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he potential of low-energy electrons
T(LEES) to induce chemical reactions is

well known' and plays a key role in
many natural and technological processes
ranging from stratospheric ozone deple-
tion? to DNA radiation damage® to nano-
fabrication.* LEEs can be used to break and
re-form specific chemical bonds in mol-
ecules, which is employed for instance in
chemical lithography,>® for modification
and functionalization of surfaces,” and for
the fabrication of novel materials such as
nanomembranes® and nanocrystalline gra-
phene sheets.” At low energies (<12 eV)
selected chemical bonds can be broken by
simply tuning the electron energy due to
the resonant character of the dissociative
electron attachment (DEA) process.'®'" At
the single-molecule level LEE-induced reac-
tions can be triggered and observed by
scanning tunneling microscopy.'?~'® How-
ever, these studies are usually restricted to
small, simple molecules and often require
cryogenic temperatures.

On the other hand, LEEs are also pro-
duced in abundance along the track of
high-energy radiation such as X-rays and
y-rays through biological tissue.'”” These
secondary electrons are held responsible
for a large fraction of the resulting damage
to the DNA in the cell nucleus.'® Even LEEs
with kinetic energies well below the ioniza-
tion limit of most organic molecules (ie.,
E < 10 eV) can induce single (SSBs) and
double strand breaks (DSBs) in plasmid DNA
through the DEA mechanism.>'® The quan-
tification of LEE-induced strand breaks in
dependence of the DNA sequence and
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ABSTRACT

electron fluence

Low-energy electrons (LEEs) play an important role in nanolithography, atmospheric
chemistry, and DNA radiation damage. Previously, the cleavage of specific chemical bonds
triggered by LEEs has been demonstrated in a variety of small organic molecules such as
halogenated benzenes and DNA nucleobases. Here we present a strategy that allows for the
first time to visualize the electron-induced dissociation of single chemical bonds within
complex, but well-defined self-assembled DNA nanostructures. We employ atomic force
microscopy to image and quantify LEE-induced bond dissociations within specifically designed
oligonucleotide targets that are attached to DNA origami templates. In this way, we use a
highly selective approach to compare the efficiency of the electron-induced dissociation of a
single disulfide bond with the more complex cleavage of the DNA backbone within a TT
dinucleotide sequence. This novel technique enables the fast and parallel determination of
DNA strand break yields with unprecedented control over the DNA's primary and secondary
structure. Thus the detailed investigation of DNA radiation damage in its most natural
environment, e.g., DNA nucleosomes constituting the chromatin, now becomes feasible.

KEYWORDS: DNA origami - low-energy electrons - atomic force microscopy -
DNA radiation damage - ab initio calculations

topology, however, still represents an ex-
perimental challenge.>**'

Here we present a novel and versatile
method that allows for the quantitative
assessment of LEE-induced bond dissocia-
tion at the single-molecule level. This ap-
proach is based on detailed atomic force
microscopy (AFM) analysis of well-defined
DNA targets attached to DNA origami tem-
plates and can be used to study both the
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dissociation of selected chemical bonds and the
strand cleavage in complex DNA structures of pre-
defined sequence and topology.

In the DNA origami technique a long, single-
stranded DNA (ssDNA) scaffold is folded into any
desired shape by a set of designed short synthetic
oligonucleotides, called staple strands.?? Each staple
strand can be extended to protrude from the DNA
origami surface and can be individually functionalized,
resulting in a well-defined DNA template with more
than 200 individually addressable sites located 6 nm
apart from each other.?>?* The protruding strands can
be systematically modified by introduction of func-
tional linkers into the DNA's backbone®*** and by
variation of the nucleobase sequence and topology.
By using AFM to visualize the individual protruding
strands, bond dissociation can thus be evaluated
quantitatively on a single-molecule level as a function
of the irradiation parameters (electron fluence, elec-
tron energy) and the target structure (linker type, DNA
nucleobase sequence, DNA hybridization state).
Furthermore, several differently modified DNA strands
can be attached to the same DNA origami template,
which allows us to quantify the dissociation yields
of multiple target species in a single irradiation
experiment.

In order to demonstrate the power of this new
approach, we study the LEE-induced dissociation of a
specific disulfide bond at the single-molecule level and
compare it quantitatively to the more complex clea-
vage of the DNA's 2’-deoxyribose phosphate backbone
in a thymine (T) dimer. Disulfide bridges are formed
between two cysteine amino acids and have been
suggested to be the most sensitive target for LEE attack
on proteins.®® The LEE-induced cleavage of the S—S
bond thus plays an important role in protein sequen-
cing by mass spectrometry?” and radiation-induced
structural alterations during protein crystallography??
and can be further exploited in chemical lithography.'?
In addition, LEE-induced fragmentation of proteins in
the cell nucleus (e.g., in the histones) is considered a
secondary source of DNA radiation damage due to the
formation of reactive radicals in the close vicinity of the
DNA*

RESULTS AND DISCUSSION

Strategy for the Quantification of LEE-Induced Bond Clea-
vage. The detailed strategy pursued to study LEE-in-
duced bond breaking on DNA origami structures is
outlined in Figure 1. We have used the triangular
origami design by Rothemund,?? which was decorated
with protruding DNA strands (see Supporting Informa-
tion for details). The protruding strands are functiona-
lized with biotin (Bt), which has a high binding affinity
to the protein streptavidin (SAv), which appears as a
bright protrusion in AFM images. The observation of
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Figure 1. Scheme of the experimental sequence used to
quantify electron-induced bond dissociation. Triangular
DNA origami structures featuring six protruding strands
with two different target structures (indicated in green and
black) are irradiated with low-energy electrons.
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such a bright protrusion at one of the predefined
positions of the protruding DNA strands strongly in-
dicates the presence of an intact strand.>**> For the
detection of LEE-induced strand cleavage the follow-
ing sequence of experiments is carried out: (i) Adsorp-
tion of DNA origami structures with biotinylated
protruding strands without SAv markers onto SiO,/Si
surfaces; (ii) irradiation of the DNA origami sample in
ultrahigh vacuum (UHV) with LEEs of defined energy
and fluence; (iii) addition of SAv to visualize the intact
protruding strands; (iv) AFM imaging of an irradiated
and a nonirradiated control sample followed by statis-
tical analysis based on the number of specifically
bound SAv markers per DNA origami; (v) determina-
tion of the number of strand breaks as a function of
target structure and electron fluence ®, which is the
number of electrons N per unit surface area A, ® = N/A.

LEE-Induced Dissodiation of a Single Disulfide Bond. Figure 2a
shows an AFM image of nonirradiated triangular
DNA origami templates with nine protruding DNA
single strands (design D1) after SAv binding. The
protruding strands have the sequence 3'-SS-TT-Bt-5
with SS being a disulfide linker ((CH,)SS(CH,)g) intro-
duced into the backbone of the DNA. In the following,
S—S bond cleavage induced by 18 eV electrons is
studied.

The AFM images in Figure 2b—d show that LEE
irradiation at different fluences of 18 eV electrons leads
to a continuous decrease of the number of specifically
bound SAv molecules on the DNA origami template,
indicating the cleavage of the protruding strands. The
number of SSBs (in %) is plotted as a function of
electron fluence in Figure 2e. The fraction of cleaved
strands increases linearly with fluence until a saturation
is observed at a fluence ® ~ 4 x 102 cm™2 Such
saturation is generally observed in the LEE irradiation
of DNA solids®>*° and can be attributed to a slow charge
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Figure 2. Irradiation of DNA origami templates with nine disulfide-containing strands. (a) AFM image of a nonirradiated
control sample. The protruding strands have the sequence SS-TT. The templates are adsorbed on silicon and were exposed to
SAv. A SAv binding efficiency of 80—90% was determined. (b—d) Samples irradiated with different fluences of 18 eV electrons.
The number of specifically bound SAv decreases with electron fluence, indicating LEE-induced strand breaks. (€) Number of
SSBs (in %) vs electron fluence for design D1 (shown in the inset).

accumulation in the DNA origami structures or the SiO,
surface upon irradiation, which finally leads to a repul-
sion of the incident electrons. On the other hand, LEEs
can induce chemical modifications in the DNA mol-
ecules such as interstrand cross-links that may prevent
the subsequent detection of the strand breakage. The
probability of one electron inducing a strand break is
given by the slope of the linear response in the low-
fluence regime and can be expressed as the dissocia-
tion yield (DY), i.e, the number of detected strand
breaks per incident electron and DNA origami. The fit
to the linear response regime (black line in Figure 2e)
reveals a DY of 1.0 x 10>,

Figure 3a shows the histogram of the number of
observed intact protruding strands per DNA origami
for a nonirradiated control sample. The histogram
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follows a single Gaussian distribution that is centered
at 7.6 intact protruding strands. This value thus corre-
sponds to a finite binding efficiency of SAv to Bt of
about 84%. After irradiation with a fluence ® = 1.6 x
10" cm 2 (Figure 3b), i.e., within the saturation regime,
the histogram shifts to a lower value of 4.2 due to
LEE-induced strand cleavage. Interestingly, the width
of the distribution does not change significantly during
irradiation (2.8 vs 3.0), indicating that it is solely gov-
erned by the SAv—Bt binding.

In the above experiments, the DNA origami tem-
plates can adsorb in two geometries, i.e., with the
protruding strands facing toward the solution (face
up) or toward the surface (face down). In the latter case,
the protruding strands will be buried between the DNA
origami template and the silicon surface. In order to
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evaluate the influence of the adsorption geometry on
the determined strand break yield, an asymmetric
pattern of protruding strands as shown in Figure 4b
was used to quantify the relative yields of the two
geometries by adsorption onto silicon surfaces and
subsequent SAv binding. The AFM image in Figure 4a
shows that SAv binding is observed for all DNA origami
structures irrespective of their orientation, i.e., face up
or face down. The statistical analysis shown in
Figure 4b reveals that about 83% of the DNA origami
triangles adsorb face up and only ~17% face down.
However, the shape of the histogram in Figure 3b,
which does not show any deviations from a single
Gaussian distribution in the form of shoulders or
secondary peaks, indicates that the electrons are not
shielded from the protruding strands by the template
in the face-down geometry.

On the basis of these observations, we conclude
that (i) even in the face-down configuration the Bt label
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Figure 3. Histograms of the number of intact protruding
strands per DNA origami (with initially nine SS-TT protrud-
ing strands, see Figure 2) (a) for a nonirradiated control
sample and (b) after irradiation with ® = 1.6 x 10" cm 2,
Both histograms correspond to a Gaussian distribution with
a width of 2.8 and 3, respectively.

is available for SAv binding, (ii) the orientation of the
DNA origami template has no detectable effect on the
dissociation yield, and (iii) the cleaved strands can be
removed by the applied rinsing procedure (see Meth-
ods section) even though they are buried between the
template and the surface.

Disulfide Bond Dissociation vs DNA Strand Cleavage. In the
present experimental system, the observed SSBs can
result from the cleavage of the S—S bond, bond break-
age within the (CH,)s chain that connects the disulfide
bridge with the DNA backbone, or damage to the DNA
backbone itself (i.e., P—O or C—O bond cleavage). To
reveal details of the dissociation reactions, a new
DNA origami structure (design D2) was introduced
(Figure 5d). This design features three protruding
strands with the sequence SS-TT-Bt and three protrud-
ing strands where the disulfide bridge has been
omitted, i.e., with the sequence TT-Bt. The asymmetric
arrangement of the protruding strands on the DNA
origami template enables the identification of the
individual sequences. Electron irradiation again leads
to a decrease in the number of specifically bound SAv
molecules (Figure 5a—c). Statistical analysis, however,
reveals a smaller number of SSBs for the TT sequence
than for the SS-TT sequence, as can be seen in
Figure 5d. The SS-TT DYs determined from the fit to
the linear response regime for both designs D1 (with 9
disulfide-containing protruding strands) and D2 (with 3
disulfide-containing protruding strands) are shown in
Figure 5e. Good agreement within the experimental
errors is obtained. This indicates that the obtained DY
does not depend on the number of potential cleavage
sites per DNA origami structure within the accuracy of
our measurement. The DY of the TT sequence, how-
ever, is drastically lower than the DY of the SS-TT target.

Since the DY of the disulfide bond has already been
measured for design D1, the SS-TT sequence can serve
as a reference in design D2, thus enabling the relative
determination of the DY of the TT sequence without
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Figure 4. Determination of the adsorption geometry using DNA origami nanostructures with six protruding strands arranged
in an asymmetric pattern. (a) The AFM image shows adsorbed DNA origami triangles after SAv binding. (b) Statistical analysis
of DNA origami orientation. The insets give the face-up and face-down adsorption geometries.
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Figure 5. (a—c) AFM images of DNA origami samples with six protruding strands, three with the sequence SS-TT-Bt and three
with the sequence TT-Bt: (a) control; (b, c) samples irradiated with 18 eV electrons at two different fluences in the linear (b) and
the saturation regime (c). (d) Plot of the fluence dependence of the observed electron-induced strand breaks. (e) Comparison
of the dissociation yields (DY) obtained for both designs D1 and D2 using the fluence method (SS-TT) and for design D2 using
both the fluence and the relative method (TT). For the relative method, the data obtained at a fluence ® =3 x 10"? cm 2 have

been used.

TABLE 1. Gas-Phase Vertical and Adiabatic lonization
Potentials (IPs) and Electron Affinities (EAs) and Vertical
Electron Detachment Energies (DEs) (in eV) of the
Components of the Protruding Strands Shown in
Figure 2 According to ab Initio Calculations at the MP2/
6-311++G(d,p) Level of Theory

MP2/6-311++G** VertIP  VertEA AdialP  AdiaEA  Vert DE
Bt 854  —049 832 053 048
m 905 —022 874 048 —0.12
dTpdT 848  —0.06
(H30(CHy)e-SS-(CH,)e0CH; 858 —0.85  7.64 034 220
(H50(CH,)6-Bt 844 052 826 047 044

the necessity of recording the full fluence dependence.
For design D1, the DY has been calculated from
the slope of the linear fit to the fluence (®) depen-
dence of the relative number of strand breaks (SSB):
DY = ASSB/A®.

Within one recorded AFM image (A = 4 um?) the
electron fluence arriving at the individual DNA origami
structures is assumed to be constant. Taking a control
sample (®o = 0) and an irradiated sample (®), we
obtain for two different sequences protruding from the
same DNA origami template A® = & — &, = ASSB,/
DY; = ASSB,/DY,.

With the previously determined yield of the refer-
ence sequence, DY;, the DY of the second sequence
can be expressed as DY, = ASSB,/ASSB; x DY; =
(SSBy,q» — SSB,,0)/(SSB1,¢» — SSB10) x DY;.

In order to demonstrate the power of this approach,
the DY for the TT sequence in design D2 has been
determined both from the fluence dependence of the

KELLER ET AL.

a9 —e— CH,0(CH,),-SS-(CH,),OCH, ]
81 Bt ]
71  —¥—CH,0(CH,).Bt ]
6 —=—TT b

o~ 5- 7

w 31 1
24 ]
14 ]
0 > —

NN
b 2,2,9
9

2 !4 D@3
J
< 9 9

Figure 6. (a) Graphical representation of ab initio results
showing the relative energies (in eV) of the cationic (N, —
N = 1) and anionic (N, — N = —1) structures as a function of
the excess of electrons relative to the neutral species (Ny — N).
The disulfide compound has the lowest adiabatic ioniza-
tion potential and a positive adiabatic electron affinity.
(b) Anionic disulfide linker stabilized by dissociation of the
S—S bond.

SSBs (Figure 5d) and by applying the relative method at
a fixed fluence of @ =3 x 10"? cm ™2 The so-obtained
DYs are in good agreement within the experimental
errors, as is shown in Figure 5e. Therefore, using this
relative method, the complete fluence dependence of
the SSBs has to be recorded only once for a reference
sequence. Then, the unknown DYs of all other target
sequences protruding from the DNA origami template
can be determined in a single irradiation experiment as
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long as the applied fluence lies in the linear response
regime.

The results presented above indicate that the SSBs
preferentially occur by bond cleavage within the di-
sulfide linker and only to a limited extend by damage
to the DNA backbone within the TT sequence. Since all
detected sequences contain the Bt modification, which
is attached to the DNA via a (CH,)g chain, it can further
be concluded that also damage to the (CH,)s chain
within the disulfide linker can be neglected. This is
supported by ab initio calculations using second-order
Megller—Plesset perturbation theory (MP2) on all the
relevant components of the protruding strands, i.e., a
stacked thymine dimer (TT), the disulfide linker (SS),
and the Bt marker, both of the latter including the
(CH,)g chains. LEE-induced dissociation of the protrud-
ing strands can be initiated by either ionization or
electron attachment. Consequently, the ionization po-
tential (IP) and electron affinity (EA) of the specific
components are important indicators for the under-
lying dissociation dynamics. Table 1 shows the vertical
and adiabatic IPs and EAs along with the vertical
detachment energies (DEs) of the relevant compo-
nents of the detected sequences as calculated at the
MP2/6-311++G(d,p) level of theory. Figure 6a shows
the relative energies of the cationic and anionic struc-
tures compared to the neutral systems. The disulfide
linker has the lowest adiabatic ionization potential and
also the highest adiabatic electron affinity. Further-
more, it is energetically favorable for the anionic
disulfide linker to undergo dissociation of the S—S
bond, as shown in Figure 6b. The disulfide bond is
thus the most probable cleavage site within the oligo-
nucleotide, and its preferential cleavage can therefore

METHODS

DNA Origami Synthesis. Triangular-shaped DNA origami struc-
tures were formed according to a modified version of Rothe-
mund's method®? with a molar ratio of 1:30 between the
M13mp18 viral DNA (5 nM) and each of the staple strands in
the 1 x TAE—Mg2+ (tris, 40 mM; EDTA, 2 mM; magnesium
acetate, 12.5 mM; adjusted to pH 8.0 with acetic acid) in a total
volume of 100 L. The solution annealing was performed by
gradually decreasing the temperature from 90 °Cto 4 °Cin 2 h
on an Eppendorf Mastercycler Personal machine. After anneal-
ing, the sample was purified using an Amicon Ultra-0.5 mL filter
(100 000 Da MWCO, 300g speed, 10 min) followed by washing
with the 1 x TAE-Mg?®" (300 uL) to get rid of the excess staple
strands. All DNA oligos were purchased from Metabion GmbH
(Martinsried, Germany). All oligos were either HPLC purified or
FCP purified (unmodified staple strands). M13mp18 viral DNA
was purchased from New England Biolabs, Inc. Centrifugal
Amicon Ultra-0.5 mL filters (catalogue number: UFC510096)
were purchased from Millipore.

DNA Origami Adsorption. A 5 uL amount of the DNA origami
samples was incubated in 45 uL of 100 mM MgCl, 10 x TAE
buffer on commerecially available epi-polished p-Si(100) surfaces
(about 1 cm? area) for 3 h. The high concentration of Mg2+ ions

KELLER ET AL.

be attributed to a direct interaction of the impinging
electron with the two sulfur atoms.

CONCLUSIONS

The DNA origami template-based technique pre-
sented here makes it possible to visualize LEE-induced
bond dissociations at a single-molecule level in com-
plex, but well-defined target structures. We quantita-
tively determined and compared the number of LEE-
induced bond dissociations for different target struc-
tures in a single experiment and at a single-molecule
level. It thus offers a highly selective, comparatively
fast, and efficient way to quantitatively evaluate the
energy-dependent dissociation yields of individual
chemical bonds.

Moreover, this novel approach holds great potential
for applications in radiobiology since it enables the fast
and reliable determination of DNA strand break yields
with unprecedented control of the target primary and
secondary structure, i.e., nucleobase sequence and hy-
bridization state. The dependence of the LEE-induced
DNA cleavage on the nucleobase sequence has recently
attracted considerable attention?®*' 3 and is believed
to have strong implications for the design of novel
radiosensitizing agents for cancer therapy.>®

The presented scheme can further be extended to
the investigation of DNA radiation damage in more
complex systems such as biologically relevant DNA—
protein complexes®” 3° by using templates with
protein-modified protruding strands.*® In addition,
similar experiments can be performed with all kinds
of radiation and in various environments, e.g., photon
irradiation in biological buffer. Thus, the presented
DNA origami technique holds great potential for ap-
plications in radiation chemistry and biology.

is required for the adsorption of the negatively charged DNA
origami nanostructures onto the negatively charged native
surface oxide. After incubation, the Si surfaces were dried in a
N, stream after rinsing the samples with 3 x 4 mL of a 1:1
mixture of ethanol and Milli-Q water in order to dehydrate the
adsorbed DNA origami and to remove salt adsorbates.

Electron Irradiation. Electron irradiation was performed using
a commercial electron flood gun mounted in a TOF.SIMS 5 (ION-
TOF GmbH). The dried samples were introduced into the UHV
chamber (base pressure ~107'° mbar) and left for about two
hours to degas. The samples were then irradiated under 45°
incidence at a working pressure of ~10~% mbar with the flood
gun operated at 20 V. The diameter of the electron beam was
about 5 mm, and the beam current ranged from 5 to 10 nA. The
charging of the oxidized sample surface under these conditions
was measured to be about 1.7 V, resulting in an effective
electron energy of ~18 eV. The energy distribution of the
electrons was measured to have a width of ~4.7 eV fwhm.

Streptavidin Binding. After irradiation, the samples were ex-
tracted from the UHV chamber and rinsed again as described
above in order to remove the cleaved strands. Then the samples
were incubated for 2 min in a 50 nM solution of streptavidin
(Sigma Aldrich) in 10 mM MgCl, 1 x TAE buffer and subse-
quently rinsed with 2 x 0.5 mL of the 1:1 ethanol/water mixture.
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AFM imaging was performed after drying the samples in a N,
stream. The SAv-Bt binding efficiency was determined to be
80—90%.

AFM Imaging. The dried samples were imaged by tapping-
mode AFM in air using a MultiMode scanning probe microscope
equipped with a NanoScope llla, a NanoScope IV, and a Nano-
Scope V controller from Veeco Instruments, respectively, as well
as a Bruker MultiMode 8 operated in ScanAsyst-HR mode. For
tapping-mode imaging, soft tapping cantilevers with a spring
constant of nominally 5 N/m and a tip radius of <10 nm have
been used (Tap150AI-G from BudgetSensors), whereas ScanA-
syst-HR imaging was performed using SCANASYST-AIR-HR can-
tilevers (from Bruker, nom. spring constant 0.4 N/m, nom. tip
radius 2 nm).

Statistical Analysis. For each fluence, 4to 17 images have been
taken at different positions within an area of about 3 mm?
located in the center of up to four identically treated samples.
The number of strand breaks per DNA origami nanostructure
has been obtained for each AFM image and then averaged
over the individual images. Therefore, the error bars given in
Figures 2 and 5 include not only statistical fluctuations but also
variations in the electron fluence that result from the Gaussian
shape of the electron beam. In total, between 126 and 1398
individual DNA origami nanostructures have been analyzed per
fluence value.

Ab Initio Calculations. All ab initio calculations have been
achieved with the Gaussian09 program suite.*’ The ground-
state geometries of all the investigated systems (i.e., pure biotin
(Bt), stacked thymine dimer (TT), stacked dithymidine phos-
phate (dTpdT) as well as Bt and a disulfide linker (SS), both
including the (CH,)s chains) were first optimized in the gas
phase at the density functional level of theory using the
6-314G(d,p) polarized basis set. The functional B3LYP has been
used for pure Bt, Bt, and SS with the carbon chains, while the
optimizations of TT and dTpdT have been performed with the
B97-D functional that includes an empirical van der Waals term
accounting for dispersion effects. Frequency calculations for
each derivative have been performed with the same level of
theory, and it has been verified that all structures corre-
spond to true minima of the potential energy surface.
Energy differences, such as ionization potential, electron
affinity, and electron detachment energy, were calculated
using the second-order Mgller—Plesset perturbation meth-
od with the 6-311++G(d,p) basis set. For the energy calcula-
tions of anionic and cationic species, we used the spin-
restricted open-shell theory. Vertical IPs and EAs were
obtained for all systems from the difference in total energy
between the neutral species and the radical cation and
anion, respectively, all evaluated at the optimized geometry
of the neutral species. The adiabatic IPs and EAs were
calculated for all systems, except dTpdT, in the same way
but using the total energy obtained from the optimized
geometry of the cationic and anionic form, respectively.
Finally, the electron detachment energy was estimated from
the difference in total energy between the neutral species
and its radical anion, both evaluated using the optimized
anion structure.
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