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We have examined the changes in physical properties of aqueous solutions of the plasmid pUC18 that take
place on the addition of the cationic oligopeptide penta-arginine. An increase in sedimentation rate and
static light scattering, and changes in the nucleic acid CD spectrum all suggest that this ligand acts to
condense the plasmid. Dynamic light scattering suggests the hydrodynamic radii of the condensate particles
are a few micrometers, ca. 50-fold larger than that of the monomeric plasmid. Condensation of the plasmid
also produces a ca. 100-fold decrease in the strand break yield produced by gamma irradiation. This
extensive protection against reactive intermediates in the bulk of the solution implies that condensed
plasmid DNA may offer a model system with which to study the direct effect of ionizing radiation (ionization
of the DNA itself). The use of peptide ligands as condensing agents in this application is attractive because
the derivatives of several amino acids (particularly tryptophan and tyrosine) have been shown to modify the
radiation chemistry of DNA extensively.
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1. Introduction

DNA condensation has been studied for many years for two
principal reasons [1]. The first motivation is to study the energetics of
the compact arrangement of DNA in naturally occurring structures
such as phage and viral particles and chromosomes. Another is the
development of non-viral genetic therapy delivery vehicles. Lengthy
DNA molecules in phage and virus particles, and especially in the
nuclei of cells, are naturally highly compacted into small volumes.
DNA compaction also facilitates its penetration of the membrane from
outside of the cell and is central to the development of methods for
gene transfer that seeks to avoid viral transduction.

The mechanism of condensation may involve both compaction,
where the volume occupied by a single DNA molecule is substantially
decreased, and also aggregation in which multiple DNA molecules are
bound together. Agents capable of condensing DNA include the
substitution inert complex ion hexa-ammine cobalt (III) [2], poly-
amines such as spermidine and spermine [3], cationic (also described
as basic) proteins [4,5], artificial polymers [6], and cosolvents [7]. In
several cases a distinctive toroidal morphology has been reported for
DNA condensates [8,9], although spherical and elongated structures
have also been observed [10].

The condensed form of DNA is able to approximate the very highly
compact conformations found in phage and viral capsules, where the
DNA concentration is as high as ca. 800 mg mL−1 [11]. Moreover, the
condensed DNA model system is a good approximation for the
chromatin of mammalian cells where the DNA concentration in a
metaphase chromosome is ca. 170 mg mL−1 [11]. From the point of
view of radiation chemistry and radiation biology, the properties of
condensed DNA make it a valuable tool for improving our under-
standing of the relative contributions made to DNA damage by the
direct, quasi-direct, and indirect effects of ionizing radiation [12].

The direct effect is the mechanism by which chemical modification
of the DNA results from ionization of the DNA itself. In the indirect
effect, ionization of the solvent produces highly reactive intermedi-
ates. These intermediates, or species derived from them by reactions
with solutes, may chemically modify the DNA by reacting with it.
These two mechanisms can be distinguished because DNA damage
resulting from the indirect effect can be attenuated by competing for
the reactive intermediates with scavengers. The quasi-direct effect
refers to solvent ionization so close to the DNA that subsequent charge
transfer to theDNA is faster than the release of diffusible intermediates
[13]. It makes an important contribution only for the most closely
associated hydration layer of about 10watermolecules per nucleotide
residue [14]. In contrast the metaphase chromosome DNA concentra-
tion of 170 mg mL−1 [11] corresponds to a hydration level of 90 to 100
H2O per nucleotide residue. Using living cells in the presence of high
concentrations of non-toxic cryo-protecting scavengers such as
glycerol and DMSO suggests that the indirect effect contributes
about 70% of the lethal effects of X- or gamma-irradiation [15,16].
The persistence of a residual lethality is ascribed to the direct effects.
The contribution of the direct effects is expected to increase for more
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densely ionizing forms of radiation, described as high linear energy
transfer (LET) with their lower yields of diffusible reactive inter-
mediates [17]. Examples are neutrons, alpha particles, and fission
fragments.

DNA targets in dilute aqueous solution provide an effective model
system with which to examine the indirect effect, because it is by far
the dominant process under such conditions. To a first approximation
the fraction of the energy deposited in the DNA (and producing DNA
damage via the direct effect) is equal to the fraction of the mass it
contributes to the solution [18]. For typical experimental DNA
concentrations in the 0.001 to 1 mg mL−1 range, this fraction is
below 0.1% and is overwhelmed by the indirect effect. The use of such
systems has greatly advanced the understanding of the indirect effect
[19]. However, to examine the direct effect against such an enormous
background is impossible. Model systems for studying the direct effect
extensively suppress the indirect effect by using scavengers [20],
cryogenic temperatures [21], and/or dehydration [22]. These methods
operate by respectively intercepting the reactive intermediates,
preventing their diffusion, or preventing their formation. While they
represent rational physical approaches to decreasing the contribution
of the indirect effect, by the standards of biochemistry the experi-
mental conditions required are extremely severe. Inherent in the use
of scavengers in the first method is the assumption that the secondary
radical products of the reaction between the scavenger and the
reactive intermediates can be ignored. This assumption appears in
many cases to be invalid [23,24]. The last two methods also
unavoidably attenuate the reactivity of organic radical species with
molecular oxygen. This reaction is rapid and expected to be very
important in aqueous solutions [19,25]. It is not clear that observations
made under such harsh conditions are directly relevant to those made
with mammalian cells under physiological conditions and in general
our understanding of the direct effect is poor in comparison to that of
the indirect effect.

The use of condensed DNA offers the possibility of developing an
alternative model system for the direct effect. It is attractive for
several reasons. Condensation produces an extensive attenuation of
the indirect effect under mild conditions in room temperature
aqueous solution [26]. It is easily reversed by minor changes to the
composition of the solution, for example the ionic strength [26]. The
distance between the axes of adjacent double helices in condensed
DNA has been reported as 2 to 3 nm [27] and the superhelical pitch in
the nucleosome lies within this range [28]. Although the detailed
structures are no doubt very different, the packing density and solvent
accessibility are evidently comparable. As discussed above a wide
range of condensing agents is available from which to choose, and
polyamines have been studied in connection with radiation effects
[29–31].

The presence during ionizing irradiation of simple monomeric
amide and ester derivatives of the redox active amino acids cysteine,
cystine, histidine, methionine, tryprophan, and tyrosine has been
shown to modify the radiation chemistry of DNA [32,33]. The
mechanism responsible appears to be electron donation from the
amino acid to a radical cation site on the guanine bases of the DNA. It
appears likely that this mechanism would operate for regions of DNA
that are tightly associated with DNA binding proteins. It is known that
the tight binding of the DNA by the protein confers protection against
damage by the indirect effect (attack by solvent radicals). To develop a
model system with which to study in a systematic fashion how the
interaction between DNA binding proteins and DNA affects their
radiation chemistry, it is necessary to provide protection against the
indirect effect and also to place a redox amino acid residue in close
proximity to the DNA. It is possible to synthesize a ligand in which an
amino acid is covalently linked to a cationic polyamine such as
spermine. But it is far simpler to employ a cationic oligopeptide for
this purpose since peptide ligands have the advantage that they can
easily accommodate the presence of additional amino acids that have
been shown in other systems to modify the DNA damage produced by
the direct effect [32]. The use of an intact histone protein would
provide results that would be difficult to interpret because of the large
number of different amino acid residues that are present.

We report here the use of oligoarginine peptides as condensing
agents for plasmid DNA, the resulting protection against DNA damage
by the indirect effect, the characterization of the resulting con-
densates with standard physical methods.

2. Materials and methods

2.1. Sources of biochemicals

A sample of plasmid pUC18 was obtained commercially (Invitro-
gen, Carlsbad, CA). It was grown in transformed bacterial cells on amg
scale, isolated, and purified as described previously [20]. The
oligopeptide penta-arginine (R5

5+) was obtained commercially (Bio-
matik, Wilmington, DE).

2.2. Sedimentation

The fraction of the plasmid remaining in solution after centrifu-
gation at 15,000×g for 10 min at 25 °C was quantified from the
absorbance at λ=260 nm of the supernatant using a model DU-800
spectrophotometer (Beckman Coulter, Fullerton, CA).

2.3. Static light scattering

SLS measurements were made using a Hitachi model F-7000
fluorescence spectrometer with both excitation and emission mono-
chromators set to λ=350 nm (bandwidth 5 nm). The angle between
the incident and scattered light paths was 90°. The sample (200 μL)
was contained in a quartz cuvette (1 mL total volume).

2.4. Ethidium fluorescence

Fluorescence measurements were also made with a Hitachi model
F-7000 instrument. The displacement of ethidium from the plasmid
was assayed using the decrease in fluorescence (excitation 510 nm,
bandwidth 5 nm; emission 590 nm, bandwidth 10 nm). The fluores-
cence polarization was also quantified under these conditions. The
ethidium was pre-bound to the plasmid before addition of the ligand.
The solutions contained sodium phosphate (5×10−3 mol L−1), glycerol
(1×10−4 mol L−1), ethidium bromide (1×10−6 mol L−1), pUC18 plas-
mid DNA (10 μg mL−1), and penta-arginine (zero to 2×10−4 mol L−1).

2.5. Dynamic light scattering

DLS measurements were made with a Nicomp model 370
submicron particle sizing system at a He–Ne laser wavelength of
λ=632 nm and a power output of 60 mW. All data was collected at a
temperature of 25 °C at a scattering angle of 90° with a square acrylic
cuvette (3 mL volume) containing a suspension of diffusible particles.
Individual solutions of the plasmid and of the ligand were passed
through 0.45 μm syringe filters prior to mixing. Brownian motion of
these particles produces a time dependent variation in the intensity of
the scattered light [34]. This is fitted by a proprietary auto-correlation
function which makes no a priori assumption about the shape of the
final distribution of the diffusion coefficient D. The general mathe-
matical procedure which is utilized in this analysis is a non-linear
least-squares inverse Laplace transform. The hydrodynamic radius R
is derived from the diffusion coefficient D using R=kT/6πηD. The
parameters k, T, and η represent respectively the Boltzmann constant,
absolute temperature, and solvent viscosity. Values for water of the
refractive index n=1.33, and η=8.9×10−4 Ns m−2 were assumed
to be applicable to the solution. For the Nicomp 370, for smaller



Fig. 1. Effect of penta-arginine (R5
5+) concentration on sedimentation of pUC18 plasmid

DNA. Thepenta-arginine concentration at theY-axis is zero. The solutions contained pUC18
(10 μg mL−1), sodiumphosphate (5×10−3 mol L−1, pH 7.0), glycerol (1×10−4 mol L−1),
and penta-arginine (zero to 1×10−4 mol L−1). After centrifugation, the pUC18 concen-
tration in the supernatant fraction was quantified by its UV absorbance.

Fig. 2. Effect of penta-arginine (R5
5+) concentration on light scattering by pUC18

plasmid DNA. The penta-arginine concentration at the Y-axis is zero. The composition
of the solutions was identical to that described in Fig. 1. The intensity of light
(wavelength λ=350 nm, bandwidth Δλ=5 nm) scattered at 90° was assayed with a
fluorescence spectrometer by having both excitation and emissionmonochromators set
to this wavelength.
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particle sizes less than 150 nm, the intensity of the scattered light is
proportional to the square of the particle volume. For larger sizes the
intensity is diminished from this value due to intraparticle interfer-
ence effects and the intensity is proportional to the cube of the particle
volume.

2.6. Circular dichroism

CD spectra were collected with a Jasco model J-715 spectro-
polarimeter using a 1 mm path-length 0.3 mL quartz cuvette at 25 °C.
Spectra were averaged over 12 scans.

2.7. Atomic force microscopy

The images were collected with a Dimension 5000 instrument
(Veeco, Santa Barbara, CA) operated in the tapping mode. The
cantilevers (Arrow NCR-50, Nanoworld, Neuchatel, Switzerland)
were 160 μm long with a resonant frequency of 285 kHz and a force
constant of 42 N m−1. The scan speed was 1 line of 256 pixels per
second. The images are topographic (intensity corresponds to height).
The samples were prepared by depositing a 5 μL aliquot onto a freshly
cleaved mica surface (1 cm×1 cm) followed by air drying. The
samples were not deposited in the presence of any additional cations
(such as the commonly employed Mg2+ [35,36]), nor were they
rinsed. Minor image processing was used in some cases to remove
horizontal scanning artifacts and to improve contrast.

2.8. Gamma irradiation

Aliquots (18 μL) of plasmid solutions were aerobically irradiated
using 137Cs gamma rays (662 keV) in a GammaCell-1000 device (J.L.
Shepherd, San Fernando, CA). The dose rate of 288 rad min−1

(4.8×10−2 Gy s−1) was quantified with the Fricke system [18] and
lithium fluoride thermoluminescence (Landauer, Glenwood, IL).

2.9. Agarose gel electrophoresis

After irradiation the yield of DNA single stand breaks (SSB) was
quantified by using agarose gel electrophoresis to separate the
supercoiled and open circle forms of the plasmid. Condensation of
the plasmid sample (18 μL) was reversed by addition of a conven-
tional loading buffer (4 μL) additionally containing sodium perchlo-
rate to a final concentration of 0.12 mol L−1. The procedures for
digital video imaging of ethidium fluorescence and for estimating the
G-value for SSB formation have been described previously [20].

Briefly, theD0 radiation dose is that required to decrease the fraction
of the SSB free super-coiled form of the plasmid by a factor of e.
Assuming a Poisson distribution, this decrease corresponds to amean of
one SSB per plasmid, so that concentration of SSB products is equal to
the plasmid concentration. Numerically the value of D0 is equal to the
reciprocal of the slope m of a straight line fitted to a semi logarithmic
yield dose plot. An example is provided in the Results section.
Assuming a relative molecular mass of 325 g mol−1 per nucleotide
residue, a plasmid concentration of 10 μg mL−1 is equivalent to
3.1×10−5 mol L−1 nucleotides. Further assuming the length of pUC18
as 2686 base pairs, this is equivalent to a plasmid concentration of
3.1×10−5/(2×2686)=5.8×10−9 mol L−1. The G-value for SSB for-
mation is equal to the quotient of this concentration with the D0 dose.

3. Results

The precipitation assay whose results are plotted in Fig. 1
demonstrates the increased sedimentation rate of the plasmid in the
presence of penta-arginine (R5

5+) concentrations greater than about
1×10−5 mol L−1. The fraction of the plasmid remaining in solution
after centrifugation is undetectably small. This assay has been
employed to detect DNA condensation by the cationic peptide
penta-lysine [37].

An example of typical light scattering behavior is shown in Fig. 2.
Here the intensity of the 350 nm light scattered at 90° is plotted as a
function of the concentration of the ligand penta-arginine. A sharp
increase in the intensity takes place over a narrow concentration
range of the ligand (at about 1×10-5 mol L-1) reaching a plateau with
no further increase in the presence of excess ligand. This general
feature has been observed with numerous types of DNA condensing
agents (see Introduction), including small cationic peptides such as
tetra- and penta- lysines [26,37]. We have previously reported on the
ionic strength dependence of this effect [12], which is consistent with
the electrostatic nature of the DNA binding [38] of oligolysines [39]
and oligoarginines [40].

The intercalating dye ethidium is frequently used as a probe for
DNA. Its fluorescence increases substantially when it is bound to DNA,
and the decrease in this signal observed in the presence of DNA
condensing agents has been attributed to displacement of the dye
from condensed DNA [5,41–44]. The effect of penta-arginine in this



Fig. 4. Circular dichroism spectra of pUC18 in the presence of penta-arginine (zero,
1×10−6, 5×10−6, 10×10−6, 20×10−6, and 30×10−6 mol L−1). Higher concentra-
tions of the ligand are indicated by darker lines. Again the composition of the solution
was otherwise identical to that described for Fig. 1.
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assay is shown in Fig. 3. Amodest decrease in fluorescence is observed
at ligand concentrations of 5×10−6 to 8×10−6 mol L−1, with a much
sharper decrease (to 40–50%) at about 1×10−5 mol L−1. An increase
in fluorescence polarization from 0.12 to 0.14 can also be observed
over this range of ligand concentration, indicating decreased motion
of the bound ethidium within the condensate [44]. Higher concentra-
tions of the ligand exhibit little further decrease in fluorescence
intensity.

Circular dichroism was used to examine conformational response
of the plasmid to binding of the penta-arginine ligand (Fig. 4). In these
experiments, the plasmid concentration is held constant and the
ligand concentration examined in the range of 1×10−6 mol L−1 to
3×10−5 mol L−1 (where Figs. 1–3 show effects on sedimentation,
light scattering, and ethidium fluorescence). In the absence of any
added ligand, the CD spectrum is typical of B-DNA with a positive
band at around 280 nm. Concentrations of the ligand that are too low
to produce condensation (as estimated by sedimentation and static
light scattering) decrease the intensity of this signal but do not affect
its peak position. After condensation of the plasmid at a ligand
concentration of 1×10−5 mol L−1, the intensity of the signal decreased
further and its location shifted to a higher wavelength of 295 nm. These
observations are consistent with previous reports obtained with other
DNA condensing agents [6,43]. The decrease in themagnitude of the CD
signal implies smaller base stacking interactions [5].

The hydrodynamic radius of the plasmid condensates was
estimated by means of dynamic light scattering [34]. As in the CD
observations described above, both uncondensed and condensed
plasmids were examined. The results are summarized in Table 1. Both
static and dynamic light scattering treatments assume spherical
particles and this may not be valid for particles in the micron size
range. Furthermore, the uncondensed and condensed plasmid is
presumably randomly coiled and thus the hydrodynamic radius
estimated by dynamic light scattering differs from the radius of
gyration estimated by static light scattering [53]. The observed size
includes other molecules that comigrate with the particle. Even
though the values listed in Table 1 are semi-quantitative because of
the systematic underestimation of particle sizes, the trend is
consistent with plasmid condensation above the penta-arginine
threshold concentration of 1×10–5 mol L−1. The uncondensed
Fig. 3. Effect of penta-arginine (R55+) concentration on the fluorescence intensity and the
fluorescence polarizationof plasmid boundethidium. The composition of the solutionswas
identical to that described for Fig. 1, except for the additional presence of 1×10−6 mol L−1

ethidium. Both thefluorescence intensity (square, leftY-axis) and polarization (circle, right
Y-axis) was monitored at an emission wavelength λem=590 nm with an excitation
wavelength λex=510 nm. The excitation and emission bandwidths were Δλ=5 and
10 nm respectively. The intensity was normalized to that in the absence of the ligand.
plasmid is found to have a radius in the range of 70 to 80 nm. This
agrees with previous reports [37,43] and is consistent with the
expected rod-like intertwined double helices of length ca. 500 nm and
diameter ca. 3–4 nm. Bimodal distributions were observed when the
plasmid was condensed using penta-arginine. In the presence of
excess ligand the radius of the major component was in the range of
4 μm, about 50-fold greater than that of the monomeric plasmid.

In DNA condensation, the interpretation of dynamic light scatter-
ing data can be complicated by the two effects of compaction and
aggregation. Compaction of a single DNA macromolecule leads to a
decrease in its size, while aggregation of multiple macromolecules has
the opposite effect. The data in Table 1 for the condensation of plasmid
pUC18 by penta-arginine provide an example of this, where the
hydrodynamic radius shows a slight dependence on the ligand
concentration. At a concentration just sufficient to produce conden-
sation (1×10−5 mol L−1), penta-arginine produces particles mostly
in the 500 to 600 nm range. An increase in the ligand concentration of
2-fold to 2×10−5 mol L−1 increases the particle size by 7- to 8-fold.
These observations suggest that extensive aggregation takes place
after compaction is completed.

The presence of free plasmid DNA in the condensates was
examined using atomic force microscopy in the tapping mode on
dried samples. Typical images are reproduced in Fig. 5. Filamentous
objects having both size and shape expected of individual plasmids
(rods ca. 500 nm in length) are easily detectable in large numbers at a
concentration of penta-arginine (5×10−6 mol L−1) too low to
produce condensation (Fig. 5A). They are not visible when the ligand
Table 1
Hydrodynamic radius data for plasmid pUC18 as a function of the penta-arginine (R5

5+)
concentration, as estimated by using dynamic light scattering. The experimental
conditions are identical to those described for Figs. 1–4.

[R5
5+] /mol L−1 Weighting Radius R/nm

Mean Standard deviation Contribution (%)

5.0×10−6 Intensity 79.3 17 100
Volume 68.9 16 100

10×10−6 Intensity 95.6 19 3
Intensity 540 120 97
Volume 85.6 17 19
Volume 560 106 81

20×10−6 Intensity 770 129 25
Intensity 4020 910 75
Volume 800 150 6
Volume 4160 860 93



Fig. 5. Representative atomic force microscopy images of pUC18 in the presence of penta-arginine (A, 5×10−6; B, 10×10−6; and C, 20×10−6 mol L−1) after air drying on mica. The
images span 5 μm × 5 μm in the horizontal plane. Smaller distance in the vertical axis above this plane is indicated by darker pixels. The scale of the vertical axis is 4–5 nm. The
composition of the solution was again otherwise identical to that described for Fig. 1.
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concentration is increased by 2-fold to 1×10−5 mol L−1 (Fig. 5B) or
4-fold to 2×10−5 mol L−1 (Fig. 5C) to concentrations that bring about
condensation of the plasmid (as estimated by sedimentation, light
scattering, and ethidium fluorescence). There is no evidence for the
toroidal structures frequently reported with DNA condensing ligands
such as spermine [45]. Note that these samples are unirradiated and
therefore no plasmid fragments are expected to be present [36].

Fig. 6 shows examples of typical radiosensitivity assays. Plasmid
pUC18 was gamma irradiated under the same conditions used for Figs. 1
and2. For clarity only three different concentrations of the penta-arginine
ligand are shown. For each radiation dose, the fraction of the plasmid in
the supercoiled formwas quantified by using agarose gel electrophoresis.
This fraction is plotted against the radiation dose. Increasing radiation
produces a decrease in the fraction of supercoiled plasmid and a
corresponding increase in the relaxed open circle or nicked conformation
(not shown). This observation represents the introduction into the
plasmid of single stand breaks (SSB). From the slope of a fitted straight
line it is possible to derive the radiation chemical yield (by convention
called a G-value) of these SSB products. This yield is represented by the
symbol G(SSB) and has the unit mol J−1. Values of G(SSB) calculated in
Fig. 6. Loss of supercoiled pUC18 with radiation dose. Aliquots of the solutions used to
collect the data plotted in Fig. 1were gamma irradiated in the dose range zero to 240 Gy.
Examples are plotted here in Fig. 4 for penta-arginine concentrations of 5.0×10−6 (light
open square), 7.1×10−6 (heavy open square), and 1.7×10−5 (closed square) mol L−1.
The fraction of supercoiled plasmid present after each dose was quantified by gel
electrophoresis. The data sets are fittedwith least mean square straight lines of the form
y=ce−mx. From the slopes m, the D0 doses and SSB yields under the three conditions
shown here are (light open square) 2.56 Gy, 2.23×10−3 μmol J−1; (heavy open square)
19.2 Gy, 2.98×10−4 μmol J−1; and (closed square) 364 Gy, 1.58×10−5 μmol J−1.
thismanner are plotted in Fig. 7 against the concentrations of one of three
additives. These three additives are: (1) the ligandpenta-arginine; (2) the
well known and frequently studiedDNA condensing agent hexa-ammine
cobalt (III); and (3) the commonly used hydroxyl radical scavenger
glycerol. The first two of these reagents produce a very sharp decrease in
the SSB yield of about 100-fold over a very narrow concentration range of
less than 2-fold at well defined concentrations of 1×10−5 mol L−1

(penta-arginine) and 1.5×10−4 mol L−1 (hexa-ammine cobalt(III)). In
contrast achieving a decrease of a similar size in the SSB yield requires an
increase in the glycerol concentration of several hundred times to the
much larger concentration of about 10−1 mol L−1.

4. Discussion

We present here a description of the physical and chemical
properties of the complexes formed upon binding of the cationic
ligand penta-arginine to the plasmid pUC18. The changes in physical
properties such as sedimentation and light scattering are characteristic
of an increase in particle size. Alterations of spectroscopic properties
such as ethidium fluorescence and circular dichroism reflect changes
in the DNA conformation. They are all typical of the behavior of well
Fig. 7. Effect of penta-arginine (R5
5+, square); hexa-ammine cobalt(III) (circle); or

glycerol (triangle) concentrations on the SSB yield in gamma irradiated plasmid pUC18.
The ligand concentration at the Y-axis is zero, although 1×10-5 mol L-1 glycerol was
present. The SSB yield was quantified using the method shown in Fig. 4. Apart from
glycerol and the ligand, the composition of the solutions was identical to that described
for Fig. 1.
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known and extensively studied DNA condensing agents such as hexa-
ammine cobalt(III) [2] and the polyamines spermidine and spermine
[3]. Large changes in behavior and structure are associated with
condensation of the plasmid when the ligand concentration exceeds a
sharply defined critical value. The general similarity between the
cationic structure of penta-arginine and the other well known ligands
and between the effect they all have on the physical properties of DNA
strongly suggest that penta-arginine is able to behave as a DNA
condensing agent. Using dynamic light scattering, it is possible to
conclude that the sizes of the particles formed lies in the range of a few
micrometers (Table 1). This is typically larger than the values of a few
hundred nanometers observed with other more compact ligands [46].
It is possible that the branched structure of the oligopeptide may be
responsible.

Recently it has become clear that in the case of radiobiology, the
issue of DNA compaction is essential to understanding the relative
contributions of the direct effect (damage produced by ionization of
the DNA itself) and the indirect effect (damage produced by the
reaction of reactive intermediates derived from water). There are
several reports of a large attenuation of radiation induced DNA
damage associated with condensation [12,26,47]. An example is
shown in Fig. 7 under the same conditions used to examine the
sedimentation, light scattering, and spectroscopic effects shown in
Figs. 1–3 and in Table 1. A sharp decrease in the yield of DNA single
strand breaks (SSB) is observed over a narrow concentration range of
the penta-arginine ligand. This effect is also observed with hexa-
ammine cobalt(III). Glycerol behaves in a fundamentally different
manner and produces only a gradual change in the SSB yield.

In the radiolysis system we use here, SSB products in the plasmid
are produced by its reaction with the hydroxyl radical (•OH) [20]. The
hydroxyl radical is derived from the ionization of water, and so this is
an example of the indirect effect of irradiation. The protective effect of
glycerol (in concentrations in the millimolar to molar range) on the
plasmid is due to its ability to competitively intercept •OH before they
encounter the plasmid. Numerous other additives (also called
scavengers) behave in this fashion having an efficiency which is
proportional to their reactivity with •OH [48].

Hexa-ammine cobalt(III) also protects the plasmid against •OH
attack, but the mechanism appears to be quite different. There is no
evidence that the radioprotective effect of hexa-ammine cobalt(III) is
directly related to its DNA binding, since the SSB yield is unaffected by it
up to a concentration of about 1×10−4 mol L−1. Condensation of DNA
by hexa-ammine cobalt(III) and other oligo-cations typically requires
neutralization of 89% to 90% of the negatively charged phosphates
[3,37]. Therefore under conditions just insufficient to produce conden-
sation, the plasmid must be extensively bound by themetal ligand. The
SSB yield is dominated by the competition for •OH between the plasmid
and the glycerol present in solution at 1×10−4 mol L−1, since glycerol
is at least 20-fold more reactive than hexa-ammine cobalt(III) with •OH
[48]. However once condensation has taken place, the SSB yield
decreases by about 100-fold (Fig. 7). A physical protection of the
plasmid from the bulk of the solventwould appear to be themechanism
responsible for this very large effect since the nature of the condensing
agent is unimportant. A very similar protective effect was observed for
penta-arginine (Fig. 7) and for other cationic ligands [26]. We have
reported previously on their ionic strength dependence, which is
consistent with the electrostatic binding of the cationic oligo-arginine
and oligo-lysine peptide ligands to the polyanionic plasmid DNA [12].

A large body of work on the radiation chemistry and the radical
chemistry of DNA and of its component functional groups suggests
that reactions with water and with dissolved oxygen are very
important [19,25] in the formation of the stable end products
observed in vitro and in vivo [49]. It is possible that these reactions
may not be well modeled by experimental systems that attenuate the
indirect effect by dehydration and/or with cryogenic temperatures
[21,22,50–52]. We argue that they are more likely to be faithfully
reproduced by DNA condensed with a cationic ligand in dilute
aqueous solution.

We described in the Introduction that condensed DNA may be
exploited as a model system with which to examine DNA damage by
the direct effect of ionizing radiation (ionization of the DNA itself).
This process is very inefficient in dilute aqueous solution because
most ionization events take place in the vast excess of water and the
major route to DNA damage is from reactive intermediates derived
from water (the indirect effect), mainly the hydroxyl radical.
Condensed DNA is however extensively protected from the bulk of
the solvent and it is significantly less accessible to freely diffusible
solutes. The physical data reported here provides a more thorough
characterization of this model system.
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