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ABSTRACT
We measure the desorption of anions stimulatecheyirhpact of 0-20 eV electrons on highly-
uniform thin films of plasmid DNA-diaminopropanehd results are accurately correlated with
film thickness and composition by AFM and XPS measents, respectively. Resonant
structures in the HO, and OH yield functions are attributed to the decay ohsiant anions
into the dissociative electron attachment (DEA) il The diamine induces ammonium-
phosphate bridges along the DNA backbone, whictpragses the DEA Cchannel and in
counter-part increases considerably the desorpdior©OH. The close environment of the

phosphate groups may therefore play an importdatinomodulating the rate and type of DNA

damages induced by low energy electrons.
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[. INTRODUCTION

Secondary electrons are the most abundant spesesaged by primary ionising radiatteand
most of them have energies below 20%The ability of these low energy electrons (LEEs) t
break chemical bonds in biological media and maaeiqularly DNA has been intensively
explored during the last decatiePlasmid DNA®’ short oligonuleotidés1%112131415pN A
sub-units (nucleobases, sugars, and phospfidfe}have been the most studied targets.

LEEs can induce bond cleavage in condensed mokebyleissociative ionization and excitation
or by dissociative electron attachment (DEA). Ire tbase of DNA, DEA can lead to
fragmentation of several sub-untfssingle and double strand breaks, via phosphodi€s®
bond cleavage and bases release via rupture oNigkycosidic bond. Below the ionization
threshold, bond breakage results essentially fresomant electron attachment into an unfilled
electron orbital, located at specific sites. Thealotransient anion thus formed can decay via
DEA or autoionization. In the latter process, whbka departing electron leaves the site in a
dissociative electronically excited state, two oorenreactive radicals are formed. The DEA
channel usually results in the production of aroarand a radical. In condensed molecules, the
dissociative channels are strongly influenced lgyltical environment and any chemical bonding
of surrounding molecules. As a matter of fact, ¢evabonding® and the presence of strong
electric field$' can reduce the lifetime of electron resonancechvhias a direct impact on the
DEA channels.

As the first anion mass spectroscopy measuremesrformed on DNA films, Paret al®?
analyzed anions desorbing from linear DNA (40 hzaes), and supercoiled plasmid DNA upon
LEE impact. They showed that the yield functionstfee electron stimulated desorption (ESD)

of H , O , and OH exhibit a single broad structeae 9 eV with a continuous rise at higher




energy having an onset near 15 eV. The structuse been assigned to DEA, while the
continuous rise corresponded to dipolar dissoaiaf@D). Comparing these results with those
obtained on thymine, guanine and cytosine, thearsitbonclude that H produced by DEA to
DNA arises principally from the bases and with, gibly, a smaller contribution from the sugar
ring of the backbone. O  was found to be produaed fragmentation of the phosphate group
in the backbone, whereas OH could partly arise fieactive scattering of O produced at the

phosphate group. Later, Ptasingitaal*®

irradiated GCAT oligonucleotides tetramers with53-
eV electrons and analysed different anionic spefies, O /N , OH , CN and OCN ) by
ESD. The vyield functions were compared with thob¢éaimed in the gas phase on isolated
elementary components (bases, desoxyribose anglpditesgroups). These authors mentioned
that while some of the dissociating transient asifmund in the gas phase are still present within
the molecular solid of GCAT, others are likely stggsed; particularly at low energies, owing to
the existence of chemical and/or hydrogen bondkimviDNA or due to insufficient kinetic
energy for the anions to leave the surface. Theynly identified the sites and bonds involved
in desorption, but also demonstrated site selégtivi

More recently, Dumont et &f.and Zheng and Sandiebserved a protective effect on DNA
damage by organic salts, particularly in the chambuffer used in most of the experiments
involving DNA (Tris-HCI, EDTA). Single and doubletrand breaks (SSB and DSB) were
considerably reduced in plasmid DNA under irradiativith 1eV to 60 keV electrons. It was
argued that the interaction of the organic catiasith DNA may decrease the capture cross-
section and lifetime of transient anions formed byand 10 eV electrons on the base and

phosphate groups of DNA. Electron transfer fronoagito Tris cations or proton transfer from

Tris to anions could contribute to reduce the ilifiet of the transient anions formed on DNA sub-




units. These modifications, including inherent atdn of the electric field close to DN
could therefore reduce DNA damage.

The objective of the present work is to explore specific features of the complex formed
between plasmid DNA and 1,3-diaminopropane undeE liftadiation. The focus lies on the
dissociative processes leading to the direct désorpf anionic species from DNA-diamine thin
films or desorption following reactive scattering the primary anion. We generate yield
functions of anionic species desorbed from DNA-draathin films exposed to LEEs.

The DNA-diamine complexes may be considered assa drude model system to mimic the
DNA physiologic environment, more particularly tiENA-protein interaction;notably the
highly alkaline proteins found in eukaryotic cellakei that pack and order the DNA into
nucleosomes. DNA-diamine films have the advantagéd highly uniform in thickness and
compositior’®. So, they constitute a well-defined environmergttaly ESD of anions from DNA
under conditions closer to those of the cell. Byralating Atomic Force Microscopy (AFM)
images and X-ray photoelectron spectroscopy (XP8¢tsa to ESD measurements, the present
experiments also allow, for the first time, afteoma than a decade of investigations of DNA
damage induced by LEESs, to describe accuratelyetfeet of thickness in well-gauged DNA

layers

II. MATERIALS AND METHODS

A. Chemicals and Materials.

Plasmid DNA (pUC21, 3151bp) at an initial concetitra of 1mg/ml in water was obtained
from PlasmidFactory GmbH & Co. KG (Germany). Théuson contained no chemical buffer
and 95% of the DNA was in the supercoiled configara Without further purification, a stock

solution of this pUC21 DNA was prepared by dilutionultrapure water having a resistivity of
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18.2 MQ.cm. The DNA concentration was determined by meagithe absorbance at 260 nm
taking the molar extinction coefficient to lags = 5.3 x 10 cm* M™ ?” 1,3-Diaminopropane
Dihydrochloride (98%) was purchased from Sigma-&hirand kept at 4°C. Solutions were

freshly prepared before each experiment.

B. Target preparation

The DNA-diaminopropane thin films were deposited gmaphite HOPG substrate using the
protocol described extensively in a previous pariefly, a solution of the plasmid of 40 ng/ul
is mixed with an equal volume of a solution contagn protonated 1,3-Diaminopropane
molecules (Daf) to attain the desired ratios R of the molar cotregions of the divalent ions
to that of anionic phosphate moieties of DNA in fiodution; i.e., R= [Dafi]/[PO4] = 8,16 and
32. The resulting solutions were mixed and incubdtg 15 min at 25 °C. The DNA-Dap
deposits were prepared by soft adsorgfioA droplet of 50uL of the DNA-Dap mixture was
deposited onto a freshly cleaved graphite (HOPGA gvade, NT-MDT) surface and incubated
during 15 min. Next, the surplus mixture solutioasremoved using filter paper. This protocol
ensures a circular smear of constant diameter 8ui ton be created on the freshly cleaved
HOPG surface. After drying in clean air for 3 miwelve samples were introduced into a load-
lock chamber to be vacuum-dried 12 h undef Torr. Afterwards, they were transferred via a
gate valve into an ultra-high-vacuum (UHV) cham@x10™° Torr) for analysis by XPS and
ESD measurements of anions. Sample analysis by AR performed in air with another
system. The dap samples used in pArt Electron Stimulated Desorptidrand shown in Figure

3 were prepared using the very same protocol thaomne presented above.

C. XPS and AFM characterization




The morphology, composition and DNA/Diamine ratibtioe deposits were characterized by
AFM and XPS, respectively. The XPS measurementg werformed in a UHV chamber at an
operating pressure of 4 x 1§ Torr using a Perkin Elmer ESCA 4.0 XPS system gugedl with

a dual anode (Mg/Al) X-ray source (P=400 W, Phydidactronics, 04-548), a hemispherical
electron energy analyzer (Physical Electronics3@0} and a channeltron detector. The X-ray
beam was incident at 70° relative to the sampléasear and the hemispherical electron energy
analyzer was positioned normal to the surface. jdss energy of the electron energy analyzer
was set at 2.95 eV, which correspond to an XPStigieesolution ofE=0.76 eV. The optics of
the spectrometer sees a maximum 6 mm diametefiazea8 mm) on the analyzed sample. The
AFM images were obtained with a Molecular Imagirggrsing probe microscope (Agilent,
USA). The topography of the surface could be resdrth air, at standard temperature and
pressure, with silicon nitride tips coated withralnium (Nanoandmore) at a resonant frequency

of 300 kHz in the tapping mode.

D. ESD Analysis:

The ESD system and the LEE-irradiation procedures ien described in details elsewfre
Briefly, an electron gun produces a beam of 1,5omAa 4 mrfi spot at the surface of the DNA
target with an energy spread of 0,5 eV FWHM. Thanbenakes an angle of 70° with respect to
the normal to the target surface. A Quadrupole Mgssctrometer, positioned perpendicular to
the film surface probes the ESD yields of the desdranions. In the present experiment, the
masses 1, 16 and 17 amu, were selected and themnsities were recorded as a function of
incident electron energy in the range 0 to 20 ehe Telative yield was normalized to the current
measured during the experiment at the graphitetsibs The total incident electron current

transmitted through the sample was recorded wipiceaammeter (Keithley). The beam energy
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was determined relative to the vacuum level by m@ag the onset of current transmitted

through the film.

Ill. RESULTS AND DISCUSSION

A.- Plasmid DNA - 1, 3 diaminopropane complexes

In an aqueous environment, the distance that siegsatfae two opposite terminal amino groups,
in the equilibrium conformation of diaminopropari2ap), matches well the distance between
two consecutive phosphate groups (O1P-O1P separatmng the DNA backbone in its natural
B form (Figure 1.af>*°Under neutral pH conditions, the amino terminalug® of the Dap
molecule are ionized (ammonium cations). The Dapetyiois a constitutive pattern in all-
biogenic polyamines and is able to substitute watelecules in the first-hydration shell of the
DNA polyanion® It was shown recently that the affinity of doutslyarged, 1-3 Dap for DNA
permits the growth on HOPG substrates, of plasmMADfilms of known and uniform
thickness® The deposition method is based on soft-adsorgtimhenables very dense and well-
characterized layers of a Ddp- plasmid DNA mixture to be fabricated with repusible
thicknesses ranging from 2 nm (the cross-sectidisaheter of DNA double strand) to several
dozen of nanometres. Those layers have a totaloarétOPG that depends on the volume of the
drop of aqueous solution deposited. In our expertg)ehe circular area covered by the layers
has a constant diameter of 8 mm. AFM snapshotsNA Blms prepared with this method are

presented in Figure 2 for the thicknesses prepartds study.




Dap Histidine Arginine Lysine

Figure 1: (a) Schematic view of the specific sites where?Dapations interact with the DNA
phosphate moieties.(1) correspond to the linkingvaf double-strands belonging or not to a same
plasmid DNA, (2) corresponds to the electrostafitding of a Dap" cation to two consecutive
anionic phosphate moieties along the DNA's backk{time special case where Ddps capable of
pronounced narrowing of the minor groove throughredi binding to the phosphate groups across
the groov&’ is not shown here for clarity). (3) illustratesetitase where one D&pcationic site
remains free, (4) shows the Dapliamine where both ammonium sites are counterlaidrwith
chloride anions in solution. (b) Size and structemmparison of the Dap molecule with the three
basic amino acids histidine, arginine and lysinattimteract with the DNA phosphate moieties in
histones in the cellular environmerih) are HyperChem(TM) snapshots of molecular meickan
optimizations based on the Block-diagonal (NewtapfRon) method.

In those deposits, the DNA inside the layers resesnthe close architecture of DNA inside
nucleosomes, the base unit of histones. Histonteipgare indeed composed of basic amino
acids, rich in amino groups ionized at neutral ghiat pack DNA through electrostatic
interactions with the phosphate groups. Nevertsel#should be mentioned that there are no
carboxylic acid moieties present in the Dap mole@dntrary to the basic amino acids: arginine,

histidine and lysine that each contains one aculigrand respectively 4, 3 and 2 amino groups

(See Figure 1.b). In a first approximation, it magrertheless be possible to compare the close
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environment of DNA in the D&p- DNA complexes to heterochromatin; the tightlgled form

of DNA localized to the periphery of the cell nugdethat plays a role in the expression of genes.

Figure2: AFM tapping mode images of DNA-Dap films constdicte HOPG with molar ratios
R = [Dag]/[POs]ona = 8, 16 and 32, respectively for (a), (b) and (@epared with Gua =20

ng/uL. In such conditions, the films have respectivieigknesses of 4, 7 and 10 nm.

B Electron Stimulated Desorption

In our experiments, layers of Dap, supercoiledmpldsDNA and the [Dap-DNA] complex were
deposited onto HOPG separately and exposed to iiEtee exactly same conditions. In Figure
3, we present the anion ESD data and corresporAlild images of the targets. It should be
noticed that it is not possible to spread unifoayefrs of only supercoiled DNA on HOPG using
our soft-adsorption protocol; only sparsely adsdrb&lA plasmids can be imaged:; as for Bap
alone only a very thin layer could be formed. Bagnd DNA plamids alone can therefore only
be deposited as submonolayers using the presenadsirption technique. The average height
of the DNA monolayer was measured equal to 1.7 #nd as for the D& layer, its thickness

is 0.3 £0.2 nm. The 1,3-Dap molecules could nointeged (in Figure 3 e), owing to their very
small size and the limited spatial resolution & &FM in air. Dap* adsorption on graphite was
confirmed by observing modifications in the surfareperties of the HOPG substrate, notably

hydrophobicity (not shown here).
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Figure. 3 (a) and (b): Incident electron energy dependerfaespectively GNH, and H yields
from thin films of: 1,3-diaminopropane(Da}, supercoiled plasmid DNA and DNA-Dap
complexes deposited on HOPG. (c) Normalized yiefd®/NH, signals for the Daff and
Dap™ - DNA layers. (d), (e) and (f) AFM (3x2n) tapping mode images of the corresponding
samples; they were all recorded with the same nigtion (see d for the scale). The AFM
images show (d) a DApDNA thin film of 4 nm thickness, (e) the surfate dap “deposit,
where the molecules are not visible on the imagie@to the limited spatial (lateral) resolution
of the AFM in air, and ( f) Individual DNA plasmidpread on the HOPG surface.

The ESD signals of mass 1 and 16 amu presenteidjimeF3 were recorded from DNA, D&p
and [DNA - Daf’] complexes. Owing to the small amounts of matedaposited on the
substrate, the signal is somewhat noisy, but oregeea broad peak extending from 3-5 eV to 13

eV is clearly seen in both curves. The ESD sigrfamass 16 amu from the D#Epeposit
obviously can be attributed tdH,” desorbed from the amino group of this diamine sabering

that no HO was found to desorb from the surface during thediation in UHV. However, in
10




the case of DNA deposits, the signal mass 16 hesgiqusly been attributed to”@roduced

through fragmentation of the phosphate group inOhN& backbon€e® In order to make it clear,
if mass 16 u originates froIH,” and/or O, the signals from D&pand [DNA - Dag’] layers

have been normalized to the same peak intensitglltav for easier comparison and are
presented on the top of the second row in Figurk Should be noticed that the DADNA
layer used in this part of the study had a thickness of 4 nm, in order to keep ESD yield
intensities comparable with those of the submoretapf Dap and DNA alone. With such thin
layers, the signals appear to be somewhat noidytheugeneral trends observed in the right-
handed upper part of Figure 3 are similar. Furtleeenwhen fitted mathematically (Log
Normal), the two yield functions are characteribgdhe same onset, i.e. 4 eV within a + 0.5 eV
confidence interval. With pure DNA films (not coragkd) prepared by lyophilisation or as Self-
Assembled Monolayers (SAM) with linkers chemicdilyund to the surface, or even as layers
composed of only DNA bases, the ESIYNM, yield function generally exhibits an onset
ranging from 3.5 to 5.5 eV (see table 1). The exadin of mass 16 is sometimes difficult to
determine since both oxygenated and nitrogenise@ti|m® exist in native DNA. Here, within
our samples composed of [DNA - D&players there exist a very rich environment of
ammonium groups (R-N#J) located in the close vicinity of the phosphateugrs along the
DNA backbone. Moreover, when Dap alone is expoeddBES, no oxygen is present. Thus, as
both signals at 16 u (Figure 3, second row, top) essentially identical when Dap or Dap —
DNA layers are compared, it seems likely that b&ifnals are mainly due to NH This may
appear as a surprising result, sincésOgyenerally invoked as a source of 18" when DNA is
analysed by ESD. If such an assumption is takerakd, it means that the channel by which O

is produced may be masked or drastically loweresl tduthe peculiar environment of DNA in
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our layers, particularly due to the presence omili@s near to the phosphate groupsc@&nnot
be considered as totally absent in our ESD expatsneBut considering that a Dap
submonolayer produces a highest intensity of EgbDadiat 16 u as compared to Dap-DNA and
DNA thin layers (Figure 3), and considering in duabat, that the yields functions have very
similar onsets (i.e. 4 eV), there are good reasonkink that NH' is a major component of this

signal at 16 amu. The exhaustive study of theditee, summarized in table 1, was undertaken
to identify all possible sources dfiH,” and O ESD signals and to compare them to the' OH

signals. Additionally, we have also studied thesefffof the layers thickness on the yields of
anion desorption in order to provide better insigitb the mechanisms taking place during

exposure to LEEs.

Thickness - - Yields ratio
Reference Target (nmor Substrate (O INH, OH) (O /NH, -, OH) OH’/[O’ / NH’]*
ML) Resonance energy (eV) Threshold energy (eV) 2
This work Plasmid DNA-Dap’ 4;7and  HOPG (8.0, 7.0) (4,25) 2.15,1.65,35
10 nr
S. Tetramer CGAT 1.6 +£0.3 Tantalum (9.1, 9.1) 3.5,3) 0.7
Ptasfiska nm
and L.
Sanché.
N. - SAM-DNA dosed / Gold (7.2, 7.3) (3.3,3) 0.14
Mirsaleh-  with *°0,
Kohanet (at 55K, 0.75ML™0;) 0.2
N - SAM-DNA dosed / Gold (7.0, 7.0) (3.2,3)
with 1802
(at 150K, 3.5ML*0,)
N. - SAM-DNA (10-mer) Gold (7.8,7.1) (5.3,2.7) 0.9
Mirsaleh-
Kohanet -
al 32 - Lyophilized DNA 5 ML Gold (8.3,6.7) (4.9, 2.65) 0.9
(10-mer)
X.Pan, -SAM 5S-dsDNA 1Ml Gold (8,7) (4,25) /
and L.
Sanche®
N. - SAM 5S-dsDNA 1ML Gold (~8,6.5) (4-5,25) ~2
Mirsaleh-
Kohan et
a|.34
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X. Panet

al.
22

H.
Abdoul-
Carime et
al®*
H.
Abdoul-
Carime
and L.
Sanchée®
H.
Abdoul-
Carime
and L.
Sanché”’

- Linear DNA, 40 base -2.9+0.3

pairs
- Supercoiled plasmid
DNA

DNA base : G
T
C

Amino-acid:
Tryptophan
Histidine
Proline

Aliphatic amino-acid:
Glycine
Alanine
Cysteine

nm

-3 ML

8 ML
8 ML
8 ML

5 ML
5 ML
5 ML

10 ML
10 ML
10 ML

- Tantalum

- Tantalum

Platinum
Platinum
Platinum

Platinum
Platinum
Platinum

Platinum
Platinum
Platinum

(9.2, 9.0)

(9.2, 9.0)

(9.0, 7.8)
(11.0, 9.8)
(8.8, 9.1)

(7.0, 7.9)
(7.3, 7.7)
(7.2, 7.6)

(75, 7.5)
(7.6, 7.6)
(7.2, 7.2)

(46,4)

(5.4)

5,

5)

(5.5,5)
(5,<5)

@5,
5,
@5,

5,
(35,
@5,

4.5)
5)
4.5)

5)
2.5)
2.5)

0.2

0.2

0.9

0.8

1.6
0.25

Tablel. Comparison of the ratioOH™ /[ O"/ NH; | obtained from ESD analysis of different targets

different authors. The numbers in parenthesis i fifth column represent the energy of maximum C
signal in the structure corresponding @ / NH,” or OH", respectively, whereas those in the sixth colu

represent the threshold energy of these signals.

Figure 4 shows theOH, O"/NH, and H™ ESD yields of three different deposits with

thicknesses equal to 4, 7 and 10 nm, as well aetbbthe substrates without deposits (HOPG).

13



1400 | OH"Yield (Count/sec) a)
O~ DapZ* - DNA (4 nm)
1200 A . v DapZ* - DNA (7 nm)
1000 1 AAAA@AMM 4~ Dap?* - DNA (10 nm)
L
800 P By W
4wy A A ABBA
600 - AJ7 A%XA%MAAM
AY W
400 - A'v' Vw
A o w7 i
200 | g o L s adhauttd
0 YYYY zﬁ)@ &m
b
500 JOTINH ,Yield (Count/sec)--o Dap2+ DNA (4 nm) )
v Dap -DNA (7 nm)
400 v &~ Dap2* - DNA (10 nm)
A
V
300 1 ‘9% A
A A
| v' /
200 E AXA
A%vv M
A W
100 iy 55‘9 ° “‘?a) %
W&%‘
0
le+5 1 g v; 2+ C) N
H’ vield (Count/sec) O~ Dap?* - DNA (4 nm) Aé
v Dap?*-DNA (7nm) Ay
8e+4 4~ DapZ* - DNA (10 nm) 'y
AA%A AV'(S
6e+4 - $

4e+4

2e+4

Electron Energy (eV)

Figure 4: The yield functions of (a) OH(b) O/NH, and (c) H obtained from three DNA- D&p
films with 4, 7 and 10 nm thicknesses and fromearcHOPG surface. In panel (b), two arrows
indicate the special behaviour of the yield funetabserved when comparing the 7 nm to the 10
nm layer, where an inversion of the yields occurafthe resonance region (DEA) compared to
the monotonically increasing region of DD. The $inthrough the data points serve only as a
guide to the eye.

It appears from these measurements that the ya¢lHS and OH near to the DEA structure are
proportional to the film thickness, while those ©f /NH, are proportional to the amount of

Dap’* present in the films. The two arrows in Fig. 3lmin to that special case and will be

discussed in more details later in section 3 onahaysis of the composition of the films by
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XPS. The proportionality to the amount of Bapnly occurs around the DEA structure. Above
the onset of dipolar dissociation (12eV), we obseagain thickness dependence. As it will be

shown further in this paper, only the DEA structuge affected (inhibited) by the film
composition; i.e. the proportion of Dap. The ESRIgiratios OH‘/[O‘ /NH;]obtained by
various authorare listed in Table 12 #*2'3"They include ratios obtained with DNA and some

of its constituents, and also amino-acids, so gxawide a comparison with biological targets

rich in both oxygenated and nitrogenised moieti@lsviously, these ratios strongly depend on
target composition. A rapid comparison of the déf ratiosOH‘/[O‘ /NH;] clearly reveals
that in DNA-Dap" layers (this work) these ratios are remarkabljhéighan in those related to

previous experiments, except for the cases of SBMISDNA samples, where DNA monolayers

are chemisorbed by sulphur atoms on gold substrétethese latter cases, the very same

thresholds are found both foO"/NH, and OH ESD yields®®* Such high ratios

OH‘/[O‘ /NH;] can be considered as a signature of the presémtaninopropane molecules

in our films. Additionally, in one of the two exaies shown, theOH /[ O /NH; ] ratio

appears to be as high as measured in the presestireents’* Remarkably in the work by Pan
and Sanch@it was shown that the higher the number of phosphtieties engaged in chemical

bonds with sulphur atoms, the higher the’®&3D vyield. By looking at the yield dependence of

desorbed species with particular attention to @H/[O / NH, ] ratio, one can learn about

possible transverse processes such as, for exaamtes reactive scattering between irradiation
products. This mechanism was previously identiisdinking O production to OH desorption;
it was first observed in alkane;@ixture films?**n this process, Oproduced via DEA to §)

initiates hydrogen abstraction from the hydrocarbamieties. In general, the ratio
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OH‘/[O‘ /NH;] should depend on the abundance of each groupa@®—OH) in the sample
and additionally on the contribution of the reaetscattering of Oto form OH. Concerning

this particular point; within DNA-D&films, O leaving PO, could therefore react (i.e.

hydrogen abstraction) with the nearby ammonium greuDag* and contribute to an increase

of the yield of OH desorbed from the sample. But, with an onset of @bBlduction at 2.5 eV,
much lower than all other onsets observed (see tBbland particularly th®™ / NH, onset at 4

eV, this mechanism can be discarded from energgazgation considerations.

It is important to keep in mind that plasmid DNAntains no OH moieties, which can desorb
from cleavage of a single bond. Thus, a hydroxybman(OH) leaving pure DNA by ESD
requires that the DNA phosphate charge be newtdififprotonation), which in the present
study requires the capture of a proton. Therefsome chemical modification during DNA-
Dap" irradiation should be at the origin of the presemservations. Zhengt al® studied the
effect of organic salts, namely the chemical buffies-EDTA (TE), on strand break formation in
DNA exposed to LEEs. In that study, a protectivieatf of TE on DNA was observed. It is
noteworthy that within the TE buffer, the Tris male (2-amino-2-hydroxymethyl-1,3-
propanediol) contains an amino group which is nyaiahised under neutral pH and therefore
can interact with the anionic phosphate moietiea@lthe DNA backbone. The authors attribute
the observed protecting effect either to an electransfer from the anionic sites of DNA to the
Tris cation or to a proton transfer from Tris to ANwhich could contribute in reducing DNA
damage. An analogy with that latter pathway (prot@ansfer) we provide a mechanism to
explain the abundant OHESD yields observedn the present work. To illustrate this
phenomenon, we propose the followin§Ni-Proton pair decay mechanism (Figure 5), in

which the DNA phosphate group and the ammoniun?Dagact electrostatically during the TNI
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dissociation time. As originally shown by Barriosa in the case of a ground state base of
DNA*® and later for an excited state of a B3safter capture by a DNA base, a LEE is
transferred to a* orbital of the PQ group forming a dissociative TNI state. The phospha
group thus becomes quasi doubly charged and ikelyIthat a labile proton of an ammonium
group in a neighbouring DApmolecule may be quasi-instantaneously capturetthd@yNI. Let

us calltry, the average dissociation time of the TNI apgthe average time required to transfer
a proton from the D& to the phosphate moiety. Whef > Tpr, an OH group can be formed
within the DNA TNI at the P-Osite during the transient ion lifetime. In thisyw#®H can be a
dissociating charged product (anion) resulting fldEBA. Whenty < Tpr, the charged product
can be Q Since in the present experiments theckannel appears to be essentially suppressed,
we are prone to argue that the TNI lifetime musgteater than the time required for capturing a

proton. The following reaction scheme describes tfeéchanism:
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Figure 5: The two possible dissociative channels of the TeatdNegative lon (TNI) where the
charged products are either Oldr O, depending on the proton transfert mean lifetime)(as

compared to the TNI lifetimer{y).

As a result, the yield at 16 u should be attenyateds nevertheless not off, owing to the

production of NH, at the same mass. This may explain the high rmlﬂ)‘/[O‘ /NH;]

observed in DNA-Daf films, despite the contribution dfiH, desorbed from D&p to the yield

at 16 u. The present ratio can therefore be redaadea pertinent indicator of @lissociative

channel activity in DNA-Daff complexes or in other DNA complex layers exposetEEs.
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In fact, owing to the strong reduction of @issociative decay from DNA-D&pfilms, the
contribution of NH,” to the total yield at 16 u should be dominant. X&&lysis of the

composition of the samples provides further insigtd the role of Daf.

C.- Composition of the films — XPS analysis.

In order to ascertain that the amount of Bap the films is directly linked to the
O /NH, yields, each sample was analyzed by XPS immediatiér the ESD experiments.

Our deposits were always produced using a constduime of DNA-Dap mixture (see section
II. Materials and method$3. Target preparatiojy which when deposited on HOPG lead to a
circular smear (film) with a constant area of 8tinrmdiameter. When analyzing a sample by
means of XPS, the whole area is irradiated bubfiies of the spectrometer sees a maximum 6
mm diameter area (i.e. 28 MMON the other hand, the LEE beam used in the &§@riments
has a cross-sectional area less than 4.rimterms of irradiated surface, we have a 7-fakib
between XPS and ESD so that when XPS is perforrfted @ ESD experiment, most of the
sample has not been damaged by ESD analysis. litioaddduring the course of ESD
experiments a 1.5 nA current was used so that #gradation of the sample cannot be
considered as significant. On the other hand,akdains the noisy signals observed in the upper
part of figure 3. To perform the analysis of thenpmsition of the films by XPS, nitrogen (1s)
and phosphorous (2p3/2) peaks were analyzed pheesd their areas where measured after
background subtraction. Figure 6 (a) and (b) shthese XPS signals and the fittings realized

using the XPS Peak Fitting Program.
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Figure 6: (a) N 1s and (b) P 2p3/2PS spectra of the three layers of DNA-Bapnd of the
pristine HOPG substrate in the same binding enemgion. The blue, green and red lines
correspond respectively to the fittings realizethgghe XPS peak fitting program on the 4, 7
and 10 nm thick layers.

R 8 16 32
Film thickness (nm) 4 7 10
An 17358.97 23703.78 26736.4
Ap 3632.191 4529.269 5218.654
(N/Pona 3.75 3.75 3.75
(N/P)exe 5.02 5.50 5.38
€ [diamines/bp 1.27 1.75 1.63

Table 2: XPS experimentally determined ratios Nitrogen / $fftmrus (N/P) for three different
DNA- Dag* layers obtained with R = 8, 16 and 32 ang\&= 20 ng/pl. Nitrogen in the layers
has two possible origins, from the DNA base pairfrom the Dap" ammonium groups. With
our plasmids, (N/Rha = 3.75 andé= (N/P)exp - (N/Pbna Whereéis the number of diamine per
base pair in the film. Aand A stand for the areas of the nitrogen (1s) and phospus (2p)
peaks, respectively, after background subtractibime DNA stock solution used in this study

contained no buffer.

As HOPG is freshly cleaved prior to any experimant graphite is hydrophobic, it is not
surprising to find that the amount of water andtaomnants is small, as seen from the spectra

presented in Figure 6. Phosphorous is found ontigegnrcomposition of the DNA macromolecule
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whereas nitrogen is present in both DNA and Damolecules. Using the known composition of
our plasmid DNA (base pairing), it is possible tompute the exact ratio N/P of the plasmid in
the target films, i.e., (N/Bya= 3.75. From the experimentally determined ratilos,numbeg, of
diamines (Dap) per base pair is evaluated. One base pair camespto two phosphate groups
that may each bind to one or two ammonium grougsshown in Figure 1.a, the binding of
Dap* following schemes 1 and 2 correspond§a, i.e. one diamine per base pair or per two
phosphate moieties. On the other hand, schemer8sponds to one D&pper one phosphate
group (i.e., a maximum value §E2 can be reached in that special case). For tiee thims
bombardedl.27< &< 1.7t This does not mean, nevertheless, that all tluesydtate groups of
DNA are bound to D&p. Dap also can be incorporated in the layer withditggct interaction
with the phosphate groups. This may correspondtierae 4 in Figure 1.a., but consideringghe
values, it is likely that most of the phosphate eties are linked to Dapcations, via schemes 1
and 3 of Figure 1.a. Manning’s thedhwpf DNA condensation by multivalent counterions anéh
two different counterions are present, was apptigdWVilson and Bloomfieltf to the case of
putrescine — DNA complexes in aqueous environmBaotrescine or 1,4-diaminobutane is a
diamine containing 4 methylene groups instead iof B 3-diaminopropane. These authors claim
that condensation occurs for 89-90% of the DNA tiegacharges neutralized. Considering that
the DNA stock solution in our experiments is frdeaay buffer, the native DNA polyanion
counterions are most probably sodium ions *(a at least other biogenic cations). Thus,
according to Manning’s fluctuation theory of DNArmensation by multivalent counterions, if
we agree with above mentioned considerations, wfodte phosphate moieties in our films are
engaged in electrostatic interactions with a Damolecule and the remaining portion is

neutralized by native counterions. Such an assoempits reinforced by ion competition

21



experiments indicating that sodium ions bind to teaor groove with weak affinity, whereas

ammonium ion binding is somewhat stronger.

400
Yield O™ - NH, (Count/sec)
300 - Egg Yield OH- (Count/sec)
800
600
200 1 400
200
0 Thickness (nm)
0 2 4 6 8 10 12
100 H
& (Dap2*/bp)
O T T T
0,0 0,5 1,0 1,5 2.0

Figure 7: Yields O- NH, versusé, number of Daff per base pair in the films. Inset, Ofelds

as a function of the thickness of the same filrhg. @rror bars represent statistical deviations
(see the text for more details). The lines aredineegressions with R= 0.9991 and 0.9993
respectively.

More interesting here is the higher ra§i¢gdiamines/bp) for the 7 nm thick sample in Tahléo?
which we observe higher resonance amplitude thath#® thicker one, i.e., 10 nm (see Figure

4b, left arrow). A simple analysis of the ESD yekhows that there is a linear behaviour of the

O /NH, yields versus the respective value< 0fAs for theOH" yields; a perfect linearity is

observed versus film thickness (inset Figure 7).mfentioned by Tougaafd,the composition
estimated from an XPS peak area is found to beratzwvithin ~10-20% depending on the
particular depth distribution of the atoms. 10-2@4consistent with a thickness or sampling
depth < 3, whereA stands for the photoelectron Inelastic Mean Fiagd AMFP). Since anions
have an IMFP much smaller than photoelectrons dfifisl. we can easily argue that due to the
linearity observed in Figure 7, the condition osampling depth <R8is met; thus a £10%

deviation appears as a reasonable estimate foertbe in the results of Figure 7. As for the
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thickness measurements, statistical averages aiugasamples (at least 3 samples with each
different thickness were analyzed) lead to a +lemperimental deviation.
From this study, we learned about the particuls of the DNA anionic phosphate groups when

their charge is counter-balanced by an ammoniurapggrd/e propose that the proportionality of

the O /NH,” yields with the film composition (number of Cdpper base pairf) may
predominantly be due to the desorptionMifl,” from the Dap molecules as tl@ desorption

pathway is suppressed in the close vicinity of phesphate moiety and finall@H™ anions
escape from the films due to the mechanism inva@iexe. TheOH" yields are proportional to
the film thickness and are typically 1.65 to 3.Wf@reater thanO™ /NH,” yields, when

measured under the same conditions. This behawvipossible in our experiments owing to the
presence of important amounts of ammonium groughenclose vicinity of DNA’s phosphate
groups from the presence of Bajons. We know from different studies conductedhis area
of research that under LEE irradiation, the phospheoups of DNA play a crucial role in single
and double strand break formation, either by distachment or by transfer from the DNA

/184045464748 Tha nroportionality of the OHESD yield with layer thickness appears

base
nevertheless surprising, as most ‘Gbhs would be expected to originate from the togaxe
layer. However, looking at the AFM images of oumgées and more particularly in panel 1 of
Figure 3, we can see that the layers are somewwbabus”. Even at 10 nm thickness, when these

film are exposed to LEEs in the UHV their particuligber-like structure should contain

sufficient empty volumes to allow the escape of @is.
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IV. SUMMARY AND CONCLUSION

In this work, we have studied the desorption ofoasistimulated by the impact of 0-20 eV
electrons on uniform layers of well-defined thickses of plasmid DNA complexed with B&p

diamines. The resonant structures observed by sothear 9 eV have been confirmed. A

comparison of the ratio@H‘/[O‘ /NH;] of the ESD yields resulting from this work with g®

gathered from earlier articles shows that the satietermined herein are notably higher than all
those measured previously. We argued that the teiedhe surrounding medium favours
specific reactive processes, notably the escap@rbfunder LEE impact. This effect can be
explained by the high labile-hydrogen concentratiothe close vicinity of the DNA backbone
arising from the presence of positively-charged amiom groups in the Dap molecule that are
electrostatically bound to the DNA phosphate ammanoieties in the layers.

The high homogeneity and excellent flatness of [DiA-Dap®] layers made it possible to

demonstrate that the ESD vyields of Obhionsdepend linearly on thickness from 4 to 10 nm,

whereas theD™ / NH, yields depend linearly on the amount of Bafhe measured OHields

were found to be 1.65 to 3.5-fold greater than @e/NH,  yields when measured under

identical conditions. Impact of the DNA close eoviment on the dissociative channels is

therefore confirmed by the present results, pderbufrom the low yields of Oand the high

amounts of OH produced by ESD. Additionally, we have shown tha¢ O /NH,” (i.e.,
essentiallNH,") yields are directly proportional to the rati§s(diamines/bp) determined by

XPS analyses of the samples; in other words, fikeigl ylepends linearly on the concentration of
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amino groups in the layers. Tr@H‘/[O‘ /NH;] ratio appears to be an indicator of specific

dissociative channels involved in TNI decay withimy DNA layer’s chemical composition.
Based on the daring hypothesis that the [DNA-Japomplexes may constitute a first crude
model toward LEE interactions with DNA in the cédluenvironment, we may anticipate that
this type of environment will likely be a sourcerabdifications in the dissociative channels of
transient anions of DNA created in a real biologgituation. We have thus reasons to believe
that the close environment of DNA in living speci@sy not only modify the pathways of
fragments produced by DEA, but also the valuesa$szsections for DNA damage production.
Our group is now investigating the production oflwbaracterized layers of plasmid DNA with
electrostatic linkers containing also oxygenateougs (carboxylic acid moiety), in addition to
the amino moieties, in order to get closer to ttnacture of basic amino acids present in the

chromosomal matrix.
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