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Background: The combined effect of the low energy electron (LEE) irradiation and Cu2+ ion 
on DNA damage was investigated. 

Materials and Methods: Lyophilized pBR322 plasmid DNA films with various concentrations 
(1-15 mM) of Cu2+ ion were independently irradiated by monochromatic LEEs with 5 eV. The 
types of DNA damage, single strand break (SSB) and double strand break (DSB), were separat-
ed and quantified by gel electrophoresis. 

Results and Discussion: Without electron irradiation, DNA damage was slightly increased 
with increasing Cu ion concentration via Fenton reaction. LEE-induced DNA damage, with no 
Cu ion, was only 6.6% via dissociative electron attachment (DEA) process. However, DNA 
damage was significantly increased through the combined effect of LEE-irradiation and Cu ion, 
except around 9 mM Cu ion. The possible pathways of DNA damage for each of these different 
cases were suggested. 

Conclusion: The combined effect of LEE-irradiation and Cu ion is likely to cause increasing 
dissociation after elevated transient negative ion state, resulting in the enhanced DNA damage. 
For the decrease of DNA damage at around 9-mM Cu ion, it is assumed to be related to the 
structural stabilization due to DNA inter- and intra-crosslinks via Cu ion.
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Introduction

Since Sanche and the collaborators have pioneered the investigation of DNA damage 

induced by low-energy electrons (LEEs) irradiation [1], it has been established that 

LEEs can cause DNA damages such as single-strand break (SSB), double-strand break 

(DSB), base lesion, and cross-links between nucleobases. LEEs of having energies not 

enough to ionize DNA molecules can react with DNAs and their subunits and lead to 

various DNA damages indirectly. For example, Boudaiffa et al. [1] have shown that LEEs 

with less than 15 eV can induce DNA damages on DNA films and explained the obser-

vation with dissociative electron attachment (DEA) process [2-8]. However, DNA in vivo 

is surrounded by many other molecules such as proteins and metal ions as well as H2O 

and interacts with these molecules. Among these interactants, metal ions are important 

catalysts for oxidative damaging reactions in DNA and other biomolecules [9-13]. For 

example, it is well established that oxidative DNA damage in the presence of Fe ions in 

the solution has occurred via Fenton reactions [14, 15]. Motivated by these important 
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and independent roles of LEEs and metal ions, we have pre-

viously reported the combined effect of LEE-irradiation and 

Fe3+ ion on DNA damage [16]. Briefly summarizing the ex-

periment, lyophilized pBR322 plasmid DNA films with vari-

ous concentrations (0-7 mM) of Fe3+ ion were independently 

irradiated by monochromatic LEEs with 3 or 5 eV energies. 

After the irradiation, DNA-Fe3+ films were recovered and ana-

lyzed by the agarose gel electrophoresis. In the case of non-ir-

radiated DNA-Fe3+ films, there was a little DNA damage 

(< 10%) for Fe3+ ion up to 7 mM concentration. In the case of 

irradiated DNA films without Fe3+ ion, again there was only a 

little DNA damage (< 3%). However, in the case of electron-ir-

radiated DNA-Fe3+ films, DNA damage was enhanced con-

siderably. A single effect of either Fe3+ ion or LEE-irradiation 

did not cause a significant DNA damage, but when these two 

components were combined DNA damage was significantly 

increased compared to the sum of the damages caused both 

by Fe3+ ion and by LEE-irradiation independently. Stimulated 

by this result, we have done the similar investigation with 

copper ion Cu2+, another transition metal ion, to see how 

they behave similarly or differently from Fe3+. 

Both Fe and Cu ions are transition metal ion and they 

share some common characters while show some differenc-

es. Transition metal ions such as cobalt(II), copper(II) have 

different binding characteristics toward DNA. They bind al-

most exclusively by coordinating to the N7 position of purine, 

especially of guanine [17]. Copper has long been biocidal 

tools from the ancient era and is one of a relatively small 

group of metallic elements that are essential to human health 

[18]. Catalytic copper, because of its mobilization and redox 

activity, is believed to play a central role in the formation of 

reactive oxygen species that bind very fast to DNA, and pro-

duce damage by breaking the DNA strands or modifying the 

bases and/or deoxyribose leading to carcinogenesis [19].

Following the similar methods as done in the Fe3+ case, in 

this report we investigated the effects of LEE-irradiation and 

Cu2+ ion on DNA damage. The multilayered DNA- Cu2+ films 

were prepared by lyophilization technique and irradiated by 

5 eV electrons. After LEE-irradiations, the irradiated DNA- 

Cu2+ films were analyzed by electrophoresis. 

Materials and Methods 

Plasmid DNA pBR322 was purchased from New England 

BioLabs Inc. This DNA molecule is a commonly used, dou-

ble-stranded and supercoiled DNA with 4,361 bp in length 

and 2.83× 106 daltons in weight. Cupric chloride (CuCl2) was 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, 

MO). All other reagents and solvents were purchased from 

Sigma-Aldrich Chemical Co. and used as received without 

further purification. SYBR GREEN I (10,000× ) as a DNA dye 

was purchased from Invitrogen and the concentration of 

SYBR GREEN I was diluted to 100×  with dimethyl sulfoxide 

(DMSO) stock solution. Tantalum (Ta) plate was purchased 

from Goodfellow Cambridge Limited (Huntingdon, UK) and 

was cut into 12 mm× 12 mm square pieces for use as DNA 

film substrate.

To prepare dried DNA films on Ta plates, a home-made ly-

ophilizer was used [16]. In treating plasmid DNA and CuCl2, 

nanopure water (distilled and deionized water (18.2 MΩ.cm, 

25˚C; ddH2O)) was used. pBR322 DNA solution was pre-

pared mixed with TE (Tris-HCl 10 mM, EDTA 1 mM, pH 8.0) 

buffer to dilute to a concentration of 0.05 μg μL-1, and CuCl2 

solutions mixed with H2O to make eight different concentra-

tions from 0 mM to 15 mM. The prepared pBR322 DNA solu-

tion and CuCl2 solutions were individually mixed in a 0.5 mL 

microcentrifuge tube to make DNA-Cu2+ complex. Each 

DNA-Cu2+ mixture solution (with a volume of 9 μL) was care-

fully dropped on a chemically clean Ta plate. The dropped 

DNA-Cu2+ solutions were spread on the Ta plates to a circular 

shape with a 5 mm diameter. Immediately after, the solu-

tions became frozen using liquid nitrogen and then trans-

ferred to the small vacuum chamber of the lyophilizing sys-

tem. Water molecules in the DNA-Cu2+ solutions were ex-

tracted by the cryogenic sorption pump, and finally dried 

DNA-Cu2+ films with about 5 monolayers (ML) on the Ta 

plates were obtained. For each run of the experiments, eight 

DNA-Cu2+ films were prepared and loaded into another vac-

uum chamber for LEE-irradiation. To make the DNA films 

without Cu ion, the similar procedure was followed.

The figures and the details of an experimental setup for 

LEE-irradiation on DNA films were given in the previous re-

port [16]. In brief, it consists of an electron gun (E-gun), a 

Faraday cup, and a sample holder. The E-gun can generate a 

monoenergetic electron beam having 0.5 eV resolution over 

the entire sample surface. Each DNA film was individually 

irradiated with constant irradiation time, beam current, and 

incident electron energy. For 5-minute irradiation time, it 

was estimated a total exposure of approximately 1.8 × 1014 

electrons per DNA film. The irradiation of DNA film was car-

ried out under ultra-high vacuum of about 10-9 torr.

Gel electrophoresis was used to identify and quantify DNA 
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damage induced by LEE-irradiation and Cu2+ ion. The DNA 

films were recovered from Ta plates with 9 μL of TE buffer. 

After that, 1 μL of SYBR GREEN 1 (100× ) and 2 μL of loading 

buffer (6× ) were added to the recovered DNA solution. Thus, 

prepared DNA samples were loaded with DNA marker mol-

ecule onto 1% agarose gel submerged under TAE solution 

(1× ). After electrophoresis at 50 V for 35 minutes, separated 

DNA bands were photographed using gel-documentation 

system (ImageQuent300, GE Healthcare, Buckinghamshire, 

UK), and each type of DNA damage was quantified using 

ImageQuent program. All data shown in the figures and the 

table indicate an average values with corresponding stan-

dard deviations of four to eight independent experiments.

Results and Discussion

The structure of supercoiled DNA can be changed to cir-

cular or linear DNA as the results of strand breaks, which al-

lows us to identify the types of DNA damage induced by LEE-

irradiation and Cu2+ ion using gel electrophoresis. The initial 

state of plasmid pBR322 DNA is mostly supercoiled-type 

with less than 5% nicks. Figure 1A shows the results for the 

gel electrophoresis of DNA damages induced by LEE-irradi-

ation with 5 eV on the DNA-Cu2+ films as a function of Cu2+ 

concentration (1-15 mM). The solid squares indicate the loss 

of supercoiled DNA induced by Cu2+ ion concentrations 

without 5 eV electron irradiation and the solid circles indi-

cate the loss of supercoiled DNA for the combined effect of 5 

Fig. 1. (A) Loss of supercoiled DNA by the combined effect of LEE-irradiation and Cu2+ ion. The solid circles indicate the results for 5 eV 
electron irradiations on DNA-Cu2+ complex and the solid squares indicate the result without electron irradiation, respectively. Error bars at 
0 mM are unseen because they are smaller than the data points. (B) Loss of supercoiled DNA by the combined effect of LEE-irradiation 
and Fe3+ ion. The solid circles indicate the results for 5 eV electron irradiations on DNA-Fe3+ complex and the solid squares indicate the 
result without electron irradiation, respectively [16].

Table 1. Yields of Total Damage for Non-irradiated and 5 eV Electron-irradiated DNA-Cu2+ Comlexes 

Cu2+ concentration 
(mM)

SC loss due to Cu2+ only 
[No e-irradiation]

SC loss due to Cu2+ and 
5 eV electron

Enhancement due to combined effect of 
Cu2+ and 5 eV electron 

0 [No Cu2+] 5.61±0.59 12.16±0.90 6.55 [a]
1 4.88±1.29 12.18±6.33 0.75
3 6.25±0.65 21.73±5.92 8.93
5 10.20±1.78 27.45±9.28 10.70
7 9.02±4.07  25.88±12.14 10.31
9 7.77±3.54  15.31±4.18 0.98
11 11.24±4.32  29.32±16.89 11.53
13 13.35±1.93  53.89±15.89 33.99
15 24.34±3.82  73.74±17.89 42.85

All values in the last column, except value [a]= (Loss of SC DNA with LEE and Cu2+)– (Loss of SC DNA with LEE only)– (Loss of SC DNA with Cu2+ only).
Value [a]= (Loss of SC DNA with 5 eV irradiation)– (Loss of SC DNA with no LEE irradiation).
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eV electron irradiation and Cu2+ ion concentrations, respec-

tively. Again, each point is an average of four to eight inde-

pendent measurements with an error bar indicating the cor-

responding one standard deviation. In Table 1, the same re-

sults are tabulated for damage yields due to Cu2+ concentra-

tions only and the combined effect of LEEs and Cu2+ ion. 

Each yield value is, as in the figure, expressed as an average 

percentage loss of supercoiled DNA, given with a corre-

sponding standard deviation. 

For the convenience of the comparison, the result for Fe3+ 

ion is reproduced in Figure 1B. In our original work on Fe 

ion, there are results for the electron energies of 3 eV and 5 

eV [16]. However, in Figure 1B, only the result for 5 eV is giv-

en to compare with the Cu ion data. The general trend ob-

served in Cu ion data looks similar to that of Fe ion, except in 

Cu ion case there is a prominent dip at 9 mM concentration 

for the irradiated data. As can be seen in Figure 1A and Table 

1, when only Cu2+ ion was added to supercoiled DNA (i.e., 

without LEE-irradiation), there was only a slight damage for 

the Cu2+ concentration range of 0 to 9 mM and slowly started 

to increase from 11 mM (see the solid square in Figure 1A). 

This damage might be generated by Fenton reaction of Cu2+ 

ion and H2O2 during the film preparation as previous Fe3+ 

case [20, 21]. In the case when there was only LEE-irradiation 

on DNA with no Cu2+ ion, a little DNA damage of about 6.6% 

has occurred. In other words, a single effect of either Cu2+ ion 

or LEE-irradiation did not cause a significant damage. How-

ever, when these two components were combined, the DNA 

damage was increased quite significantly with increasing 

Cu2+ ion concentration except around 9 mM, compared to 

the sum of DNA damages caused by Cu2+ ion and by LEE-ir-

radiation independently. At 5 eV electron energy, most of 

DNA damage has been identified as SSB in the spectra of gel 

electrophoresis. In the previous experiment with Fe ion, we 

have done the experiments for the Fe3+ concentration from 0 

to 7 mM, and above 7 mM there was a sharp increase of 

damage which might be due to an extra mechanism other 

than Fenton reaction [16]. But in copper case, the beginning 

of damage decrease for the electron-irradiated samples was 

noticed, and therefore the measurements with Cu2+ ion con-

centration up to 15 mM were made to observe and locate the 

dip around 9 mM. 

As mentioned before, the overall trend of DNA damage by 

the combined effect of LEEs and Cu ion is similar to that of 

Fe ion. However, an interesting new observation in this study 

is a decreased DNA damage by 5 eV electron irradiation at 

around 9 mM Cu2+ ion. It is believed that, at the Cu2+ ion con-

centration near 9 mM, the chemical structure of DNA-Cu2+ 

Fig. 2. The schematic drawings of intra- and inter-crosslinks between Cu ion and guanine bases. G-Cu-G intra-crosslink (A) and CG-Cu-
GC inter-crosslink (B) show 2-D and 3-D images of G-G intra- and inter-crosslinks mediated by Cu ion, respectively.

A

B
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ion complex become stable to protect DNA from the damage 

by LEEs. Copper was found to bind DNA with high affinity 

and a crystal structure was formed between CuCl2 and DNA 

giving a copper-binding to N7 of guanine residue and form-

ing a pseudo-octahedral geometry [22, 23]. It is pointed by 

Gao et al. [17] that Cu(II) ion can bind exclusively to N7 of 

guanines and is capable of pulling two guanines (G10 and 

#G12 of CGCGTG) closer by about 1.5 Å to form a bis-coordi-

nation linkage. This suggests that Cu(II) ion may be very ef-

fective in causing inter- or intra-crosslinks between two dif-

ferent DNA duplexes, at least in the case of Z-DNA. Hay and 

Morris [24] proposed that copper may stabilize the helix via 

a charge transfer complex formed when copper, acting as an 

electron acceptor, intercalates between two adjacent G-C 

pairs which act as electron donors. Indeed, copper has been 

shown to bind preferentially to G-C pairs. This kind of stabi-

lization may occur at a certain Cu2+ concentration and pro-

tect DNA from being damaged by LEEs. From the basis of 

these points, we suggest the possible chemical binding 

structures of guanines and Cu2+ ion. In Figure 2A, the neigh-

boring guanines in a single strand can be crosslinked via 

making bonding with Cu ion. This intra-crosslink leads to a 

bending structure between guanine bases. In Figure 2B, the 

close opposite guanines in a double strand can also be cross-

linked via making bonding with Cu ion. This inter-crosslink 

leads to a pulling structure between the guanine bases on 

the complementary DNA strands. In other words, the chemi-

cal structure of DNA duplex becomes stable via bending and 

pulling effects of intra- and inter-crosslinks on the single and 

double strands, respectively. This structural change might be 

capable of reducing the DEA processes due to the change of 

resonance energy level for capturing LEEs. Consequently, 

this leads to the decrease of DNA damage near 9 mM Cu ion.

The reaction pathways of DNA damage generated by sin-

gle and combined effects of LEEs and Cu2+ ion are proposed 

in Figure 3. The fundamental damage process is DEA via 

LEE-irradiation as seen path (A) in Figure 3. This process has 

been well known and generally been accepted to explain 

DNA damage by collisions of LEEs (below 10 eV) [1, 16]. In 

the presence of Cu2+ ion, guanine base in DNA strand can 

preferentially interact with Cu2+ ion to form DNA-Cu2+ com-

plex. Fenton reaction is main cause of DNA damage without 

LEE-irradiation, and this damage is generally less than that 

induced by LEEs. LEE-irradiation on DNA-Cu2+ complex is 

capable of increasing DNA damage through the elevated 

DEA process. However, in a certain concentration of Cu2+ ion 

(9 mM in this experiment), DNA damage by LEE-irradiation 

is conversely decreased due to structural stabilization. These 

processes are summarized in Figure 3 path (B). To fully un-

derstand DNA damage or protection mediated by LEEs and 

transition metal ions, it requires more experimental and the-

oretical evidences.

Fig. 3. The reaction pathways of DNA damage generated by single and combined effects of LEE-irradiation and Cu2+ ion. Path (A) and (B) 
show the fundamental DEA process, the combined effect of DEA and Fenton reaction and structural stabilization, respectively.

(A) (B)
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Conclusion

The low energy electron-induced DNA damage in the 

presence of Cu2+ ion was investigated. The single effect of 

LEE collision or Cu2+ ion on the yield of DNA damage does 

not exceed 20%, while the combined effect of two causes was 

significantly increased up to 43% as a function of Cu2+ ion 

concentration. Interestingly, a protection-like effect at 

around 9 mM Cu2+ ion on LEE-induced DNA damage was 

observed. The possible DNA damage pathways for the 

mechanism involved was suggested. For fully understanding 

whole mechanisms, it needs further studies.
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