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Abstract

Platinum chemotherapeutic agents, such as cisplatin (¢/s-diamminedichloroplatinum(I1)), can act
as radiosensitizers when bound covalently to nuclear DNA in cancer cells. This radiosensitization
is largely due to an increase in DNA damage induced by low-energy secondary electrons,
produced in large quantities by high-energy radiation. We report the yields of single- and double-
strand breaks (SSB and DSB) and interduplex cross-links (CL) induced by electrons of 1.6-19.6
eV (i.e., the yield functions) incident on 5 monolayer (ML) films of cisplatin~-DNA complexes.
These yield functions are compared with those previously recorded with 5 ML films of unmodified
plasmid DNA. Binding of five cisplatin molecules to plasmid DNA (3197 base pairs) enhances
SSB, DSB, and CL by factors varying, from 1.2 to 2.8, 1.4 to 3.5, and 1.2 to 2.7, respectively,
depending on electron energy. All yield functions exhibit structures around 5 and 10 eV that can
be attributed to enhancement of bond scission, via the initial formation of core-excited resonances
associated with = — s* transitions of the bases. This increase in damage is interpreted as arising
from a modification of the parameters of the corresponding transient anions already present in
nonmodified DNA, particularly those influencing molecular dissociation. Two additional
resonances, specific to cisplatin-modified DNA, are formed at 13.6 and 17.6 eV in the yield
function of SSB. Furthermore, cisplatin binding causes the induction of DSB by electrons of 1.6—
3.6 eV, i.e., in an energy region where a DSB cannot be produced by a single electron in pure
DNA. Breaking two bonds with a subexcitation-energy electron is tentatively explained by a
charge delocalization mechanism, where a single electron occupies simultaneously two o* bonds
linking the Pt atom to guanine bases on opposite strands.
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1. INTRODUCTION

In the past decade, the processes induced by the abundant low-energy electrons (LEE)
produced by high-energy ionizing radiation have attracted considerable attentionl~3 Most
biologically significant studies focused on the interaction of LEE with the genome, since the
loss of its integrity can be detrimental to cells. In many of these investigations the yields of
specific damages, including single- and double-strand breaks (SSB and DSB)1-8 and cross-
links (CL),? as well as the formation of neutral species’-10 and stable anions!2 has been
measured as a function of electron energy within the range 0-20 eV. Whereas the electron
energy dependencies of DNA conformational changes (i.e., formation of SSB, DSB, and
CL) has been observed in films of bacterial DNA,13 the yield functions for other specific
products were mainly obtained in experiments with films of short synthetic DNA strands,
e.g., self-assembled monolayer oligonucleotides,1~311 with lengths ranging from 3 to 40
bases. In most experiments DNA was bombarded with LEE in ultrahigh vacuum (UHV),112
but recent developments have enabled the investigation of LEE-induced DNA damage at
standard atmospheric temperature and pressure.3

Well-defined maxima in the yield functions of SSB, DSB, and CL were interpreted as due to
the formation of transient negative ions (TNI), which decayed into “destructive” channels
such as dissociative electron attachment (DEA) and auto-ionization leaving a DNA site in an
electronically excited dissociative state.> Much of our present understanding of the processes
involved in these condensed-phase studies has been possible by referring to the results
obtained with gaseous basic subunits of DNA.12-18 Furthermore, theoretical calculations of
LEE scattering from DNA and attachment to the molecule have established the occurrence
of basic quantum phenomena such as electron transfer!9:20 and diffraction.2? More recently,
LEE have been found to play an important role in concomitant chemoradiation therapy
(CRT).2! Their involvement in DNA radiosensitization by Pt drugs in CRT has been
explained by Rezaee et al.22:23 and in a recent review article.24

CRT (i.e., the combination of chemotherapy and radiotherapy) has been an important
modality for the treatment of solid tumors for decades.?® Cisplatin [Pt-(NH3),Cl,], whose
structure appears in Figure 1, was first introduced in chemotherapy in the 1970s. Since then,
cisplatin and its analogues, oxaliplatin and carboplatin, have become the most frequently
used agents in CRT.26 The choice of the Pt drug usually depends on the type of cancer being
treated by CRT.26 For the present research we chose cisplatin because of its structural
simplicity and the availability of basic information on its effect on DNA configuration.
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The biochemical basis of cisplatin chemotherapy is well-known. The molecule preferentially
reacts with the N7 of purine bases, leading to DNA binding with 60% intrastrand CL at
GpG, 30% intrastrand CL at ApG, 10% CL at GpNpG, and <2% NpN interstrand CL, where
N = A or G.27 At low Pt drug ratios (i.e., <1 Pt per 500 base pairs (bp)), such as those used
in the present experiments and in clinical protocols, the percentage of interstrand CL is
much larger, of the order of 30-40%.28 Formation of these CL leads to the distortion of the
DNA conformation by unwinding, bending, and destabilizing the double helix, as shown
schematically in Figure 1. These modifications subsequently inhibit DNA repair in addition
to affecting transcription and replication.2® However, how the presence of cisplatin and other
Pt drugs in cells increases radiation-induced lesions, including radiation damage to DNA,
remains unclear. Since the general rationale of improving cancer treatment with CRT
includes the possibility that a chemotherapeutic agent could act as radiosensitizer, in
addition to being chemotherapeutic, the degree and nature of any synergy between radiation
and the drug must be carefully investigated.30

Two nonexclusive mechanisms have been proposed for explaining the synergy between
cisplatin and radiation in CRT:3L inhibition of repair of radiation-induced damage to DNA
and an increase of cellular DNA damage, caused by additional immediate species created by
the primary radiation, both occurring when cisplatin is covalently bound to DNA. Although
originally difficult to trace, the latter hypothesis has been recently experimentally confirmed.
21-23 7Zheng et al. first reported that bombarding solid films of DNA—cisplatin complexes
with electrons of 1, 10, 100, and 60 000 eV significantly promotes strand breaks by factors
varying from 1.3 to 4.21 The enhancement in damage was much higher at low energies; e.g.,
at mole ratio of 2:1 SSB were enhanced by a factor of 3.6 at 10 eV compared to a factor of 2
at 60 keV. These findings led Zheng et al. to propose that the radiosensitization of DNA by
high-energy radiation is essentially mediated by the action of secondary LEE. This
hypothesis was confirmed later by Rezaee et al.,22:23 who measured enhancement of damage
induced by 0.5, 10, and 10 000 eV electrons to DNA bound to cisplatin, oxaliplatin, and
carboplatin. Most strikingly, a single 0.5 eV electron was able to induce a DSB in DNA-Pt
complexes,23 whereas in pure DNA, electrons of at least 5 eV are needed to break two
adjacent strands.®

Distortion of the DNA configuration and the changes in the electron affinity at the Pt

binding site were proposed as modifications responsible for an increase in the cross section
for temporary electron capture leading to TNI formation and an enhancement of the
magnitude of potentially destructive decay channels, including DEA and autodetachment
into dissociative electronic excited states.21-23 However, to confirm the occurrence of TN/ in
these DNA-Pt drug complexes and investigate their modification by Pt drug, the electron-
energy dependence of the damage induced in these complexes must be measured. Such
information iIs particularly useful to specify the type, enerqy, and magnitude of the TN/
involved and their decay channels, so as to obtain more precise information on the
mechanisms of radfo-sensitization.

In the present work, we measure the energy dependence of the loss of the initial supercoiled
form of 3197 bp plasmid DNA and the formation of SSB, DSB, and CL induced by the
impact of 1.6-19.6 eV electrons on films of cisplatin~-DNA complexes. The results are
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compared with those recently obtained from unmodified plasmid DNA with the same
apparatus and under identical conditions. The respective yields are analyzed by agarose gel
electrophoresis®-3 as a function of electron fluence. The fluence-response curves for the
various yields are recorded at intervals of 1-2 eV to obtain the yield functions. The two
significant signatures of electron resonances around 5 and 10 eV present in the in the yield
functions of unmodified DNA remain in yield functions of the complex, which also exhibit
new resonances at 14 and 18 eV. Furthermore, the magnitudes of the yields recorded from
thin films of the cisPt—-DNA complexes are increased by factors of 1.2-3.7 compared to
those of unmodified DNA.

The comparison between the results obtained from films of DNA, with and without bound
cisPt, allows the nature and energy of the major TNI in cisplatin~-DNA complexes and their
contribution in enhancing LEE damage to be established. Our results suggest that
modifications of the configuration of DNA induced by the binding of cisPt, and the presence
of new Pt bonds in the molecule, change the resonance parameters of existing TNI and
produce new TNI associated with the binding site. These changes also enhance existing
molecular dissociation pathways. The ensemble of the results indicate that radio-
sensitization of DNA by cisplatin can be, at least partially, interpreted by an increase in the
number and magnitude of LEE-induced reactions.

2. EXPERIMENTS

The present experimental procedures and the LEE irradiator have been described in detail
previously.1:9 This section summarizes the preparation of plasmid DNA and the parameters
of LEE irradiation. It provides more details on the platination reactions, measurement of Pt
binding to DNA, preparation of cisplatin~-DNA films, and quantification of different
configurations of the DNA and Pt—-DNA in the films.

Preparation of Plasmid DNA

Plasmid DNA (pGEM-3Zf(-), 3197 bp) was extracted from E. co/i DH5 and purified with a
HiSpeed plasmid Maxi kit (QIAGEN). The purified plasmid DNA was eluted in buffer TE
(10 mM Tris and 1 mM EDTA); it consisted of 97% supercoiled, 1% CL, and 2%
concatemeric forms. The concentration of DNA was determined by ultraviolet (UV)
absorption at 260 nm with a BioTek Epoch spectrophotometer, according to 1 OD =50 ng/
4L. The quantity of impurities including protein and salts in the plasmid was estimated by
measuring the ratio of UV absorption from 260 to 280 nm. The ratio was 1.88, which
corresponds to a purity greater than 85%.32

Platination of Plasmid DNA

Cisplatin [c/s-diamminedichloroplatinum(11)] was purchased from Sigma-Aldrich with a
stated purity of 99.9% and used without further purification. Cisplatin dissolved in distilled
deionized water (ddH,0) was added to the DNA solution at a ratio of 16 molecules per DNA
and incubated in the dark at room temperature for 2 h. The unbound Pt compounds, Tris
molecules from the DNA buffer TE and complexes of Tris linked to cisplatin, were separated
with a Sephadex-G50 column. Sephadex G-50 is a suitable medium for separation of
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molecules having a molecular weight larger than 3 x 104 g mol~1 from molecules with a
molecular weight smaller than 1500 g mol~2.33 Similarly, the TE buffer was separated from
DNA using the G-50 medium for the irradiation experiments in order to obtain DNA with
only its structural salt. Compared to previous preparations,1:34:35 the lower temperature of
reaction and generally improved experimental conditions3® maximize the amount of DNA
complexes retained in the initial supercoiled conformation (i.e., the cisplatin~-DNA
complexes contained 95% supercoiled DNA).

Analysis of Platinum—DNA Binding

Whereas in previous work the concentration of platinum bound to DNA was estimated from
the added amount of platinum in the solution,2 in the present experiment, the average
number of cisplatin molecules per plasmid was accurately measured by inductively coupled
plasma mass spectroscopy (ICP-MS, Agilent 7500CE).37 A cisplatin-concentration
calibration curve was recorded from the amount of Pt from cisplatin dissolved in ddH,0O at
known concentrations. The efficiency of cisplatin binding to DNA was found to be 33%.
Cisplatin was dissolved in ddH,O at a concentration to a ratio of cisplatin to DNA in the
complexes of 5:1.

Preparation of Cisplatin—-DNA Films

The Pt-DNA samples were deposited on substrates consisting of 450 + 50 nm films of Ta
evaporated onto a 0.4 mm thick silicon wafer. The surface of Ta was cleaned in pure ethanol
and ddH,0 and dried with a flow of dry nitrogen. 10 gL of cisplatin~-DNA solution
consisting of 320 ng of DNA was deposited onto the cleaned Ta surface. After freezing at
—65 °C for 7 min in a glovebox containing an atmosphere of pure dry nitrogen, the samples
were lyophilized (freeze-dried) under a pressure of 7 mTorr by a hydrocarbon-free
turbomolecular pump for 2 h. Assuming that the molecules were uniformly distributed on
the surface with a radius of 2 + 0.5 mm and the density of DNA was 1.7 g cm~3,38 the
average thickness of the film was approximately 15 nm (5 monolayers (ML)). Such a
thickness has been widely used in DNA-LEE experiments.13 Based on the average film
thickness of 15 nm, which is of the order of the penetration depth (5-20 nm) of 4-15 eV
electrons in liquid water or amorphous ice,3? most electrons impinging on the film should be
transmitted to the metal substrate. However, due to local variations in thickness, some
electrons are expected to be retained a sufficiently long time for the film to remain charged
during the experiment. As recently shown, film charging does not affect the yields obtained
from the slope at zero fluence of exposure—response curves.*0

LEE Irradiation

The samples were transferred to the LEE irradiation chamber,® which was subsequently
evacuated for ~24 h to reach a base pressure of 2 x 1078 Torr at ambient temperature. By
changing the potential between sample target (ground) and the center of the filament of the
LEE gun, the electron energy was varied from 2 to 20 + 0.3 eV. The energy scale was
calibrated by taking, as the zero electron energy reference, the onset of electron transmission
through the films. At this onset, the potential between the point of emission of the filament
and the substrate was 0.4 V, indicating the potential change due to the different work
functions between the connections in our apparatus and the cisplatin~-DNA vacuum
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interface. Hence, the absolute electron energy was obtained by subtracting 0.4 V from each
voltage measured between the filament and the metal substrate.

At 11 different energies, the films were bombarded with an incident electron beam of 6 nA
and exposures of 5-60 s. Six measurements were performed for each point of a fluence—
response curve. At each electron energy, 66 samples were irradiated for a total of 726
irradiations and analyses. In addition, 12 control samples were inserted into the irradiator
chamber, but not irradiated, to serve as the zero fluence data points in exposure curves.

Quantification of the DNA and Pt—-DNA Films

The Pt—-DNA films were recovered from the Ta substrates with 10 4L of ddH,0.
Quantification of the different structural forms of DNA in the samples was performed by
agarose gel electrophoresis as previously described.1:? The forms analyzed were the
supercoiled (SC), concatemeric, nicked circular (C), linear (L), and interduplex CL
configurations, which correspond to the initial configuration of the plasmid, two interlaced
circular DNAs, SSB, DSB, and cross-linking between the SC and C configurations,
respectively.® The samples and the agarose gels were stained with SYBR Green | at
concentrations of 100x and 10000x%, respectively. The samples were run on 1% agarose gel
in 1X TAE buffer at 100 V for 7 min following by 75 V for 68 min (5 V cm™1). The gels
were then scanned by a STORM 860 laser scanner (Molecular Dynamics) adjusted for the
blue fluorescent mode at an excitation wavelength of 450 nm and PMT voltage of 800 in the
normal sensitivity mode. The binding efficiencies of SYBR Green | for the same amount (80
ng) of supercoiled and linear DNA was measured, and the correction factor was determined
to be 1.4. This factor arises from the weaker binding of SYBR Green | to supercoiled DNA
than to the nicked circular and linear forms.

The different DNA bands on the gel were analyzed by the ImageQuant 5.0 (Molecular
Dynamics) software. Images of the bands and their intensity profiles are shown in the
Supporting Information. Instead of using the automated peak-analysis program, each band in
a given scan of the gel was deconvoluted manually and separated from the residual baseline,
to obtain the most accurate percentage value possible for each configuration. Also, the
binding of cisplatin to DNA caused the linear DNA (DSB) band to migrate close to that of
the concatemeric configuration, which could result in an overevaluation of the yields of the
L form. A better separation of the DSB from the concatemeric band was observed in the
electrophoresis with 1.3% agarose gel (see Supporting Information). Thus, in the present
study, the integration of DSB peak was corrected from further analysis at 1.3% agarose gel.
With the improved preparation of cisplatin~-DNA complexes and deconvolution procedure of
the DSB peak, smaller yields of L-DNA were measured than previously,21:3% in agreement
with the recent results of Rezaee et al.,22 who also deconvoluted the L band from the
concatemeric band.

3. RESULTS

Exposure—response curves were recorded at 11 energies in the range 2-20 eV, for the
formation of CL, SSB, DSB, and loss of supercoiled (LS) in cisplatin~-DNA films. As an
example of these curves, the ones recorded at an incident electron energy of 9.6 eV are
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shown in Figure 2. They are similar to those previously recorded from nonmodified DNA
films.® The yields of CL, SSB, and LS fit an exponential function, whereas those of DSB
can be represented with a linear curve. Since the probability of breaking two bonds on
opposite DNA strands with two or more electron collisions is vanishingly small under the
present experimental conditions, this linearity indicates that the DSB are induced by a single
electron.?3 The effective yields per electron per molecule for each product are obtained by
dividing the slope at zero fluence by the amount of supercoiled DNA in the control sample.
The yields recorded within the 1.6-19.6 eV range are listed in Table 1.

Figure 3 displays the yields of CL, DSB, SSB, and LS as a function of incident electron
energy obtained from films of cisplatin~-DNA complexes and unmodified DNA,; the latter
were previously recorded under conditions identical to those of the present experiment.? In
the range 1.6-19.6 eV, the presence of five cisplatin molecules covalently bound to each
plasmid increases considerably the yields of CL, SSB, DSB, and LS, but the signatures of
energy dependence for each form are different (Figure 3). The yield functions of SSB and
LS exhibit similar line shapes, as expected, since most of the damage to supercoiled DNA
results in SSB. In these functions, peaks are superimposed upon a large background signal,
which increases when cisplatin is bound to DNA. The most prominent peak in all eight yield
functions lies at 9.6 eV. Another noticeable peak is found at 4.6 eV in the SSB and LS yield
functions and around 6 eV in those of CL and DSB. Interestingly, the 4.6 and 9.6 eV peaks
clearly appear in both the cisplatin~-DNA and pure DNA data. Conversely, the 5.6 eV peak in
the CL curve, which is absent or not resolved in the pure DNA yield function, becomes
clearly visible when cisplatin is bound to the plasmid. As seen in Figure 3, the SSB and LS
yield functions of cisplatin~-DNA contains two additional well-revolved peaks at 13.6 and
17.6 eV, indicating for the first time that cisplatin produces additional LEE-DNA
interactions. Compared to SSB, the formation of CL and DSB are minor products (Table 1).

Figure 4 exhibits from top to bottom the respective enhancement factors (EF) of CL, DSB,
SSB, and LS as a function of electron energy. The EF is the ratio between the yields
obtained from cisplatin~-DNA complexes to those obtained from nonmodified DNA. The EF
denotes the increased sensitivity of DNA to LEE, induced by cisplatin inter- and intrastrand
cross-linking. Within statistical variations, the EF for SSB and LS display two maxima
around 13.6 and 17.6 eV. In the case of CL, only one peak can be discerned at 13.6 eV. A
peak at 13.6 eV may also be present in the EF of DSB, which are the largest among all
lesions, especially at low energies.

4. DISCUSSION
A. TNI Manifold of DNA

Numerous experiments with plasmid (i.e., bacterial) DNA have established that there exist at
least four transient anions in the 0-15 eV range that decay into destructive channels causing
strand breaks in the molecule.1:3:5-7.9.24 Two of these are shape resonances located at 0.8
and 2.2 eV in the yield function of SSB, with cross sections varying from 10713 to 10715
cm? within the 0.5-4.5 eV range.® The energies of these resonances correlate with those
determined from gas-phase electron scattering from the bases.#! From such comparisons and
theoretical calculations, it was deduced that the incoming electron is first captured in an
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unfilled z* orbital of the bases and then transferred to an unfilled o* orbital of the C-O
bond within the backbone of DNA, causing rupture of the sugar—phosphate chain. No DSB
is formed below 5 eV in normal plasmid DNA.

The other two resonances have been located at 4.6 and 9.6 eV in the SSB yield function and
at 6.1 and 9.6 eV in the yield function of DSB. They were characterized® as core-excited
resonances arising from capture of the incident electron by the electron affinity of electronic
excited states of the bases,*2:43 particularly those associated with n — 7* and = — n*
transitions. In this case, a SSB is also formed by transfer of the additional electron to the
phosphate group, but following electronic excitation of the base. Occupation of a
dissociative o* previously unfilled orbital of the C—O bond ruptures the sugar—phosphate
backbone, as in the case of the 0.8 and 2.2 eV shape resonances. The mechanism for
breaking two bonds on adjacent chains of DNA (i.e., a DSB) with a single LEE has not been
precisely determined yet.

In unmodified DNA, these core excited resonances appear as two strong maxima in the yield
functions of SSB, DSB, and LS drawn from solid squares in Figure 3. The yield function for
CL is more uniform but consistent with the possible presence of broad maxima around 10
and 18 eV. These CL arise from binding of the SC to the C configuration from radical
formation at various positions within unmodified or circular DNA.® Their mechanism of
formation could therefore be different (e.g., the TNI involved) from that leading to rupture of
the DNA backbone and thus produce a different yield function as seen in Figure 3.

Details of the SSB yields below 2 eV have not been recorded and do not appear in Figure 3.
It should be noted, however, that in this energy range the yields of SSB are substantial; they
are considered to arise from the mechanism described in the beginning of this subsection,
which involves the 0.8 and 2.2 eV shape resonances. In Figure 3, this “background” yield
appears to be progressively replaced by the signal from overlapping of the 4.6 and 9.6 eV
resonance peaks, although the possibility of direct electronic excitation leading to bond
dissociation cannot be completely rejected.

B. Increasing SSB and CL Yields with Cisplatin

According to the curves drawn from the filled circles in Figure 3, the presence of cisplatin
bound to the DNA increases the yields of all configurations throughout the 1.6-19.6 eV
range. This enhancement of LEE-induced DNA damage is energy dependent as evidenced
by the ratios of specific damages recorded with and without cisplatin bound to DNA (Figure
4). The formation of SSB via electron transfer from a shape resonance of the bases in the
1.6-3.6 eV region is enhanced on average by a factor of about 2, whereas the EF
corresponding to the formation of such breaks via the 4.6 and 9.6 eV core-excited
resonances (Figure 3) followed by a similar electron transfer has an EF close to 1.6. The two
strong peaks with EF reaching 2.8 and 2.4 reflect the appearance of new resonances in the
SSB yield function at 13.6 and 17.6 eV seen in Figure 3, respectively, and clearly show the
significant implication of TNI in the enhancement of DNA damage by cisplatin.

Whereas in unmodified DNA the 4.6 and 9.6 eV resonances are difficult to perceive in the
CL vyield function (Figure 3), they are clearly visible with the binding of cisplatin. It
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indicates that these TNI play a major role in increasing the radicals responsible for CL
formation in cisplatin~-DNA complexes. The formation of radicals from the radiolysis of
single-stranded cisplatin~-DNA adducts has been investigated by Behmand et al.*4 The
oligonucleotide TTTTTGTGTTT (T = thymine, G = guanine) with and without a cisplatin
cross-link between the two guanines was reacted with hydrated electrons in a water solution
irradiated with y~rays. The two Pt—G bonds were found to be ruptured simultaneously by
hydrated electrons giving, for example, about 35% detached cisPt at 1 kGy for a solution
containing 0.03 M oligonucleotide.** Very little single breakage of a Pt—G bond breaking
was observed. Furthermore, the hydrated electrons induced damage to thymines and
guanines in the oligonucleotide.*® Cisplatin detachment generated both unmodified guanine
and damaged guanine, in equimolar amounts. At 1 kGy, a net average of 2.5 thymines and 1
guanine were damaged for each platinum lost from the oligonucleotide. It was suggested
that the hydrated electron could be initially captured by a thymine base and transferred by
base to base electron hopping to the guanine site,*® where the cisplatin moiety detaches from
the oligonucleotide via DEA. It is also possible for the hydrated electron to interact directly
with the platinum—guanine adduct and induce detachment of the cisplatin moiety, again via
DEA.#* The TNI responsible for these damages is probably akin to the one found by Kopyra
et al.*” near 0 eV in gaseous cisplatin. Such a resonance in solution would have much lower
energy owing to polarization of the molecular orbitals of electrons and vibrational and
phonon modes of surrounding water molecules (i.e., polaron formation); binding of cisplatin
to DNA could also lower the resonance energy. Thus, according to the results of Behmand et
al.,*445 the formation of TNI at the site of cisplatin could considerably increase the
formation of radicals owing to detachment of the Pt drug and damage to the bases.
Assuming that the core-excited resonances at 4.6, 9.6, and 13.6 eV have a behavior similar
to the lowest energy TNI in cisplatin~-DNA complexes, these higher energy anion states
could also strongly amplify the formation of radicals from DNA, in the presence of cisplatin.
As shown previously,*8 radical formation within DNA could result in a SSB and its reaction
with a nearby intact DNA could lead to a C-SC cross-links. Such CL could also result from
a radical created on the SC configuration, which would react with circular DNA. The
enhancement of interduplex cross-linking at the resonance energies would be reflected by
peaks in the CL yields and EF functions as seen in Figure 3 and the upper curve of Figure 4,
respectively.

Whereas the enhancement of SSB above 13 eV appears to arise essentially from new TNI
created by the presence of cisplatin, below that energy the EF seem to result from
modification of the parameters of TNI already present in unmodified DNA. It is well
established that the resonance parameters of transient anions are influenced by their
environment.1:49.50 Alternation of the surroundings of a site of formation of a TNI can
modify the electron capture probability, the transitory anion’s lifetime, its energy, and the
number of decay channels; furthermore, in a large molecule such as DNA, the probability of
electron transfer from one site to another can also change. When a cisplatin molecule binds
to DNA, two major modifications occur: the helix unwinds and bends®1:52 as shown
schematically in Figure 1, and the presence of a highly polarizable Pt atom in close
proximity to the strands creates an attractive potential for electrons. The latter can certainly
lower the energy and the number of decay channels of TNI formed close to cisplatin, but a

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2016 January 18.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Bao et al.

Page 10

priori, both modifications can affect all parameters mentioned previously. Unwinding and
bending of the helix also modifies the strength of the bonds within DNA, which may also
influence the yields of various damages.

It is therefore difficult to predict the magnitude of the change in the yields of SSB without
quantum mechanical calculations taking these many parameters into consideration. Such
calculations are presently limited to small segments of single-stranded DNA consisting, at
the most, of three basic units (i.e., a base, sugar, or phosphate group).2? Furthermore, in
these theoretical models double-stranded DNA is not considered, and the electron is
captured only by the ground state of the segment.20 The latter excludes any estimate of the
yields of SSB arising from core-excited resonances.

However, with a simplified potential energy curve diagram, such as that shown in Figure 5,
it can be shown that the introduction of an attractive potential by cisplatin between the
strands leads to an enhancement of C—O bond cleavage at the 3’- and 5”-positions of the
DNA backbone. The upper curve Il represents the potential energy of the TNI in unmodified
DNA, at the phosphate site, along the dissociative o* orbital to which an electron is
transferred from a base.1924 Since this transfer is much faster than vibrational relaxation of
the molecule, the Born—Oppenheimer approximation is valid and the electron first occupies a
segment of the potential energy curve lying in the Franck—Condon region. As time
progresses, C—O separation increases causing rupture of the bond, unless the electron
autodetaches leaving the CO moiety in the ground state, which is not dissociative (full curve
I in Figure 5). However, when the C-O separation reaches the value /, the electron
becomes bound to the oxygen atom; it can no longer detach, and dissociation necessarily
occurs. If the energy of the o* bond is lowered by the attractive potential created by Pt, its
potential energy curve along the C-O coordinate is lowered in energy (curve Il in Figure 5).
Curve crossing between the ground state of the C—O moiety and the TNI state is also
reduced to the value /., as well as the time available for autoionization of the o* electron.
The probability of autodetachment depends exponentially on R;,53%4 so that the probability
of anion survival without electron autodetachment is considerably increased, as well as that
of DEA at the 3"- and 5’-positions of the backbone. Since in the 0.5-15 eV range the yields
of SSB arise via rupture of the C-O ¢* bond in the DNA chain, this mechanism may lie at
the basis of the observed enhancement of SSB in cisplatin~-DNA complexes below 13 eV
and could very well play a role in increasing direct DEA to the bases or other subunits, in
the presence of cisplatin, so as to produce additional radicals causing cross-linking.

C. Modification of the DSB Yield Function by Cisplatin: Breaking Two Strands with a Single

Electron

The 6.1 eV core-excited resonance in the upper right segment of Figure 3 does not
appreciably enhance DSB formation (i.e., EF = 1.4 in Figure 4), whereas for the next one at
9.6 eV the EF lies around 2.4. The possible appearance of the new resonance at 13.6 eV, due
to the binding of cisplatin to DNA, increases the EF for DSB to 3.2, which is the second
highest value recorded in the present experiments. The EF for DSB increases considerably at
low energies, since a single electron with an energy below 5 eV cannot create two adjacent
strand breaks in unmodified DNA,® whereas in modified DNA, an electron with such
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energies can induce a DSB with magnitudes similar to those found in the 5-15 eV range.?3
We note that owing to the energy spread of the electron beam the EF at 3.6 eV remains
finite. DSB formation below 5 eV has been attributed to the formation of a shape resonance
at the site of cisplatin, when the latter links two adjacent strands as shown in Figure 1 and in
more detail in Figure 6.

The breaking of two Pt bonds simultaneously has been related to the charge delocalization
process found in small molecules by Polanyi and co-workers,5%:56 in which the wave
functions of a near 0 eV electron lie simultaneously on multiple orbitals, causing concerted
bond breaking. In fact, according to the experiments of Kopyra et al.,%’ near 0 eV electron
attachment into o* orbitals of gaseous cisplatin [i.e., (NH3),PtCl,] can break simultaneously
two Pt—Cl bonds with considerable probability, yielding Cl,™. Thus, the reaction requires no
additional energy than that of the 2.4 eV electron affinity of Cl,. When cisplatin reacts with
DNA to form an interstrand CL, Pt is linked to the N7 of guanines releasing two Cl atoms,
as shown in Figure 6a. Owing to the symmetry of the structure, we expect the captured
electron wave function to extend into the dissociative o* orbitals with equal magnitude in
modified DNA, as in the case of gaseous cisplatin. In other words, the bond starts to
elongate with equal momentum toward the dissociation limit of both Pt-G bonds. However,
if the electron would end up on one bond, the symmetry would be broken and it would be
unlikely to induce the rupture of the two bonds. On the other hand, if the electron resides on
the Pt—(NHs), moiety, which has an electron affinity larger than 3 eV,*’ sufficient energy
should become available to rupture the two Pt—G bonds. From entropy arguments in the case
of cisPt,#7 localization of the excess charge is more favorable on [Pt(NHs),] than on Cl,. We
therefore expect that in our case the additional electron has a higher probability to remain on
the Pt(NHs), than to transfer to the base. Considering an electron affinity of 3 eV for
[Pt(NH3),] and the minimum energy of 1.6 eV of electrons in our experiments, we should
have at least 4.6 eV available for the reaction leading to rupture of the two Pt—N bonds in
cisPt—-DNA, which is about twice the energy required to break two bonds in isolated cisPt.
From these considerations, it seems plausible that an electron of 1.6-3.6 eV breaks
simultaneously the two Pt—N bonds in the cisPt-DNA complex. In this case, the cleavage of
Pt-G bonds produces guanine radicals (Figure 6b) via

(NHg)ZPtG2+e_ — [(NHd)ZPth]i* — [(NH3)2Pt]7+2G.

In general, hydrogen abstraction from an adjacent deoxyribose by a guanine radical is
considered to be an important initial reaction leading to SSB or DSB in DNA (Figure 6b).
57,58 The helix of DNA being greatly distorted with the covalent binding of cisplatin,>152 we
speculate that such binding may shorten the distance of C5’~H or even C3’-H to the
guanine radical and make H abstraction more feasible than in regular DNA, thus increasing
the yields of SSB or DSB. Since at low Pt ratios, in supercoiled DNA, Pt drugs form a
considerable quantity of interstrand CL between guanines in opposite strands,28 the
simultaneous formation of two guanine radicals by a single LEE could induce a DSB by a
single-hit process with considerable efficiency (Figure 6¢). This dissociation process has
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been postulated to occur at energies much lower than that of the first electronically excited
of DNA (i.e., in the energy region of the o* shape resonance).23

Above the energy required for electronic excitation, the EF of DSB are still larger than those
of the three other conformations with characteristic signature around 8 and 14 eV (Figure 4).
This enhancement in DSB may be the result of additional resonances owing to the binding
of cisplatin to DNA, similar to the low-energy TNI state invoked above or the result of
modifications of the resonance parameters of existing TNI states. At this point, any
discussion becomes highly speculative, since we do not know exactly how an electron of 5
eV or more can cause, within 10 bp, double cleavages on adjacent phosphate-sugar
backbone. Zheng et al. proposed that interstrand electron transfer within DNA could
possibly explain how a single electron hit could result in a DSB.5° They suggested that a
TNI formed on the phosphate group decays by autoionization, leaving the CO unit in the
backbone in an electronic excited state that dissociates breaking the CO bond.
Simultaneously, the departing electron transfers to the opposite strand and forms a transient
anion of the phosphate group causing a CO bond on the other chain to rupture by DEA.
Such breaks could easily occur within a distance of 10 bp, causing DSB. Within this
hypothesis, enhancement of DSB could have many causes related to the structural distortion
of DNA (Figure 1), which could favor not only the capture of electrons by bases and
intrastrand electron transfer to the backbone but also interstrand electron transfer.

5. SUMMARY

Thin films of cisplatin~-DNA complexes were bombarded with 1.6-19.6 eV electrons in
order to investigate the role of TNI and the secondary LEES, generated in copious amounts
by high energy radiation, in the radiosensitization of DNA by Pt chemotherapeutic agents.
The resulting SSB, DSB, interduplex CL, and loss of the initial supercoiled cisplatin~-DNA
(3197 bp) configuration were analyzed by agarose gel electrophoresis. The effective yield of
damage to cisplatin~-DNA complexes at 11 different electron energies were obtained from
the corresponding exposure—response Curves.

The covalent binding of five cisplatin molecules per DNA considerably enhances all types of
damages investigated. All yield functions exhibit strong peaks due to the decay of core-
excited resonances into destructive channels. Binding of the drug increases the damage
induced by pre-existing resonances by factors of 1.4-2.3, depending on resulting
configuration and electron energy. The enhancement of damage via pre-existing dissociative
anion states most likely results from modifications of the parameters of these transient states.
The creation of new resonances by cisplatin gives enhancement factors varying from 2.2 to
3.2. The ensemble of the results indicates that radiosensitization of DNA by cisplatin can at
least be partially interpreted by the preferential enhancement of dissociative channels of TNI
and the creation of new dissociative TNI.

According to the present results, cisplatin enhances preferentially the formation of cluster
damage to DNA (i.e., CL and DSB) induced by the direct effect of ionizing radiation.
Interduplex CL and DSB belong to the most critical radiobiological lesions, since they are
difficult to repair by the cell. Unrepaired and misrepaired lesions can have severe biological
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consequences, such as loss of genetic information, mutation, promotion of genomic
instability, and cell death.89 In the case of malignant cells, such lesions play an important
role in cancer treatment by chemoradiation therapy. As recently shown in animal studies
with cisplatin and a liposomal formulation of the drug,3° a fundamental understanding the
biological action of LEEs with?2:23 and without! chemical modification of DNA can lead to
the development of more efficient clinical protocols and radiosensitizing chemotherapeutic
agents.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the DNA double helix (left) and the change in its conformation

caused by intrastrand (1A) or interstrand (IE) cross-linking by cisplatin (right). In the final
product of the reaction of cisplatin with DNA, the chlorine—Pt bonds are replaced by
guanine—Pt or adenine—Pt bonds.
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Effective yields (x 10~15/electron-plasmid) for the formation of CL, DSB, SSB, and LS
obtained from DNA (M)10 and cisplatin—-DNA (@) films of 5 ML thickness irradiated with
electrons of 1.6-19.6 eV. The incident current was 6 nA in all experiments.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2016 January 18.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Bao et al.

Enhancement Factor

Figure 4.

—m—CL

Li/i i/}\

'l l L I L l l L l

L L ] L L L I L

—m—DSB

t3

g
ol

I Ll *'I L1 1 ] Ll 1 1 |

HlH

[ _m—SSB

o
o)

2.8- —®—LS

i Y
1.4§_H‘ }/ﬁ / /i\

lllllllllllllllllllllllllllll llllllllllllllllllll

|

0 246 8101214161820

Electron Energy (eV)

Page 20

Enhancement factors (EF) of DNA damages including CL, DSB, SSB, and LS for cisplatin—
DNA complexes as a function of incident electron energy. The deviations are the quadrature

statistical errors.
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Schematic diagram of hypothetical potential energy curves for (1) the ground-state of CO in
the backbone of DNA, (I1) same ground state with an electron added in the lowest usually-
unfilled o* orbital in the absence of cisplatin, and (111) same as (1) in the presence of
cisplatin. Rk is the equilibrium internuclear C-O distance in the ground state. /. and R, are
the crossing points of Il and Il with the potential energy curve of the ground state I, in
unmodified and modified DNA, respectively. The binding of cisplatin lowers potential
energy curve Il and shifts the crossing point toward Re (R’ < R.) resulting in enhanced
DEA and cleavage of the C-O bond.
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Figure 6.
Possible mechanism for the formation of a DSB by a single electron, when cisplatin links

two guanine (G) bases on opposite strands. (a) Electron capture into two dissociative orbitals
between Pt and two G’s. (b) The transient anion thus formed dissociates, leaving the electron
on the (NH3),Pt moiety and causing simultaneous cleavage of the two Pt—-G bonds. The
resulting two guanine radicals (G°®) abstract hydrogen from the backbones, causing cleavage
of phosphodiester bonds on opposite strands. (c) Resulting DSB.
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Effective Yields (in 1071 electron™ molecule™) of Cross-Links, SSB, DSB, and Loss of Initial Supercoiled

DNA Induced by 1.6-19.6 eV electrons in 5 ML Thick Cisplatin~-DNA Films?

configuration

energy (V) crosslinks linear (DSB) circular (SSB)  supercoiled
1.6 6.4+1.1 36+05 55.6 +5.4 -64.9 £10.7
3.6 11821 4107 86.0+12.2 -106.4 £12.9
4.6 14011 51+1.0 100.0 +16.5 -123.6 £19.3

5.6 150+21 59+0.6 68.8 +9.7 -88.2+9.7
7.6 11.3+0.6 59+0.6 90.3+4.3 -136.5+18.3
9.6 19321 86+1.1 1355+8.6 -167.7+9.8

11.6 16915 6.1+0.9 82875 -935+8.6
13.6 17.2+23 6.7+ 0.6 91.4+8.6 -105.4 8.6
15.6 104 +1.2 6.3+0.5 63.4+11.8 -76.3+129
17.6 12012 79+0.6 102.1 +9.7 -136.6 +11.8
19.6 16121 9.6+1.0 87175 -108.6 £ 9.7

a - L .
The error bars are the standard deviations for five identical experiments.
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