divalent cati-
ons. In poly(rA) solutions, the stabilization effect
of Mg is profound: the melting curves are2q

shifted to higher temperatures(by 7 8C). In addi-
tion, the curves with magnesium ions exhibit
complicated shapes(Fig. 2b). For instance, at 4
mM concentration of magnesium ions, one can
clearly see some transition process at approximate-
ly 40 8C, which levels off at approximately 708C.
A further increase of temperature is again accom-
panied by an increase inA . Additional experi-257

ments revealed that the melting profiles are
perturbed by condensation of poly(rA) in the
presence of magnesium ions: the effects at 257
nm are accurately accompanied by changes at 320
nm (Fig. 3). Both heating and magnesium ions
favor the aggregation process: at higher concentra-
tions of Mg lower temperature is needed to2q

initiate the aggregation process. For instance, at
1.0 mM, Mg aggregation starts after 558C,2q

while at 8.1 mM is approximately 258C (Fig. 3).
At all three Mg concentrations, a further2q

increase in temperature results in the dropping of
A value to zero level indicating resolubilization320

of poly(rA) molecules. In the presence of 1.0 mM
Mg this happens at approximately 808C, and at2q

higher concentrations at approximately 958C (Fig.
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Fig. 3. UV melting curves of poly(rA) with different concen-
tration of Mg at 257 and 320 nm. The concentration of2q

poly(rA) was 0.10 mM per phosphate. The melting curves at
257 nm have been relocated to zero level for clarity. Note
simultaneous changes at both wavelengths due to aggregation
and resolubilization of poly(rA).

3). Heat-induced aggregation of DNA was
observed earlier in presence of different cations,
including Mg , however, at significantly higher2q

temperature and concentrationsw32x.
No aggregation was seen for poly(rA) in the

absence of magnesium ions, or in the absence or
presence of similar amounts of Mg in poly(dA),2q

poly(dT) and poly(rU) solutions(data not shown).
A comprehensive study of the condensation and
the resolubilization process, and its dependence on
temperature, is beyond the objective of the present
paper. We would only like to emphasize here that
for the heat-induced condensation of poly(rA)
some particular interaction with Mg is required,2q

which is absent in the case of poly(dA), poly(dT)
or poly(rU).

3.3. Precipitation curves

Fig. 4 demonstrates the effect of Mg ions on
the precipitation of the polynucleotides. The pres-
ence of Mg ions has no visible effect on precipi-
tation of poly(dA), poly(dT) and poly(rU) up to
physiologically unreasonably high concentration of
the cation,;1 M. In contrast, the precipitation of
poly(rA) molecule starts at around physiological
concentrations of magnesium ions, 0.015 M.
Approximately 0.030 M of magnesium ions almost
all poly(rA) is collapsed, and a further increase in
magnesium concentration does not induce resolu-
bilization of the nucleic acid, which is character-
istic for highly charged condensing agents, such
as spermine and spermidinew33x.

3.4. Acoustic titration curves

In the acoustic experiments, the sodium salts of
the polynucleotides have been titrated by magne-
sium chloride(Fig. 5). The shapes of all curves
are similar: increasing the titrant concentration is
accompanied by a decrease in increment of ultra-
sound velocity, which is the result of the hydration
effects of binding w14,16–19x. No significant
changes inDA value are observed afterwMg xy2q

wPxf0.4. This indicates the saturation of the poly-
nucleotides by Mg or further interaction without2q

detectable hydration effects. The hydration effects
of the binding will be discussed in the forthcoming
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Fig. 4. Precipitation of poly(rA) (filled circles), poly(dA) (open circles), poly(rU) (triangles) and poly(dT) (squares) by Mg ions
in 2 mM Na–Hepes, pH 7.5 at 208C. The concentration of the polynucleotides was 0.08–0.1 mM phosphate.

sections. In the present section, only binding par-
ameters obtained from acoustic experiments are
discussed.

Similar to calorimetric or optical titrations, the
ultrasonic titrations can be considered as binding
isotherms and one can estimate the binding para-
meters: number of binding sites,n, and binding
constants,K. It was found that a simple model
with a single type of non-cooperative binding sites
accurately describes the acoustic titration curves.
The model is described elsewherew17,18x. The
solid lines in Fig. 5 are results of the non-linear
fitting based on this model. The obtainedn andK
values are collected in Table 1. For poly(dA)
molecule, the fitting revealed physically unreason-
able values because of insignificant changes in the
increment of ultrasound velocity and, therefore,
are not listed in Table 1.

The number of binding sites per phosphate is
between 0.20 and 0.26. They are well below of
ns0.5, which is expected from a simple charge
compensation. However, similarly small values of
n were obtained earlier. For instance, potentiomet-
ric studies on Mg binding to poly(rA) and2q

poly(rU) showedns0.3 w34x. Porschkew35x in
his photometric experiments also revealedns
0.19–0.29 for different divalent cations and poly-
ribonucleotides. Our binding constants are in the

range of (0.7–1.8)=10 M (Table 1), which4 y1

are also in good agreement with earlier measured
valuesw34,35x.

3.5. Molecular interpretation of volume and com-
pressibility effects

For a dilute solution the molecular interpreta-
tions of the apparent molar volume,FV, and the
apparent molar adiabatic compressibility,Fk , areS

based on the following simple relationshipsw36x:

FVsV qDV (7)m h

Fk sk qDk (8)S m h

whereV and K are the intrinsic molar volumesm m

of a solute molecule that is inaccessible to the
surrounding solvent, and the intrinsic molar com-
pressibility of this volume, respectively.DV rep-h

resents the hydration contribution and consists of
the volume change of water around the solute
molecule as a result of the solute–water interac-
tions, and the void volume between the solute
molecule and the surrounding water.Dk is theh

hydration contribution to the apparent molar adia-
batic compressibility, consisting of the changes in
the compressibility of water around the solute
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Fig. 5. Ultrasonic titration curves of the polynucleotides with
Mg in 2 mM Na–Hepes, pH 7.5 at 208C. Solid lines are2q

the result of non-linear three parameter fitting. The concentra-
tion of each polynucleotide was 2–2.5 mM per phosphate.

Table 2
Hydration effects of Mg binding to the polynucleotides cal-2q

culated per mole of the cation

Polynucleotide DV Dk =104
S

(cm mol )3 y1 (cm mol bar )3 y1 y1

Poly(rA) 29.6"3 79.9"7
31.9a 75.9a

Poly(rU) 14.8"3 39.5"6
Poly(dA)b 1.9"3 4.5"6
Poly(dT) 16.1"2 49.5"5

Corrected for stacking contribution(see text).a

For poly(dA) the values are calculated usingns0.5.b

molecule and the compressibility of the voids
between the solute molecules and the surrounding
water. Overall, volume and compressibility effects
of cation binding to the polynucleotides,DV and
Dk , can be expressed as:S

DVsDV qDDV (9)m h,b

Dk sDk qDDk (10)S m h,b

where DV and Dk are the effects on intrinsicm m

molar volume and intrinsic molar adiabatic com-
pressibility, respectively, due to structural changes
of the polynucleotides andDDV andDDk areh,b h,b

the hydration effects of the binding process. Thus,
to get net effect of the binding process one should
estimateDV andDk terms in Eqs.(9) and(10).m m

Since no structural perturbations of poly(dA),
poly(dT) and poly(rU) have been observed,DVm

andDk terms for these polynucleotides are equalm

to zero. As it was shown earlier, in the case of
poly(rA) we see 10–15% stabilization effect or,
in other words, improved stacking interactions

between adenine bases. It appears that the stabili-
zation effect cannot contribute significantly in the
volume and compressibility effects. The stacking
interactions between purine bases decrease volume
by 4 cm mol and increase compressibility by3 y1

7=10 cm mol bar w37x. Table 2 showsy4 3 y1 y1

volume and compressibility effects of poly(rA)q
Mg before and after correction.2q

The volume and compressibility effects in our
experiments is the result of exchange of monova-
lent sodium ions for divalent magnesium in ionic
atmosphere of the polynucleotides. However, the
hydration contribution from release of sodium ions
is considered negligible, due to the fact that mono-
valent cations maintain a full hydration shell in
the ionic atmosphere of nucleic acidsw1x.

In the present work, ultrasonic and density
experiments on Mg binding to the polynucleo-2q

tides are accompanied by 10% dilution of the
polynucleotide solution, and the aggregation of
poly(rA). It is important to see whether these
processes alter the hydration parameters. The con-
centration dependence ofA of poly(rA) were
examined and no effects were seen between 1 and
5 mM phosphate(data not shown). This is in very
good agreement with earlier measurements on calf
thymus DNA, which did not show any concentra-
tion dependence between 0.2 and 13 mM phos-
phatew17x. As one can see from Fig. 1, performed
at high concentration of poly(rA) (2.4 mM phos-
phate), aggregation starts only afterwMg xywPxs2q

0.5, while ultrasonic and density values are col-
lected before this point.
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3.6. Dehydration effects and binding modes

Volume and compressibility effects of Mg2q

interaction with all polynucleotides are positive
(Table 2). The interaction is accompanied by
overlapping the hydration shells of the interacting
molecules (Mg ions and atomic groups of the
polynucleotides) and thereby releasing water mol-
ecules to the bulk state.

The hydration contributions to the apparent
molar volume and apparent molar adiabatic com-
pressibility are mainly determined by the first
coordination layer of water around solute mole-
culesw38,39x. Therefore, if adding Mg to nucleic2q

acid solution is not accompanied by visible volume
and compressibility effects, the interaction can be
interpreted in terms of delocalized mode. A good
example of such binding is poly(dA)qMg ,2q

which is characterized by small dehydration
effects, less than the experimental uncertainties
(Table 2). Thus, in poly(dA)qMg system both2q

interacting molecules keep intact most of their
hydration shells and binding attributed to diffuse
type or delocalized mode. However, it must be
recognized that the small dehydration effects can
be indicative of a fraction of outer-sphere binding.

For quantitative analysis of the dehydration
effects of poly(rA), poly(rU) and poly(dT) (see
Table 2), one should estimate volume and com-
pressibility effects of a coordination bond, or
dehydration effect due to replacement of a water
molecule from its first hydration shell by a ligand
group of the polynucleotides. These values can be
estimated from the overall hydration parameters of
magnesium ion and peripheral atomic groups of
the nucleic acids. The values for Mg arey33.42q

cm mol andy63.4=10 cm mol bar ,3 y1 y4 3 y1 y1

respectivelyw40x. Keeping in mind that the hydra-
tion number of cations is usually equal to the total
coordination number in cation–chelator complexes
w41,42x, replacement of hydrated water molecules
by another ligand(a direct contact) will cause an
increase in volume and compressibility by 5.6
cm mol and 10.6=10 cm mol bar ,3 y1 y4 3 y1 y1

respectively. Note positive signs of the parameters
due to release of water molecules from hydration
shells. Similar or somewhat less dehydration
effects are expected from atomic groups of nucleic

acids w43x. Thus, one direct contact should cause
increase in volume and compressibility not more
than 11 cm mol and 21=10 cm mol3 y1 y4 3 y1

bar , respectively.y1

More precise estimation can be done from vol-
ume and compressibility effects of Mg binding2q

to a chelator with well-characterized structural
properties. An example is ethylenediaminetetraa-
cetic acid(EDTA), which has six atomic groups
involved in coordination to magnesium ion: four
negatively charged oxygens and two polar nitro-
gensw41x. The use of EDTA as a model system4y

is well justified. Its ligand groups are similar to
peripheral residues of the nucleic acids, phosphate
oxygens and nucleic base nitrogens, which are the
most plausible binding sites for divalent cations
w20,44–50x. Binding of Mg to EDTA leads2q 4y

to compressibility and volume effects of
131.1=10 cm mol bar and 46.6 cmy4 3 y1 y1 3

mol , respectivelyw51x. Keeping in mind that sixy1

atomic groups of EDTA are involved in Mg4y 2q

chelaton, dehydration effects of one direct contact
will be equal to 8 cm mol and 22=10 cm3 y1 y4 3

mol bar , respectively. Thus, dehydrationy1 y1

effects less than these values should correspond to
outer-sphere complex. However, the dehydration
effects of Mg binding to poly(rA), poly(rU)2q

and poly(dT) (see Table 2) are significantly higher
than dehydration effects of one direct contact,
indicating on inner-sphere complexes. In the case
of random-coiled poly(rU) and poly(dT), volume
and compressibility effects correspond to two
direct coordination, while the same parameters for
poly(rA) correspond to three–four direct contacts.

Porschkew52x in his relaxation studies by elec-
tric field jump techniques, found a slow relaxation
process, typical for inner-sphere complexes, for an
aqueous solution of oligo(rA) in the presence of
magnesium ions. However, the same technique
revealed outer-sphere complexes with poly(rA)
w5,35x. Melting studies also suggested direct coor-
dination of Mg to the ribosomal RNAw53x.2q

The present observations, with exception of
poly(rA), can be explained by flexibility of the
polynucleotide backbone. Due to base stacking
interactions, the ribose–phosphate backbone of
single-stranded polypurine molecules is known to
exhibit considerably more rigidity than that of
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polypyrimidines w54,55x. Larger dehydration
effects can be expected to occur for the polypyr-
imidine molecules with larger backbone flexibility,
allowing divalent magnesium ions to attract two
phosphate groups at sufficiently close distances to
create coordination bonds. Conversely, much
smaller dehydration effects would be expected for
polypurine(more rigid) molecules with unsuitably
large interphosphate distances. The experimental
data in Table 2, except for the Mg -poly(rA)2q

system, bear out this expectation. Mg binding2q

to unstacked polypyrimidines, poly(rU) and
poly(dT), is accompanied by dehydration effects
corresponding to two direct contacts, while rigid
poly(dA) with interphosphate distance of 7 A is20˚
not favorable for such binding. Similarly, one
should not expect significant dehydration effects
from Mg binding to the polyribopurine mole-2q

cule, poly(rA). Nevertheless, it shows unusually
high dehydration effects(Table 2). A similar
picture was observed in an earlier study of Mg2q

binding to single-stranded ribo and deoxy oligo-
mers with different purine–pyrimidine composi-
tion and, consequently, different flexibilityw16x.
The dehydration effect of Mg binding to the2q

flexible deoxy oligomer was twice as high as that
of the less flexible complementary deoxy strand,
while for the ribo analogs the opposite effect was
observed: the most rigid oligomer showed the
largest dehydration effectsw16x. Thus, the dehy-
dration effects of the binding indicate specific
binding of Mg to nucleic bases of poly(rA).2q
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