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Abstract

The Poisson Boltzmann(PB) cell model of polyelectrolyte solution has been used for calculation of the electrostatic
free energy difference,DG , between double- and single-stranded DNA. The calculations have been performed forel

conditions relevant to describe the DNA helix-coil transition in NaCl solution in the presence of the natural
polyamines putrescine , spermidine , spermine and their synthetic homologs with different spacing between the2q 3q 4q

charged amino groups, for which experimental values of the DNA ‘melting’ transition temperature(T ) are available.m

Using the PB theory and the polyamine ion radius as an adjusting parameter provides quantitative agreement between
experimental and theoreticalT —salt concentration dependencies only by using physically unreasonable radii for them

polyamine. Thus, modeling the linear and flexible polyamines as charged spheres within the PB cell model is an
implausible oversimplification. We propose another explanation for the experimental observations, still within the
frame of the ‘primitive’ PB polyelectrolyte theory. This explanation is based on an analysis of theDG dependenceel

on the stoichiometry of polyamine-polyanion binding to double- and single-stranded DNA.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

This work continues a seriesw1,2x of papers
devoted to the application of polyelectrolyte theo-
ries for analysis of thermally induced(‘melting’)
structural transitions in polynucleotides. In the
preceding papers, we proposed an approach to the
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description of helix-coil transitions of polynucleo-
tides, which is based on numerical calculations of
the difference between the electrostatic free energy
(DG ) of double helix and single strand forms ofel

DNA. The calculations ofDG allowed us to useel

experimental values of the transition midpoint
temperature(T ) for evaluation of the salt inde-m

pendent non-electrostatic contribution to the free
energy, enthalpy, entropy, and heat capacity chang-
es of the helix-coil transition. As a result, our
method avoids using thermodynamic parameters
of the structural transition, namely melting enthal-
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Fig. 1. Natural polyamines and synthetic homologs of
spermidine used by Thomas and Bloomfieldw14x in studying3q

DNA helix-coil transition.

py, entropy, and heat capacity, from calorimetric
experiments. On the contrary, we could use calo-
rimetry data for verification of the model and, in
previous worksw1,2x, we have found good agree-
ment between experiment and theory for thermo-
dynamic parameters of structural transitions of
DNA and RNA in the presence of monovalent
salt. Additionally, unlike earlier theoretical analysis
which has been limited to the description of salt
dependence ofT vs. concentration of monovalentm

cations, we have extended the application of our
method to the analysis of structural transitions in
DNA w1x and synthetic RNAw2x polynucleotides
in the presence of both M (MsK or Na) andq

the divalent (Mg ) cations. For this kind of2q

system, experimental data have shown an anoma-
lous destabilization of the double helix of DNA
w5–7x or double- or triple-helical polyribonucleo-
tides w8,9x upon addition of MCl. Earlier, attempts
have been made to use counterion condensation
(CC) theory to account for this phenomenon which
resulted in only qualitative explanation of the
experimental curvesw10–13x. In the work w1x, we
have shown that the PB cell model gives satisfac-
tory quantitative agreement with some deviations
between the theoretical and experimental curves
that can be reasonably explained by the influence
of non-electrostatic component of Mg –DNA2q

interactions. Moreover, the PB polyelectrolyte the-
ory allowed tracing the difference between DNA
and RNA in interactions with Mg w2x.2q

In the present work, we continue testing the PB
cell model and apply it to the experimental data
w14x on the DNA melting in the presence of Naq

and oligocationic organic polyamine ligands. We
study the natural aliphatic polyamines
putrescine , spermidine , spermine as well as2q 3q 4q

synthetic homologs of spermidine with variable3q

number of methylene groups between the central
and one of the terminal amino groups of the
triamine (Fig. 1). Experimental work by Thomas
and Bloomfieldw14x reported not only a decrease
of the melting temperature of DNA upon addition
of MCl (which is similar to the DNAw5–7x and
RNA w8,9x melting behavior in the presence of
Mg ), but also noticed an unusual dependence2q

of T in the presence of spermidine and its3q
m

homologs. It was found that that in the presence

of the most densely charged triamines, 3–2 and
3–3, double stranded(ds) DNA is less stable than
in the presence of the homologs with longer
distance between charged amino groups(see Fig.
1 for definition of the notions for the
spermidine analogs). At fixed Na concentra-3q q

tion below 100 mM, the values ofT increase inm

the series 3–2)3–3)3–4 (spermidine ))3–53q

with small changes inT for the higher homologsm

(from 3–6 to 3–8). This finding is counterintui-
tive, since it is expected that the densely charged
ligands L would interact with the ds-DNA moreZq

strongly than with the denatured single stranded
(ss) form, thus increasing the stability of the native
DNA to a larger extent than similar ligands with
larger distance between the charged groups.

Here we shall show that the PB theory can
enable quantitative agreement between experimen-
tal and theoreticalT –salt concentration depend-m

encies by using the polyamine ion radius as
adjusting parameter. However, the resulting values
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Table 1
Parameters of DNA and mobile ions used in calculations

Polyion charge Polyion radius,
density Å
(b), eyÅ

Double stranded DNA 1.7 9.5
Single stranded DNA 3.4 7

Radii of mobile ions, A˚
Na (2.0)q Cl (2.0)y L (1–5)Zq

of the fitted polyamine radii appears to be in
principal contradiction with the observed trend in
the experimental data: While experiment shows
increasing stabilization of the DNA double helix
with the increase of charge–charge distance in a
polyamine, determined in the PB model, the ‘opti-
mal’ values of polyamine radii have to be
decreased with the size of the polyamine ion, in
order to improve agreement between theoretical
and experimental values ofT . Thus, modelingm

the linear and flexible polyamines as charged
spheres is an implausible oversimplification within
the PB cell model. We propose another explanation
for the experimental observations, still within the
frame of the ‘primitive’ PB polyelectrolyte theory.
This explanation is based on an analysis of the
dependence ofDG on the stoichiometry of theel

polyamine binding to double-helical and single-
stranded DNA.

2. Methods

2.1. Calculation of thermodynamic functions

The thermodynamic approach and computation-
al methods were described in detail in our previous
papersw1,2x. Below, a brief account of our method
underlining some differences in the technique we
use in this work compared to the previous
publications, is given.

The change in free energy of DNA melting
(DG ) is described as a sum of two terms, elec-m

trostatic, DG , and non-electrostatic,DG .el nel

Assuming DV s0, DG sDE yTØDS whereel el el el

DE includes the electrostatic energy changeel

(DE sE yE ) and DS is change in the elec-el el el el
d n

trostatic entropy(DS sS yS ), indicesd and nel el el
d n

are for denatured, single-stranded(ss) and native,
double-stranded(ds) DNA states. We use the
Poisson Boltzmann(PB) cylindrical cell model
w15–19x for calculation of the terms contributing
to DG .el

In the PB model, the solvent is treated as
continuum with a constant dielectric permittivity,
which depends only on temperature. The polyions
are approximated as infinitely long and uniformly
charged cylinders of radiusa with unit charge
spacing b. For the ds- and ss-DNA, we use

structural values successfully applied in the previ-
ous work w1,4x and listed in Table 1. The small
mobile ions(including ligands L ) are treated asZq

impenetrable hard spheres with radii close to those
determined for Na and Cl w20,21x and usingq y

the radius of the polyamine cation L as anZq

adjustable parameter(see Table 1). In the PB
approach, the radii of the counterions and coions
determine only the distance of closest approach of
the small ions to the polyion, and do not produce
any excluded volume effects near the surface of
the cylindrical polyion.

The electrostatic internal energy per charged
group of the polyelectrolyte, associated with intro-
ducing a polyion in the system, is calculated,
within the mean field theory, by(see, e.g.w22x):

R1 1el Z Z w xE ykTsy c a q 2px Z r x C x dx (1)Ž . Ž . Ž .a a| 82 2 a a

The electrostatic entropy contribution due to
redistribution of ions around the charged cylinder
is given by:

w zB ER r xŽ .a
el C Fx |S syk b 2px r x ln dx (2)Ž .B 0 a| 8 0

D GCy ~aa a

In Eqs. (1) and (2), c(x)sef(x)ykT is the
reduced electrostatic potential;a is a radius of
cylindrical polyion;R is the radius of the cylindri-
cal cell occupied by a polyion and defined by the
polyion concentration;r (x)sC ØexpwyZ c(x)x0

a a a

is the charge density function ofa-species of ions
with C being the concentration ofa ions at the0

a

at the outer cell boundary(xsR) where c(x) is
defined to be zero;b se y(´kT) is so-called2

0
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Bjerrum length. Values ofC and electrostatic0
a

potentialc(x) as a function of coordinate can be
easily calculated by iteration procedure for the
given parameters of the polyion and concentration
of species allowing determination electrostatic and
entropy components of free energy by Eqs.(1)
and(2).

The magnitude of the non-electrostatic term,
DG , is assumed to be independent of composi-nel

tion of the solution due to addition of salt. The
temperature dependence ofDG can be writtennel

as equation:

nel nel nelDG (T)sDH (T ) yTØDS (T )o o
nel w xqDC Ø TyT yTØln(TyT ) (3)p o o

Here DH , DS , and DC are changes ofnel nel nel
p

non-electrostatic enthalpy, entropy, and heat capac-
ity respectively, andT is an arbitrary ‘standard’o

temperature(we have chosenT s298.15, ando

approximateDC as a constant independent ofnel
p

temperature).
The termDG mainly represents the change ofnel

internal molecular properties of DNA during melt-
ing (i.e. DG accounts for changes in hydrogennel

bonding, stacking interactions, internal motions,
changes in hydration of bases, sugar and phosphate
residues). It has been concludedw1,2x that the
influence of alkali cations like Na or K on theq q

thermodynamic parameters of polynucleotide tran-
sitions can be effectively calculated with the rather
simple PB polyelectrolyte theory with all approx-
imations that are inherent in this treatment. More
subtle features of the ionic interactions do not
seem to influence the helix coil transition charac-
teristics noticeably(otherwise we would receive
dependence ofDG on C ). These contributionsnel

Na

are either small enough or, most likely, they
balance each other in solutions of ds- and ss-DNA.

We use the following way to analyze the DNA
melting in the presence of polyamines:

1. As in the previous workw1,2x we make use of
the fact thatDG syDG at the middle ofnel el

transition, and determine the temperature
dependence ofDG (T) in Eq. (3) from calcu-nel

lated values ofDG (T )sf(T ,C ,C ) in theel
m m M P

absence of L and from experimental valuesZq

of T at the same concentration of M andq
m

DNA. Since experimental conditions used in
DNA melting studies vary from laboratory to
laboratoryw23x, it is desirable to useT valuesm

obtained in the absence of L determined forZq

the same sample and under similar experimental
conditions as the results found in the presence
of L . The workw14x however, does not reportZq

these data. Therefore, we have applied an empir-
ical formula proposed for the dependence of
T on. logC at different GC contents andm M

based on numerous experiments with DNA from
different sourcesw23,24x:

T skØlogC q0.41ØX q81.5 (4)m M GC

For the calf thymus DNA used in ref.w14x, the
value of the GC-pair contentX s0.41, andGC

ks17.5 8C (this value ofk is believed to be
most reliablew23x). The fitted parameter values
of non-electrostatic free energy term in Eq.(3)
are the following:DH s13.9 kJymol, DS snel nel

31.3 Jy(molØK), andDC s170 Jy(molØK).nel
p

2. Next we calculate the total free energy change
DG (T, C , C , C )sDG (T, C , C , C )qel

m Na L P Na L P

DG (T) in the presence of L ions. Settingnel Zq

DG s0, we find the concentration dependencem

of the melting temperatureT sT (C , C ,m m Na L

C ). We then plot theoretical curves ofT vs.P m

logC that can be compared with those deter-Na

mined experimentally in the presence of L .Zq

Thus, any observed differences between exper-
imental and calculated values ofT can be eitherm

a measure of the reliability of the theoretical
description, or it may be directly connected with
salt effects on the non-electrostatic free energy in
Eq. (3), e.g. due to the formation of hydrogen
bonds between the DNA and polyamines, changes
of hydration of DNA and L , and other non-Zq

electrostatic contributions. Within the ‘primitive’
PB cell model, used in this work the only possi-
bility to take into account the change in structure
of the charged ligand L is to vary the radiusZq

(more precisely, the closest distance between the
ligand and the polyion axis,aqs). We conse-
quently uses as an adjustable parameter chang-L

ing it between 1 and 5 A in calculation of the˚
DG values.el
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Fig. 2. Comparison of experimental data with the PB theory
predictions of theT values of DNA helix-coil transition inm

the presence of polyamines and Na -ions. Experimentalq

dependencies(thick lines with points) for putrescine ,2q

(Put ), spermidine ,(Spd ), and spermine ,(Spm ),2q 3q 3q 4q 4q

were taken from ref.w14x (Fig. 2 of the cited paper;C s0.04P

mM, rsC yC s0.5). Theoretical curves were calculated forL P

the ligand charge indicated in the graph and radius equal to 2
A (thin solid lines) or 3 A (thin dotted lines).˚ ˚

Structural parameters of DNA and mobile ions
used in the PB calculations are listed in Table 1.
In a number of worksw1,3,4,25x, it has been shown
that this set of structural parameters give the best
agreement between experimental data and the
results of PB theory.

3. Results and discussion

3.1. Variation of the theoretical T values with them

charge and radius of the ligand LZq

In agreement with results of the previous work
w1,2x, the functionDg sDG yRT displays a clearel el

independence on the temperature in the range 20–
100 8C for all values of the parameters both in the
absence and in the presence of the polyamines
(data not shown).

We assume in this work that the melting of
DNA is a first order phase transition between two
states, which means that the cooperative unit in
the process is equal to the full polynucleotide
molecule. If this assumption does not hold and
redistribution of ions between different structural
forms of a polyion can proceed during the transi-
tion, this would influence the calculation of the
theoreticalT curvesw16,17,26,27x. This exchangem

of ions may be of importance for small values of
the ratiorsC yC and its influence on the DNAL P

melting parameters has been analyzed in our pre-
vious work w1,2x. Under the conditions applied in
the work w14x, the polyamines were present in
excess over the phosphate groups of DNA for the
majority of the experimental data. Solution of the
PB equation shows that when the ligand L isZq

presents in excess, conditions which could lead to
redistribution of the polyamines between ds- and
ss-DNA within the interval of the structural tran-
sition (different concentration of L at the cellZq

borders andyor absence of the saturation with the
ligand at the surface of the polyion), are not
present(data not shown).

In our previous workw1x we compared abilities
of different polyelectrolyte theories to explain an
anomalous behavior of melting temperature of
DNA on Na concentration in the presence ofq

Mg (addition of NaCl leads to the decrease of2q

thermal stability of ds-DNA). We found that the

PB theory correctly predicts the position of the
minima in the T –logC dependences. The PBm Na

theory also describe reasonably well the magnitude
of the Mg stabilization of the DNA double helix2q

and its dependence on Mg , DNA and Na2q q

concentrations. This good agreement between
experimental data and theoretical predictions was
observed with the assumption of delocalized purely
electrostatic binding of ‘bulk’ hydrated Mg2q

(s s3 A) and Na (s s2 A) with ds- andq
Mg Na

˚ ˚
ss-DNA approximated as uniformly charged cyl-
inders. Observed differences between experimental
and theoretical T values can be reasonablym

explained by the expected and relatively small
non-electrostatic contribution due to preferential
Mg binding to the ds-DNA.2q

In Fig. 2, experimental data for the DNA melt-
ing in the presence of putrscine , spermidine ,2q 3q

and spermine (sold lines with points) are com-4q

pared with the theoretical values(thin curves)
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Fig. 3. Salt dependence of melting temperature of DNA in the
presence of spermidine homologs. Experimental data were tak-
en from ref. 14(Figs. 1 and 3 of the cited paper;C s0.04P

mM, rsC yC s1.0). (a) All polyamines have a chargeq3L P

and a 1,3-diaminopropane group with varied number of meth-
ylene groups between central and second terminal amino group
(numbers of the CH -groups are shown in figure). Points2

obtained for natural polyamine, Spd , are connected by a sol-3q

id line. Theoretical curves(thin lines) were calculated for the
L radius indicated near the lines.(b) Similar as(a) but the3q

experimental results for only three shortest spermidine homo-
logs are shown. Additionally, experimental(Put , empty cir-2q

cles with solid line) and theoretical(thin line, L radius is 22q

A) data on DNA melting in the presence of divalent cations˚
are shown.

obtained from the solution of the PB equation
according to the procedure described above. In
Fig. 3, the results obtained for the DNA melting
in the presence of spermidine homologs are3q

compared with the theoretical curves built for
different values of the radius of the cation L3q

used in the PB cell model as an adjustable
parameter.

Comparison of the experimentalT vs. logCm M

curves obtained for the DNA melting in the pres-
ence of Mg w7x and with similar experimental2q

data collected in the presence of the polyamines
w14x reveals the following features:

1. For the equally charged ligands, Mg and2q

putrescine , under similar conditions(equal2q

C and rsC yC s0.5 and 1.0), the ‘shallow’P L P

minimum on theT –logC curves is observedm Na

at similar Na concentration around logC fq
Na

y2.5%y1.8 being shifted to higherC atNa

rs1.0 compared to the data atrs0.5. The
values of T determined in the presence ofm

either Mg or putrescine are also reasonably2q 2q

close to each other(68–758C at the minimum)
provided the differences in DNA source and
experimental procedures.

2. Melting curves obtained in the presence of
spermidine and its homologs as well as3q

spermine also display decrease of theT4q
m

values upon addition of Na in the rangeq

logC from y2.6 toy1.2. For similarC andNa P

r, the ligands L and L show stronger3q 4q

stabilization of the ds-DNA(higher T ). Theym

also have minima in the curvesT vs. logCm Na

shifted towards higher salt concentration, com-
pared to the curves obtained for putrescine or2q

Mg .2q

3. DNA melting in the presence of spermidine3q

homologs reveals the following trend in theTm

dependence on the type of the triamine: at low
Na concentration, more densely chargedq

polyamines(3–2, 3–3) makes the ds-DNA less
resistant to the thermal denaturation compared
to the similar DNA solutions with added
spermidine and its high molecular weight3q

homologs from 3–5 to 3–8. This dependence
is quite unusual because one would expect that
the more densely charged ligand would bind to
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and stabilize the ds-DNA to a larger extent than
the polyamines with larger charge–charge sep-
arations which may be considered not as L3q

particles but rather as a(2q1) cation.

Comparison of the experimental and theoretical
curves in Fig. 2 shows that for the DNA melting
in the presence of spermine and spermidine4q 3q

one can obtain very good agreement between
measured and predicted values ofT applyingm

reasonable values of the radius for the ligand
L between 2 and 3 A with calculations of theZq ˚
DG values using Eqs.(1) and(2). The theoreticalel

curves reproduce both the absolute values ofTm

and position of minima of the experimental
dependences. For the DNA melting in the presence
of putrescine , similar values ofs do not give2q

L

agreement with the experiment: the PB theory
underestimates the stabilization influence of
putrescine on the ds-DNA. Use of a smaller and2q

rather unrealistic radius(s s1 A) for calculationL
˚

of DG , brings calculated values ofT closer toel
m

the experimental ones(not shown in Fig. 2), but
worsen the shape of theT vs. logC curve (them Na

minimum on the curve becomes deeper and is
shifted to the higher cation concentration, that is
not observed in the experimental dependence).

In Fig. 3a, experimental melting temperatures
of the DNA obtained in the presence of equimolar
amount of spermidine and its homologs from3q

3–2 to 3–8, atrsC yC s1.0, are compared withL P

theoretical curves calculated for different values of
s (2, 3 and 4 A). Values ofT are lowest forL m

˚
the lowest molecular weight triamines, and for the
most densely charged L , 3–2,T fall close to3q

m

the similar data obtained for the doubly charged
polyamine, putrescine ,(see Fig. 3b). This low2q

efficiency of the densely charged triamines in
stabilization of the ds-DNA cannot be explained
by a lower degree of protonation, which could
take place in the low molecular weight homologs
w14x. The authorsw14x proposed that this unusual
effect might be due to some favorable interactions
of the more densely charged polyamines with the
ss-DNA. However, this explanation has not been
developed further.

One can see that the PB theory allows reaching
quantitative agreement between experimental and

theoreticalT –salt concentration dependencies bym

using the polyamine ion radius as adjusting param-
eter. However, this fitting procedure is in principal
contradiction with the observed trend in the exper-
imental data: experiment shows increasing stabili-
zation of the DNA double helix with the increase
of charge–charge distance in a polyamine, whereas
in the PB model, one needs to decrease the size
of the polyamine ion in order to improve agree-
ment between the theoretical and experimental
values ofT . Thus, modeling the linear and flexi-m

ble polyamines as charged spheres is an implausi-
ble oversimplification within the PB cell model.

3.2. Possible explanation of T dependence on them

size of the polyamine cation

The above conclusion is that the polyamines,
which are thin flexible discretely-charged cations
cannot be approximated as charged spheres. There-
fore, one needs to use a more adequate model for
description of the polyamine binding to the poly-
anions. All-atom models of biopolymers systems
such as the model developed in the work by Sharp
and co-workersw28,29x or molecular dynamics
simulations of DNA interactions with polyamines
w30,31x would be the most suitable. However, it
seems that the present state of the theory is not
ready to be applied to the analysis of DNA thermal
transitions, since such features of the DNA as
single-stranded DNA interactions with cations or
the influence of temperature on the energetics of
DNA-ligand binding have so far not been devel-
oped to sufficient extent. Application of more
elaborated models for studying of the structural
transformation of polynucleotides is a task for
future work.

However, we will show below that the highly
simplified PB polyelectrolyte theory is still capable
to propose a qualitative explanation for the coun-
terintuitive dependence of the DNA melting tem-
perature on the charge–charge separation in
spermidine homologs(Fig. 3). To explain this
phenomenon, we analyze the case of non-stoichi-
ometric binding of the ligand L to the nativeZq

and denatured DNA polyions. Let us assume, that
under condition of the ligand L being in excessZq

(valid for the data in Fig. 3), that some part of



62 N. Korolev et al. / Biophysical Chemistry 104 (2003) 55–66

Fig. 4. Dependence of electrostatic energy of complex forma-
tion between DNA and cationic ligand,Dg , on the stoichi-el

ometry of ligand-polyion binding expressed as aNyZ ratio.
Thick and thin lines are respectively for native and denatured
DNA polyions; Na concentration from bottom to top: 1.44,q

12.7 and 113 mM. Other details are in the text.

the ligand L is tightly bound to the DNAZq

polyion (both native and denatured). The degree
of this tight binding depends on the ligand size,
namely a longer ligand occupies a larger part of
the DNA polyion compared to its homolog with
shorter separation between charged amino groups.
We use the following additional assumptions:(a)
the ligand L , having a fixed lengthl, is attachedZq

to a part of the DNA polyion carryingNslyb
negative charges;(b) binding of the ligand LZq

precludes further tight association of the remaining
ligands to the position already occupied;(c) bound
ligands occupy all the available place on both
single- and double-stranded DNA, so that after
formation of thewLØDNAx complex, the polyion
remains uniformly charged with a somewhat
reduced charge density(i.e. increased value of the
effective linear charge spacing,b ,) depending oneff

the length of the ligands: 1yb s1ybyZyl. Final-eff

ly, we assume that the distribution of the remaining
(non-bound) ligands, as well as the monovalent
salt, can be described within the same Poisson–
Boltzmann model as before.

Now we analyze the change of the electrostatic
free energy(DG ) associated with the changeel

LØDNA

in the polyion–monovalent ion interactions caused
by formation of thewLØDNAx complex:ZyN

el el el elDg sDG yNRTsg yg (5)LØDNA c f

Hereg andg are the electrostatic free energiesel el
f c

(in RT units and per unit charge) of the free DNA
(without tightly bound ligand, as considered in the
previous section) and of the ligand-DNA complex.
In computations of this section, we kept constant
(3 A) the ligand radius(which defines the distance˚
of closest approach in the PB equation) and varied
the length of the polyaminesl. Increase of the
length of the ligand leads to the size occupied by
the polyamine on the DNA polyion, becoming
larger, and the effective charge density of the
polyion-complex increases. This also leads to the
formation of non-stoichiometric(with respect to
phosphateyamino-group ratio) polyamine DNA
complexes, where complexes formed by the native
DNA retain a larger part of the negative charge
than those of the denatured ss-DNA. In Fig. 4, the
values ofDg calculated for the ds- and ss-DNAel

polyions are drawn with the dependence on the
size of the ligand-binding site measured as theNy
Z ratio. Fig. 4 shows that increase of the ligand-
binding site of the polyion leads to a reduction of
the electrostatic energy gain due to the formation
of the complex. Obviously, this effect is due to the
decrease in neutralization of the polyion charge
due to ‘smearing’ of the charge of the ligand over
a larger and larger piece of the polyion(increase
in NyZ ratio) This makes theg value in Eq.(5)el

c

closer and closer to the free energy of DNA in the
absence of the ligand,g . One can also note thatel

f

the change in free energyDg , is more negative,el

in the case of the sameNyZ ratio, for ds-DNA
than for ss-DNA.

Now, take into account that ligands of the same
size interact with different number of charged
groups on the ds- and ss-DNA polyions. For
example, when charge–charge separation in the
ligand is equal to, say, 6.8 A(this corresponds to˚
the distance between charged amino groups sepa-
rated by 4 methylene groups), then each amino
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Fig. 5. Estimation of the change in free energy due to the
different stoichiometry of DNA—oligocation complex of the
ds- and ssDNA polyions,dDg , in dependence of the stoichi-el

ometry of the ligand—ss-DNA complex(N yZ ratio); Naq
den

concentration from bottom to top: 1.44, 12.7 and 113 mM. In
the inset, dependence ofdDg on Na concentration is shownel q

to compare the magnitudedDg change caused by the changeel

of the polyamine charge density or addition of Mg . Values2q

of dDg were calculated for DNA solutions containing differ-el

ent amounts of Mg (rsC yC from bottom to top: 0.0,2q
Mg P

0.25, 0.5, 1.0 and 2.5;C s0.1 mM; data were taken from ourP

previous workw1x).

group of the polyamine is capable to cover a
section of the ds-DNA carrying four negative
charges(b s1.7 A and N yZs4) but interactsn nat

˚
tightly with only two phosphate groups of the
denatured ss-DNA(b s3.4 A, N yZs2). Cor-d den

˚
respondingly, theNyZ ratio differs in the two sorts
of polyamine-DNA complexes, being roughly two
times higher for the native DNA. An example of
comparison of the free energy changes is shown
in Fig. 4 by an arrow connecting the values of
Dg calculated forN yZs4 andN yZs2 at ael

nat den

fixed Na concentration of 1.3 mM. This demon-q

strates an unfavourable contribution to the stability
of the double stranded form of DNA caused by
the formation of polyamine–DNA complexes.

The dependences of the difference inDgel

between ds- and ss-DNAsdDg sDg yDg ,el el el
den nat

on the length of the polyamine ligand(expressed
in terms of N yZf2ØN yZ ratio) is shown innat den

Fig. 5 for different concentrations of Na . Theq

curves in Fig. 5 display a minimum atN yZf2.5nat

which corresponds to a charge–charge separation
in the ligand L of approximately 4.2 A. ThisZq ˚
value is close to the minimal separation between
the charged amino groups in spermidine homologs
with two methyl groups in between. Polyamine
analogs with valuesN yZ-2.5 have not beennat

experimentally investigated and it remains to be
seen if the steep increase indDg at low valuesel

of the NyZ ratio can be traced in experimental
studies of DNA helix coil transition in the presence
of linear cationic ligands of high charge density.

One can see from Fig. 5, that changes indDg ,el

due to the hypothesis of tight electrostatic binding
of ligands to DNA, reflect the most essential
features of the experimental dependence ofT onm

the presence of different spermidine homologs3q

shown in Fig. 3, namely the steep change inTm

for the low molecular weight homologs(from 3–
3 to 3–5) at low salt concentration and minor
changes both indDg and in T for the higherel

m

spermidine homologs and atC )100 mM.3q
Na

From Fig. 5 we find that the change in theN yZnat

value from 2.5 to 6 gives rise to a magnitude of
dDg approximately 0.35 at low Na concentra-el q

tion (logC sy2.88, the lowest curve in Fig. 5),Na

0.15 at logC sy1.85 (second curve from theNa

bottom), and almost nothing at higher salt concen-

tration. The positive change indDg means thatel

increase of the charge–charge separation in the
ligand result in stabilization of the double helical
DNA which is reflected in experiment showing
rise in the DNA melting temperature of approxi-
mately 8–108C in the low salt region(logC sNa

y2.2–y1.5) when the densely charged 3–2
triamine is substituted by its homologs 3–4, 3–5
and higher(Fig. 3). In the inset of Fig. 5, the
change in electrostatic free energy between ds-
and ss-DNA as a function of Na concentrationq

for different additions of Mg is displayed(rs2q

C yC varies from 0 to 2.5). Comparing theMg P

scales of changes inT and dDg in the poly-el
m

amine—DNA system with the analogous features
observed for DNA melting in the presence of
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Mg , one can notice a good quantitative corre-2q

spondence between the magnitudes of changes in
T and variation in the electrostatic free energy.m

For example, for the MgyDNA system at logC sNa

y3, the difference inDg for rs1.0 and 0.0 isel

approximately 0.5 and it corresponds to an increase
in T of approximately 208. For logC sy2.5,m Na

similar values fordDg and T are 0.3 and 158el
m

w1x. Again, for the polyamineyDNA system, the
change inN yZ from 3 to 6.5 gives a smallernat

(than in the examples above) rise in dDg ofel

respectively approxiamtely 0.25 and 0.15(Fig. 5)
that is reflected by the corresponding increase in
T of approximately 6–108C (Fig. 3).m

An important point of the proposed explanation
is the statement that tight binding of the polyamine
to different polyanions depends solely on their
length and that the more densely charged ds-DNA
cannot increase the degree of the polyamine com-
plexation compared to the less densely charged ss-
DNA. To support the view of the limiting ability
of ds-DNA for close association with the polyam-
ines, we can refer to data recently obtained by us
in molecular dynamics(MD) simulations of the
polyamine–DNA systemsw30,31x and(Korolev et
al., in preparation). In these papers, we study the
influence of a number of the natural(putrscine ,2q

spermidine , spermine) and one synthetic3q 4q

(diaminepropane ) polyamines on binding,2q

dynamics, structure and other properties of DNA
in conditions simulating real DNA crystals or
fibers. The results from the cited works show that
only a limited amount of the polyamine molecules
are capable of forming distinct long-lived com-
plexes in the minor groove or with the charged
oxygen atoms of the phosphate groups of the DNA
oligomers. In the MD simulations, we rarely
observed simultaneous presence of two or more
polyamine molecules in the minor groove or in
the closest vicinity of other subgroups of DNA,
because of polyamine molecules repelling each
other. Additionally, charged amino groups of the
polyamines compete with the water molecules and
other cations for the presence near electronegative
sites of the DNA even in the simulated DNA
crystals, where the amount of water and ions is
limited. In dilute water solutions and in the pres-
ence of NaCl(i.e. under the conditions applicable

to DNA melting studies), exclusion of the poly-
amines from formation of close complexes with
the DNA polyanions can only be enhanced com-
pared with the conditions of the DNA crystals.
One should also mention the well-established fact
that binding of cationic ligands to polyanions is
anticooperative, that is the presence of bound
ligand precludes attachment of the next molecule
L at the same or nearby location of the polyionZq

w32x.
Another possible origin of theT dependencem

on the polyamine length would that it is due to
different degree of desolvation of the homologous
polyamines upon association with DNA. However,
experimental data on polyamine–DNA interactions
do not support this explanation since no significant
desolvation effects have been found in experiments
on polyamine–DNA binding w33–35x. These
experimental studies support the picture of mobile
delocalized and structurally non-specific binding
of the polyamines to DNA. However, this binding
does not preclude situations, seen also in the
molecular dynamics simulationsw30,31x, when a
substantial part of the polyamine molecules is
located in close vicinity of DNA, effectively
screening the DNA charge from the rest of the
ions w34x.
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