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1. Introduction

DNA radiosensitization by terpyridine-platinum:
damage induced by 5 and 10 eV transient anionsf

Liangde Ouyang,® Hong Lin,? Puxiang Zhuang,® Yu Shao, (= °

Meysam Khosravifarsani,® Brigitte Guérin,? Yi Zheng (2 *2® b

and Léon Sanche

Chemoradiation therapy (CRT), which combines a chemotherapeutic drug with ionizing radiation (IR), is
the most common cancer treatment. At the molecular level, the binding of Pt-drugs to DNA sensitizes
cancer cells to IR, mostly by increasing the damage induced by secondary low-energy (0-20 eV) elec-
trons (LEEs). We investigate such enhancements by binding terpyridine-platinum (Tpy-Pt) to supercoiled
plasmid DNA. Fifteen nanometer thick films of Tpy-Pt—DNA complexes in a molar ratio of 5:1 were irra-
diated with monoenergetic electrons of 5 and 10 eV, which principally attach to the DNA bases to form
transient anions (TAs) decaying into a multitude of bond-breaking channels. At both energies, the
effective yields of crosslinks (CLs), base damage (BD) related CLs, single and double strand breaks (SSBs
and DSBs), non-DSB-cluster lesions, loss of supercoiled configuration and base lesions are 6.5 + 1.5, 8.8+
30,88 + 11,53+ 13,96 + 22 106 + 17, 189 + 31 x 107 per electron per molecule, and 11.9 + 2.6,
19.9 + 44,128 + 18,7.7 + 3.0, 13.4 + 3.9, 144 + 19, 229 + 42 x 107° per electron per molecule, respect-
ively. DNA damage increased 1.2-4.2-fold due to Tpy-Pt, the highest being for BD-related CLs. These
enhancements are slightly higher than those obtained by the conventional Pt-drugs cisplatin, carboplatin
and oxaliplatin, apart from BD-related CLs, which are about 3 times higher. Enhancements are related to
the strong perturbation of the DNA helix by Tpy-Pt, its high dipole moment and its favorable binding to
guanine (G), all of which increase bond-breaking via TA formation. In CRT, Tpy-Pt could considerably
enhance crosslinking within genomic DNA and between DNA and other components of the nucleus,
causing roadblocks to replication and transcription, particularly within telomeres, where it binds preferen-
tially within G-quadruplexes.

the effectiveness of either or both properties can improve the
clinical outcome of CRT.

The combination of high-energy radiation and chemical drugs,
called concomitant chemoradiation therapy (CRT), is the most
widely used cancer modality to improve treatment efficiency
and reduce the toxicity to surrounding healthy tissues.'™
Clinical studies have shown that CRT can have a supra-additive
effect, i.e., tumor reduction is larger than the sum of chemo-
therapy and radiation treatment individually.””” In other
words, the anti-cancer drug acts simultaneously as a che-
motherapeutic agent and a radiosensitizer. Thus, increasing
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Since the discovery of cisplatin (Pt(NHj3),Cl,) as a cancer
chemotherapeutic agent by Rosenberg in 1965,° a variety of
platinum(u)-based compounds, including cisplatin, carbopla-
tin and oxaliplatin, have been widely used in CRT.>** The con-
comitant administration of Pt-drugs and radiation was particu-
larly effective in improving the treatment of non-small cell
lung, cervical, head and neck cancers."*'® Phase II trials of
rectal CRT have shown the feasibility and efficacy of combin-
ing oxaliplatin with 5-fluorouracil/folic acid to treat metastatic
patients."” Despite the wide applications of cisplatin and its
derivatives in a variety of cancers, severe side effects have been
reported such as neurotoxicity, nephrotoxicity, ototoxicity
and retinopathy,'®'® which could lead to infra-additive results
in CRT by Pt-drug administration.’*>*> More worrisome is
the intrinsic resistance of cancer cells to these drugs or
that acquired during treatment, which limits their
applicability’**™’ (e.g., colorectal cancers have intrinsic resis-
tance to cisplatin,® and chronic resistance to oxaliplatin®?). It
is therefore crucial to develop new chemotherapeutic agents,

This journal is © The Royal Society of Chemistry 2023
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which are strong radiosensitizers and capable of overcoming
such resistance, while targeting critical biomolecules with
minimum cytotoxicity to normal tissue.**?"

In this regard, terpyridine-platinum-II (Tpy-Pt) appears as a
promising type of platinum compound. Several groups have
characterized in vitro binding of Tpy-Pt to DNA quadruplexes
and the consequent platination of loops in the human telo-
meric G-quadruplex. Tpy-Pt comprises a typical planar aro-
matic ligand of terpyridine (inset of Fig. 1) that can bind co-
valently to DNA via the N7 of guanine (G) bases, as cisplatin
does.’*?* Furthermore, Tpy-Pt has a strong affinity for the
three-dimensional DNA structure G-quadruplex (G4).>*3¢ 1t
binds preferably to G4, forming a very stable adduct;***” for
example, Stafford et al. observed for a polypyridyl Tpy-Pt com-
pound a thousand-fold higher affinity toward quadruplexes
relative to other DNA sequences.*® G4 is a quadrilateral stack
formed by four Gs, linked together by reverse-Hoogsteen
hydrogen bonds associated with the N7 site, which have been
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identified as potential targets, particularly in cancer
therapy.>*™*! Le Sech and coworkers investigated the radiobio-
logical effect of Tpy-Pt.**** When Tpy-Pt intercalated into
supercoiled plasmid DNA (AG30) was irradiated with photons
of 11.6 keV, commensurate with the energy of the Ly; inner
shell of platinum, single-strand and double-strand breaks
(SSBs and DSBs) were enhanced. They suggested that atomic
Auger electrons emanating from Pt could explain the increase
in DNA damage.** From irradiation by fast atomic He>" ions at
a linear energy transfer (LET) of 2.24 keV per pm, similar
increase of SSBs and DSBs was observed for Tpy-Pt-DNA com-
plexes, indicating the potential application of Tpy-Pt as a
radiosensitizer in radiotherapy.**> When Chinese hamster ovary
cells incubated with 350 pM Tpy-Pt were subsequently irra-
diated by fast ions C®" and He** with a LET of 2-70 keV per
pum, the cell death rate was increased by a factor of 1.5-2.*
Despite these results, the compound has never been applied
in the clinic. This may reflect the small chemotherapeutic
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Fig. 1 Exposure—response curves for DNA damage induced by 10 eV electrons in five-monolayer films of 5: 1 Tpy-Pt—-DNA complexes (M) together
with those from parallel treatment by Fpg (®) and Nth (A) enzymes. The percentages of CLs, SSBs, DSBs and loss of supercoiled DNA are shown in
each frame. The structure of Tpy-Pt is shown in the inset. The dashed lines are exponential fits, and the solid lines are linear fits of the initial slopes.
The DSBs were fitted with a linear function. Each data point is the result of 10 identical experiments and the error bars are the standard deviations of

these measurements.
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potential of Tpy-Pt, estimated from the non-toxicity found
from in vivo studies.*> However, low toxicity could be an advan-
tage in sparing healthy tissues if Tpy-Pt were to be made
highly toxic while present in irradiated cancer cells. This possi-
bility led to more recent experiments.

The cytotoxicity of Tpy-Pt due to its binding with G4 has
been shown in two ovarian cancerous cell lines.*® This specific
coordination could induce telomere dysfunction and chromo-
some instability, indicating suitability of Tpy-Pt compounds as
potential chemotherapeutic agents for telomere-targeting
therapy.® Moreover, since Tpy-Pt derivatives exhibit multiple
modes of DNA interactions, as well as inhibit the activity of
the epidermal growth factor receptor, they appear as promising
multi-targeting anticancer agents.’” Local radiosensitization
by Tpy-Pt has been investigated when conjugated with 1,4,7-tri-
azacyclononane-1,4,7-triacetic acid (NOTA).***° Their cyto-
toxicity in cancer cells was determined when the conjugates
were complexed with either natural or radioactive copper
(°**Cu). Two conjugates were synthesized: Cu-NOTA-Tpy-Pt with
a rigid linker and Cu-NOTA-C5-Tpy-Pt with a flexible linker.*®*°
%4Cu-NOTA-Tpy-Pt and ®'Cu-NOTA-C;-Tpy-Pt resulted, respect-
ively, in a >27 800-fold and 55 000-fold increase of cytotoxicity
for P53-wild type colorectal cancer cells HCT116, compared to
their non-radioactive Tpy-Pt counterparts under the same
conditions.*®*° These huge enhancements in cell death were
principally attributed to a combination of the action of the
short-range Auger electrons emitted from ®Cu and the ability
of Tpy-Pt to intercalate at sensitive sites in the DNA of HCT116
cells, particularly within the G4 structures. In addition, che-
motherapeutic enhancements of 2.7 and 4 were respectively
obtained at 24 h and 72 h post administration of ®‘Cu-
NOTA-Tpy-Pt, indicating the possibility of local CRT.*® Hence,
the continued development of Tpy-Pt, and related conjugates,
as a radiosensitizer and potential chemotherapeutic agent in
CRT could benefit from a more detailed understanding of the
radiosensitization mechanism at the molecular level.

Generally, radiosensitization by Pt-chemotherapeutic drugs
has been related to an increase of cellular platinum uptake,
enhancement of DNA damage and inhibition of DNA repair,
leading to cell cycle arrest.">*°">* In in vitro and in vivo studies,
repair of DNA damage was inhibited by the synergistic admin-
istration of cisplatin and radiation.’>>® At the molecular level,
the binding of Pt-drugs to DNA sensitizes the molecule to
ionizing radiation, increasing the damage induced by the sec-
ondary reactive species, particularly those caused by secondary
low energy (0-20 eV) electrons (LEEs).>*%°

When high-energy primary particles interact with biological
media, copious quantities of secondary LEEs are generated by
ionization.™®> These electrons play a crucial role in inducing
radiobiological damage in cells,**®* which effectively causes
genotoxic damage, e.g., detrimental DNA lesions.®*™®” The
enhancement of LEE-induced DNA damage resulting from the
binding of radiosensitizers provides a basis for the molecular
mechanism of action in CRT.*>°®7° In the case of Pt-drugs,
this mechanism has been verified in vitro and in vivo, as
optimal CRT could be achieved when the amount of the Pt-
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drug is at the maximum in the nucleus of the cancer cells.””*°
These studies showed the pertinence of understanding the
radiosensitization of LEE-induced damage by Pt-agents, in pro-
viding valuable information for developing novel Pt-analogues
and improving guidelines for CRT protocols. In particular,
such information was useful in the development of the pre-
viously mentioned °*Cu-NOTA-Tpy-Pt conjugates, for which
the radioisotope °*Cu was chosen as a copious source of
LEEs.*® ®!Cu emits Auger electrons of 840 eV, which along
their short path (~50 nm) produce a high density of LEEs
having a range of about 10 nm. Moreover, the positrons of
0.655 MeV emitted by ®*Cu can serve to locate the conjugate by
positron emission tomography. So far, the interaction of LEEs
with Tpy-Pt-DNA complexes has not been investigated.

The present experiments are performed with plasmids
extracted from E. coli DH5, which have supercoiled configur-
ations and contain guanine enriched sequences that form
G4.3® These eukaryotic plasmids contain configurations
similar to the DNA found in human mitochondria.®®
Furthermore, their supercoiled structure and length provide a
suitable model for investigating ionizing radiation damage to
genomic DNA.®” G4 structures can be formed in both bacterial
DNA (e.g., E. coli)** and human cell nuclei.*® While G4s play a
crucial role for genomic stability and cell viability in both eukar-
yotes and prokaryotes, they represent only a very small fraction
(i.e., about 1%) of the human and bacterial genome.?>#*%°
Nevertheless, the affinity of terpyridine platinum compounds
towards G4s is 1000-fold higher than it is towards the native
form of DNA.***® For this reason, we consider here the binding
of Tpy both to common base configurations and to G4s.

In unmodified DNA, the electron energy dependence of the
yields (i.e., the yield function) for the formation of SSBs, DSBs,
BDs, non-DSB cluster damage and crosslinks (CLs) exhibits
maxima around 5-6 and 10 eV. These yields are mainly the
result of an initial electron capture by the bases leading to the
formation of transient anions (TAs), decaying into bond-break-
ing processes.®>® Herein, we investigate the influence of
binding Tpy-Pt to DNA on the lesions induced by these TAs,
which dominate the damage cross sections near 5 and 10
eV.*”7? The binding of Tpy-Pt to DNA is characterized by
inductively coupled plasma mass spectroscopy and UV spectro-
photometry. The effective yields of the damage induced to
non-modified plasmids are compared to that induced to Tpy-
Pt-plasmid complexes from respective fluence-response
curves. Enhancement factors (EFs) vary from 1.2 to 4.2,
depending on the type of damage, with BD-related CLs being
the highest. The results are discussed in relation to mecha-
nisms that could be implicated in Tpy-Pt radiosensitization to
LEE-induced damage in mitochondrial and genomic DNA.

2. Experimental section

2.1. Preparation and characterization of terpyridine-Pt-DNA
complexes

Plasmid DNA [pGEM-3Zf(-), 3197 base pairs (bp)] was
extracted from E. coli DH5 and purified with a HiSpeed

This journal is © The Royal Society of Chemistry 2023
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plasmid giga kit (QIAGEN), as previously described.®””*® The
extracted DNA consisted of 96.3% of the supercoiled configur-
ation, 2.0% concatemeric, 0.8% nicked circular and 0.9% CLs.
Dichloro (2,2":6',2"-terpyridine) platinum(i) dihydrate (Tpy-Pt)
was purchased from Sigma-Aldrich with a purity of 99.0% and
used without further purification.

Tpy-Pt dissolved in distilled deionized water (ddH,O) was
mixed with the plasmids and incubated in the dark at room
temperature for 2 h. The solution was passed through a
Sephadex G-50 column to isolate Tpy-Pt-DNA complexes and
remove the buffer and free Tpy-Pt. The standard curve of Pt**
counts correlated to Tpy-Pt concentrations was characterized
by inductively coupled plasma mass spectroscopy. The binding
efficiency of Tpy-Pt to DNA was determined to be 75% from
the ratio of Pt>" counts after and before passing through the
G-50 column. Tpy-Pt-DNA complexes were prepared with a
molar ratio of 5:1. This ratio was chosen to maximize the
yields, while avoiding any overlap of the perturbations caused
by Tpy-Pt within DNA. The absorption spectra of Tpy-Pt, DNA
and Tpy-Pt-DNA solutions were measured by ultraviolet-visible
diffuse reflectance spectroscopy (UV-Vis DRS) to reflect the
extent of variation of the electronic state of Tpy-Pt after
binding with DNA.

2.2. LEE irradiation

Seven pL of Tpy-Pt-DNA ddH,O solution containing 320 ng of
DNA was deposited on clean tantalum substrates, where they
were lyophilized to produce thin films of 2.0 + 0.5 mm radius.
Taking 1.7 g cm > as the film density,”” the average thickness
of the films corresponded to 15 nm (~5 monolayers). The
films were transferred into the ultra-high vacuum chamber of
a LEE irradiator, which had been evacuated for 24 h. During
bombardment of the samples, the potential between the sub-
strate (ground) and the center of the filament of the LEE gun
was set at 5.4 and 10.4 eV. By subtracting from these values,
for the 0.4 V potential measured for the threshold of electron
arrival at the substrate, the absolute electron energies were 5
and 10 eV. The electron beam current was set at 2 nA giving a
current density of 10" electron per cm? per s. To generate the
exposure-response curves (i.e., yields of different DNA con-
figurations vs. fluence), samples were exposed to the beam for
5, 7, 10, 15, 20, 30 and 60 s, respectively. At each period, ten
samples were irradiated, while 4 samples were maintained in
vacuum without irradiation as controls. After each irradiation
cycle, the Tpy-Pt-DNA films were recovered from the Ta sub-
strates using 20 pL of ddH,O.

2.3. Enzyme treatment and quantification of DNA
conformation variations

The recovered irradiated and control samples were divided
into three portions: two of them were treated with E. coli base
excision repair endonuclease III (Nth) and formamidopyrimi-
dine N-glycosylase (Fpg), respectively, to reveal base modifi-
cations, as described previously.”> Samples treated with the
latter were separately incubated at 37 °C for 60 min. The
plasmid constituents in all portions corresponding to super-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

coiled, nicked circular, linear and CLs were analyzed by 1%
agarose gel electrophoresis and quantified by the ImageQuant
5.0 (Molecular Dynamics) software.®”” When recorded from the
non-treated samples, these conformations corresponded to
intact DNA, SSBs, DSBs and inter-plasmid CLs, respectively.
The conformational modifications arising from enzyme treat-
ment served to quantitate the BD, non-DSB cluster damage
and BD-related CLs. The measured CLs induced by electron
irradiation without enzyme treatment correspond to prompt
strand breaks leading to interduplex chemical bonds, whereas
the BD-related CLs occur when the endonucleases cleave at the
site of the damaged nucleotide, leaving a strand break.®’
Consequently, the radical formed reacts with its surroundings
yielding an interduplex or interstrand CL. The process is
similar to nucleotide excision repair in the cell.*® As previously
mentioned by Dong et al., crosslinks within a DNA strand
could be recognized by both endonucleases as types of base
modifications and transformed into a DSB.®’

2.4. Effective yields of plasmid damage

The effective yields of DNA damage were obtained by extra-
polating the slope of the exposure-response curves to zero
fluence. Because of the low cross reactivity of Nth and Fpg for
enzyme-sensitive sites, the enzyme-sensitive sites (ess) recog-
nized by both enzymes were considered independent.®® As Fpg
and Nth enzymes specifically identify the BD of purine and
pyrimidine,” the corresponding yields for the two different
BD-related lesions could be differentiated as Y(Fpg)pur and
Y(Nth),,,, respectively. Accordingly, the sum of the base
lesions Y (base lesion), that caused a given DNA damage were
obtained as follows:

Y (base lesion)., = Y(Nth),, + Y(Fpg),,, — 2[Y(DNA) + Y (heat)],

pur
where Y(DNA) represents the yields of DNA damage in the
absence of enzyme treatments and Y(heat) the yield of heat
labile sites, arising from the DNA samples incubated at 37 °C
for 60 min without enzymes.”” The total yields of DNA damage
are given by”*

Y(total) = Y(Nth),,, + Y(Fpg),, — Y(DNA) — 2Y (heat).

pur

3. Results and discussion
3.1. Binding of Tpy-Pt to DNA

The interactions of Tpy-Pt with DNA is quite distinct from
those of traditional platinum-based compounds due to the
favored intercalation of the flat Tpy-Pt structure within G4 con-
figurations via weak n-x interactions.***® Being bifunctional,
Tpy-Pt can still form interstrand and intrastrand CLs within
the DNA helix, most likely between guanines, adenines or
both,”>?* as do cisplatin, carboplatin and oxaliplatin,”™**
although monofunctional binding to G is also possible.*®**
Tpy-Pt and Tpy-based complexes interact with the quadruplex
configuration via three major pathways: firstly, by n-n inter-
actions with two opposing faces of a G4; secondly, by direct
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intercalation into the lateral and diagonal loops of G4s and
finally, through replacement of monovalent alkaline ions,
which usually fill the central channels of three-dimensional
G4s.>*?® Furthermore, it has been clearly demonstrated that
Tpy-Pt selectively coordinates into certain adenines (i.e., A7
and A13) of a telomere-like quadruplex structure located in the
lOOp.32'34

Further theoretical insight into the molecular interaction
between Tpy-Pt and B-DNA can be gained by computational
docking studies. To this end, the optimal structure of Tpy-Pt
was docked with B-DNA, taken from the protein data bank,
using the HDOCK server.”® Further details are given in the ESI,
where Fig. 1St shows that Tpy-Pt binds within the major
groove of DNA, mainly via hydrophobic n-sigma and n—= inter-
action with G and A bases. The interaction of Tpy-Pt within the
major groove was also reported by Suntharalingam et al. for
Tpy-based compounds that induce apoptosis.”® Moreover, the
Tpy-Pt-DNA complex was found to be essentially unaltered by
the present manipulations, indicating that it could be slightly
more stable than those formed with cisplatin, carboplatin and
oxaliplatin (ESI Table 2S¥).

UV-visible absorption spectra of different sample solutions
are provided in Fig. 2S of the ESL The spectra include those
of solutions of unreacted Tpy-Pt, purified Tpy-Pt-DNA from
passing through the Sephadex column, and purified Tpy-Pt-
DNA bombarded by 10 eV electrons for 30 s. The spectra of
Tpy-Pt-DNA complexes before and after removal of salts, and
electron-irradiation are similar to those of the absorption peak
of unreacted DNA, exhibiting a strong absorption maximum at
260 nm.”” Thus, any changes in electronic structure of DNA,
due to the binding of five Tpy-Pt molecules to the 3197 base-
pair plasmids, do not modify UV-visible absorption under any
of the conditions investigated. Tpy-Pt has three characteristic
absorption peaks at 248, 278 and 336 nm as shown in
Fig. 2S.1°® The first two are not visible from absorption by
Tpy-Pt-DNA, since they strongly overlap the spectrum of DNA.
However, the 336 nm peak, which is attributed to charge-trans-
fer transitions from Pt to Tpy can be resolved;” it is observed
at the same wavelength in solutions containing only Tpy-Pt
and in those containing purified Tpy-Pt-DNA, irradiated or
not with LEEs. Thus, the structure of terpyridine seems to
remain intact, probably reflecting the weak binding of Tpy-Pt
to DNA, via n-sigma and n-n interactions, as projected from
docking computations (ESIT). Moreover, since the spectrum of
irradiated Tpy-Pt remains unaffected by irradiation, we can
conjecture that LEEs do not break bounds within the cyclic
structure of terpyridine and only cleave the Pt-N7 (guanine or
adenine) bonds when they exist.

Compared to the common Pt-drugs, Tpy forms a bulkier
adduct with DNA. The molecular weight in g mol™ of Tpy-Pt
(535) is 1.3-1.7-fold higher than that for oxaliplatin (397), car-
boplatin (371), and cisplatin (301). The difference is larger
after hydrolysis and coordination to DNA. Therefore, the
bending, and unwinding pattern generated in the Tpy-Pt-DNA
helix should be larger than that induced by cisplatin, oxalipla-
tin and carboplatin. For example, DNA unwinding created by

3234 | Nanoscale, 2023, 15, 3230-3242
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cisplatin is about 13 degrees,'® but the corresponding value
for Tpy-Pt-DNA is about 20 degrees.’” Thus, as the physico-
chemical characteristics of bonds in proximity of Tpy-Pt-DNA
adducts should be more strongly modified than in convention-
al Pt-drugs, the electron-resonance scattering characteristics
are expected to change accordingly.

3.2. Yields of damage to Tpy-Pt-DNA induced by 5 and 10 eV
electrons

Each exposure-response curve in Fig. 1 shows the percentage
variation of CLs, SSBs, DSBs and the supercoiled configur-
ation, as a function of 10 eV electron fluence, with or without
treatment with Fpg and Nth enzymes. Each data point is the
result of ten independent experiments with films of Tpy-Pt-
DNA. Similar curves resulting from 5 eV electron impact are
provided in the ESI.T The exposure-response curves of Tpy-Pt-
DNA exhibit similar trends as those induced by LEE impact on
other Pt-drug-DNA complexes.’>”>'°! In Fig. 1, the curves for
SSBs and supercoiled DNA display similar magnitudes, indi-
cating that supercoiled DNA primarily converts into the nicked
circular configuration (SSBs). For supercoiled DNA, SSBs and
CLs, the curves show a similar exponential behavior as a func-
tion of fluence. Since initial targets available to produce the
linear forms (DSBs) are much more slowly depleted as the
fluence increases (i.e., both SSBs and supercoiled DNA are
initial sources for DSB formation), the yields of DSBs vs.
fluence fit a linear function.'*?

Each effective yield for a given DNA damage per incident
electron-molecule corresponds to the sum of the damage
created by the impact of a single electron of a given energy.'*?
They are obtained by dividing the initial slopes of the respect-
ive fluence-response curves by the percentage of supercoiled
DNA at zero fluence. Fig. 2 presents a histogram of the yields
of each type of damage induced by 5 and 10 eV electron
impact on Tpy-Pt-DNA and DNA films of 5 monolayers under
identical conditions. The histogram includes directly produced
conformational damage and those related to BDs revealed by
enzyme treatment. The yields induced by 10 eV electrons are
higher than those produced at 5 eV, as expected from the
larger extent of TA states at 10 eV. Consistently, the yields from
Tpy-Pt-DNA are larger than those of unmodified DNA, demon-
strating that the binding of Tpy-Pt to the plasmids increases
appreciably LEE-induced damage. The latter are enhanced
differently depending on the type of damage and electron
energy. The numerical values of these yields are listed in
Table 1S of the ESI,T where they are compared to the results
previously obtained under identical conditions, with cisplatin,
carboplatin and oxaliplatin bound to DNA,>®72101:103

3.3. Damage increases induced by Tpy-Pt and other Pt-drugs
relative to unmodified DNA

The enhancement factor (EF), defined as the ratio of the yield
of a specific damage to DNA bound to a Pt-compound to that
without the Pt-drug is usually considered to be a suitable para-
meter to estimate and compare the sensitization efficacies of
different Pt-analogues.>®®»”>%! The EFs resulting from the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The effective yields in electron per molecule of DNA damage including CLs, SSBs, DSBs, loss of supercoiled (LS) DNA and BD related lesions
for Tpy-Pt—DNA complexes and DNA induced by 5 (A) and 10 eV (B) electrons. The errors are calculated from a linear regression fit analysis of the

slope of respective exposure response curves near zero fluence.

binding of Tpy-Pt to DNA inferred from the 5 and 10 eV yields
of Fig. 2 are listed in Table 1 (in the order of increasing values
for the first line). The known EFs at those energies of other Pt-
drugs also appear in this table. All EFs are larger than 1, indi-
cating pervasive radiosensitization with the four Pt-com-
pounds. For Tpy-Pt-DNA, the EFs at 5 eV are usually higher
than those generated by 10 eV electrons.

Generally, the EFs of Tpy-Pt are similar to those of the tra-
ditional Pt-chemotherapeutic agents. As for the DSBs and non-
DSB cluster damage, the three traditional Pt-drugs display
higher and similar EFs, respectively, compared to those
obtained with Tpy-Pt. Although the EFs of the total yields of
damage are similar for all four Pt-drugs, the type of lesion is
modulated differently. For example, Tpy-Pt produces an EF of
4.2 + 2.1 for BD-related CLs at 10 eV, whereas for the other Pt-
drugs this EFs lie much lower, ie., in the range 1.4-1.7. The
detailed comparison of purine- and pyrimidine-related
damage induced by 10 eV electrons in Pt-drug-DNA complexes
is shown in Fig. 3,”>'°® where the yields of purine-related
damage are found to be larger than those related to pyrimi-

This journal is © The Royal Society of Chemistry 2023

dine. However, the enhancement varies for different Pt-com-
pounds and DNA damage. Clearly, Tpy-Pt considerably enhances
purine-related CLs compared to the other three Pt-drugs.

The EFs and the data of Fig. 2 and 3 suggest that LEEs
interacting with Tpy-Pt-DNA have a propensity to attach to
purine bases to form TAs that decay preferentially into bond-
breaking processes leading to base damage and related CLs.
This finding most likely reflects the favorable binding of Tpy
to purines, which are known to produce higher damage yields
via TA formation.”> Compared to other Pt-DNA complexes, the
larger deformation and opening of the helix caused by Tpy-Pt
could favor (1) the modification of resonance parameters (i.e., the
lifetime, energy, decay channels and electron capture and transfer
probability of the TAs), and (2) CL formation by exposing a larger
surface to adjacent molecules. Some of the hypotheses advanced
in this paragraph are substantiated by different types of experi-
ments by other groups.

Rackwitz and Bald reported a higher LEE damage cross
section for telomere sequences of DNA relative to other inter-
mixed DNA sequences.'® This was explained by the proximity
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Table 1 The comparison of the enhancement factors (EFs) of DNA damage for various Pt-drugs obtained by 5 and 10 eV electron impact. The EF is
defined as the yield of a given damage in the Pt—DNA complex divided by that in nonmodified DNA under identical conditions. The EFs of Tpy-Pt—
DNA induced by 5 eV electrons are listed in order of increasing values from left to right in the first line

Electron Prompt Non-DSB cluster Loss of BD-related Isolated Total Total
energy (eV) Target CLs damage DSBs SSBs supercoiled CLs BD BDs damage
5 Tpy-Pt-DNA 1.2+0.6 1.3+1.2 1.4+0.8 21+04 22%0.5 24+13 36210 25+1.0 24+08
Cisplatin-DNA" 1.4+£02 1.6+13 1.7+03 1.4+02 1.4%04 25+14  24%07 24+11 21+11
10 Tpy-Pt-DNA 1.7+0.8 1.2+0.4 1.2+0.6 1.4+03 1.4+0.3 4221 20+05 23+08 1.9%0.6
Cisplatin-DNA®® 2.2 +0.9 2.5+0.4 1.4+0.4
Carboplatin-DNA®® 3.1 + 1.0 3.1+0.5 1.5+0.4
Oxaliplatin-DNA®® 4.1+ 1.8 24+0.4 1.5+0.4
Cisplatin-DNA"> 1.4+1.0 1.4+05 1.4+0.7 1.4+04 17%0.4 1.4+09 1.7+0.5 1.9+04 18+0.3
Cisplatin-DNA'*? 2408 1405 1.5£03 1.5+02 1.5%0.2 1.7+11  1.4+0.8 1.9+09 17%04
Carboplatin-DNA'”  1.7+0.4 1.1+0.4 1.9+04 1.3+02 13202 1.6+0.7 13+0.6 1.6+0.6 14+0.3
Oxaliplatin-DNA'™ 1.8 +0.4 1.4+0.5 1.4+03 1.7+02 17%0.2 1.5£0.6 23+0.7 2.6+09 21+0.5
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of adenine and guanine bases, which capture electrons more
effectively and increase damage by a factor of about 7.5 com-
pared to that in controls.’®* In tumor cells, Merle et al. found a
significant increase in DSBs, telomere dysfunction induced
foci and telomere deletions, after combination treatment with
Tpy-Pt and external beam radiation therapy, relative to Tpy-Pt
treatment and radiation therapy alone.’®® The enhanced cyto-
toxicity for conjugation of ®*Cu and NOTA-Tpy-Pt at the cellular
level,*® relative to radiolabeling with cisplatin’®® in combi-
nation with external beam radiation therapy also supports our
hypotheses. DNA radiosensitization in HTC116 colorectal
cancer cells by ®*Cu-NOTA-C;-Tpy-Pt and ®*Cu-NOTA-Tpy-Pt, is
derived from two mechanisms: (1) the displacement of the pro-
tective Shelterin complex and/or hindrance of telomerase
activity on telomeres by Tpy-Pt residues and (2) disruption of
G4 structure by LEEs emitted from ®*Cu.*® Further information
on the relationship between the damage induced by LEEs in
HTC116 colorectal cancer cells and ®*Cu-NOTA-Tpy-Pt com-
pounds is provided in the ESL{

In LEE experiments with plasmid films, bond cleavage
results in a radical that can form intrastrand or interduplex
CLs. Thus, the magnitude of the detectable interduplex CLs
reported herein could serve as a guideline to estimate cross-
linking in the cell nucleus, where intrastrand, interstrand and
DNA-protein CLs are specific categories of DNA damage,
which require sophisticated cellular checkpoints and repair
pathways.'”” From a biological point of view, this type of
damage can be seen as analogous to the end-to-end fusion of
two adjacent chromosomes (or chromatid), which is con-
sidered to be highly detrimental to cell viability.'°® Interstrand
CLs are considered to be the most cytotoxic among all cross-
linking lesions, causing a covalent roadblock to replication
and transcription.'® CLs are more challenging for the cell to
repair than other individual, widely dispersed lesions, and
regarded to be lethal carcinogens or mutagens.'®” The pre-
ferred induction of CLs by Tpy-Pt indicates that it could act as
an efficient radiosensitizer.

3.4. TAs of DNA and DNA-Pt-drug complexes and their decay
channels

In unmodified duplex DNA and oligonucleotides, TAs are
formed at 5 and 10 eV in the yield functions of single
damage.'™® In the yield functions of cluster damage, they
occur at 6 and 10 eV."'° These TAs are of the core-excited types
(i.e., two-electron one-hole states) caused by the incident elec-
tron being temporarily captured into an unfilled molecular
orbital with simultaneous excitation of another electron from
a ground-state orbital into a higher-energy empty one. In other
words, the electron is captured by the positive electron affinity
of an electronically excited state of a nucleotide.”” The numer-
ous decay channels of these resonances are well established
and have been discussed in detail in previous papers.”>''°71*>
Within DNA, a core-excited TA is usually formed on a base,
where it can decay via autoionization or DEA.®”%”''* In the
latter case, a BD is produced, which can include base release.
Following autoionization, the emitted electron can transfer to

This journal is © The Royal Society of Chemistry 2023
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the phosphate group, where DEA can produce a SSB.°®°®”%
Production of more complex damage with a single electron is
also possible, if the autoionizing electron leaves the base in an
electronically excited state, which dissociates and hence
induces a BD.®” Then, the escaping electron can transfer to
another fundamental unit in the same or opposite strand,
where it can form a second TA, decaying via DEA and produ-
cing further damage. The possible combinations of double
lesions include two BDs, a BD + SSB lesions and a DSB, if a BD
is later converted into a strand break. According to ongoing
time dependent DFT calculations,'*® triple lesions caused by
the formation of a single core-excited anion state on a base are
also possible, if the two excited electrons of the core excited TA
autoionize to transfer and induce DEA at two other sites. In
this case, a third lesion can result from the reaction of the cat-
ionic site formed within DNA.

Since the discovery that LEEs play a significant role in CRT,
the damage induced by the decay of the 5-6 and 10 eV TAs has
been investigated with DNA bound to the traditional Pt-
drugs.’®%%7>1%1 These TAs cause strong maxima in the
damage yield functions. The most detailed analysis is found in
the work of Dong et al.,"” who generated yield functions for
all types of measurable damage in plasmid DNA and cis-Pt-
DNA complexes, as well as consistently positive EFs within the
entire 1-20 eV range.'"""” Despite the perturbation of cispla-
tin, the resonance peaks appeared at 5-6 and 10 eV in both
cases, within the resolution of their experiment (0.5 eV).
Thus, they concluded that same or similar TAs were involved
whether cisplatin was present or not. The reason for this be-
havior may be simply that the binding of cisplatin does not
change the resonance energy sufficiently for the energy differ-
ence between modified and non-modified DNA to be resolva-
ble experimentally. It could also be related to the fact that reso-
nance maxima in yield functions occur at the energy of the
first interaction. Since there is only one cisplatin out of 1279
bases in DNA-cisplatin complexes, in most cases, electrons
should first be captured at an unperturbed site and hence bear
the signature of the original DNA yield function. After its for-
mation, the TA dissociates or autoionizes. In the latter case,
the additional electron is likely to be injected into the DNA
conduction band, where it could travel some distance to be
finally trapped into the deeper well of a binding site of cispla-
tin. According to the calculations of Caron et al,"*®*"** this
distance could be of the order of 10 base pairs. The transfer
would reduce the emitted electron probability to escape the
DNA molecule and lead to further damage (i.e., EF > 1),
favored by the stronger electron capture at the cisplatin site.
We expect a similar behavior with Tpy-DNA complexes, ie.,
the measured EFs reflect an enhancement of the magnitude of
the decay channels of the 5-6 and 10 eV TAs leading to bond
scission.

3.5. Radiosensitization mechanism of Tpy-Pt: binding to
purines and resonance parameters

In this section, we consider electron capture at or near the
binding site of Tpy. The electron can arrive from inside or
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outside DNA, probably with different probabilities of being
captured. Within the regions perturbed by Tpy, we expect the
processes described in the previous section to be modified in
proportion to the perturbation. A priori, mono or bifunctional
binding of Tpy-Pt is possible to any base, but it is expected to
preferentially intercalate within G4 regions or other regions
containing adenines with Gs, or only adenines.**** Such inter-
calations should modify the resonance parameters in their
vicinity.

In the case of cis-Pt-DNA, covalent bonding of Pt to the N7
position of the purine bases causes unwinding and bending of
the double helix toward the major groove.”'* This results in a
wider minor groove, weakening the strength of the bonds and
improving the accessibility of LEEs to the bases near the site
of platination; such modifications could extend over twenty
bp.'** In Tpy-Pt-DNA complexes, due to the larger size and
mass of Tpy-Pt, these modifications are expected to extend
over even larger distances and hence influence the resonance
parameters of TAs of a larger number of bases, which are all
highly dependent on the immediate environment.'***2¢ This
perturbation should lead to an increase of magnitude of DEA
and electron transfer, thus enhancing damage yields.
Particularly, the presence of Pt**, could lower the TA energy.
Although this energy shift could be too small to be perceived
in ayields function, as it was the case for cisplatin-DNA com-
plexes, it should decrease the number of decay channels and
thus increase the resonance lifetime. Since the DEA yields
depend exponentially on this lifetime,"*® the modification
should increase the EFs, even if there are only 5 Tpy-Pt conju-
gates on average bound to plasmids containing 3197 bp, ie.,
one Tpy out of 1279 bases. Considering charge transfer or a
perturbation extending along 20 bp, there are 320 (~5%) bases
in a modified environment that could be reached by an incom-
ing or transferred electron. Consequently, an EF of 2 for a par-
ticular damage translates into an average enhancement of DEA
by a factor of 20 in the perturbed region. Such a modification
is quite reasonable and much smaller than that observed with
environmental changes around some simple molecules.'**'?

In the interaction of LEEs with Tpy-Pt-DNA involving inter-
strand and intrastrand covalent bounds with two Gs, the elec-
tron is more likely to be initially captured by a G. The TA thus
formed can subsequently dissociate causing cleavage of the
Pt-G bond, either leaving the electron stabilized on the base or
on the Tpy-Pt moiety, most likely reducing the metal to Pt'.
The electron capture by guanine bound to Tpy-Pt can lead to
DEA, producing either a BD, CL, DSB or non-DSB cluster
damage.'"” In addition to crosslinking, a diversity of reactions
with guanine radicals exist, among which the most prominent
is base release.’”””'*® Considering the integrity of terpyridine
after electron bombardment, suggested from the UV-Vis
absorption spectrum (Fig. 1St), the resulting G radicals could
(1) follow the oxidation and/or reduction processes causing
guanine-BDs and (2) abstract hydrogen from the backbones,
leading to the cleavage of phosphodiester bonds, ie., BD +
SSB."* Since the self-assembly of guanine-rich motifs are
mainly located on telomeres and oncogene promotors,*" the
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preferable binding of Tpy-Pt with these critical targets should
promote radiosensitization of tumor cells during radiotherapy.

From recent calculations, performed on the -cytosine
nucleotide, it has been suggested that dipole-bound (DB) TAs
could serve as a doorway to electron capture into valence orbi-
tals of the bases and the phosphate group of DNA."*° As
shown for simpler molecules,’*'™*® a DB TA is formed when
the incoming electron is first captured into a diffuse DB state
via deposition of its energy in vibrational degrees of freedom
of the target molecule, thus forming a vibrational Feshbach
131141142 1f the DB anion is coupled to a valence
state, the electron can transfer into a more compact orbital.
Coupling of DB states to core-excited TAs has recently been
observed in DEA to gaseous formamide and its methylated
derivatives, N-methylformamide and N,N-dimethylformamide,
as well as in electron photodetachment from the pyrazolide
143,144 Wwe therefore mention the possibility of formation
of a DB state, although the existence of such a doorway mecha-
nism remains to be extended to, not only aqueous environ-
ment,'* but also long DNA strands. According to the calcu-
lations in the ESL} using the Marvin Sketch software (version
21.15),"*® the dipole moment of hydrolyzed Tpy-Pt is 8.03
Debye, whereas for oxaliplatin and cisplatin/carboplatin, it is
5.4 and 1.48 Debye, respectively (Tpy-Pt > oxaliplatin > cispla-
tin/carboplatin). The hydrolyzed conditions were chosen
because these Pt-based compounds must be hydrolyzed to
interact with DNA (i.e., the chlorine ion or other leaving
groups are replaced by water molecules during the preparation
with dd H,O). Usually, dipole anion states become quasi-
bound when the permanent dipole moment of the neutral
molecule, is greater than 2.5 D."7'*° Thus, the calculated
values make oxaliplatin and Tpy-Pt candidates for the doorway
mechanism, with Tpy-Pt providing the strongest electron-
dipole interaction. However, due to the periodicity of nucleo-
tides in relatively long DNA strands, LEEs tend first, to diffract
along these quasi-equally spaced basic DNA constituents, as
shown theoretically by Caron and coworkers."'****> From this
perspective, it appears unlikely that an incoming LEE would
initially localize on a specific fundamental DNA constituent,
unless the periodic symmetry were broken. Such a break inevi-
tably occurs by the inclusion of another molecule, such as a
Pt-drug, within the DNA double helix. This situation could
create more favorable conditions for the formation of DB
states that could act as a doorway to a more localized core-
excited TA. In any case, the dipole moment of Tpy-Pt should
contribute to the potential binding of the electron to Tpy,
during the formation of core-excited TAs.

resonance.

anion.

4. Conclusions

We measured the yields of various lesions induced by 5 and 10
eV electrons to Tpy-Pt-DNA complexes at a ratio of 5:1. These
lesions include SSBs, DSBs, BDs, CLs and non-DSB cluster
damage. The chosen DNA (i.e., Eukaryotic plasmids) contains
configurations similar to those found in human mitochondria,
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and its supercoiled structure and length provide a suitable
model for the investigation of genomic DNA damage induced
by ionizing radiation.®”**°

At 5 and 10 eV, bond dissociation occurs mostly via the for-
mation of core-excited TAs decaying into DEA, or autoioniza-
tion when the target site is left in a dissociative state. From the
present investigation, we find that enhancement factors for all
specific damage are larger than one, with the highest one
being observed for BD-related CLs (4.2 + 2.1). The yields of
BDs as a percentage of the total damage are 63% and 65% at
each energy, respectively. Although the total damage yields in
Tpy-Pt-DNA complexes are similar to those of the conventional
Pt-drugs (i.e., cisplatin, carboplatin and oxaliplatin), a much
larger number of BDs and CLs is induced by binding Tpy-Pt to
DNA; such damage is mostly found on the purine bases.
Compared to conventional Pt-drugs, this marked difference
could results from three factors: (1) the preferred binding of
Tpy-Pt to guanine bases, particularly within G4 configurations,
(2) the larger size of Tpy-Pt, which favors a larger perturbation
and opening of the helix and (3) the stronger dipole moment
of Tpy-Pt. The contribution of the first factor is easily
explained from electron attachment to guanine above 5 eV,
which leads to the highest damage yields among all bases.'®*
Compared to other Pt-drugs, the larger size of Tpy-Pt is
expected to (1) further modify the parameters of core-excited
TAs, producing larger damage yields and (2) amplify covalent
binding of the induced radicals to other DNA molecules in the
films, thus considerably enhancing the yields of CLs. Finally,
the higher dipole moment of Tpy-Pt could favor the formation
of dipole bound states. The latter have been shown to serve as
a doorway to the formation of core-excited TAs, which are
responsible for the greatest damage seen in the present experi-
ment. Since the self-assembly of guanine-rich motifs mainly
locate on telomeres and oncogene promoters,*’ the preferable
binding of Tpy-Pt with these critical targets in cells is expected
to promote radiosensitization during external beam radiother-
apy and targeted radionuclide therapy.
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