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Abstract

Low energy electrons (LEES) of energies less than 20 eV are generated in large quantities by
ionizing radiation in biological matter. While LEESs are known to induce single (SSBs) and double
strand breaks (DSBs) in DNA, their ability to inactivate cells by inducing nonreparable lethal
damage has not yet been demonstrated. Here we observe the effect of LEEs on the functionality of
DNA, by measuring the efficiency of transforming Escherichia coli with a [pGEM-3Zf (-)]
plasmid irradiated with 10 eV electrons. Highly ordered DNA films were prepared on pyrolitic
graphite by molecular self-assembly using 1,3-diaminopropane ions (Dap2*). The uniformity of
these films permits the inactivation of approximately 50% of the plasmids compared to <10%
using previous methods, which is sufficient for the subsequent determination of their functionality.
Upon LEE irradiation, the fraction of functional plasmids decreased exponentially with increasing
electron fluence, while LEE-induced isolated base damage, frank DSB, and non DSB-cluster
damage increased linearly with fluence. While DSBs can be toxic, their levels were too low to
explain the loss of plasmid functionality observed upon LEE irradiation. Similarly, non-DSB
cluster damage, revealed by transforming cluster damage into DSBs by digestion with repair
enzymes, also occurred relatively infrequently. The exact nature of the lethal damage remains
unknown, but it is probably a form of compact cluster damage in which the lesions are too close to
be revealed by purified repair enzymes. In addition, this damage is either not repaired or is
misrepaired by £. coli, since it results in plasmid inactivation, when they contain an average of
three lesions. Comparison with previous results from a similar experiment performed with -
irradiated plasmids indicates that the type of clustered DNA lesions, created directly on cellular
DNA by LEEs, may be more difficult to repair than those produced by other species from
radiolysis.
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INTRODUCTION

Secondary electrons are the most abundant secondary species generated by the transfer of
energy from ionizing radiation (IR) into a condensed medium.1~> Most of these consist of
electrons with initial kinetic energies below 30 eV. A detailed knowledge of the reactions of
such low-energy electrons (LEES) with DNA is thus essential to understand and accurately
describe the damage induced in DNA by ionizing radiation. LEEs have been shown to
induce DNA damage such as single-strand breaks (SSBs) and frank double-strand breaks
(DSBs)2:6-8 as well as damage to DNA bases,8-10 deoxyribose,®8:11 and the phosphate
group.8:9.10 |_EEs with energies below 15 eV induce DNA fragmentation mainly via the
formation of transient negative ions (TNIs), decaying into dissociative electron attachment
(DEA) and autoionization, which produces dissociative electronically excited states.®

SSBs and isolated base DNA damage, which occur much more frequently than DSBs, can be
repaired rapidly with high fidelity.12 It is generally accepted that DNA DSBs are the most
frequent toxic DNA lesion induced by IR.1314 A DSB is a type of clustered DNA damage in
which two SSBs are formed in close proximity on opposite DNA strands, by either a one or
two hit damage process or during DNA repair. Large-scale deletions and cell death can be
induced by unrepaired DSBs.1516 Moreover, misrepaired DSBs can give rise to mutations
and chromosomal rearrangements, and hence cell death or cancer in multicellular organisms.
A single unrepaired DSB in the DNA of Escherichia coliis lethal 17 DSBs can also be

generated by enzymatic misrepair of other lesions in DNA such as SSBs and base damage.
18-20

Recent results show that IR exposure of DNA in solution, or within human cells at low
irradiation levels, induces bistranded clustered DNA damage, such as DNA oxidized sites
(i.e., two or more oxidized purines, oxidized pyrimidines, abasic sites, or strand breaks
within a few helical turns).1221 In irradiated DNA, DSBs account for about 20% of the total
of such complex damage, and the remaining 80% is non-DSB clusters.22-26 |R can also
induce cross-links between DNA and nearby biomolecules, including proteins, which can
cause cell death, mutagenesis or carcinogenesis.2’ If not correctly repaired, the formation of
DNA-—protein cross-links within the cell may disrupt DNA transcription, replication, and,
ultimately, cell division. It has been shown that the nucleosomal core histones (H2A, H2B,
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H3 and H4) are the main proteins involved in the formation of DNA—protein cross-links in
irradiated chromatin.?’

Although DSBs and other cluster lesions, as well as DNA-protein cross-links have the
potential to be lethal, the relative contribution of each lesion to the loss of DNA functionality
inauced by LEESs in living cells is not known. Since LEES have a very short-range in
condensed matter (5-10 nm),3 it is not possible to irradiate the DNA of living cells with
them. Moreover, in most of the previous experiments,® suitable thin films of extracellular
DNA for irradiation by LEEs were prepared by freeze-drying (lyophilization).

Unfortunately, this method restricts damage to only a small fraction (<10%) of the DNAs in
the film;2:6:28 sych films have a highly irregular thickness, and thus more susceptible to
charging?%:30 such that LEEs are increasingly repelled as charging increases. Thus, a number
of DNA targets cannot be irradiated,3! as this phenomenon limits the fraction of plasmids
that can be damaged by LEEs. Both intra- and intermolecular electron stabilization and DEA
result in film charging.32:33 These two phenomena are the main obstacles for the study of the
effects of LEES on DNA functionality, which requires a much larger percentage of damage
than obtained with lyophilized films.

To overcome this problem, we constructed DNA films with a molecular, self-assembly
technique, by which 1,3-diaminopropane molecules (Dap?*) are intercalated with plasmid
DNA on a pyrolitic graphite substrate.3# Such films have a high uniformity compared to
those prepared by lyophilization and more than 50% of plasmids can be irradiated by LEES
in a 5 monolayer film (ML).3* Furthermore, the binding of Dap2* to DNA mimics that of the
amino groups of the lysine and arginine amino acids within the basic, positively charged
histone proteins (Scheme 1).

In vivo, positively charged polyamines also interact with the negatively charged DNA.35
Polyamines are believed to stabilize chromatin by compacting DNA and neutralizing
negative charges.3® Diamines such as putrescine (Scheme 1) protect DNA against ionizing
radiation either by inducing DNA compaction and aggregation or by acting as scavengers of
free radicals, predominantly of the *OH type.36:37 However, recently lacomino et al.
demonstrated that polyamines were ineffective in conferring DNA protection at sub-mM
concentrations.38

Owing to this advance in sample preparation, we present herein a novel method to analyze
LEE-induced damage to DNA under conditions found in living cells. We measure cell
survival as a function of LEE-induced damage to the pGEM-Zf(-) plasmid (i.e., supercoiled)
DNA, which possesses an ampicillin resistance gene. The plasmid is bombarded in ultrahigh
vacuum (UHV) with 10 eV electrons. This energy is typical of that of secondary electrons
generated in condensed organic matter by ionizing radiation; it is close to the most probable
initial kinetic energy of a secondary electron immediately after ionization, as calculated by
Monte Carlo simulations.3 Moreover, previous measurements of strand-breaks induced in
plasmid DNA by 0.5-20 eV electrons?6 indicate the presence of a maximum in the yields,
due to the formation of TNIs, around 10 eV. After bombardment, one portion of the sample
serves for the analysis of various damages, including clustered lesions. Another portion is
introduced into £. coli IM109 bacteria, which are then incubated with antibiotic ampicillin.
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These bacteria are devoid of any genes coding for resistance to ampicillin and thus rely on
the integrity of pGEM-Zf(-) plasmid for survival. In other words, lethal damage to the
plasmids reduces cellular transformation efficiency. We measure previously unreported
LEE-induced DNA lesions, including base damage and clustered lesions and show how
these new lesions and those previously detected influence cellular toxicity (i.e., the loss of
DNA functionality or “viability” in bacterial cells). We find that the transformation
efficiency decreases with increasing electron fluence, but only a small proportion of this
decrease can be attributed to the formation of DSBs. Moreover, when damaged DNA is
treated with DNA glycosylases, to convert base damage and apurinic/apyrimidinic (AP) sites
to DSBs, non-DSB cluster damage can only account for a small fraction of observed loss of
DNA functionality. Thus, other toxic, potentially lethal lesions, formed at much higher
frequencies than DSBs and non-DSB cluster damage must be responsible for the observed
loss of DNA functionality.

MATERIALS AND METHODS

Many of the experimental techniques used for the present studies have been described
separately in detail elsewhere.28:3%-42 Here we provide brief descriptions of each.

Plasmid DNA Preparation

Plasmid DNA [pGEM-3Zf(-), 3197 base pairs, ca.1 968 966 amu per plasmid] was extracted
from E. coli IM109 and purified with a HiSpeed plasmid Maxi kit (QIAGEN) as previously
described.28:31:40

Sample Preparation and LEE Irradiation

DNA was deposited onto freshly cleaved graphite (HOPG, ZYA grade, NT-MDT) by a soft
adsorption method.3# The solution of DNA at a concentration of 200 ng/zL was mixed with
a solution containing protonated 1,3-diaminopropane molecules (Dap2*) at a molar ratio of
R[[Dap2*]/[PO4 1onal = 16. This solution was mixed and incubated at 25 °C for 15 min in
the presence of TE buffer (pH = 8).34 The soft adsorption method was used for DNA
deposition onto graphite substrate.3* A 50 /1 droplet of DNA-Dap mixture was deposited
onto a fresh HOPG surface and incubated for 15 min. The surplus of mixture solution was
removed using filter paper. The average thickness of the film was 5 ML of DNA-Dap
complexes.3* Afterward, the Dap-DNA films were placed on sample holders inside an UHV
chamber equipped with an electron irradiator. The latter consists of an FRA-2X1-2 electron
gun from Kimball Physics producing a beam adjustable in energy between 5 and 1000 eV.
The spot size of the beam can be varied between 2 and 50 mm diameter at working distances
between 10 and 50 mm. In the present experiment, it was set to irradiate an area of about 1.0
cm?, which was 3.5 times larger than the DNA sample. The chamber was evacuated for 24 h
by a hydrocarbon-free turbo molecular pump to a base pressure of 5 x 107 Torr at room
temperature. After stabilization of the electron-beam current at 3 nA (£5%), corresponding
to the current density of 1.5 x 1011 electrons s=1 cm™2, the DNA films were individually
irradiated with electrons of 10 eV for periods between 0 and 50 min at room temperature.
While a sample was irradiated, the others were shielded from stray electrons by applying on
them a repulsive potential of 9 V, with respect to the cathode of the electron gun. One
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sample placed in the UHV chamber was never irradiated with electrons to serve as a control.
After irradiation, the samples were removed from the chamber and immediately dissolved in
TE buffer at pH 8.0.

Transformation by LEE Irradiated Plasmid DNA

The transformation efficiency of the control and irradiated plasmids was determined using
competent £. coli IM109. The suspension of competent cells was divided into 100 zi
portions and each culture was mixed with 1 z1_ of either nonirradiated or irradiated samples,
and then placed on ice for 30 min. After heat shock for 45 s at 42 °C, 900 L Super Optimal
Broth (SOC) was immediately added. After a shaking period of 1 h at 37 °C, the samples
were spread on (LB) agar plates containing ampicillin at a concentration 50 zg/z4-43 to select
transformants (i.e., colonies which can grow in the presence of ampicillin). After the
incubation at 37 °C overnight, the transformants were counted. The efficiency of the
transformation is reflected by the number of transformants per microgram of DNA. All
transformation experiments were repeated three times.

Transformation Efficiency Modeling

A supercoiled DNA plasmid is converted into circular and linear forms due to the induction
of SSB and DSB, respectively, by IR.4* The efficiency of each of these DNA forms to
transform bacteria has been shown to differ, but the literature is controversial; some studies
suggested that supercoiled (S) and circular (C) DNA has the same probability to transform
bacteria; however, others propose that S DNA has a higher probability to cross bacteria
membrane and transform bacteria.#345-47 The main parameters that determine
transformation efficiency are the probabilities that the supercoiled, circular or linear forms
(ps, pc and py, respectively) of plasmid DNA cross the cytoplasmic membrane (i.e., entry
function) and the proportion of plasmids that remains capable of replicating and expressing
the ampicillin resistance gene (i.e., survival function). Mathematically, the transformation
efficiency can be described by

n—1 k
TE(p) o [psS(9)+0oCle)+o, L)) [eﬁw%_(ﬁr;j) } .

where the first and second bracketed terms are entry and survival function, respectively.42 S,
C, and L denote the relative percentage of the supercoiled, circular, and linear forms of
DNA, respectively, and ¢ is the electron fluence (in electron per cm?). Sy is an effective
cross section (in cm? per electron) and it represents the yield of lethal damage; then, the
product Bre corresponds to the mean number of toxic lesions induced per plasmid. Br is
independent of DNA conformation. The integer 77 is the number of toxic lesions needed to
inactivate the plasmid.

Agarose Gel Electrophoresis and Image Analysis

The different topological forms of DNA were separated by 1% agarose gel in 1x TAE buffer
(40 mM tris acetate and 1 mM EDTA at pH 8.0) at 100 V for 7 min and 75 V for 68 min (5
V- cm™1).48 SYBR Green | prestained both gel and DNA samples (Molecular probes) at a
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concentration of 10 000x and 100x, respectively. After electrophoresis, gels were scanned
with a Typhoon-Trio laser scanner (from GE Healthcare) adjusted for the blue fluorescent
mode at an excitation wavelength of 488 nm and filter type 520 nm band-pass (520 BP 40)
in the normal sensitivity mode.*8 The percentage of each form was obtained from Image
Quant 5.0 (Molecular Dynamics) software analysis. These values were corrected for the
weaker binding of SYBR Green | to the supercoiled form of DNA relative to those for
nicked circular and linear configurations.*® To determine the correction factor, the same
amounts (70 ng) of supercoiled and linear DNA were run in gel electrophoresis. After
measuring the intensity of each band, the area under the linear DNA peak was divided by the
area under the peak of supercoiled DNA to give the correction factor. In the present study,
the correction factor was 1.5, which was employed to the quantification of plasmid DNA.
Equations 2, 3 and 4 give the corrected amounts of S, C, and L in DNA samples:

1.58,,
(14+5S,+C,+Ly) )

C= Y
(1L5S:+Cq+Le)  (3)

LG
(15S;+C+Ls)  (a)

where Sg, Cg, or Lg are the integral values (i.e., the area under the peak) of the bands
corresponding to the supercoiled, circular, and linear forms of DNA, respectively.

Detection of Enzyme-Sensitive DNA Damage

Each analyzed sample was split into two equal volumes, the first one for treatment with £.
colibase excision repair endonuclease 111 (Nth) and/or formamidopyrimidine-DNA A-
glycosylase (Fpg) (Trevigen, Inc.) and the second for mock treatment without enzyme. Nth
and Fpg act both as A-glycosylases and AP-lyases. Nth can recognize and remove several
damaged pyrimidines including 5,6 dihydroxythymine, thymine glycol, 5-hydroxy-5
methylhydanton, uracil glycol, 6-hydroxy-5, 6-dihdrothimine and methyltartronylurea.>®
Fpg recognizes and removes several damaged purines including: 7,8-dihydro-8-oxoguanine
(8-oxoguanine), 8-oxoadenine, fapy-guanine, methyl-fapy-guanine, fapy-adenine, aflatoxin
B1-fapy-guanine, 5-hydroxy-cytosine and 5-hydroxy-uracil.! The samples were categorized
into three groups depending upon the postirradiation treatment. The first group termed frank
SSBs or frank DSBs was maintained at —20 °C, the second frank + heat labile site SSB was
incubated at 37 °C for 60 min in the absence of enzyme and the third (100 ng) was mixed
with one unit of Nth or Fpg or a mixture of both and incubated at 37 °C for 60 min (1 unit of
enzyme is defined as resulting in the cleavage at an AP site of an oligonucleotide at a rate of
1 pmol/h). Control samples were also incubated in the presence of incubation buffer only.
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Additionally, we tested the effect of increasing the amount of enzyme and incubation time
on the additional yields of breaks produced by Fpg and Nth. Additional enzyme (20 U) was
added after 60 min of incubation to ensure that all sensitive sites had been detected (data are
not shown). At 1 U for both enzymes (Nth and Fpg), saturation occurred and no significant
effect of additional Nth and Fpg incubation on the background levels of damage was
observed for all the conditions studied. The enzyme reactions were quenched by addition of
10 4L of 0.5 M EDTA buffer and then mixed with loading buffer and kept on ice prior to
electrophoresis.>2 The yields of SSBs and DSBs were measured by gel electrophoresis.

Yields for the Formation of Specific Lesions in Irradiated Plasmid DNA

The yield of a given damage is expressed as a percentage of the total amount of DNA in the
target per unit of fluence. The fluence-response curve for the formation of SSBs, as a
fraction of intact supercoiled DNA, and loss of the supercoiled configuration were plotted as
a linear and logarithmic function of incident electron surface density (i.e., the fluence). The
yields of SSBs were obtained from the slope at zero fluence of the logarithmic curve fitted to
the data.>354 The yield of DSBs was determined from the slope of the linear electron
fluence-response curve of the fractional abundance of the linear form of DNA.5 For the
isolated base lesions, the yields were calculated by subtraction of the yield of plasmids with
SSBs that had received only mock enzyme treatment from the yield of plasmids with SSBs
following enzyme treatment.®® The yields of non-DSBs clustered damage were determined
from the difference in the yields of DSBs determined in the presence and absence of
enzymatic treatment of irradiated DNA.56

DNA Damage Modeling

Before using eq 1 for modeling the results of the transformation, we must first choose
algebraic functions S(¢), ((¢), and L(yp), which reproduce the gel electrophoresis data for
the dependence of the different plasmid conformations on the electron fluence (Figure 1).

For this purpose, we used the model described by Rezaee et al.3! to fit the loss of
supercoiled plasmids. Originally, this model was designed to account for the low penetration
of LEEs in condensed phase macromolecular samples such as DNA. Additionally, it
introduces a term to account for the charging of the sample at long bombardment times. In
our case, the algebraic expression to model the percentage of supercoiled plasmid as a
function of electron fluence takes the form:

o L h —op(1—e—(e/®))e=(/N) |
S(@)—Soh‘foe dx 5)

Where & is the initial percentage of supercoiled DNA before irradiation, / is the thickness
of the sample and A is the characteristic attenuation length of the 10 eV electron beam; ¢ is
the “charging fluence constant” that can be seen as the characteristic fluence showing
charging effects. Yis the total yield of SSBs and DSBs. We will not discuss here the values
of these parameters, since our sole aim is to produce a function, eq 5, which fits the gel
electrophoresis data (Figure 1). The growth of the linear form L(g) is modeled by a straight
line, where the initial value L = Ly is set to zero (eq 6). The evolution of circular form ((¢)
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with respect to the electron fluence is then derived from the difference between the sum of
the initial values S and G, and the sum of the functions S(¢) and L(g):

L(g)=Fk-¢ (6)

C(p)=(So+Co)—(S(p)+L(¥)) (7)

RESULTS
DNA Strand Breaks Induced by 10 eV Electrons

Figure 1 shows the electron fluence-response curves for the formation of the supercoiled,
nicked circle and linear forms in LEE-irradiated DNA followed by laser scanning of the
bands in agarose gel. As expected, the fraction of supercoiled DNA in the sample decreased
with increasing electron fluence and reached a plateau at approximately 52% supercoiled
concentration; the fraction of both circular and linear DNA increased, with the circular form
reaching a maximum at 39%, whereas linear DNA increased in a linear fashion with no
plateau.

Transformation Efficiency of DNA Irradiated with LEEs

Figure 2 shows the transformation efficiency of DNA as a function of incident electron
fluence in electrons.cm™2. The curves are fitted to the measured data using eq 1. The
transformation efficiency curve can be divided in three regions A, B and C (Figure 2). The A
region extends from zero to 5 x 1013 electrons/cm? and is highly dependent on the o./ps
parameter, (i.e., the ratio of probabilities of circular and supercoiled plasmids to enter the
bacteria), since in this dose range supercoiled DNA is converted to circular DNA. The B
region ranges from 5 to 15 x 1013 electrons/cm? and is highly influenced by the n parameter.
Finally, the C region from 15 to 45 x 1012 electrons/cm? reflects the magnitude of the yield
of lethal damage (5R).

The best fit was obtained at o/os = 3, which reflects the fact that the efficiency of circular
DNA to enter the bacteria (o) is greater than for supercoiled DNA (o), by a factor of 3, as
previously reported.#2 As well, the best fit was obtained at /7= 3, indicating that, on average,
three toxic lesions are required to inactivate the plasmid. Finally, for 10 eV electrons the
yield for the production of a lethal lesion is given by £g = (1.2 £ 0.1) x 10714 cm?/electron,
where g represents the yield of lethal damage. The presence of 1,3-diaminopropane
molecules had no effect on the transformation efficiency at zero fluence.

Effect of LEEs on the Biological Activity of Plasmid DNA

A functional plasmid (pGEM-3Zf-) results in the formation of a bacterial colony, indicating
that it replicates and also expresses the ampicillin resistance gene. Figure 3 shows the entry
efficiency and functionality (i.e., the two components of the transformation efficiency) of the
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plasmid transformed into wild type E. coli (JM 109) as a function of electron fluence. These
curves were calculated from eq 1 with the parameters fitted to produce the curve of Figure 2.

The survival curve in Figure 3 (plasmid functionality) has a definite plateau at low electron
fluence followed by an exponential loss of viability. This behavior suggests that the lethal
lesions can be repaired, when present at low levels, but at higher levels the repair process is
overwhelmed and results in plasmid inactivation. At a fluence of 20 x 1013 electrons/cm?,
56% of the plasmids are functional, while at 40 x 1013 electrons/cm?, this percentage is
reduced to 13%.

Isolated Base Damage Induced by LEEs in Plasmid DNA

A semilogarithmic plot of the loss of the supercoiled configuration with increasing electron
fluence and treatment with DNA glycosylases is shown in Figure 4.

Post-treatment of irradiated DNA at 37 °C with either Nth or Fpg, which act both as A-
glycosylases and AP-lyases, led to a further decrease in the supercoiled form of the plasmid.
The yields for the formation of both Nth and Fpg sensitive sites (i.e., oxidized pyrimidine
and purine bases, respectively), determined from the fluence-response curves for the loss of
supercoiled DNA, are shown in Table 1. The net yields for the formation of enzyme-
sensitive sites, given in Table 1, were obtained®’ with the procedures described in the section
Materials and Methods of ref 42. The yield for purine base damage in DNA was Ygpg.ss =
(50.0 + 0.8) x 10716 cm?/electron vs pyrimidine base damage yield Yin-ss = (44.0 £ 0.7) x
10716 cm?/electron. The yield of total base damage was Y{gpg+Nih)-ss = (70.0 + 1) x 10716
cm? per electron.

Clustered Base Damage Induced by LEEs in Plasmid DNA

Figure 5 shows fluence-response curves for the formation of linear plasmid DNA, under
conditions identical to those, which produced the data of Figure 4.

Incubation of the irradiated plasmid DNA with either Nth or Fpg at 37 °C results in the
formation of linear DNA, when the breaks induced by these enzymes at the sites of damaged
bases are either in close proximity to one another or to a SSB, but on opposite strands. The
respective curves for total DSB yields (i.e., Nth-induced DSBs + Frank DSBs as well as
Fpg-induced DSBs + Frank DSBs), as shown in Figure 5, increase linearly with radiation
dose. The levels of clustered DNA damage revealed by Nth and Fpg greatly exceed the
number of frank DSBs. Table 2 presents the yield for enzyme-sensitive sites detected as
additional DSBs. It shows that the yield of total non-DSB cluster damage was about 2.6
times higher than that of frank DSBs (3.9 # 0.6) x 10716 cm2/electron vs (1.5 + 0.2) x 10716
cm?/electron.

DISCUSSION

The dashed survival curve in Figure 3, which represents the functionality of irradiated
pGEM-3Zf (-) plasmid, has an initial plateau (see also inset) followed by a decrease at
higher electron fluence. The initial plateau suggests that the lethal lesions can be repaired
when present at low levels, as proposed for other types of genotoxic damage.>8:59 At higher
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levels of damage, the repair process is overwhelmed and results in plasmid inactivation. As
seen from Figure 1, beyond 1.5 x 1014 electrons/cm?, the small fraction of plasmids left in
the supercoiled configuration remains essentially constant. This “saturation”, which results
from the exponential decay of the initial target (i.e., supercoiled DNA),3! can be correlated
with the near-linear decrease of functionality shown in Figures 2 and 3. The constant
percentage of supercoiled and circular DNA, observed beyond 1.5 x 1014 electrons/cm?, can
be attributed to film charging, which repels incoming electrons. Charging occurs because the
electrons attenuation distance is of the order of the thickness of the DNA/Dap?* film.
However, conversion of the supercoiled configuration to the circular form does appreciably
change the number of targets available to produce the linear form or the multiple damages.3!
We therefore find the formation of DSBs to be linear with fluence (bottom curve, Figure 1)
and no saturation in the formation of isolated base damage, as revealed by enzymatic
digestion (Figure 5).

DNA DSBs are generally considered to play a dominant role in the induction of cell death
by ionizing radiation.#4:60.61 Both experimental and theoretical investigations have
demonstrated that, below 15 eV, electrons may induce strand breaks in DNA via the
formation of TNIs,6:28.6263 which decay into the DEA channel or by autoionization; this
latter channel can leave a subunit in a repulsive state, thus also causing fragmentation. At 10
eV, electrons break DNA strands essentially via core-excited resonances, i.e., the formation
of a transient anion consisting of the incoming electron trapped by the positive electron
affinity of an electronically excited state of a basic unit of DNA.6.62.64

In our previous work, we evaluated the contribution of different lesions induced by -
radiation to the loss of pGEM-3Zf (-) plasmid DNA functionality.*2 We found that frank
DSBs, which can induce cell lethality if not repaired, make a relatively minor contribution to
the loss of DNA functionality induced by y-radiation.*Z Similarly, in the present study the
frank DSBs induced by LEE irradiation are too infrequent to account for the loss of plasmid
functionality. At a fluence of 22 x 1013 electrons/cm?, 49% of the plasmids were
nonfunctional. Importantly, only 3% of the plasmids contained a DSB at this fluence (Figure
1). Thus, DSB formation cannot explain the loss of functionality of the plasmid observed
here with LEEs.

Clustered lesions (i.e., local multiply damaged sites), represent a signature of the effects of
ionizing radiation on DNA?! as a result of the occurrence of multiple damage events within
one or two turns of the double-stranded helix along the particle track. However, assuming a
Poisson distribution for the non-DSB cluster damaged plasmid (data are not shown), our
analysis shows that at a fluence of 22 x 1013 electrons/cm?, 8% of the plasmids contained
non-DSB cluster lesions. Since, at this fluence, 49% of the plasmids were nonfunctional,
there must be additional lesions generated by LEES, which are refractory to repair and
therefore, lethal. The yield for total non-DSB cluster damage is about 2.6-fold higher than
that of frank DSBs ((3.9 + 0.6) x 10716 cm?2/electron vs (1.5 + 0.2) x 10716 cm?/electron).
However, the yield for lethal damage R is 31-fold higher than the yield of the non-DSB
cluster damage ((1.2 + 0.1) x 10714 cm?/electron vs (3.9 + 0.6) x 10716 cm2/electron). /n
contrast, when we irradiated the DNA plasmid in aqueous solution with y-radiation, the
value for Br was only 2.6-fold greater than the yield of non-DSB cluster damage (Br = (60
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+2) x 1074 per Gy vs (22.9 + 0.7) x 1074 per Gy).*2 This difference between the ratios of
the yield of lethal damage to that of non-DSB cluster damage induced by LEEs and )~
radiation indicates that in these two different types of experiments, the energy of incident
radiation is deposited within DNA very differently. This energy deposition depends on a
number of factors, which in the case of LEE irradiation, are electron fluence, damage cross
section, energy and thermalization range. For a dilute solution of DNA irradiated with -
rays, the significant parameter is essentially the reaction rate constant of OH radicals to
produce cluster damage. The magnitude of the parameters determines if the damage results
from multiple hits (i.e., from two or more LEE, OH or e,q interactions) or a single particle-
target process. When more than a single interaction is needed to cause the damage, its
magnitude becomes nonlinear with dose or fluence.

In the previous experiments, the linearity of y-induced clustered lesions with dose was not
obvious below 100 Gy and absent above.*2 Moreover, the loss of DNA functionality was
observed for doses ranging from 300 to 800 Gy. Hence, this loss caused by clustered
damages was observed under high concentrations of OH radicals and solvated electrons.
Under such conditions, most multiple base damages and strand breaks should be caused by
the reaction of two or more of these species with DNA, within a distance of about 10 base
pairs along the axes of the plasmid.

The present result in Figure 5 clearly shows that the yields of DSB and non-DSB lesions are
linear as a function of fluence. In other words, the yields of these damages, which cause the
loss of functionality seen in Figure 2, are the result of a single electron interaction with
DNA. Thus, the reactions and the experimental conditions are quite different in the LEE and
y-rays experiments. This finding is not too surprising, since many experiments performed,
under single LEE collision conditions, with thin films of plasmid DNA and oligonucleotides,
revealed that a single 10 eV electron interaction can cause a DSB.%28 An electron transfer
mechanism has been invoked to account for this phenomenon.®® Briefly, the incoming
electron excites a dissociative electron state of a phosphate group leading to C-O bond
cleavage on one strand. Afterward, the electron transfers to the opposite strand causing
similar C-O bond cleavage via DEA. A similar mechanism has been shown to occur within
the same strand by Park et al.®6 When incident on single-stranded DNA a 10 eV electron
first forms a core-excited TNI on a base; afterward, the electron is transferred to the
phosphate group causing DEA at the C-O bond and leaving the base in a dissociative
electronically excited state.57:68 Such electron-transfer mechanisms act over distances of the
order of the wavelength of the captured electron.”-6° Thus, we expect multiple damages
caused by a 10 eV electron to be extremely short-range and limited to distances of the order
two base pairs.

It has been shown that repair enzymes, such as Fpg and Nth are unable to detect lesions in
close proximity. Thus, we may have underestimated the frequency of non-DSB cluster
damage created by LEEs. Indeed, the detection efficiency of cluster damage depends on the
enzymatic conversion efficiency.’® Two factors can influence the detection of cluster
damages by Fpg and Nth: the distance between two SSBs on opposite strands and the
distance between base lesions on opposite strands of the DNA recognizable by these two
enzymes.’® Complex lesions have been shown to be poorer substrates for these enzymes
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than single lesions.”! Where the lesions were only 1-3 bp apart on opposite strands,
enzymatic digestion yielded only SSB; however, where they were 1-5 or 1-7 apart, they
yielded DSBs.”! These findings were explained by postulating that a closely positioned
break in the opposite strand inhibited the glycosylase activity of the enzyme, but not its lyase
activity.”? Thus, the complex and compact lesions induce by LEEs should not be easily
repaired and detected by comparison with y-ray damage, not only in our experiment, but
also by the enzyme repair machinery of the cells. As such LEE-induced clustered lesions
could inactivate cell function or be converted to lethal damages such as DSBs by being
recognized by the nucleotide excision repair (NER) system. DNA interstrand cross-links
(ICLs) can also be responsible for the loss of plasmid DNA functionality, and have been
reported to be converted to DSBs during repair.”2-74 Some studies have found that a single
ICL is sufficient to kill repair deficient bacteria.”>"9 Recently, Price et al. demonstrated that
ICL can be easily formed between adenine residues and abasic sites in duplex DNA in
remarkably high yields (15-70%) under physiologically relevant conditions.8°

SUMMARY AND CONCLUSION

The present work demonstrates that LEESs, which are produced in copious amounts by IR,
are able to induce the loss of plasmid DNA functionality. DSBs are known to be toxic, but
the yields induced by LEE impact ((3.9 + 0.6) x 10716 cm2/electron) is far too low to
account for the loss of plasmid functionality. The yield for total non-DSB cluster damage
was about 2.6 times higher than that of frank DSBs ((3.9  0.6) x 10716 vs (1.5 + 0.2) x
10716 cm?/electron), but is still too low to explain the toxicity of LEE irradiation. We
suggest that LEEs induce compact cluster lesions that cannot be efficiently revealed by
purified repair enzymes such as Fpg and Nth, thus leading to underestimation of non-DSB
cluster lesions. The compact cluster damage, which is known to be poorly detected by repair
enzymes in vitro, may also be poorly repaired in cells.

In conclusion, LEEs efficiently induce the loss of plasmid DNA functionality by generating
lesions, which may be refractory to repair. The exact nature of these lesions remains
unknown, but they seem to be compact clustered lesions. Further work is therefore needed to
determine more precisely the effects of LEEs on DNA. It would be interesting to extend
these measurements in order to determine the sensitivity of bacteria to electron damage at
other energies and the role of TNIs in the formation of cluster lesions. Such knowledge is
essential for understanding the details of energy deposition in cells by IR and should lead to
the development of more efficient protocols for cancer treatment with radiotherapy.81.82
Such details may be particularly valuable for heavy ion therapy, where very high LET
particles generate along their path a high density of LEEs,82 which, according to the present
results, have a propensity to create less reparable cluster damages.
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Figure 1.

Agarose gel electrophoresis of 10 eV-electrons irradiated extracellular plasmid pGEM-3Zf
(-). Loss of supercoiled DNA (@) and the formation of circular (l) and linear (A) DNA as

a function of electron fluence.
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Figure2.
Impact of 10 eV-electron irradiation on transformation efficiency. The continuous line is

calculated with eq 1. The best fit to the data occurs when the ratio of pc/ps =3, o =0, n=3
and g = (1.2 £ 0.1) x 10714 cm? per electron. Each data point represents the mean of three
independent measurements, obtained on the same day. At certain fluences, more than one
data point was recorded. The error bars correspond to the standard deviation for each group
of three measurements.
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Biological activity of plasmid pGEM-3Zf (-) following 10 eV-electron irradiation. The
“survival function” (dashed curve) of the plasmid is calculated using eq 1. The dotted line
represents the variation in the “entry function” as a function of electron fluence (eq 1). The
behavior is due to the change in the number of plasmids with different entry coefficients. For
comparison, the formation of linear plasmids as a function of electron fluence is also shown
(straight line). The inset shows the functionality of plasmid DNA on a logarithmic scale.
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Figure 4.
Loss of supercoiled pGEM-3Zf (=) DNA versus electron fluence. After irradiation, DNA

was untreated (closed circles) or incubated at 37 °C (closed triangles) or incubated with Nth
(asterisk) or Fpg (dashes) or both enzymes Nth and Fpg (pluses). Linear fits obtained from
data recorded at electron fluences < 1012 electrons/cm?.
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Figure5.
Fluence-response plots showing the fractions of linear DNA. After irradiation, DNA was

untreated (close circles) or incubated at 37 °C (close triangles) or incubated with Nth
(asterisk) or Fpg (dashes) or both enzymes Nth and Fpg (pluses).

J Phys Chem B. Author manuscript; available in PMC 2015 November 23.

Untreated
37°C
Nth

Fpg

Nth + Fpg



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duasnuel Joymny YHID

Sahbani et al.

NH, O NH, O

H,N
2 OH OH

Arginine Lysine

Putrescine Cadaverine

HaN A~ _NH>

1, 3-Diaminopropane

Scheme 1.
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Table 1

Yields (Y'x 10716 cm2/electron) of SSB in pGEM-3-Zf (-) Plasmid DNA Induced by 10 eV-Electron
Irradiation Followed by Incubation with Nth and Fpg?

Yrsse)  Yss  Yrpgss  YNth-ss  Y(FpgtNth)-SS

31+5 20+03 508 44+7 70+10

HYF(SSB), YHLS, YFpg-SS, YNth-SS and Y{Fpg + Nth)-SS are the yields of SSBs without enzymatic treatment and followed by heating at
37 °C, from purine and pyrimidine base damage and total base damage, respectively.
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Table 2

Yields (¥ x 10716 cm2/electron) of DSB Induction in pGEM-3-Zf () Plasmid DNA by 10 eV-Electron
Irradiation with No Further Treatment and Followed by Heating to 37 °C and Incubation with Nth, Fpg, and
Both?

YF(DsB) Y His YepgDs  Ynth-Ds  Y(FpgNth)-DS

15+02 014+0.02 28+04 14+02 3.9+0.6

aThe designations are the same as in Table 1 with SSBs being replaced by DSBs.
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