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DNA is oxidatively damaged at
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The importance of the electrons’
spin in bio-related interactions in
general

Understanding how DNA damage is found and repaired by enzymes in the cell is of
high importance. Zhu et al. propose that the enzyme-DNA recognition process
involves charge and electrons’ spin polarization, revealing a possible mechanism
for damage detection “from a distance.”.
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SUMMARY

Formation of 8-oxo-7,8-dihydro-2’-deoxyguanosine (OG) is one of
the most common forms of DNA oxidative damage found in human
cells. Although this damage is prevalent in many disease states, it
only marginally influences the structure and stability of double-
stranded DNA (dsDNA). Therefore, it is a challenge to establish
the mechanism by which this damage is detected by repair enzymes.
We investigated the position-dependent effect of the damage on
the interactions between dsDNA and oligopeptides using atomic
force microscopy. The results were confirmed by monitoring the
spin and location-dependent polarizability of the damaged DNA,
applying a Hall device. The observations suggest that the interac-
tion of peptide with DNA depends on oxidative damage in the
DNA and on its location relative to the point of contact between
the peptide and the DNA. Hence, a remote search mechanism for
damage in DNA is possible.

INTRODUCTION

The sequence of bases in the DNA molecule carries specific genetic information: its
consistency throughout the life of the organism plays a critical role in transcription
and replication processes.’ However, intact DNA is subject to damage, including
base-pair mismatches and oxidation.” Accordingly, cellular mechanisms continu-
ously repair the DNA structure to avoid mutagenesis. Understanding how DNA dam-
age is found and repaired by enzymes in the cell is therefore of high importance.’
Despite extensive work, many features of the search process are still unknown, for
example, it is not understood how the repair enzyme recognizes the damage and
from what distance.*” The present study aims at revealing a possible mechanism
for damage detection “from a distance.” We propose that the enzyme-DNA recog-
nition process involves charge and spin polarization. This hypothesis was tested by
using two complementary techniques. In the first, we investigated spin-dependent
polarization of the DNA samples by Hall-effect measurements.” The second method
was atomic force microscope-based single-molecule force spectroscopy (AFM-
SMFS), which is relatively popular due to its simple sample preparation requirements
and applicability under near-physiological conditions.” This technique measures
the mean pulling force (MPF), which is used to probe the affinity, mechanics, and
recognition properties of interactions between pairs of biomolecules such as anti-
body/antigen,'® ligand/receptor pairs,'"'* protein/DNA, " or DNA/DNA."*

Following initial studies of the interaction between two fully matched single strands
of DNA,">™"7 efforts became focused on harnessing DNA as a tool for molecular
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recognition of proteins and peptides.'®?? Only a few studies attempted to identify
mismatch damage within the DNA itself. It was shown that mismatched DNA can be
distinguished by the discrepancy of base stacking.” Furthermore, an addressable
DNA origami scaffold allowed precise detection of a statistically significant
difference of 4 pN in the rupture force per each additional mismatched base-
pair.”* However, DNA with oxidative damage has not been studied until now
because the damage does not modify the base stacking structure and is thus a chal-
lenge for AFM-SMFS.

In this work, we show that the interaction between oligopeptide and damaged DNA
can be sensed by AFM-SMFS that is also sensitive to the electrons’ spin-dependent
force, by combining it with the chiral-induced spin selectivity (CISS) effect.”®

According to the CISS effect, charge reorganization in chiral systems depends on the
electron spin. Namely, electrons with their spin aligned parallel to their velocity will
move at different speeds compared with electrons with their spin aligned antiparallel
to the velocity. The handedness of the molecule controls which spin direction will
enhance the electron flow.”® Here a chiral oligopeptide is attached to the AFM tip
and allowed to interact with surface bound monolayers of double-stranded DNA
(dsDNA) having guanine or adenine oxidative base damage (OG or 8-oxo-7,8-dihy-
dro-2’-deoxyadenosine [OA], respectively) localized in different positions along the
molecular chain: proximal (close to substrate), distal (close to exposed end of mole-
cule), or central. The measurements were performed in a physiological solution. The
oligopeptide chosen for attachment at the end of the AFM tip mimics an enzyme
approaching the damaged DNA.

RESULTS

Hall Effect-based measurement on damaged dsDNA

To understand how the position of the oxidative damage affects the potential for
spin, we studied the spin-dependent polarization using Hall Effect-based devices
(see Figure 1).%?” This device probes the surface magnetization that is induced by
the damaged DNA. The four probes of a Hall device were prepared from a GaN/
AlGaN wafer having a two-dimensional electron gas (2DEG) layer as a conducting
channel. The conducting channel is coated with a 5 nm gold film upon which a mono-
layer of the dsDNA was bound covalently through a gold-sulfur bond. Figure 1A
shows a schematic diagram of the setup. The details of the fabrication of these de-
vices and the operational mode are reported elsewhere.®?® An electric potential
applied between the gate and the Hall device charge polarizes the molecules. As
aresult, charge (either electrons or holes) is injected into the substrate. If this charge
injection is spin polarized, it results in a magnetic field, sensed by the Hall device and
recorded as a small voltage. Sequential gate voltages from —50 V to 50 V in steps of
10V were applied. Figure 1B shows the representative Hall potential obtained from
each dsDNA sample, i.e., distal, central, and proximal OG, as a function of the
applied gate voltage. A sharp peak appears at each step in the gate voltage and
then decays quickly due to the formation of a double layer in the phosphate-buff-
ered saline (PBS solution). Figure 1C presents the Hall potential plotted as a function
of gate voltage for the four devices coated with dsDNA containing OG at the three
different locations as well as the fully matched DNA (see the materials section of the
supplemental information). The Hall potential depends linearly on the applied
voltage between the gate and the device. The relative slopes obtained for distal
OG, central OG, proximal OG, and the fully matched DNA are 1.0: 0.2: 0.5: 0.2,
respectively. Interestingly, a fully matched DNA and a DNA with unmatched bases
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Figure 1. Spin-dependent polarization of dsDNA with guanine oxidative damage

(A) Schematic diagram of the Hall-effect setup for spin-dependent polarization measurements.
Gate voltages from —50 V to +50 V were applied in steps of 10 V between a gate electrode and a
Hall device coated with a dsDNA monolayer.

(B) Representative Hall potentials were obtained on distal OG, central OG, proximal OG, and fully
matched dsDNA monolayers, with sequential gate pulses from —50 V to +50 V.

(C) Hall voltage measured from four different devices as a function of the gate voltage. Error bars
represent the standard error.

show similar results. (see Figure S1). It is clear that different spin accumulation is
measured on the gold surface attached to the DNA depending on the OG defect
location. A larger effect is measured if the defect is at one of the ends of the DNA.
We address this phenomenon following presentation of the results from the AFM-
SMFS complementary experiment.

Force spectroscopy between oligopeptide and damaged DNA

When a chiral oligopeptide-modified AFM tip approaches the DNA molecules ad-
sorbed on a ferromagnetic substrate, charge redistribution occurs in the DNA.
The MPF depends on the electrical dipole-dipole interactions and spin-exchange in-
teractions. Both depend on the amount of charge and its spin polarization accumu-
lated at the contact point between the oligopeptide adsorbed on the AFM tip and
the DNA adsorbed on the ferromagnetic substrate (See Figure 2).2°?? The amount of
charge that can penetrate from the ferromagnetic substrate into the DNA depends
on the magnetization of the substrate, which defines the spin orientation of the
ejected electrons.”® The dsDNA was adsorbed on the magnetic surface with prox-
imal, central, or distally positioned OG or OA. Hence, the AFM-SMFS experiments
probed the effect of the damage and its position on the ability of charge and spin
to accumulate at the contact point between the oligopeptide and the DNA.

A previous work examined enantiospecific interactions between chiral molecules and
aferromagnetic surface governed by the exchange interactions using modified AFM-
SMFS.?? Another study used this method to examine enantiospecific interactions be-
tween chiral molecules.”® A similar method (schematically shown in Figure 3A) is
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Figure 2. A scheme describing the interaction between the oligopeptide attached to the AFM tip
and the dsDNA

(A) Large distance between the AFM tip and the DNA.

(B) As the AFM tip approaches the DNA, the charge is redistributed so that an induced-dipole
induced-dipole long-range interaction exists.

(C) At contact, the charge redistribution is accompanied by spin polarization and in addition to the
dipole-dipole interaction also a spin-exchange interaction takes place.

applied here to examine short-ranged spin-exchange interactions between a helical
molecule on the AFM tip (L-36-alpha helix polyalanine, abbreviated as L-AHPA) and
dsDNA containing oxidative damage in different locations. The DNA molecules are
adsorbed on a substrate consisting of a gold-coated nickel film on silicon (Ni/Au:
120 nm/8 nm). The AFM tip approached the surface and then pulled away, while
recording the force required to detach the tip from the surface. Sharp tips were
used to enhance the localization of the exchange interaction measurements. A mag-
net directly attached to the back of the ferromagnetic nickel/gold substrate provided
a magnetic field perpendicular to the sample surface with either north or south pole
pointing up (up or down magnetization). The role of the magnetic field is to spin-
polarize the nickel layer on the substrate. Experiments were performed in PBS solu-
tion. The specific sequences used are shown in the supplemental information.

Former studies established that the mechanical properties of biological systems
depend in a nonlinear fashion on the loading rate at which they are measured.”’
The loading rate is associated with the unbinding energy of the probed molecule.
There are three methods to control the unloading rate: pulling the cantilever at
different speeds, using cantilevers with different spring constants, or controlling
the force rather than the rate. In pulling events, the mechanics of DNA overstretching
(irreversible stretching) is sequence-dependent.” All the DNA strands used in this
work have the same sequence with only the position of the OG or OA shifted. There-
fore, it is reasonable to assume that in this study the overstretching was the same for
all samples. To reduce random error, the same cantilever and conditions were used
for each sample while measuring with up and down magnetization.?’ To minimize the
influence from free DNAs or peptides, we washed the samples with the PBS buffer be-
tween measurements at different direction of the magnetic field.””

The chiral oligopeptide is connected to the tip through a 40-nm-long polyethylene

glycol (PEG) that acts as a spacer between the tip and the oligopeptide-DNA inter-
action. This allows one to differentiate between specific interaction between the
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Figure 3. SMFS measurements of dsDNA with different locations of guanine oxidative damage
(A) A schematic diagram of the AFM-SMFS measurements. A flexible PEG linker with a length of
40 nm was bound to a sharp Si3N4 tip and then connected to a helical molecule (L-AHPA) with a
length of 4 nm. The dsDNA monolayer is adsorbed on Ni (120 nm)/Au (8 nm) substrate magnetized
either up (red) or down (blue). The experiment was performed in PBS buffer (pH = 7.2).

(B) Mean pulling force between the helical molecule on the tip (L-AHPA) and different dsDNA
monolayers (described in the text). Error bars represent the standard error.

(C) Statistics for pulling force events above 70 pN represented as a percentage of the total number
of measurements. The error bars are calculated as the change in counts for 3 pN shift in the cutoff.
(D) Histograms of the pulling force between the helical molecule on the tip (L-AHPA) and dsDNA
monolayers. The pulling force was recorded at a retracting speed of 200 nm s ™"

molecules and nonspecific interaction with the tip. Due to the PEG molecule size, we
expect only one to two molecules to be on the tip and interact with the substrate
each time. In addition, any small variations in the number of molecules interacting
are averaged out in the large statistics.

Over a thousand force versus distance curves were measured and subsequently
examined manually. Only curves that showed a clear pulling off feature were further
considered as single-molecule rupture events (Figure S2). A worm-like chain (WLC)
model®® was then fitted to the specific interaction pulling event and the pulling force
was retrieved. Figure 3D summarizes the resultant pulling forces between the helical
molecule and dsDNA monolayers under up and down magnetization. The MPF was
calculated as the mean of all pulling events deemed to be valid. Figure 3B presents
the MPF for each OG position in both magnetic field directions. In the case of distal
OG, the MPF values for up and down magnetization are 58 + 1 pN and 69 + 2 pN,
respectively. For central OG, the MPF values under up and down magnetization are
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both 51 &+ 1 pN. Proximal OG shows a much higher MPF for the down magnetization
(63 + 4 pN) than for up magnetization (43 + 2 pN). As a control experiment, the
same measurements were performed on a dsDNA with no OG but with two
adenine-cytosine (AC) mismatches located at the same positions and gave values
under up and down magnetization of 44 + 2 pN and 46 + 2 pN, respectively. For
reference, in a fully matched dsDNA sample with no OG and no mismatches, a force
of about 60 pN was measured for both magnetizations (Figure S3). This suggests that
the pull-off force value is sensitive to distortion of the DNA base-pair structure by
mismatch, an effect independent of the magnetization direction. The dependence
of the force on the direction of magnetization is a clear indication for the role of
spin-polarized electrons in the interaction between the oligopeptide on the tip
and the adsorbed DNA.

To emphasize the role of the spin interaction on the MPF, we differentiated between
the high, spin-originated force, and the low electrostatic forces. Figure 3C presents
the fraction of measurements in which the force exceeds 70 pN, which is the maximal
force that it can be stretched without leading to distortion of the overall struc-
ture.?”?* The direction of magnetization has a larger effect when the pulling force
is above 70 pN. The surprise finding here is that while damage at the distal and prox-
imal positions shows similar forces and similar dependence on magnetization direc-
tion, both the force and the dependence on the magnetization are reduced signifi-
cantly for the oxidative damage at the center of the DNA. This is consistent with the
Hall measurements presented above. For the unfavored magnetization, there is a
steady decline of the force from distal to middle to proximal positions in the strand.

To show that the behavior for OG is general for oxidative damage, the AFM-SMFS
and some Hall measurements were performed for dsDNA with OA as the oxidative
damage (Figures S4 and S5). Although the overall forces between the tip's peptide
and the DNA strands with OA are much weaker, the same trends as in the case of OG
are observed. For both distal OA and central OA, no significant dependence of the
force on the magnetization direction can be observed. Most notably, the biggest dif-
ference in MPF between up and down magnetization is in the proximal OA, as was
observed with the OG case. Distal and proximal OA both presented a much weaker
Hall potential than for OG. This is consistent with OG having a significant effect on
the spin transport through the molecule.”® The results obtained with OA, although
not as dramatic as those obtained with OG, still indicate a similar effect of the dam-
age on the interaction of DNA with the oligopeptide.

DISCUSSION

The dependence of the MPF on the direction of magnetization of the substrate (Fig-
ure 3) indicates that upon approach of the tip to the DNA monolayer, charge is in-
jected from the substrate to the adsorbed molecules. Because the molecules are chi-
ral and due to the CISS effect, the efficiency of charge injection depends on the spin
of the injected charge, which in turn depends on the direction of the magnetization
of the substrate. Hence, the spin direction affects the efficiency of charge injection
from the substrate and the MPF measurements probe the amount of charge and
spin in contact with the oligopeptide attached to the tip, through dipole-dipole in-
teractions. These observations are consistent with the spin polarization measured
with the Hall device (Figure 1).

Previous studies on DNA with OG found that the OG tends to increase the spin selec-
tivity for electrons moving through the DNA. Namely, it serves as a higher barrier for
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transport, so that it reduces the total charge polarization, but enhances the relative
conductivity of the preferred spin through the damaged region, thus improving the
spin selectivity.zg'35 Hence, the force (F) measured is given by F o« CP + B, where C is
the charge polarization and P is the spin polarization, and B represents other forces
that do not depend on the spin. Interestingly the Hall signal is also proportional to
CP and indeed the results obtained by the two measuring methods are correlated.
The charge polarization depends on the length of the undamaged part of the DNA.
While the DNA with the central OG has the lowest charge polarization, the undam-
aged DNA has the lowest spin polarization. Therefore, those two samples show the
smallest force and negligible effect of the spin, as indicated by the small difference in
the force for the magnetic field pointing up or down.

Itisinteresting to note thatin the case of a DNA duplex containing mismatched bases
that was investigated as a reference, no effect of the direction of spin injected from
the substrate on the force was observed and in general, the force measured was
smaller than for DNA with OG. This can be explained by lower polarizability due to
diminished conduction of electrons through the dsDNA as result of the damage.”®

In conclusion, our experiments indicate that charge and spin polarization may play
an important role in affecting the interaction between enzymes and DNA and serve
as markers for the location of oxidative damage. The OG results in the enhancement
of spin polarization in the DNA. The MPF of distal OG, central OG, and proximal OG
in dsDNA in the preferred spin direction (down magnetization) is consistent with
spin-dependent polarization measured by the Hall-based setup. Differing MPF for
the two magnetization directions is only observed when oxidative damage is present
and relates to the length of the chiral structure. Overall, CISS-based interactions
enhance the sensitivity of AFM-SMSF, enabling the detection and localization of
OG. Measurements on dsDNA with OA suggest that these conclusions can be
extended to other defects in DNA. It is important to appreciate that in vivo, upon
the approach of a protein to the DNA, charge reorganization is induced in the
DNA. Since the DNA is chiral, the charge moving in the DNA is spin polarized.?*?’
In this case, the entire DNA molecule can contribute spin-polarized charge to the
point of interaction, in the same way the ferromagnetic substrate acts in the present
study. This work suggests that the interaction between a repair enzyme and
damaged DNA is sensitive to long-range affects and may depend on the effective
charge and spin polarization that provide information on the location of the damage.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Ron Naaman (ron.naaman@weizmann.ac.il).

Materials availability
This study did not generate new unique materials.

Data and code availability
Force curve data during this study will be shared by the lead contact upon request.
No original code is reported in this work.

Materials
(3-Aminopropyl)trimethoxysilane (APTMS) was purchased from Sigma-Aldrich. Mal-
eimide-poly(ethylene glycol)-succinimidyl carboxyl methyl ester (MAL-PEG-SCM,

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 3, 101157, December 21, 2022 7



mailto:ron.naaman@weizmann.ac.il

¢? CellPress

OPEN ACCESS

5k) was purchase from Creative PEGworks. L (form) HS-CH,CH,-CO-NH-(AAAAK);-
COOH) (L-AHPA) was purchased from hylabs. The silicon nitride (SisN4) AFM tips
used in this work were SNL-10 (cantilever D, nominal tip radius = 2 nm, nominal
spring constant = 0.06 N/m). The single-stranded DNA oligomers without oxidative
damage were purchased from Syntezza.

Molecule synthesis

The oxidatively damaged DNA oligomers were synthesized and deprotected by the
DNA/Peptide core facility at the University of Utah following standard protocols. The
site-specific introduction of the 8-oxo-7,8-dihydro-2’-deoxyguanosine was achieved
using a commercially available phosphoramidite (Glen Research). The crude oligo-
mers were purified using an anion-exchange HPLC column running a mobile phase
system consisting of A (1 M sodium chloride, 20 mM sodium phosphate at pH 7 in
1:9 MeCN:ddH,O water) and B (1:9 MeCN:ddH,O). The method was initiated at
20% B and increased to 100% B via a linear gradient over 30 min with a flow rate
of 1 mL/min while monitoring the absorbance at 260 nm. The purified samples
were dialyzed in ddH,O for 36 h to remove the purification salts, and then lyophilized
to dryness and resuspended in ddH,O. The sample concentrations were determined
from the absorbance at 260 nm, using the nearest neighbor approximation while
substituting G for OG to obtain the extinction coefficient for calculating the concen-
trations of the purified stock DNA oligomer samples.

Surface and tip modification

The silicon nitride AFM tip with a nominal radius of 2 nm was first cleaned by piranha
solution (3 parts of 95%-98% sulfuric acid and 1 part of 30% hydrogen peroxide solu-
tion) for 10 min, followed by rinsing in boiling high pure water twice and then cleaned
by a UV-ozone treatment for 15 min in a humid environment. The cleaned tip was dried
in a gentle nitrogen steam and then immersed into APTMS/toluene (volume ratio: 1:9)
for 24 h. After this, the tip was sequentially rinsed with toluene, toluene/acetone (volume
ratio: 1:1), and acetone. After rinsing the tip, it was immersed in 50 mM BB buffer
(pH = 8.5) for 1 h and then immersed in MAL-PEG-SCM for 1 h.*¢ The PEG modified
tip was rinsed by high pure water and then immersed in L-AHPA mixed with 1-2 mM
TECP in 0.1 M PBS buffer at 4°C for 12 h. Finally, the modified tip was rinsed in 0.1 M
PBS and kept in 0.1 M PBS at 4°C before using (Figures S6-S8). The dsDNA
monolayer is bound to a silicon substrate covered with a gold-coated nickel film (Ni/
Au: 120 nm/8 nm). This substrate was first cleaned by immersing in boiling acetone
and ethanol for 10 min, then treated by a UV-ozone cleaning for 15 min and finally incu-
bated in warm ethanol for 40 min then dried by nitrogen before incubation with dsDNA.
The dsDNA solution was formed by two complementary single-stranded DNAs by using
PCR thermal incubation (20°C for 10 min, then cooled down to 15°C at the rate of —1°C
per 2 min). The dsDNA solution was mixed with Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP) in 0.4 M PBS buffer (pH = 7.2). The solution was left in 5 mM tris buffer
for 2 h and then filtered by a Micro Bio-Spin P-30 column. The solution was then imme-
diately dropcast onto a dried Ni/Au substrate and incubated for 20 to 24 h in a humid
environment. After incubation, the sample was rinsed by 0.4 M PBS and then deionized
water (Figures S9 and S10).

DNA characterization

The DNA with well-defined and characterized damage was prepared and analyzed
following the procedure described by Zhou et al.?” The presence of a band at
1655 cm™" measured by polarization modulation-infrared reflection-adsorption spec-
troscopy (PM-IRRAS) demonstrates the existence of dsDNA on the gold substrate, while
it is absent in the single-stranded DNA. This has been shown in Figure S10 and in
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reference given therein. All the monolayers were characterized also by XPS and no sig-
nificant difference between thicknesses/coverage was found (see Table S1).

AFM-based SMFS

The force spectroscopy function of a Nanowizard 3 (JPK) was applied for the mea-
surements. The tip was approached to the surface at 1 um/s and retracted at
0.2 pm/s. After completing the measurements on the dsDNA samples, the photo-
diode sensitivity was calibrated from the slope of deflection versus distance curve
of the functionalized AFM tip on the bare Ni (120 nm)/Au (8 nm) covered silicon sub-
strate.*? This sensitivity value, combined with thermal tune of the cantilever in the
JPK software to deduce the spring constant, were used for calculating force values.
Over 1,000 force versus distance curves were taken. Only the curves that showed a
significant pulling event were then analyzed by the JPK data analysis software. The
WLC model was fitted to the pulling events to find the rupture point and pulling
force (Figure S1). The MPF was retrieved by averaging the pulling forces. The
applied magnetic field was 0.3 T.

Hall measurement

A dual-channel Keithley 2636A source unit was used to generate the current be-
tween the source (S) and the drain (D) electrodes and to apply gate voltages be-
tween the gate electrode and the Hall device. The Hall voltage (Vy) was obtained
by a Keithley 2182A nanovoltmeter. Current was set to follow through both the for-
ward and backward directions to calibrate the Hall voltage attributed to its asymme-
try of Hall devices. The Hall potential was defined by the formula, AV = Vi, — Vi
All measurements were performed in 0.1 M PBS buffer.”®

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.101157.
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