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Resonant Formation of DNA
Strand Breaks by Low-Energy
(3 to 20 eV) Electrons

Badia Boudaiffa, Pierre Cloutier, Darel Hunting,
Michael A. Huels,* Léon Sanche

Most of the energy deposited in cells by ionizing radiation is channeled into the
production of abundant free secondary electrons with ballistic energies be-
tween 1and 20 electron volts. Here it is shown that reactions of such electrons,
even at energies well below ionization thresholds, induce substantial yields of
single- and double-strand breaks in DNA, which are caused by rapid decays of
transient molecular resonances localized on the DNA's basic components. This
finding presents a fundamental challenge to the traditional notion that geno-
toxic damage by secondary electrons can only occur at energies above the onset
of ionization, or upon solvation when they become a slowly reacting chemical

species.

The genotoxic effects of ionizing radiations
(B-, x-, or vy-rays) in living cells are not
produced by the mere direct impact of the
primary high-energy quanta. Instead, muta-
genic, recombinogenic, and other potentially
lethal DNA lesions (/-3), such as single- and
double-strand breaks (SSBs and DSBs), are
induced by secondary species generated by
the primary ionizing radiation (4). Free sec-
ondary electrons, with energies between ~1
and 20 eV, are the most abundant (~5 X 10*
per MeV) of these secondary species (5—38),
but it is unclear whether such low-energy
electrons are able to induce genotoxic dam-
age, such as SSBs or DSBs (9). To investi-
gate this question, we have irradiated plasmid
DNA with a very low energy electron (LEE)
source under ultrahigh vacuum (UHV) con-
ditions, because condensed-phase electron-
molecule interactions are highly sensitive to
minor impurities (10, 11). Our previous work
on small bio-organic molecules (/2-15) al-
lowed us to develop and adapt the necessary
electron microbeam techniques to determine
the effects of very low energy, nonthermal
secondary electrons on the entire DNA mol-
ecule at various well-defined incident elec-
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tron energies between 3 and 20 eV. The
experiments were performed at 107 torr in a
hydrocarbon-free environment, and all sam-
ple manipulation occurred in a sealed glove
box under a pure dry nitrogen atmosphere.
Plasmid DNA [pGEM 3Zf(—), 3199 base
pairs] was extracted from Escherichia coli
DHS5a, purified, and resuspended in nanopure
water (without any tris or EDTA). An aliquot of
this pure aqueous DNA solution was deposited
onto chemically clean tantalum substrates held
at liquid nitrogen temperatures, lyophilized
with a hydrocarbon-free sorption pump at 0.005
torr (16), and transferred directly to the UHV
chamber without exposure to air or further char-
acterization. After evacuation (~24 hours), the
room-temperature DNA solids were irradiated
with a monochromatic LEE beam for a specific
time at a fixed beam current density (2.2 X 10'2
electrons s~! cm™2) and incident electron en-
ergy. Thus, the LEE irradiations were per-
formed on clean DNA containing its structural
water (/7). The DNA was then analyzed by
agarose gel electrophoresis and quantified as
supercoiled (undamaged), nicked circle (SSB),
full-length linear (DSB), and short linear forms;
the first three species produce well-resolved
bands, whereas the latter produces a smear.
The measured DNA damage yields (Fig.
1) show three striking characteristics. First,
very low energy electron irradiation can in-
duce substantial damage in DNA, namely
SSBs and DSBs, even at electron energies
well below the ionization limit of DNA (7.5
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to 10 eV) (18). Second, DNA damage by 3-
to 20-eV electrons is highly dependent on the
initial kinetic energy of the incident electron,
particularly below 14 to 15 eV, where we
observed thresholds near 3 to 5 eV and in-
tense peaks near 10 eV. This is in sharp
contrast to DNA strand breaks induced by
similarly energetic photons, where both SSBs
and DSBs have been found to increase mono-
tonically above a threshold near 7 eV and
remain relatively constant above ~12 eV
(19), up to ~2 keV (20). Third, the SSB and
DSB peak yield values measured here above
7 eV (8.2 X 107*and 2 X 10~* strand breaks
per incident electron, respectively, at the 10-
eV peak) are roughly one to two orders of
magnitude larger than those for 10- to 25-eV
photons (20). For 7- to 25-eV photons, the
ratio of SSBs to DSBs is about 30:1, whereas
for 7- to 20-eV electrons it is about 4:1 on
average. Thus, the mechanisms of DNA dam-
age depend not only on the quantum of en-
ergy absorbed, but also on the nature of the
particle that deposits the energy.

The strong electron energy dependence of
the DNA strand breaks, observed here below 14
eV, is attributed to electron attachment some-
where within the DNA molecule, followed by
localized bond rupture and subsequent reactions
of the fragmentation products. Electron attach-
ment (2/) is best illustrated by the type of
damage it induces in thin films consisting of
very small molecules, such as thymine (/3),
H,O (22), or a deoxyribose analog (/4) (Fig.
2). These and other electron impact experi-
ments (/5), including some on small linear (23,
24) and cyclic (11, 12, 25) hydrocarbons, have
shown that electrons with energies below 15 eV
initiate fragmentation of small molecules essen-
tially by attachment of the incident electron;
this leads to the formation of a resonance,
namely, a transient molecular anion (TMA)
state. For a molecule RH this corresponds to
e~ + RH — RH*™, where the RH*™ has a
repulsive potential along the R-H bond coordi-
nate. This TMA can decay by electron autode-
tachment (26) or by dissociation along one, or
several (12, 14, 25), specific bonds such as
RH*” - R + H™.

The probability for attachment and subse-
quent decay via either channel is in part defined
by the repulsiveness of the RH*™ potential
energy surface and its uncertainty energy width
T" = #/7, where # is Planck’s constant divided
by 27 and 7 is the electron autodetachment
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Fig. 1. Measured quantum yields, per in-
cident electron, for the induction of DSBs
(A), SSBs (B), and loss of the supercoiled
DNA form (C), in DNA solids by low-
energy electron irradiation as a function
of incident electron energy; the curves
are guides to the eye. High-purity DNA
solids were irradiated under UHV with an
electron beam at various incident ener-
gies and electron exposures (exposure =
time of irradiation X current density X
target area), with an energy resolution of
0.5 eV. A Faraday detector slit (0.3 mm
wide) and phosphorescent plates were
used to verify optimum spatial overlap
between the DNA solid (~6 mm diame-
ter) and the incident electron beam,
which is collimated onto the target area
by means of an in vacuo coaxial electro-
magnetic coil (20 G). After electron irra-
diation, the DNA was dissolved in buffer
(10 mM tris and 1 mM EDTA, pH 7.5) and
analyzed by agarose gel electrophoresis.
Gels were stained with SYBR Green | so-
lution (1:10,000; Molecular Probes, Eu-
gene, Oregon) and scanned by laser
(Storm; Molecular Dynamics, Sunnyvale,
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California). Quantitative analysis of DNA damage was performed using the ImageQuant program
(Molecular Dynamics). Damage yields were determined from linear least-squares fits to the initial
slopes of the incident electron exposure-response curves (in the very low exposure, linear-response
regime), at each incident electron energy, for supercoiled DNA loss and production of nicked circle
(SSB) and full-length linear (DSB) forms (29). Each data point corresponds to an average of about
five independent exposure-response slope measurements (each consisting of 8 to 12 DNA samples,
irradiated with electrons at increasing exposures). The error bars correspond to one standard
deviation of the average slope, or reproducibility, of the measurement. Comparison of control
samples held in solution with unirradiated samples held under UHV conditions, for equal time
periods, showed that deposition and recovery of plasmid DNA introduces only small amounts of
SSBs (5 to 10% on average) and no detectable DSBs.

lifetime (typically 1074 to 1073 s) of the
TMA as given by the Heisenberg uncertainty
principle. In quantum terms, electron attach-
ment is allowed via a vertical electronic transi-
tion to the state RH*~ only at energies for
which there is sufficient overlap between the
nuclear wave functions of the initial ground-
state neutral and final anion states. This corre-
sponds conceptually to a reflection of the RH
ground-state wave function (of Gaussian shape)
by the repulsive curve RH* ™, giving rise to the
peaks in the anion fragment yields shown in
Fig. 2.

The branching ratio between electron auto-
detachment and bond dissociation depends in
part on the above intrinsic characteristics of the
specific TMA, whereas the final damage yields
also depend on extrinsic effects (/0) such as
electron energy losses or fragment reactions,
any of which depend on the structural and
chemical composition of the immediate molec-
ular environment. The latter will thus modify
the resonant response of the pure individual
components of DNA (Fig. 2) when localized
within a DNA double strand (Fig. 1). Nonreso-
nant electronic excitations to neutral states RH*
may also lead to bond cleavage and are allowed
at any energy above a threshold, thus contrib-
uting a monotonically rising signal to the final
anion yields in Fig. 2 above ~12 to 13 eV.

On the basis of our measurements, the rel-
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ative dimensions of the various DNA compo-
nents, and the quantum size of the incident
electron, we conclude that the observed DNA
strand breaks (Fig. 1, below 14 eV) are initiated
by resonant electron attachment to the various
basic DNA components (base, deoxyribose,
phosphate, or hydration H,0), followed by
bond dissociations within the TMA’s lifetime,
usually femtoseconds. Although this event it-
self may generate a SSB, the observation of
DSBs at incident electron energies well below
those required for two ionizations (>20 eV)
within 10 base pairs of each other on opposing
phosphate-sugar strands (/9) suggests that
some fragmentation products subsequently
react locally with other DNA components,
leading to a doubly damaged site with breaks
on opposing strands. This is supported by the
observation of electron-initiated fragment re-
actions (such as hydrogen abstraction, disso-
ciative charge transfer, atom and functional
group exchange, and reactive scattering) oc-
curring over distances comparable to the
DNA'’s double-strand diameter (~2 nm) ‘in
condensed films containing water (27) or
small linear and cyclic hydrocarbons (71,
24). The 5.5- to 6-eV shoulder observed in
the SSB yield curve (but not the DSB yield
curve) is possibly related to various electron-
induced fragmentation channels observed in
gas-phase cytosine and thymine below 10 eV
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Fig. 2. Electron damage to condensed films of
molecules RH = thymine (A), water (B), and
tetrahydrofurfuryl alcohol (C), exemplified in the
form of electron energy-dependent desorption
yields of energetic H™ (1 to 4 eV). These and
other fragments emanate from the thin films
during electron impact as a result of the forma-
tion and subsequent dissociation of electron-mol-
ecule resonances RH* ™. Each film was ~5 mono-
layers thick and was prepared and irradiated un-
der UHV conditions (107'° torr). Experimental
methods were as described (74, 22).

(12) (or equivalent fragmentations in adenine or
guanine).

Our results suggest that the abundant low-
energy (1 to 20 eV) secondary electrons, and
most likely their ionic and radical reaction
products, play a crucial role in the nascent
stages of DNA radiolysis and may already in-
duce substantial damage long before their ther-
malization, or the diffusion limited reactions of
other slowly diffusing secondary species pro-
duced along ionizing radiation tracks. Because
the type of resonant electron-molecule interac-
tions that we observed occur in small molecules
regardless of their aggregation state (28), they
are expected to be operative in living cells as
well. It is only through a complete understand-
ing of such early events in the generation of
genotoxic damage that we may hope to even-
tually manipulate the effects of ionizing radia-
tion at a molecular level.
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Dual Signaling Regulated by
Calcyon, a D1 Dopamine
Receptor Interacting Protein

Nelson Lezcano, Ladislav Mrzljak,? Steven Eubanks,’
Robert Levenson,® Patricia Goldman-Rakic, Clare Bergson'*

The synergistic response of cells to the stimulation of multiple receptors has
been ascribed to receptor cross talk; however, the specific molecules that
mediate the resultant signal amplification have not been defined. Here a
24-kilodalton single transmembrane protein, designated calcyon, we function-
ally characterize that interacts with the D1 dopamine receptor. Calcyon lo-
calizes to dendritic spines of D1 receptor-expressing pyramidal cells in pre-
frontal cortex. These studies delineate a mechanism of G_- and G,-coupled
heterotrimeric GTP-binding protein—coupled receptor cross talk by which D1
receptors can shift effector coupling to stimulate robust intracellular calcium
(Ca?* ) release as a result of interaction with calcyon. The role of calcyon in
potentiating Ca2*-dependent signaling should provide insight into the D1
receptor-modulated cognitive functions of prefrontal cortex.

Dopamine (DA), acting through D1 receptors,
modulates synaptic transmission in neural cir-
cuits, which mediate learning and memory (/,
2). In heterologous expression systems, D1 DA
receptors stimulate formation of adenosine
3',5'-monophosphate (cAMP) by coupling to
G, heterotrimeric GTP-binding (G) proteins (3).
However, in brain and kidney, D1 receptor
agonists also produce increases in inositol
1,4,5-trisphosphate (IP;) turnover and intracel-
lular calcium (Ca?*)) (4). It is not yet known
whether production of these second messengers
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involves linkage of D1 receptors to multiple G
proteins or activation of alternative D1-like re-
ceptor subtypes.
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Antibodies to a 20-residue segment of
calcyon bound to a strong band of about 34
kD and a weaker band of about 28 kD on
immunoblots of microsomal protein fractions
purified from rhesus monkey brain and
spleen (7, 10). The bands were present in
samples prepared from prefrontal cortex and
caudate putamen but not spleen. Preincuba-
tion of antibodies with immunizing peptide
prevented detection of the bands. The pre-
dicted calcyon protein includes a potential
N-linked glycosylation site at residue 73 (7).
After digestion of prefrontal cortex microso-
mal proteins with N-glycosidase F, calcyon
antibodies reacted with an ~24-kD protein,
suggesting that the 28- and 34-kD bands cor-
responded to calcyon protein modified by
N-linked oligosaccharides (7). Chaotropic
salts failed to solubilize the immunoreactive
protein, consistent with the notion that cal-
cyon is an integral membrane protein (0).
Together, these results suggest an NH,-termi-
nal extracellular, COOH-terminal intracellu-
lar transmembrane orientation of calcyon.

Calcyon antibodies labeled cell bodies and
processes of neurons throughout the cerebral
cortex and hippocampus (//) (Fig. 1, B and F).
The labeling was characterized by high density
in the vicinity of the plasma membrane and
variably in neuronal processes. D1 receptors
exhibit a similar distribution in these brain re-
gions (Fig. 1, A and E). Calcyon appears to be
preferentially expressed in pyramidal neurons,
but expression in interneurons cannot be dis-
counted until a more detailed anatomic investi-
gation is conducted. Extensive labeling was
also observed in many other subcortical struc-
tures (Fig. 1D). Omission of calcyon antibod-
ies, or preincubation of antibodies with the
immunizing peptide, prevented neuronal label-
ing. Immunogold electron microscopy of pre-
frontal cortex further revealed calcyon protein
in small and medium-sized dendrites and den-
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