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Abstract Polyamines are known to induce dynamical
bending of DNA molecules. This mechanism is very
important since many DNA binding proteins (DNAse,
transcription factor, etc.) exert their action by their
ability to bend DNA. We propose an analytical model
which describes the dynamical bending of DNA by
polyamine ions in highly diluted DNA solutions. The
bending probability depends on the entropy loss of
polyamines due to their localization. This localization is
facilitated by the electrostatic repulsion between multi-
valent counterions condensed on DNA, which reduces
the entropy loss in counterion localization. Therefore
DNA bending by polyamines depends on the competi-
tion between monovalent counterions and polyamines.
We find that the bending probability is weak for a low
binding ratio of polyamines (i.e. number of bound
polyamines per base pair), whereas a high bending
probability can be reached at large polyamine binding
ratio. In addition, we describe a new mechanism of
DNA bending. It occurs with the help of thermal agi-
tation, which initiates the bending and favours the
polyamine localization. This model provides further in-
sights into DNA bending by polyamines and its impli-
cation in DNA condensation. A qualitative estimation
of the DNA bending probability is obtained by mea-
suring the cleavage efficiency of DNA by bleomycin
versus spermidine concentration. Indeed, a local helix
distortion by polyamines results in an amplification of

the double-strand cleavage by bleomycin. The mea-
surement of the bleomycin amplification is performed by
analysing images of DNA molecules with atomic force
microscope. Some features of the dynamical bending
indicate that condensation and bending are interrelated.
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Introduction

DNA is a highly negatively charged polyelectrolyte and
its chain is partly neutralized in physiological conditions
by condensed cations, which form a thin counterion
layer (Manning 1969; Record et al. 1978). The compe-
tition between counterions of different valences is
important since the composition of the counterion layer
plays a critical role in DNA condensation (Bloomfield
1997). Monovalent counterions just partly neutralize the
DNA phosphates but multivalent counterions can, in
addition, generate an attraction between two DNA
segments. This attraction arises from the correlations of
the multivalent counterions between two DNA seg-
ments. Divalent counterions only generate 2D conden-
sation (Koltover et al. 2000) or DNA adsorption on
highly charged surface (Pastré et al. 2003). For trivalent
and higher charge cations, counterion correlations lead
to the condensation of DNA in solution (Kjellander and
Marcelja 1985; Lau and Pincus 1998; Levin et al. 1999;
Murayama and Yoshikawa 1999; Rouzina and Bloom-
field 1996). The polyelectrolyte behaviour of the DNA
chain has been highlighted in several studies (Bloomfield
1997; Raspaud et al. 1998; Wilson and Bloomfield 1979)
and it emerged that approximately 90% of the DNA
charge must be neutralized for condensation to occur.
However, these theoretical approaches did not generally
associate the condensation with local helix perturbations
(Burak et al. 2003; Khan et al. 1999; Raspaud et al.
1998). Besides, it has been established that multivalent
counterions can stabilize local DNA bending (Flink and
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UMR 8126 CNRS-IGR-UPS, Institut Gustave-Roussy,
39 rue Camille Desmoulins, 94805 Villejuif Cedex, France

Eur Biophys J (2006) 35: 214–223
DOI 10.1007/s00249-005-0025-7



Pettijohn 1975). Polyamines are able to dock in both
major and minor DNA grooves and repel monovalent
cations from the neighbouring phosphates, which are
then strongly attracted to the bound cations, leading to
groove closure (Feuerstein et al. 1990; Rouzina and
Bloomfield 1998; Ruiz-Chica et al. 2004; Sines et al.
2000; Thomas and Thomas 2001). Condensation and
local helix distortions are likely to be interrelated
(Bloomfield 1997) and may together control higher or-
der aspects of DNA structure and function.

In order to qualitatively describe the local bending by
polyamines, we present an extension of a previously
developed model (Rouzina and Bloomfield 1998). A new
mechanism of DNA dynamical bending initiated by
thermal agitation and mediated by the entropy loss in
polyamine localization is described. We then study the
effect of the binding competition between monovalent
and multivalent counterions on the bending probability.
The point is to estimate the probability of dynamical
bending at the boundary of the condensation transition.

The theoretical results are compared to experimental
ones, obtained by analysing the effect of spermidine on
the double-strand cleavage by bleomycin, which is a
glycopeptide antibiotic routinely used to treat cancer
(Burger 1998; Claussen and Long 1999). This drug oxi-
datively damages DNA by inducing both double- and
single-strand breaks. The point is that the DNA cleavage
is improved by distortion of the DNA helix (Bailly et al.
1997; Strekowski et al. 1989). Indeed, bleomycin is likely
to be a minor groove binder and DNA bending towards
the major groove facilitates the DNA cleavage by
bleomycin (Strekowski et al. 1989). DNA cleavage can
be used as a probe of the dynamical and local bending
induced by polyamines since a higher bending proba-
bility results in a more efficient cleavage of DNA by
bleomycin. The mean number of double-strand breaks
per DNA molecule is measured by analysing images of
DNA molecules with atomic force microscope (AFM) as
described in Piétrement et al. (2005). In addition, the
condensation threshold can also be detected since con-
densed DNA is quite well protected from DNA cleavage
by bleomycin due to a lower accessibility (Lopez-Larr-
aza and Bianchi 1993; Smith et al. 1994).

Theory

The influence of multivalent counterions on DNA
structure is a complex question that requires elaborate
models for an accurate description (Korolev et al.
2002). However, for the purpose of this work, a sim-
plified model can be useful for studying qualitatively
the influence of multivalent counterion binding on the
local and dynamical helix distortion. We only consider
the dynamical bending of the major groove for an
isolated DNA molecule (i.e. in dilute solution) and the
intermolecular interactions, which are important
at high DNA concentrations (>10 lg/ml), are not
considered.

The major groove closure is just one of the possible
helix distortion mechanisms which can be induced by the
binding of polyamines. This study can be extended to
other structural changes, which require counterion
localization. Furthermore we only consider the dynami-
cal bending of the B-form of DNA due to a purely
electrostatic mechanism. The assumption is valid for
condensing agents such as spermidine or spermine since
both interact with the DNA chain mainly via non-specific
electrostatic interactions. Polyamines can also promote
B fi A or B fi Z secondary structure transformations.
However, these transformations are not considered since
their probabilities are rather low and experiments
showed that the B-form structure is maintained upon
condensation for genomic DNA (Deng et al. 2000).

DNA is a flexible worm-like polyelectrolyte chain
with elastic properties, characterized by its persistence
length Lp, which results from bending and twisting
deformations. Lp depends on the sequence and ionic
environmental conditions (Hagerman 1988). Local
DNA conformation depends on anisotropic flexibility
due to local curvature and local flexibility. However, in
this article, DNA is considered as a flexible rod with a
constant bending rigidity.

In the following section, we summarize a previous
model (Rouzina and Bloomfield 1998) which describes
the free energy of dynamical bending. A bit of reminding
is necessary to fully understand the new mechanism of
DNA bending by polyamines presented in ‘‘How is local
curvature promoted? Are DNA bending probability and
DNA condensation related?’’.

Mechanisms involved in the DNA bending

Bending energy

As the DNA molecule can be described as a flexible rod,
the energy required to bend it is

EbendingðaÞ ¼
1

2
ca2; ð1Þ

where c, the bending rigidity, is about 12 kT for a 6 bp
fragment, which indicates that thermal fluctuations
mainly induce small bending angles. Therefore the
probability for DNA to be bent up to an angle a by
thermal agitation is

Pbending að Þ / exp
�Ebending að Þ

kT

� �
: ð2Þ

Electrostatic energy

Without external influences, the counterions condensed
on the DNA surface are uniformly distributed. A non-
uniform distribution of counterions along DNA could
induce a local curvature (Maher 1998; McFail-Isom
et al. 1999; Strauss and Maher 1994). In particular, the
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localization of multivalent counterions in the middle of
the major groove could lead to the groove closure
(Boutonnet et al. 1993; Chiu and Dickerson 2000; Feu-
erstein et al. 1990; Rouzina and Bloomfield 1998), but
the localization of polyamine in the major groove is still
under debate (Deng et al. 2000; Ouameur and Tajmir-
Riahi 2004). However, in our approach, a prior locali-
zation of the counterion in the major groove is not re-
quired because of thermal agitation, as described in
‘‘How is local curvature promoted? Are DNA bending
probability and DNA condensation related?’’.

The gain in electrostatic energy due to the localiza-
tion of a multivalent counterion in the middle of the
major groove of a bent fragment is (Rouzina and
Bloomfield 1998)

DEgroove a;Dxð Þ ¼ � f ðzÞe2 1

e w0�Ra
2

� � w0�Ra
2

� 1

e w0

2

� � w0

2

" #

� 1� Dx
w0

� �2
 !

; ð3Þ

where e is the electron charge, R the DNA radius, w0 the
groove width (1 nm for the major groove), z the cation
valence and e(r) the sigmoidal dielectric function. Dx
represents the cation localization in the space which is
roughly the width of the counterion density function.
f(z) is a function of the counterion valence: f(z)=z2 for a
point-like charge and f(z)=z for linear cations (such as
polyamines).

Entropy loss in counterion localization

Several studies have revealed that the counterions con-
densed on the DNA surface are highly mobile (Bou-
tonnet et al. 1993; Braunlin et al. 1991; Xu et al. 1993).
However, the bending of DNA molecules by polyamine
ions requires their localization. It results in an energetic
cost because of the entropy loss due to polyamine
localization. On DNA, if a polyamine ion is situated
between two multivalent counterions, its mobility is re-
strained since it should overcome an unfavourable
electrostatic potential to move over a polyamine coun-
terion. This phenomenon leads to the counterion cor-
relations and the formation of a Wigner crystal structure
composed of multivalent counterions (Grosberg et al.
2002). If we consider that polyamine ions are able to
move between two other polyamines, the counterion
entropy loss DS is given by

DS ffi k ln
r
b

Dx
� �

; ð4Þ

where b is the distance between two base pairs. The
distance between two nearest polyamines is b/r, where r
is the number of counterions per base pair (binding ra-
tio). In addition, here the collective translations of the
counterions are neglected so that the entropy may be
underestimated.

Free energy of the bending mechanism

The free energy change DF0 due to the groove bending is
the sum of the three major contributions described
above (in kT units):

DF0ða;Dx; rÞ ¼ 1

2
ca2 þ DEgroove a;Dxð Þ � ln

r
b

Dx
� �

: ð5Þ

Minimization of F0 with respect to Dx gives

D2x ¼ �w2
0

1

2Egroove a; 0ð Þ : ð6Þ

When we introduce this value in Eq. 5, we find (Rouzina
and Bloomfield 1998):

F0ða; rÞ ¼
1

2
ca2 þ Egroove a; 0ð Þ

þ 1

2
lnð�2Egrooveða; 0ÞÞ þ 1
� �

� ln
w0

b
r

� �
; ð7Þ

where r is the number of multivalent counterions per
base pair. If it is assumed that w0�6b, Eq. 7 is similar to
that found previously (Rouzina and Bloomfield 1998).

Figure 1 represents the free energy versus the bending
angle for two different binding ratios. At small angles
(a<20�), bending is not favourable, which indicates that
DNA should be bent by thermal agitation to initiate the
reaction and to increase the occurrence of this mecha-
nism. It can also be remarked that the free energy F0 is
reduced at higher binding ratio. This effect is quite
obvious because the distance between two nearest mul-
tivalent counterions on DNA is shorter for a larger
binding ratio. Therefore the entropy penalty due to
counterions’ localization is reduced, which favours the
DNA bending. If a bending is initiated (a>30� for
r=0.2), the major groove is bent up to its largest pos-
sible angle. The most favourable angle is the largest
angle allowed, as indicated by the free energy drop with
the bending amplitude. However, as the bending is
dynamical, unbending can also take place due to thermal

Fig. 1 Plot of the free energy of bending versus bending angle
(z=4, linear molecule)
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agitation. Since the maximum bending amplitude is
limited by sterical hindrance, small cations could pro-
voke a large bending (>30� for polyamines; Rouzina
and Bloomfield 1998). The energy benefit is then more
important and the bending is more stable.

The point is that it is now possible to study the
influence of the buffer composition on the bending
probability since the free energy depends on r, the
binding ratio (Rouzina and Bloomfield 1998):

r ¼ 2

z
Lzþ½ �
L1½ �z

nz�1
s 1� zr

2

� �z
; ð8Þ

where [Lz+] is the polyamine concentration, z the charge
of the polyamine, [L1] the monovalent counterion con-
centration and ns the concentration of the counterions
on DNA surface.

Equation 8 needs to be numerically solved. The plot
of F0 for a=amax versus [L

z+] is represented in Fig. 2. It
can easily be observed that the free energy sharply de-
creases and reaches a saturation value at high polyamine
concentration due to the nearly full occupancy of the
DNA chain by the multivalent counterions. At low
multivalent counterion concentrations, polyamines are
free to move along the DNA chain and the entropy
penalty for the counterion localization is very high,
which explains the rather high energy needed for bend-
ing.

How is local curvature promoted? Are DNA bending
probability and DNA condensation related?

When a polyamine ion is immobilized in the middle of
the major groove, the DNA chain could be bent up to
the largest angle sterically allowed. However, this
mechanism could not take place without the help of
thermal energy since F0>0 for the small bending angle.
The dynamical bending can be described by a three-step

mechanism (see Fig. 3). First, the DNA molecule is bent
by thermal agitation at least up to a0, where a0 is the
angle limit for which F0=0. Second, a polyamine ion
could then be trapped in the middle of the major groove
since this position is more favourable thanks to the
bending initiated by thermal agitation. Third, the
bending angle increases up to its maximum value for
which the DNA bending is stabilized. As unbending can
also occur via thermal agitation, a large bending
amplitude induces a better stabilization of the DNA/
ligand complexes.

The probability P of dynamical bending by polyam-
ines is then directly proportional to the thermal bending
which triggers it:

P ð½Lzþ�; ½L1�Þ / exp
�Ebendingða0Þ

kT

� �
; ð9Þ

so the value of a0 is of particular interest. It represents
the minimum amplitude of thermal bending required for
triggering the dynamical bending by a multivalent
counterion. We should note that the bending probability
is then not simply associated with the number of bound
multivalent counterions (see ‘‘Experimental evidence of
the increase of the monomolecular DNA bending by
multivalent counterions’’). Let us study the effect of the
multivalent and monovalent counterion concentrations.
Figure 4 represents the graphs of a0 versus the multi-
valent counterion concentration for spermine and sper-
midine. It appears that a0 is large for lower

Fig. 2 Plot of the free energy of bending versus the concentration
of polyamines for a=30� and 50 mM monovalent salt (see Fig. 7
for the estimation of zeff)

Fig. 3 Schematic representation of the dynamical bending mech-
anism by polyamine. a A free polyamine ion diffuses along the
DNA chain. b A small bending is first initiated by thermal
agitation, which then allows the polyamine localization in the
major groove. c The bending angle is increased and stabilized by
the polyamine ion
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concentrations of multivalent counterions, so that the
probability of bending is rather low. a0 can even be
larger than the maximum angle sterically allowed at very
low polyamine concentrations (Fig. 4) and therefore the
dynamical bending is theoretically not possible. The
entropy loss in counterion localization can be reduced at
higher binding ratio, which leads to a decrease of a0 with
polyamine concentration.

Figure 5 is the plot of the dynamical bending prob-
ability versus the multivalent ion concentration for
spermine and spermidine. The point of this figure is to
observe the slope of the curve, which increases contin-
uously with the multivalent counterion concentration.
More precisely, the slope of the curve becomes steep for
[L4+]>100 lM for spermine ([NaCl]=50 mM, see
Fig. 5a). This means that small amounts of polyamines
added to the solution can considerably enhance the
bending probability. Thus we can expect a sharp tran-
sition from the extended state to the condensed state: the
thermal fluctuations can easily induce a bending angle
sufficient to trigger the groove closure. Figure 6 repre-
sents the bending probability versus monovalent salt
concentration for spermine and spermidine. The local

bending probability is considerably reduced at high
monovalent counterion concentrations. The binding
competition between monovalent and multivalent
counterions limits the number of bound multivalent
counterions, which leads to a larger entropy loss in
counterion localization.

Could dynamical bending be involved in DNA con-
densation by polyamines? This hypothesis seems sound
with regard to the sharp increase of the bending prob-
ability with the polyamine concentration. DNA bending
favours the short-ranged attraction by counterion cor-
relations between two DNA segments. Therefore con-
densation may be associated with localized helix
distortion due to a condensing agent (Bloomfield 1997).
In addition, the model of DNA condensation triggered
by an accumulation of local bends by polyamine ions
presents several analogies with the well-known charac-
teristics of DNA condensation. First, the bending
probability is affected by the addition of the monovalent
salt. Second, there is a sharp transition between the
condensed and extended states, as would be expected if
DNA condensation was induced by an enhancement of
the bending probability (Takahashi et al. 1997). Fur-
thermore, the extended state changes into the condensed
state by an increase in temperature (Murayama and

Fig. 4 Plot of a0 versus polyamine concentration with 50 mM
monovalent salt (the maximum angle sterically allowed is arbi-
trarily put to 45�) for a spermine and b spermidine

Fig. 5 Plot of the bending probability versus polyamine concen-
tration with 50 mM monovalent salt for a spermine and b
spermidine
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Yoshikawa 1999). This is in agreement with our model
since, contrary to ion correlations, bending probability
increases with the temperature. Third, condensing
agents with a large radius of gyration are less efficient in
condensing DNA. This is also valid for the dynamical
bending since the bending amplitude is smaller for larger
counterions due to sterical hindrance. It is worth noting
that DNA curvature in toroidally condensed particles is
gentle, with the radius of curvature comparable to the
persistence length. In the condensed state, abrupt
bending could be prevented by the interaction of DNA
segment with its neighbours.

Let us set the bending probability fixed by a0, at
which the DNA condensation is initiated. This
assumption allows one to study the effect of the mono-
valent counterion concentration on the polyamine con-
centration required to condense DNA. Figure 7 shows
the polyamine concentration at the onset of DNA con-
densation versus the monovalent counterion concentra-
tion for spermine and spermidine, from previous reports
(Raspaud et al. 1998; Saminathan et al. 1999; Wilson
and Bloomfield 1979). The results are in pretty good
agreement for high monovalent salt concentrations.
However, at small monovalent ion concentration
([NaCl]<20 mM), the condensation happens after the
replacement of monovalent counterions by multivalent
counterions (Wilson and Bloomfield 1979). The effect of
the cloud of strongly correlated multivalent counterions
needs to be incorporated in the model for a better
accuracy.

Experiments

The aim of this section is to show whether there is a
sharp increase in the local bending near the transition
between the extended and condensed states. This could
be an indication that helix distortion by multivalent
counterions and DNA condensation are interrelated.

Materials and method

Reactives

Bleomycin sulphate (Blenoxane) was obtained from
Sigma-Aldrich (Saint Quentin Fallavier, France).
Fe(III)-bleomycin was prepared by dissolving ferric
ammonium sulphate dodecahydrate in water and
immediately adding a 10% molar excess of iron to
bleomycin as already described (Li et al. 2002). A
1 mM Fe(III)-bleomycin solution was then refrigerated
(�20�C). pUC19 plasmid DNA was purchased from
Sigma-Aldrich. Circular DNA molecules allow an
easier determination of the DNA double-strand
breakage.

Fig. 6 Plot of the bending probability versus the monovalent salt
concentration with 2 lM spermine

Fig. 7 Iso-probability curve of DNA bending for a spermine and b
spermidine. Data points are the experimental measurements of the
collapse transition versus monovalent salt concentration and were
collected from several works. The dotted line is the theoretical curve
representing the coil/globule transition by assuming that the trigger
is an accumulation of local bending. The slope of the curve in a log/
log plot is equal to zeff. The parameter a0 is calculated to best fit the
experimental measurements: a0=28� and 23� for spermine and
spermidine, respectively. These values are in agreement with our
model since the dynamical bending probability increases strongly
for a<a0 (see Fig. 4)
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AFM experiments

Atomic force microscope experiments were carried out
with a Nanoscope IIIa AFM (Digital Instruments/Ve-
eco, Santa Barbara, CA, USA) using tapping-mode in
air. We used OTESPA cantilevers (Digital Instruments/
Veeco), with resonant frequencies in air contained be-
tween 290 and 350 kHz. The scan frequency was typi-
cally 1 Hz per line and the modulation amplitude was
about a few nanometres.

Bleomycin cleavage of DNA

A 2.5 lg/ml pUC19 DNA solution is reacted with
spermidine for 15 min in 10 mM Hepes (pH 7.5) buffer
with or without 5 mM MgCl2. The cleavage of DNA by
Fe(III)-bleomycin was performed by adding a 4 ll
droplet of a buffer solution containing Fe(III)-bleomy-
cin to 16 ll of the DNA solution. Bleomycin reacted
with DNA in 10 min. The reaction was stopped by
adding 5 ll of 100 mM EDTA solution. The samples
were supplemented with NaCl to yield a final concen-
tration of 100 mM so that DNA molecules cannot be in
the condensed state anymore (condensation is a readily
reversible process). This step is necessary for an accurate
measurement of the DNA contour lengths. The reaction
solution was deposited on a mica surface by adding
MgCl2 for AFM observation. A drying step is per-
formed after using a 0.02% diluted uranyl acetate
solution in order to fix DNA molecules in their con-
formations. The analysis of the DNA breaks was per-
formed as previously described (Piétrement et al. 2005).

Experimental evidence of the increase in monomolecular
DNA bending by multivalent counterions

Several experiments have shown evidence that DNA
bending probability is enhanced by multivalent counte-
rions. These measurements were performed by optical
technique (Porschke 1991; Vijayanathan et al. 2001) or
laser tweezers (Baumann et al. 2000). DNA bending was
also imaged by electron microscopy (Conwell et al. 2003;
Frontali et al. 1979; Laundon and Griffith 1987; Théveny
et al. 1988) and atomic force microscopy (Fang and Hoh
1999; Lin et al. 1998). The radius of gyration of DNA
molecules appears to be reduced by polyamines before
condensation. Figure 8 shows DNA molecules adsorbed
on mica for three spermidine concentrations. At low
spermidine concentration (<1 lM), the molecules are
extended on the surface. As spermidine concentration
approaches the onset of DNA condensation (10 lM), the
molecules are more and more entangled. The presence of
a lot of crossovers could indicate a high bending prob-
ability. For spermidine concentrations larger than
100 lM, the DNA molecules are condensed: DNA tor-
oids appear as bright spots in the image. However, the
AFM image cannot allow a precise measurement of the
condensation threshold or the bending probability since

the DNA adsorption onto mica can alter the measure-
ment (Pastré et al. 2003). Thus, it is not possible to obtain
quantitative measurements with this method.

A possible way to overcome the problem is to use an
indirect measurement method. A ligand, for which the
interaction with DNA depends strongly on conforma-
tional changes (i.e. the major groove width), could act
on the DNA molecule at various polyamine concentra-
tions. Thus, the action of a ligand, such as bleomycin, on
DNA can be used as a probe of the DNA dynamical
bending. Bleomycin induced both double- and single-
strand breaks but its activity is not yet understood since
its mode of binding is complex. It involves minor groove
binding and partly intercalation or some other confor-
mational changes (Steighner and Povirk 1990). How-
ever, there are several evidences suggesting that major
groove closure results in a better fit for cleavage by
bleomycin (Strekowski et al. 1989). So the amplification
of the DNA cleavage can be used as a probe of the
bending probability. The point is to measure the cleav-
age efficiency of bleomycin on isolated DNA for various
buffer compositions.

We have recently presented a new technique that al-
lows a quantitative measurement of the number of DNA
breaks per molecule by AFM imaging (Piétrement et al.
2005). This technique is based on the measurement of
the number of double-strand breaks per circular DNA
molecule. According to Poisson distribution, the prob-
ability fn,a that a DNA molecule has exactly a breaks is
equal to

fn;a ¼ expð�nÞ n
a

a!
; ð10Þ

where n is the mean number of DNA cuts per molecule.
By measuring the DNA contour length of the mole-

cules after interaction with Fe(III)-bleomycin, we are
able to determine quantitatively the mean number of
cuts per molecule. The experiments were performed in
diluted solution, which reduces the intermolecular
interactions. The reader should refer to our previous
work for further details about this experiment (Piétre-
ment et al. 2005). The only additional step in the
experimental procedure is that it is necessary to uncon-
dense DNA before deposition by adding monovalent
salt (see ‘‘Material and methods’’).

Figure 9a represents the number of DNA cuts versus
spermidine concentration. It indicates that the number
of DNA cuts per circular DNA increases sharply until
the condensation takes place. The extended/condensed
transition is represented by grey areas in Fig. 9a and b.
In this region, uncut DNA molecules (condensed state)
and highly damaged DNA molecules (extended state)
coexist (Murayama and Yoshikawa 1999; Takahashi
et al. 1997), so it is difficult to perform reliable mea-
surements. For larger spermidine concentrations, almost
all the DNA molecules are condensed and the bleomycin
cleavage is inhibited due to the lower accessibility. The
main result is that the DNA bending sharply increases
up to the condensation transition, as predicted by the
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model. This observation is also in agreement with AFM
observations (Fig. 8). The high level of DNA deforma-
tion just before the extended/collapsed transition was
not clearly observed by other techniques. In addition,

this experiment points out that a slight variation of the
concentration of polyamine can lead to a high variation
in the bleomycin activity.

With 5 mMmagnesium, the condensation takes place
at lower spermidine concentration and a significant
amplification of the DNA cleavage arises at lower
spermidine concentration just before condensation
(Fig. 9b). Previous experiments show that the addition
of a small concentration of magnesium to the buffer can
promote DNA condensation in the presence of poly-
amines (Rowatt and Williams 1992). Thus the concen-
tration of polyamines required to condense DNA can be
significantly lowered. From the models previously
developed, it is thought that divalent counterions are
more efficient for DNA neutralization than monovalent
counterions (Bloomfield 1997). In addition divalent
counterions can also participate in the counterions cor-
relations. We observe that the amplification of bleomy-
cin activity starts at a lower concentration of spermidine
than without magnesium. It can be due to a facilitated
localization because of the presence of magnesium on
the DNA chain. This discussion points out that the
dynamical bending probability is not simply propor-
tional to the polyamine binding ratio but is more likely
related to the entropy loss in polyamine localization. It
could also be remarked that magnesium alone cannot
amplify the DNA cleavage by bleomycin (Piétrement
et al. 2005). The hydrated radius of magnesium ions
((5.3 Å) is too large to permit a large bending angle,
which means that DNA bending is not as stable as for
smaller cations (the energy benefit in bending is depen-
dent on the maximum angle allowed). For example, a
divalent cation like putrescine, which is smaller ((3 Å)
than magnesium, amplifies the bleomycin cleavage
(Strekowski et al. 1989).

Conclusion

The local distortion of the DNA helix by polyamines
strongly depends on the entropy penalty due to the
counterion localization. Because of the self-repulsion

Fig. 8 AFM image of pUC19 DNA molecules (2.5 lg/ml DNA in Hepes 10 mM, pH 7.5, MgCl2 5 mM buffer) after interaction with
three different concentrations of spermidine: a 1 lM, b 10 lM and c 50 lM. Image area 2·2 lm2 and z-scale 3 nm

Fig. 9 Plot of the number of DNA cuts per pUC19 circular DNA
molecules (2.5 lg/ml DNA in Hepes 10 mM, pH 7.5 buffer) versus
spermidine concentration. The transition area indicates the
beginning of the DNA condensation: a without [Mg2+], [Fe-
blm]=10 nM; b [Mg2+]=5 mM, [Fe-blm]=200 nM
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between multivalent counterions, a high binding ratio of
polyamines (up to the polyamine concentration required
for DNA condensation) favours DNA bending by
polyamines. It results that the DNA bending depends on
the binding competition between monovalent and mul-
tivalent counterions. In addition, we describe a new
bending mechanism. First, the DNA molecule is bent by
thermal agitation. Second, a polyamine ion could then
be trapped in the middle of the major groove since this
position is more favourable thanks to the bending ini-
tiated by thermal agitation. Third, the bending angle
increases up to its maximum value.

Bleomycin was used as a new probe to study the
dynamical bending of DNA molecules by polyamines.
Experimental results indicate that the dynamical bend-
ing probability is sharply enhanced just at the boundary
of DNA condensation, which is in agreement with the
model. The local distortion mechanism may be closely
related to DNA condensation by polyamines. This study
could provide additional information for understanding
the interplay between polyamines, DNA and DNA-
binding proteins like transcription factors.
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