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Abstract

Radioprotection of DNA from direct-type radiation damage by histones has been studied in model
systems using complexes of positively charged polypeptides (PCPs) with DNA. PCPs bind to DNA
via ionic interactions mimicking the mode of DNA-histone binding. Direct radiation damage to DNA
in films of DNA-PCP complexes was quantified as unaltered base release, which correlates closely
with DNA strand breaks. All types of PCPs tested protected DNA from radiation, with the maximum
radioprotection being approximately 2.5-fold compared with non-complexed DNA. Conformational
changes of the DNA induced by PCPs or repair of free radical damage on the DNA sugar moiety by
PCPs are considered the most feasible mechanisms of radioprotection of DNA. The degree of
radioprotection of DNA by polylysine (PL) increased dramatically on going from pure DNA to a
molar ratio of PL monomer:DNA nucleotide ~1:2, while a further increase in the PL:DNA ratio did
not offer more radioprotection. This concentration dependence is in agreement with the model of
PCP binding to DNA that assumes preferential binding of positively charged side groups to DNA
phosphates in the minor groove, so that the maximum occupancy of all minor-groove PCP binding
sites is at a molar ratio of PCP:DNA = 1:2.

INTRODUCTION

Chromatin DNA is tightly packaged by forming a complex with histone and non-histone
proteins. This DNA-protein complex has long been known to confer protection of DNA against
radiation damage (1). Radiosensitivity of DNA, quantified as the yield of double-strand breaks
(DSBs), was demonstrated to increase on going from intact cells to naked DNA, with the
partially stripped chromatin being intermediate in this order (2,3). Stepwise removal of DNA-
bound proteins from the chromatin increases the amount of radiation-induced DSBs (4,5), with
removal of core histones having the largest impact on the radiosensitivity of DNA (5).

Positively charged polyamines (PCAs) such as spermine, putrescine (3,6-8) or oligolysines
(9), which mimic histones in the mode of DNA binding, also afford radiation protection for
DNA in completely or partially dehistonized chromatin, and they do so in a concentration-
dependent manner. No radioprotection of DNA by spermine, however, was observed for native
chromatin, consistent with the role of histones as the major radioprotectors (3).

Two types of radiation damage to DNA are traditionally recognized: indirect-type damage,
which is due to attack of DNA by radicals that are produced from ionizations in the surrounding
medium, and direct-type damage, which is due to direct ionization of DNA or transfer of
electrons or holes to DNA from its solvent shell. So far, radioprotection of DNA by chromatin
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proteins and PCAs has been attributed to protection from the indirect effect. The proposed
mechanism of protection is believed to be due to polyamine-induced compaction and
aggregation of the DNA (PICA effect) as well as by scavenging of radicals (primarily,

the *OH) at the sites of DNA-protein binding (6,9-11).

It appears likely that chromatin proteins and PCAs also protect DNA from direct-type damage
(12). If one accepts that about 50% of the total radiation damage to DNA in chromatin is due
to the direct effect (13), a number of observations are difficult to explain by the indirect effect
alone. For example, it is difficult to explain why DNA in dehistonized chromatin is
approximately 2.5 times more radiosensitive than in the native chromatin, even in the presence
of the radical scavenger DMSO (14). While DMSO would suppress the indirect effect, it would
not suppress direct-type damage. Furthermore, the direct effect plays a significant role in the
formation of clustered lesions, such as DSBs and SSBs with proximal base damage (15). Given
the critical role of clustered lesions in biological end points, it would seem likely that part of
the radioprotection afforded to DNA by chromatin packaging stems to a significant extent from
altering the degree of clustering, which must include direct damage processes. All together,
these points support the hypothesis that radioprotection of DNA by chromatin or model
compounds is only partially due to protection against the indirect effect; the direct effect is
expected to play a significant role.

To date, there are very few definitive experiments that provide data on how the direct effect is
modified when DNA is packaged in chromatin, but some progress has been made recently.
Irradiated ““dry’” or hydrated chromatin and DNA-histone complexes have been investigated
by low-temperature EPR spectroscopy (16,17). Weiland and Huttermann (17) observed the
free radical transfer from protein to DNA in chromatin X-irradiated at 77 K. They measured
an approximately twofold net increase in radical concentration in DNA packaged in dry
chromatin compared to DNA alone, with an increased contribution of electron-gain centers
(pyrimidine radical anions) and reduction in electron-loss centers (guanine radical cations) in
DNA packaged in dry chromatin. These results suggest that there is an influx of electrons and
efflux of holes from DNA packaged in dry chromatin. The underlying mechanisms and how
these are affected by sample temperature remain poorly understood.

The present paper focuses on the mechanism of radio-protection of DNA from direct-type
damage by PCP complexes using such PCPs as polylysine (PL), polyarginine (PR) and
polylysinetyrosine (PLT). The DNA-PL, DNA-PR and DNA-PLT complexes were used as a
model of DNA-histone complexes. As a method of quantifying direct-type damage, this work
is restricted to measurement of free unaltered base release, which is known to correlate with
DNA strand breaks (1,18-21).

MATERIALS AND METHODS

Materials

Calf thymus DNA, poly-L-lysine hydrochloride with a weight-average molecular weight of
68,600 Da, poly-L-arginine hydrochloride with a weight-average molecular weight >70,000
Da, and arandom 1:1 copolymer of L-lysine and tyrosine hydrobromide with a weight-average
molecular weight of 128,000 Da, all from Sigma, were used as substrates. DNA bases used as
reference compounds in HPLC experiments were from Sigma. Aqua Sil, used for plate surface
silylation, was from Hampton Research. All other reagents and solvents were used as received
from Sigma-Aldrich Chemical Co. or Fisher Scientific Co.
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Film Preparation

PLT hydrobromide solutions were dialyzed against 100 mM NacCl for 48 h to exchange the
bromide anion for chloride. PL, PR and PLT hydrochloride solutions were dialyzed against
water for 48 h to reduce the amount of low-molecular-weight fragments and filtered.
Concentrations of dialyzed polypeptide solutions were determined spectrophotometrically on
a Cary 100 spectrophotometer (Varian) using extinction coefficients of 313 and 377 M1
cm~1 at 225 nm and for PL and PR, respectively, and of 306 M~ cm™1 at 230 nm for PLT.
Solutions for film preparation were made by slowly adding DNA solution to the polypeptide
solution, or vice versa depending on the desired moles amino acid:mole DNA nucleotide ratio
in the resulting solution, at 70°C under constant stirring. These conditions ensure formation of
stable soluble DNA-PCP complexes, which otherwise tend to precipitate. Solutions of DNA-
PCP complexes show significant light scattering; for this reason we did not determine
concentrations of DNA and PCP in the complexes based on individual absorptions of DNA
and PCP. Instead, we assumed that the concentrations of each component of the complex are
the same as the concentrations of DNA and PCP in the solutions used for complex preparation
(taking dilutions into account).

The DNA-PR films were grown from a solution containing 0.83 mM DNA and 2.64 mM PR
(amolar ratio of PR amino acid to DNA nucleotide of 3.2:1). The DNA-PLT films were grown
from the solution containing 0.55 mM DNA and 4.7 mM PLT (a molar ratio of PLT amino
acid to DNA phosphate of 8.5:1). The molecular weight of the PLT monomer was calculated
as the average of the molecular weights of the Lys and Tyr monomers. The following
concentrations of DNA and PL and the ratios of PL amino acid:DNA nucleotide in DNA-PL
solutions were used for film preparation: (i) 1.9 mM DNA, 0.46 mM PL (PL:DNA = 0.24:1);
(if) 1.4 mM DNA, 0.8 mM PL (PL:DNA = 0.57:1); (iii) 1.6 mM DNA, 0.92 mM PL (PL:DNA
=0.59:1); (iv) 1.4 mM DNA, 0.93 mM PL (PL:DNA = 0.67:1); (v) 1 mM DNA, 0.77 mM PL
(PL:DNA=0.77: 1); (vi) 0.65 mM DNA, 2.25 mM PL (PL:DNA =3.5:1); (vii) 0.73 mM DNA,
3.24 mM PL (PL:DNA = 4.4:1); (viii) 1 mM DNA, 10 mM PL (PL:DNA = 10:1). Variations
in concentration of DNA and PCP solutions used for film preparations did not affect the
properties of the films provided that the PCP:DNA ratio remained the same.

A total of 100 uM sodium azide was added to all resulting solutions to prevent decomposition
from bacterial activity. The presence of sodium azide was demonstrated to have no effect on
the results described in this paper.

DNA-PL, DNA-PR, DNA-PLT, DNA, PL, PR and PLT films were grown in silylated petri
dishes or nine-well plates under dehydrating conditions (oversaturated NaOH, 5% relative
humidity) by stepwise addition of the corresponding solutions. DNA, PL, PR and PLT films
were prepared from corresponding solutions with concentrations of each substrate close to
concentrations in the DNA-PL, DNA-PR or DNA-PLT complexes. Films were allowed to dry
completely before adding the next portion. Typically, 3-ml aliquots were used for films grown
on petri dishes (total volume 18-21 ml) and 200-pl aliquots for films grown on nine-well plates
(total volume 800-1600 pl). DNA-PL (i, vi-viii), DNA-PR, DNA-PLT and DNA films are
uniformly transparent, while films made of PCP solutions are turbid. DNA-PL films (ii—-v) with
PL:DNA ratios close to 1:1 show partially microcrystalline structure, which is likely indicative
of the sample heterogeneity. Films grown in petri dishes were detached from the dishes and
cut into pieces for further irradiation, while films grown in nine-well plates were irradiated
directly in the plates. The films grown over saturated NaOH are referred to as dry films.
Continuous vacuuming of dry DNA-PL films (over 48 h) did not lead to any weight change,
so the dry DNA-PL, DNA-PR or DNA-PLT films were ascribed the lowest hydration level
considered for DNA under these conditions (I" = 2.5) (22,23). It should be noted, however, that
the exact lowest hydration level for the DNA-PCP films was not measured.
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Film Hydration

The DNA-PL, DNA and PL films used for the hydration experiment were grown in petri dishes
or in nine-well plates. Two types of the DNA-PL films were prepared: with PL:DNA ratios of
3.5:1 and 10:1. All films were grown under dehydrating conditions (saturated NaOH). The
films grown in petri dishes were detached from the dishes and cut into pieces. The pieces of
the films were attached to the interior of preweighed aluminum boxes using a small grease
droplet. It has been found that the grease does not chemically interact with the films. The boxes
were covered with preweighed aluminum lids and weighed to obtain the weight of the dry film.
For film hydration, open boxes with films were then placed into chambers over various
saturated salt solutions [100% relative humidity, deionized water; 92% relative humidity,
saturated KoHPOy; 81% relative humidity, saturated (NH,4)»,SOg4; 77% relative humidity,
saturated oxalic acid; 66% relative humidity, saturated NaNO,]. Relative humidities were
measured using a portable hygrometer (Sigma). The films were hydrated for at least 1 month,
with the film weight measured periodically to ensure that the films were equilibrated with water
vapor. The level of film hydration (I" = number of water molecules per DNA nucleotide or per
PL amino acid for the PL films) was calculated as the mean difference in the weight of the
hydrated film and the starting dehydrated one, based on weighing at least three samples. Films
grown in nine-well plates were hydrated directly in the plates placed into chambers over various
saturated salt solutions. Since it is impossible to measure I directly for films in nine-well plates,
these films were assumed to have the same level of hydration as the pieces of film grown in
petri dishes prepared from the same solutions and placed into the same chambers as the films
in nine-well plates.

It should be noted that we do not know how water is distributed between DNA and PL
molecules; hence we do not know how many water molecules are associated specifically with
DNA at a given hydration level. To estimate the amount of water attached specifically to the
DNA moiety in the DNA-PL films, I"pna-pL, We measured hydrations of the DNA and PL
films for the same relative humidities as for the DNA-PL films. For the DNA films, I'pna
values measured by Milano and Bernhard (24) were used in conjunction with the experimental
data obtained in the present work. We assumed that at a given relative humidity, water in the
DNA-PL films partitions between DNA and PL moieties in the same proportions as in the sum
of hydration of the DNA films, I'pya, and of hydration of the PL films, 3.5 I'p_ (I'p_ is the
amount of water bound per PL amino acid; this value is multiplied by 3.5 to account for the
PL: DNA ratio of 3.5:1 in the DNA-PL films). Although this approximation is not quite
accurate, especially at high hydration levels, it allowed us to give a rough estimate of I
'DNA-PL UsSing the formula

I DNA-PL=piya * Tpa-pr)/ pria * 35Tpp)

where I'pna-pL is @ non-specific hydration of the DNA-PL films per DNA nucleotide measured
experimentally.

Film Irradiation

For irradiation of films in nine-well plates, each well was sealed with aluminum foil. Film
pieces were irradiated under air in covered boxes made of aluminum foil. The aluminum foil
was used to maintain constant humidity of the films; additionally, it acted as an X-ray filter to
attenuate low-energy X rays.

Films were irradiated at room temperature with X rays generated by a Phillips X-ray tube with
a tungsten anode operated at 55 kV and 20 mA. The dose rates were measured
spectrophotometrically using radiochromic films (Far West Technology, Inc.). For films
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irradiated in nine-well plates or in aluminum boxes, the dose rates were 92 kGy/h and 161 kGy/
h, respectively.

Immediately after irradiation, 40 mM ammonium acetate solution, pH 6.8, containing about
10 uM uracil as an internal standard for the quantitative reverse-phase HPLC was added to the
films. The DNA, PL, PR and PLT films dissolved easily in buffer solutions, while the films
consisting of DNA-PCP complexes did not dissolve completely and formed suspensions.
Solutions or suspensions were quantitatively transferred to Eppendorf tubes, incubated at 90°
C during 5 min, and cooled down. Then 25 mM spermine solution was added for DNA
precipitation (no spermine was added for PCP films), and solutions were vortexed and
centrifuged. Supernatants were then used for product analysis by HPLC.

Product Analysis

RESULTS

DNA cleavage products (free unaltered DNA bases) were detected and quantified by reverse-
phase HPLC (Waters Millipore Model 510, Waters Associates Model 440 Absorbance
Detector) on a Luna C1g 4.6 x 250-mm column (Phenomenex) equilibrated with 40 mM
ammonium acetate. A linear acetonitrile gradient (1-9.6% over 20 min at a flow rate 1 ml) was
applied to elute the products. The products were identified by comparison with authentic
reference compounds by retention time and the ratio of peak intensities at 254 and 280 nm.
Radiation yields of released DNA cleavage products were calculated from peak areas at 254
nm as described previously (25). The radiation chemical yield of total base release, G, was
obtained as a sum of radiation chemical yields of individual base release unless otherwise
specified.

Release of Unaltered DNA Bases from Dry DNA-PL, DNA-PR and DNA-PLT Films

The release of free unaltered DNA bases was monitored by reverse-phase HPLC. To measure
the effect of PL, PR and PLT on DNA direct-type damage, the amount of unaltered DNA bases
released from the DNA-PL, DNA-PR and DNA-PLT films were compared with the amount
of unaltered DNA bases released from the X-irradiated DNA films (Fig. 1 and Table 1). No
detectable amounts of products relevant to DNA chemistry were observed in control
experiments with irradiated PL, PR and PLT films (results not shown). It can be seen that all
three types of PCPs significantly protect DNA from direct radiation damage, as is evident from
comparison of base release from irradiated DNA films with that from irradiated DNA-PCP
films. Interestingly, all three types of PCPs show very similar levels of radioprotection of DNA,
with PR being only a slightly less potent radioprotector. In a control experiment, heating
solutions of irradiated DNA with PL did not significantly change the free base release (results
not shown), indicating that radioprotection by PCPs most likely occurs during irradiation as
opposed to postirradiation.

A comparison of radiation chemical yields of total base release for the DNA and DNA-PL
films (Table 1) shows that PL protects DNA from direct-type damage by approximately 2.5-
fold, PLT by 2.3-fold, and PR by 1.8-fold. It is noteworthy that PLT in the DNA-PLT films
gives essentially the same level of protection of DNA (G; = 0.070 = 0.006) as PL in the DNA-
PL films (G; = 0.065 = 0.003) when both are in large excess (PL:DNA =10:1 and PLT: DNA
= 8.5:1), though only half of the residues in PLT carry a positive charge. A plot of total base
release as a function of PL content is shown in Fig. 2. At low PL content, radioprotection of
DNA increases with increasing the PL:DNA ratio, going from pure DNA films (G; = 0.16) to
PL:DNA =0.24:1 (G; = 0.094) to PL:DNA = 0.57:1 (G = 0.060). The dependence of on the
PL:DNA ratio reaches a plateau above roughly 1:2, reaching its maximum radioprotection as
measured by base release. However, it can be seen from Fig. 2 and Table 1 that at PL:DNA
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ratios between 0.5:1 and 1:1 there are large fluctuations in the total radiation yields of base
release. We believe a likely cause of this is variations in the homogeneity in films formed with
molar ratios ~1:1 due to formation of a mixture of complexed DNA and non-complexed DNA.

Effect of the DNA-PL Film Hydration

To test the effect of film hydration on radioprotection of DNA by PL, the DNA, PL and DNA.-
PL films (PL:DNA = 3.5:1 or 10:1) were hydrated at different levels in chambers over various
saturated salt solutions or, for the highest hydration level, over H,0O. As expected, hydration
levels for the DNA-PL films far exceeded those observed for the DNA films (22,26) since
water partitions between DNA and PL, with PL attaching more water than DNA due to its 3.5-
fold or 10-fold molar excess. Table 2 and Fig. 3 show the dependence of base release on the
hydration of DNA and DNA-PL films. For the DNA films, the dependence of the yields of
total base release on the hydration level is generally consistent with the results obtained by
Swarts et al. (22), with a decrease in base release on going from dry films to I" ~ 15, followed
by about a 60% increase in base release on further hydration [about a 50% increase in the yield
of base release in DNA films on going from I' ~ 15 to I" = 33 was observed by Swarts et al.
(22)]. The DNA-PL films respond differently. It can be seen from Fig. 3 that at low hydration
levels, the yield of base release increases by about 30% on going from dry DNA-PL films (T
=2.5) toI' = 10 for PL:DNA = 10:1 and by about 60% on going from dry DNA-PL films to
I' = 30 for PL:DNA = 3.5:1. Upon further hydration, the yield of base release is relatively
constant. It should be noted that for the DNA-PL films, the values of T" used in Fig. 3 and Table
2 show the amount of water distributed between DNA and PL rather than bound specifically
to DNA. For this reason, the actual amount of water bound to DNA must be lower. The specific
hydration of DNA in the DNA-PL films (PL:DNA = 3.5:1), I"pna-pL, Was estimated as
described in the Materials and Methods. At low hydration levels, the dependence of non-
specific hydration of the DNA-PL films, I'pna-pL, On relative humidity is described with fair
accuracy as a sum of the dependences of I'pnya and Tpg_ as a function of relative humidity for
the DNA and PL films, respectively (see Table 3). Based on these dependences, the plot of
G; as a function of I'"pna-pL in the DNA-PL films with PL:DNA = 3.5:1 is shown in the inset
of Fig. 3.

DISCUSSION

The yield of free unaltered bases released from DNA can serve as a marker of DNA damage.
In a number of studies, the approach of HPLC-based quantification of free base release for
determination of the radiation damage to DNA has been employed (21,22,25,27,28). It is now
generally accepted that DNA strand scission stems almost exclusively from a chemically
modified DNA sugar, which is produced via hydrogen abstraction at any of the five deoxyribose
carbons (1,19,20). Sugar modification weakens the glycosidic bond, resulting in release of an
unaltered free base. Eventually, a modified sugar results in a strand break. Some sugar
alterations result in immediate or frank strand breaks without any additional treatment (1,19,
29,30); other types of sugar damage (so-called heat- or alkaline-labile lesions) require heat,
alkaline or catalytic treatment to produce late strand breaks (19,28,31,32). In rare cases, strand
scission may be accompanied by release of a base attached to a sugar fragment (e.g. a base
propenal) (19,29). The latter process has been demonstrated to be a very minor one in irradiated
DNA (33). Thus one can assume that, regardless of the type of radiation damage to DNA (direct
or indirect), there is a strong correlation between the total yield of radiation-induced DNA
strand breaks (immediate and late) and the total yield of free unaltered base release. Under
conditions promoting complete decomposition of labile sugar lesions, the ratio of strand breaks
and free base release should be close to 1:1, as demonstrated by Henle et al. (18) for DNA
irradiated in aqueous solutions and then incubated at 37°C during 24 h. The postirradiation
treatment employed in the present study (5 min at 90°C at pH 6.8) may not be sufficient to
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reveal all late strand breaks. In particular, decomposition of 2-deoxyribonolactones, which we
proved in our earlier work (28) to be the major radiation-produced labile DNA lesions, requires
a longer heat treatment in the presence of a catalyst. However, 2-deoxyribonolactones are
abasic sites; their formation is preceded by release of a free unaltered base. The only known
labile DNA sugar lesion that still contains a nucleobase is oligonucleotide 5-aldehyde formed
via the C5' pathway of DNA sugar damage; the base release from this site requires longer heat
and/or catalytic treatment (19,34,35). However, the contribution of the C5’ pathway to the
radiation damage to DNA is, according to our unpublished data, quite low. Thus we can assume
with fair accuracy that our post-irradiation treatment ensures practically complete release of
free unaltered bases.

The release of altered bases from irradiated DNA was neglected in our study since this process
appears to be very minor under our conditions. Only traces of released altered bases were
observed in irradiated lyophilized DNA by Swarts et al. (22) and in the present work in
irradiated DNA or DNA-PCP films.

Model of Interactions between DNA and PCPs

Polylysine protects DNA from direct radiation damage in a concentration-dependent manner
(Fig. 2). The degree of radioprotection increases dramatically on going from pure DNA to
PL:DNA ~1:2, while a further increase in the PL:DNA ratio does not offer more
radioprotection. Thus one Lys group per base pair is enough for maximum radioprotection of
DNA.

Polycations are believed to bind to the phosphate groups predominately in the DNA minor
groove. This has been exemplified by spermine (36—38) and PCPs (39), in particular, PL, which
appears to have modes of DNA binding similar to H1 linker histone (40,41). The X-ray crystal
structure of H1 linker histone (42) and circular dichroism studies of drug binding to DNA
(43) indicate that positively charged groups of histones are inserted into the DNA minor groove.
Assuming preferential binding of lysine amino groups to DNA phosphates in the minor groove,
the maximum occupancy of all minor groove PL binding sites is at a molar ratio of PL:DNA
=1:2. This model of PL binding nicely fits the observation that PL at a molar ratio of PL: DNA
~1:2 offers the maximum radioprotection of DNA and the fact that a further increase in the
PL:DNA ratio does not increase the degree of radioprotection. This suggests that only PL bound
tightly to DNA affords radioprotection to DNA,; excess PL forms a polypeptide matrix that
plays no detectable role with respect to base release.

Based on the similar levels of radioprotection of DNA afforded by PL and PR (Fig. 1) and on
the functional similarity of these two polypeptides (both are polymers of positively charged
amino acids), it can be suggested that PR binds to DNA in the same fashion as PL. The same
situation probably holds for the DNA-PLT complexes. Presumably the Lys groups bind tightly
to the minor groove of DNA, while the Tyr groups form weaker hydrogen bonds with DNA
and water. If this is the case, Tyr might play a smaller protective role than Lys. Atthe PLT:DNA
ratio employed (8.5:1), the Lys groups in PLT can occupy all of the minor groove binding sites,
which agrees with the similar radiation yields for DNA-PL and DNA-PLT films when the
polyamino acids are in excess. All together, the above-mentioned model of Lys—DNA
phosphate ionic interactions explains the finding that the maximum radioprotection of DNA
is observed at a Lys:DNA nucleotide ratio as low as 1:2.

Mechanisms of Protection of DNA against Radiation Damage by PCPs

Four possible mechanisms of protection of DNA from direct radiation damage by PCPs in the
DNA-PCP films are considered here. (1) PCP inhibits hole transfer from the solvent shell to
DNA. (2) Holes formed on the DNA sugar-phosphate backbone transfer to PCP. (3) PCP
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repairs free-radical damage on the DNA sugar moiety by donating a hydrogen atom to a sugar
free radical. (4) PCP maintains DNA in a more stable conformation, which is less susceptible
to radiation damage. While mechanisms (1), (2) and (4) focus on events occurring shortly after
DNA ionization, mechanism (3) occurs on a much slower time scale.

1. PCP inhibits hole transfer from the solvent shell to DNA

It has been demonstrated (20,26,44-46) that at low hydration levels (when water molecules
forming the first hydration layer are very tightly bound to DNA) all holes on water are rapidly
transferred to DNA. The efficiency of hole transfer from H,O** is dictated by the proximity
of the hole accepting moiety. Due to strong ionic interactions between negatively charged
phosphate groups in DNA and positively charged Lys or Arg groups in PL or PR, the latter are
likely located in proximity to the DNA backbone as well as to water molecules bound to DNA.
Therefore, it seems likely that some portion of the holes transfer from H,O** to PCP instead
of DNA, thus reducing oxidative damage to DNA. Hole transfer from H,O** to PCP is
favorable because the PCP radical cations have a much lower oxidizing potential than
H,O**. Finally, the rate of irreversible deprotonation of PCP**, yielding a neutral carbon-
centered radical, should proceed at a competitive rate, which makes PCP a deep hole trap and
hence further favors the process of hole transfer from H,O** to PCP.

However, the experiments with the hydrated DNA and DNA-PL films do not support
mechanism (1) playing a major role. The increase in DNA radiation damage in the DNA-PL
films (PL:DNA = 3.5:1) in the 2.5 < T'pna-pL < 10 range (see inset in Fig. 3) demonstrates
that PL does not provide any essential degree of protection of DNA from the damage mediated
by H,O** formed from tightly bound water molecules. One can see from the inset in Fig. 3 that
atI"'pna-pL about 10% of the radioprotective effect of PL practically disappears; at these values
of I", both DNA and DNA-PL films show very similar yields of base release. At higher
hydration levels, DNA damage in the DNA films increases by about 60% (see Fig. 3 and Table
2). DNA damage at high hydration levels is believed to be mediated by the hydroxyl radicals
formed from outer loosely bound water molecules (20,22,26,45,46). Because no increase in
DNA damage was observed in the DNA-PL films at high hydration levels, we argue that the
hydroxyl radicals are efficiently scavenged by PL. This hypothesis is supported by the absence
of base release in irradiated aqueous solutions of the DNA-PL complexes (results not shown).

Even without considering the film hydration data, a 2.5-fold radioprotection of DNA by PL
cannot be explained solely by mechanism (1). The relative probability of initial ionization is
assumed to be proportional to the electron density distribution and thereby to the number of
electrons in a given moiety. There are 158.7 electrons per nucleotide, while at I = 2.5, water
molecules + sodium give only 31 electrons. This means that the holes initially formed in the
solvation layer (H,O + Na*) constitute only 20% of holes formed in DNA (20). Even if one
assumes that all holes formed in the solvation layer are transferred to PL, only 20% protection
of DNA against direct radiation damage could be provided. This estimation indicates the
involvement of other mechanisms of radioprotection of DNA by PL.

2. Holes formed on the DNA sugar-phosphate backbone transfer to PCP

Possibility (2) requires that the rate of hole transfer from the DNA backbone to PCP is
competitive with hole transfer to the DNA bases and irreversible deprotonation of the sugar
(fixing the hole on the sugar). While we cannot rule out this possibility, it seems unlikely when
one considers the relative oxidation potential and proximity of the DNA bases. Although the
oxidation potentials of lysine and arginine are unknown, they certainly must be higher than
that of adenine and guanine. Also, the distance between a hole located on the DNA backbone
to the nearest purine base is not likely to be greater than the distance to the nearest Lys or Arg
residue.
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The experiment with the DNA-PLT films sheds some light on the possible involvement of
mechanism (2). Thermodynamically tyrosine will compete with guanine as a hole trap. At pH
7, the redox potentials of tyrosine and guanosine are 0.93 V (47) and 1.29 V (48), respectively.
The value for guanine in plasmid DNA is 1.39 V (49). Given that about half the residues of
PLT are tyrosines, PLT should be an effective competitor for hole trapping. However, no
increase in radioprotection of DNA was observed for the DNA-PLT films compared to the
DNA-PL films (see Fig. 1 and Table 1). Of course, if the distance between the tyrosine residues
and the DNA were large enough, this would explain the lack of change and consequently not
discern against mechanism (2). While we have no direct measure of the steric arrangement
between PLT and DNA, we do know that the DNA-PLT complex presents the same
radioprotection profile as DNA-PL. And if our working hypothesis is correct with regard to
the importance of the tightly bound fraction of PL (probably in the minor groove), then it
follows that the tyrosine residues that are flanked by lysine residues in PLT must also lie in
close proximity to the DNA. We argue, therefore, that mechanism (2) does not play a significant
role in radioprotection of DNA by PCPs.

As noted in the Introduction, Weiland and Hittermann (17), using low-temperature EPR
spectroscopy, observed a slight decrease in guanine radical cations (oxidized guanine) and a
large increase in one-electron reduced pyrimidines in dry chromatin compared to DNA, both
X-irradiated at 77 K. While their results suggest that hole transfer may occur from DNA to
chromatin protein, they do not provide information on hole transfer involving the DNA
backbone. Likewise, our experiments do not provide information on the possibility of hole
transfer between the DNA bases and PCP.

3. PCP repairs free radical damage on the DNA sugar moiety by donating a hydrogen atom
to a sugar free radical

The efficiency of mechanism (3) depends on whether hydrogen transfer is energetically
favorable. It is useful, therefore, to look at the difference in enthalpies of bond formation for
the deoxyribose C-H bonds and the protein C-H, N-H or O-H bonds. While the energies of the
C-H bonds in the aliphatic chain of the Lys or Arg side chains in PL or PR, respectively, are
supposed to be rather high, the theoretically calculated energy of the a-C-H bond in a peptide
with a Lys or Arg side chain is as low as ~340 kJ/mol (50). This is lower than the weakest of
C-H deoxyribose bonds, C1-H, which is ~376 kJ/mol according to the theoretical calculations
of Miaskiewicz and Osman (51). Therefore, the process of transfer of a neutral free radical
from deoxyribose to PL or PR, with the formation of a tertiary a-C-centered free radical, is
expected to be thermodynamically favorable. Evidence for the formation of a-carbon radicals
in chromatin at 77 K has been obtained by Weiland and Huttermann (17), but it is not known
to what degree, if any, the a-carbon radicals are formed by hole transfer from DNA. It should
be noted that in the DNA-PLT films, possibility (3) does not exclude participation of Tyr in
radioprotection of DNA. The theoretically calculated energy of the a-C-H bond in a peptide
with a Tyr side chain is ~344 kJ/mol (50), which is only slightly higher than for Lys and still
significantly lower than for the C-H bonds in deoxyribose. In terms of mechanism (3),
therefore, the Tyr and Lys groups might be nearly equivalent in sugar-radical repair efficiency.
Thisis consistent with PL and PLT giving the same level of radioprotection against base release
from DNA.

4. PCP maintains DNA in a more stable conformation, which is less susceptible to radiation

damage

This possibility stems from the finding, addressed in the section on mechanism (1), that there
is a clear difference in the behavior of the irradiated DNA and DNA-PL films upon hydration
(see Fig. 3 and Table 2). At low hydration levels, DNA films demonstrate a decrease in DNA
damage, which was attributed by Swarts et al. (22) to DNA conformational changes from a
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pseudo-C conformation for a dry DNA to a B conformation for a hydrated DNA. It is well
known that the DNA restructures upon progressive hydration (22,52), although the information
on how this restructuring affects radiation damage to DNA is very limited. According to Swarts
et al. (22), DNA in the more flexible B form is less susceptible to radiation damage compared
to the rigid pseudo-C form because of the stabilization of the base stacking interactions, which
results in an increase in radical recombination reactions. It can be seen from Fig. 3 and Table
2 that, unlike the DNA films, the DNA-PL films with PL:DNA = 3.5:1 show an approximately
60% increase in DNA damage in approximately the same hydration range (when specific DNA
hydration, T''pna-pL, IS calculated as moles of water attached to DNA only; see the inset in
Fig. 3). At low hydration levels, the largest difference in radioprotection of DNA between the
DNA and DNA-PL films is observed for I = 2.5. This could be a consequence of PL
maintaining a B, or B-like, conformation even at the lowest hydration levels. Although the
effect of polyamine binding on the DNA conformation is generally poorly understood, there
are some indications that polyamines maintain DNA in the B form. Thus, in a Raman study
by Deng et al. (53), it has been demonstrated that polyamine-bound genomic DNA maintains
the native B-form conformation upon precipitation (condensation). In NMR studies of the
complexes of polyamines with oriented fibers of DNA, it has been shown that at low hydration
levels DNA in the complexes is in modified B conformations (54).

In conclusion, positively charged polypeptides complexed with DNA have been demonstrated
to protect the DNA sugar-phosphate backbone against direct-type damage in dry DNA. This
conclusion is based on a ~2.5-fold reduction in spontaneous unaltered base release from dry
DNA-PL, DNA-PR and DNA-PLT films X-irradiated at room temperature. We hypothesize
that the protection is attributed to the PCP-induced conformational changes of the DNA
secondary structure and/or the partial repair of the deoxyribose radicals via hydrogen atom
transfer from the o-C-H bonds of PCP. Thus the possibility is raised that protection of DNA
against direct radiation damage in vivo, afforded by histones and other DNA-binding proteins,
stems from repair by hydrogen atom transfer from the bound protein to deoxyribose radicals.
Hole transfer from DNA to PCP or a competitive scavenging of holes generated in the primary
solvation layer of DNA by PCP do not appear to contribute significantly to the radioprotection
of DNAs by PCP. It was shown the while the degree of radio-protection of DNA by PL in
moderately hydrated DNA (2.5 <T < 15) is lower than in dry DNA, it again increases upon
further hydration (I > 15), most likely due to scavenging of hydroxyl radicals formed in the
outer hydration layer by PL.
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FIG. 2.

Dependence of radiation chemical yields of total base release from dry (I' = 2.5) DNA and
DNA-PL films X-irradiated under aerobic conditions in nine-well plates on the PL:DNA ratio.
Radiation yields are normalized to the radiation yield of total base release from the DNA films.
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Dependence of radiation chemical yield of total base release (G;) from DNA and DNA-PL
films X-irradiated under aerobic conditions in nine-well plates upon film hydration. Squares,
DNA films; open circles, PL-DNA films with PL:DNA = 3.5:1; closed circles, PL-DNA films
with PL:DNA = 10:1. Inset shows the dependence of G; on the estimated partial hydration of
the DNA moiety, I"pna-pL, in the DNA-PL films with PL:DNA = 3.5:1.
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TABLE 1
Radiation Chemical Yields of Unaltered Base Release (Gy) from Dry (I' = DNA-PLT Films X-Irradiated in Air

in Nine-Well Plates

1duasnue Joyiny vd-HIN

Film type Release of Release of Release of Release of Total base

cytosine (umol guanine (pmol thymine (umol adenine (umol release (umol
Y Y Y Jt Jt

DNA 0.041 (()_0()2)a 0.037 (0.001) 0.042 (0.002) 0.042 (0.002) 0.162 (0.007)
PL:DNA = 0.24:1 0.023 (0.002) 0.018 (0.002) 0.023 (0.001) 0.030 (0.002) 0.094 (0.006)
PL:DNA =0.57:1 0.015 (0.001) 0.011 (0.002) 0.0142 (0.0006) 0.0199 (0.0005) 0.060 (0.004)

PL:DNA = 0.59:1 0.019 (0.003) 0.021 (0.002) 0.023 (0.003) 0.029 (0.002) 0.09 (0.01)
PL:DNA = 0.67:1 0.034 (0.002) 0.027 (0.001) 0.0302 (0.0007) 0.038 (0.002) 0.129 (0.006)

PL:DNA=0.77:1 0.044 (0.004) 0.037 (0.003) 0.041 (0.003) 0.050 (0.004) 0.17 (0.01)
PL:DNA = 3.5:1 0.015 (0.002) 0.014 (0.001) 0.016 (0.001) 0.0225 (0.0006) 0.068 (0.005)
PL:DNA = 4.4:1 0.018 (0.003) 0.011 (0.002) 0.0149 (0.0004) 0.023 (0.001) 0.067 (0.006)
PL:DNA =10:1 0.0178 (0.0003) 0.016 (0.001) 0.0151 (0.0007) 0.016 (0.001) 0.065 (0.003)
PR:DNA =3.2:1 0.018 (0.0006) 0.022 (0.001) 0.022 (0.001) 0.026 (0.002) 0.088 (0.005)
PLT:DNA =85:1 NDP NDP 0.016 (0.001) 0.019 (0.002) 0.070 (0.006)°

a . . ]

Mean + 1 SD obtained by linear least-squares fit to the dose—response curves.
b .

Not determined.

Cytosine and guanine were not quantified for the DNA-PLT films due to peak superimposition. Total base release was calculated as a doubled sum of
thymine and adenine release.
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TABLE 2
Radiation Chemical Yields of Unaltered Base Release from DNA-PL Films Hydrated at Different Levels and
X-Irradiated in Air in Nine-Well Plates

DNA base release

Film type G Release of Release of Release of Release of Total base

cytosine (umol guanine (umol thymine adenine (umol release (umol
D) Jh (nmol J7Y) Jh Jh

PL:DNA =35:1 25 0.015 (0.002)2 0.014 (0.001) 0.016 (0.001) 0.0225 (0.0006) 0.068 (0.005)
10 0.020 (0.001) 0.015 (0.004) 0.020 (0.001) 0.025 (0.002) 0.080 (0.008)

18 0.018 (0.003) 0.013 (0.004) 0.020 (0.001) 0.030 (0.004) 0.09 (0.01)

30 0.033 (0.004) 0.014 (0.003) 0.026 (0.002) 0.040 (0.004) 0.11 (0.01)

47 0.028 (0.004) 0.013 (0.003) 0.021 (0.003) 0.032 (0.005) 0.09 (0.02)
PL:DNA =10:1 25 0.013 (0.001) 0.014 (0.001) 0.011 (0.001) 0.017 (0.002) 0.055 (0.005)
10 0.015 (0.002) 0.018 (0.002) 0.014 (0.002) 0.024 (0.003) 0.071 (0.009)

28 0.018 (0.002) 0.019 (0.007) 0.01 (0.01) 0.031 (0.009) 0.08 (0.03)

67 0.015 (0.005) 0.015 (0.005) 0.014 (0.005) 0.018 (0.006) 0.06 (0.02)

560 0.020 (0.002) 0.012 (0.004) 0.012 (0.004) NDP 0.06 (0.02)°
DNA 25 0.041 (0.002) 0.037 (0.001) 0.042 (0.002) 0.042 (0.002) 0.162 (0.007)

7.5 0.031 (0.003) 0.021 (0.002) 0.033 (0.003) 0.042 (0.003) 0.13(0.01)
10 0.030 (0.002) 0.024 (0.002) 0.032 (0.002) 0.040 (0.003) 0.126 (0.009)
125 0.0290 (0.0005) 0.021 (0.002) 0.031 (0.001) 0.039 (0.002) 0.120 (0.006)

22 0.040 (0.003) 0.024 (0.002) 0.041 (0.003) 0.047 (0.003) 0.15 (0.01)

33 0.055 (0.006) 0.027 (0.003) 0.043 (0.002) 0.063 (0.007) 0.19 (0.02)

a . . ]
Mean + 1 SD obtained by linear least-squares fit to the dose-response curves.
b .
Not determined.

c . ] . . . .
The value for adenine from the column with T = 67 was used in calculating the total chemical yield.
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TABLE 3
Hydration of DNA, PL and DNA-PL (PL:DNA = 3.5:1) Films
Relative humidity (%) Tona DNA 35Tp 2 PL FDNA-PLb DNA-PL I'pna + 35 TonapL S DNA-PL

films films films e films

66 75 3.2 10 10.7 7

7 10 11.2 18 21.2 8.5

81 125 25 30 375 10

92 22 41.4 47 63.4 16.3

aHydration of PL films, calculated per PL amino acid and multiplied by 3.5 to reflect the PL:DNA ratio of 3.5: 1 in the DNA-PL films.
bNon-specific hydration of DNA-PL films, calculated per DNA nucleotide.

CEstimated specific hydration of DNA only in the DNA-PL films, calculated as moles of water per DNA nucleotide attached to DNA only (see the Materials
and Methods).
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