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ABSTRACT: Prion protein aggregation is known to be modulated
by macromolecules including nucleic acids. To clarify the role of
nucleic acids in PrP pathology, we investigated the interaction
between nucleic acids and the prion peptide (PrP)a synthetic
prion protein model peptide resembling a portion of the human
prion protein in structure and function spanning amino acid
residues 106−126. We used synthetic DNA lattices and natural
DNA duplexes extracted from salmon (sDNA) bound with PrP
and studied their interaction using distinct physical measurements.
The formation of DNA lattices with PrP was visualized by atomic
force microscopy (AFM) to investigate the influence of the PrP. PrP inhibited the growth of the double-crossover (DX) lattices
significantly compared to the control peptide (CoP). We also conducted optical measurements such as ultraviolet−visible (UV−
Vis), circular dichroism (CD), and Fourier transform infrared (FTIR) spectroscopies to validate the interaction between PrP and
DNA immediately (D0) and after a 30-day incubation (D30) period. UV−Vis spectra showed variation in the absorbance intensities,
specific for the binding of CoP and PrP to DNA. The CD analysis revealed the presence of various secondary structures, such as α-
helices and β-sheets, in PrP- and PrP-bound sDNA complexes. The PrP−sDNA interaction was confirmed using FTIR by the change
and shift of the absorption peak intensity and the alteration of PrP secondary structures in the presence of DNA. The cytotoxic
effects of the PrP-bound sDNA complexes were assessed by a cytotoxicity assay in human neuroblastoma cells in culture. It
confirmed that PrP with sDNA was less cytotoxic than CoP. This study provides new applications for DNA molecules by
investigating their effect in complex with aggregated proteins. Our study unequivocally showed the beneficial effect of the interaction
between DNA and the pathological prion protein. It therefore provides valuable information to exploit this effect in the development
of potential therapeutics. Moreover, our work might serve as a basis for further studies investigating the role of DNA interactions
with other amyloidogenic proteins.

■ INTRODUCTION

Prion diseases are fatal transmissible spongiform encephalo-
pathies affecting humans and animals. They can be of
infectious, genetic, or sporadic nature and are characterized
by protein aggregation and neurodegeneration.1 They result
from the conformational conversion of the normal cellular
isoform of the prion protein, which displays a high α-helix
content, to an insoluble scrapie isoform rich in β-sheet
content.2 The cellular isoform of the prion protein displays less
aggregation propensity than the scrapie form.3−5 The process
of prion protein aggregation is modulated by a set of
macromolecules6−10 including nucleic acids.11,12 DNA is
known for its catalytic role in aggregation and propagation of
prion proteins and is considered as one of the promising prion
protein molecular partners.13 Besides, cellular isoforms of prion
play an important physiological role in protecting cells against
reactive-oxygen-species-mediated DNA damage and perform
DNA damage repair in neuronal cells by stimulating AP
endonuclease 1 DNA repair activity.14,15 In vitro, DNA binds
to both cellular and scrapie prion proteins; however, this
interaction is nonspecific as the prion protein interacts with a

wide repertoire of nucleic acids with varied sequences and
structures.8,16−18 Interestingly, DNA binding to a prion protein
leads to conformational changes of the protein from the α to β
isoform.8,19,20 The prion protein-bound DNA complex is toxic
to cells in culture, is proteinase K-resistant and undergoes
amyloid oligomerization.18,21 However, some synthetically
modified oligonucleotides seem to reverse prion infectivity in
cell-based assays and prion animal models.22,23 Therefore, the
actual role of DNA molecules in prion pathophysiology
remains unclear.
As crystallographic or pathophysiological data for prion

protein-bound DNA complexes are lacking, the synthesis of
DNA lattices containing the periodicity of the building blocks
might be useful to directly visualize DNA structures in the
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presence of the cellular or scrapie form of the prion protein. In
addition, naturally available DNA duplexes such as DNA
extracted from salmon (sDNA) which are low-cost and
biodegradable, are also beneficial.24,25 The prion protein
region spanning residues 106−126 in humans display specific
characteristics. This region has been identified as highly
amyloidogenic and induces neurotoxicity in primary cultures of
rat hippocampal neurons, cortical neurons, cerebellar cells, and
cultured human neuroblastoma cells.26−28 It also has the
capacity to readily form fibrils,26 being partially resistant to
proteolysis4 compared to a control peptide (CoP) generated as
a randomized version with the same composition as PrP.28

Based on these observations, this prion peptide (PrP) has been
used as a model to study the mechanisms of prion disease
propagation and transmission.3,4,26,29−31 Interestingly, it has

been shown that PrP interaction with DNA induced its
polymerization and aggregation.19,32

Here, we used PrP bound to synthetic DNA lattices (formed
of rectangle-shaped double-crossover (DX) DNA building
blocks) and natural DNA duplexes extracted from salmon
(sDNA). Atomic force microscopy (AFM) was used to
investigate the topological characteristics of DX lattices
bound with various concentrations of CoP ([CoP]) and PrP
([PrP]). To validate the interaction between PrP and DNA
immediately after mixing them (D0) and after a 30-day
incubation (D30) period, physical measurements such as
ultraviolet−visible (UV−Vis), circular dichroism (CD), and
Fourier transform infrared (FTIR) spectroscopies were
conducted. Finally, a cytotoxicity assay was performed on
human neuroblastoma cells in culture to verify the effect of the
PrP−sDNA complexes on cell physiology.

Figure 1. Schematic representations of the procedures involved during sample preparation of CoP- and PrP-bound DNA complexes and
representative data of the physical measurements. (a) Preparation of CoP- and PrP-bound double-crossover lattices (DX-CoP and DX-PrP,
respectively) formed by a mica-assisted growth method. AFM was used to test the topological variance of DX-CoP and DX-PrP lattices. (b)
Schematic illustration of DX tiles (DX1 and DX2 containing 4 DNA strands each) base sequences used for the formation of DNA DX lattices. The
complementary set (S# and S#′) of sticky-end sequences is indicated in blue. (c) Construction of CoP- and PrP-bound sDNA thin films and
representative data of the physical measurements. CoP- and PrP-bound sDNA thin films were formed using the drop-casting method. Physical
characteristics of the samples were measured by ultraviolet−visible (UV−Vis), circular dichroism (CD), and Fourier transform infrared (FTIR)
spectroscopies.
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■ RESULTS AND DISCUSSION

Preparation and Characterization of CoP- and PrP-
Bound DNA Complexes. Figure 1 details the sample
preparation of PrP-bound DX lattices by a surface-assisted
growth method and of PrP-bound sDNA thin films through
drop-casting. Construction of PrP-bound DX lattices on mica
was carried out following a two-step annealing method, the
first annealing step to construct individual DX tiles in solution
and the second step to hybridize PrP-bound DX lattices with

mica.33 To examine the influence of CoP and PrP
oligopeptides during the formation of DNA structures, the
surface topology of DX lattices bound to CoP and PrP was
examined by AFM. In addition, solution samples consisting of
sDNA dissolved in deionized water with various [CoP] and
[PrP] were prepared.
The structural stability of the sDNA, the secondary structure

of PrP, and the interaction between sDNA and PrP were
assessed by UV−Vis, CD (measurement of solution samples),

Figure 2. Topological characteristics of DX lattices grown on mica with various [CoP] and [PrP]. (a) Representative AFM image of the pristine
CoP at 200 μM. (b, c) Fully covered DX lattices with 0.1 and 5.0 μM CoP are labeled DX-0.1CoP and DX-5.0CoP, respectively. (d) Partially
covered DX lattices with 10.0 μM CoP. (e) Disrupted DX lattices in the presence of a relatively higher [CoP] (20.0 μM). (f) AFM image of the
pristine PrP (200 μM). (g) Fully covered DX lattices with 0.2 μM PrP (DX-0.2PrP). (h) Partially covered DX lattices with 0.5 μM PrP (DX-
0.5PrP). (i, j) Disrupted DX lattices with 1.0 and 2.0 μM PrP (DX-1.0PrP and DX-2.0PrP, respectively). Scan sizes of all AFM images are 5 μm × 5
μm. Inset images (scan size of 100 nm × 100 nm) constructed by noise-filtered reconstructed fast Fourier transform (FFT) display material of
crystalline (shown in (b), (c), and (g)) and amorphous (i, j) nature.

Figure 3. UV−Vis absorbance of CoP- and PrP-bound sDNA duplexes in solution without (D0) and with 30-day incubation (D30). (a) Absorbance
of sDNA duplexes bound with various [CoP] and [PrP]. To understand the interaction between PrP and sDNA, samples were incubated between 0
and 30 days at room temperature. (b) Absorbance at 260 nm of sDNA duplexes bound with various [CoP] and [PrP] measured at D0 and D30.
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and FTIR spectroscopies (measurement of thin-film samples
formed by drop-casting) of CoP- and PrP-bound sDNA
duplexes. We also performed the measurements with CoP- and
PrP-bound sDNA solutions, which were left to interact for 30
days at room temperature (D30) or not (D0). Finally, cell
cytotoxicity was tested on human neuroblastoma cells treated
with pristine PrP peptides and PrP-bound sDNA solutions.
Topological Characteristics of DX Lattices Grown on

a Substrate with Various [CoP] and [PrP]. Topological
structures of pristine CoP and PrP oligopeptides, as well as DX
lattices, were imaged by AFM. We noticed clear topological
differences, such as nonaggregating globular structures for
CoP, aggregated fibrous structures for PrP, and 2D crystalline
structures for DX lattices (Figure 2a,f). Interestingly, PrP

formed large aggregates of long, continuous fibrils appearing as
dense mesh works as reported previously.30,34 For polycrystal-
line DX lattices formed by the surface-assisted growth method,
the full coverage of 5 mm × 5 mm DX lattices on mica was
reached for a concentration (known as saturation concen-
tration) of 20 nM for each tile.35

We tested the self-assembly of DX lattices in the presence of
CoP and PrP, which might severely affect the formation of DX
lattices due to their specific binding characteristics. Interest-
ingly, fully covered, partially covered, and disrupted DX lattices
on mica were observed for different [CoP] and [PrP]. For
CoP, fully covered DX lattices were achieved at a
concentration of up to 5.0 μM, and disrupted DX lattices
were induced by [CoP] above 20 μM (Figure 2b−e). For PrP,

Figure 4. CD spectra and secondary structure components of PrP with sDNA in solution with no incubation (D0) and after a 30-day incubation
(D30) period. (a) Ellipticities of pristine PrP, pristine sDNA, and PrP-bound sDNA solutions as a function of wavelength measured at D0 and D30.
(b) Secondary structure components expressed as the ratio of PrP to CoP at D0 and D30. The cumulative values of the predicted secondary
structures across different concentrations at D0 and D30 were used to determine the ratio. (c) Percentage of the PrP secondary structure
components, such as helices, antiparallel β-sheets, parallel β-sheets, and β-turns as a function of PrP concentrations. The PrP secondary structures
were quantified by processing the measured CD data using the BeStSel algorithm.
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concentrations up to 1.0 μM were required to obtain fully
covered DX lattices and above 1.0 μM for disrupted DX
lattices (Figure 2g−j). Crystalline (periodicity shown in Figure
2b,c,g) and amorphous (no periodicity, Figure 2I,j) character-
istics of PrP-bound DX lattices are shown in inset images
constructed from the data processed by noise-filtering and fast
Fourier transform (FFT). We noticed that PrP contributed to
the growth inhibition of the DX lattices 20 times more than
CoP. The complementary sticky-end hybridization between
tiles during the second annealing step might be more severely
inhibited by the aggregated fibrous PrP than by CoP.
Consequently, an incomplete or compromised growth of the
DX lattices on a given substrate might occur.
UV−Vis Absorbance of CoP- and PrP-Bound sDNA

Duplexes in Solution without (D0) and with 30-Day
Incubation (D30). To understand the relative strength of the
interaction between PrP and sDNA immediately or 30 days
after mixing them, we examined the UV−Vis absorbance of
CoP- and PrP-bound sDNA duplexes. Figure 3a shows the
UV−Vis absorbance of CoP- and PrP-bound sDNA duplexes
in solution after buffer subtraction. Two absorption peaks
typical for DNA were noticed at 210 and 260 nm. These peaks
arise from the n to π* transition of the DNA phosphate
backbone and from the π to π* transition of the base pairs,

respectively (Figure 3a). The interaction of PrP with sDNA
induced fluctuations in the UV−Vis absorbance intensities (as
compared to the pristine DNA), which reflected the binding
characteristics of CoP and PrP to DNA. PrP showed larger
fluctuations of the absorbance intensities than CoP, which
indicated a stronger interaction of PrP with DNA compared to
CoP. This affected the stability of the DNA structure. The
fluctuation of absorbance intensities can be significantly
increased by incubating PrP with DNA for a longer time.
For instance, the absorbance intensity of PrP-bound sDNA
duplexes obtained with 2 μM of PrP and measured after 30
days (D30-sDNA-2.0PrP) was 70% less than the one measured
immediately after mixing (D0-sDNA-2.0PrP).

CD Spectra and Secondary Structures of PrP with
sDNA in Solution at D0 and D30. Ellipticities of pristine PrP,
pristine sDNA, and PrP-bound sDNA solutions measured at
D0 and D30 were studied. We analyzed the CD data in the
wavelength range of 230−320 nm to gain information about
helicity such as the winding angle and base-pair twist of the
sDNA duplex. Measurements of the ellipticity intensities of
DNA at 255 and 275 nm revealed that the right-handed
helicity of DNA remained unchanged in the presence of PrP.
However, the winding angle and base-pair twist of the sDNA
duplexes were affected by the PrP isoform (stronger effect of

Figure 5. FTIR spectra of the PrP- and PrP-bound sDNA thin films. (a) FTIR spectra of the PrP- and PrP-bound sDNA thin films with no (D0)
and after 30 days of incubation (D30). (b) (top) 3D representations of FTIR spectra of the sDNA and pristine PrP thin films and (bottom) the PrP-
bound sDNA thin films formed by drop-casting with no incubation (D0). (c) (top) 3D representations of FTIR spectra of the sDNA and pristine
PrP thin films and (bottom) the PrP-bound sDNA thin films after a 30-day incubation (D30) period.
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PrP than CoP), PrP concentration (higher concentrations had
a stronger impact), and incubation time with PrP (more
significant effect at D30 than D0) (Figure 4a). The CD feature
at 255 nm is influenced by the dihedral angle between the
deoxyribose and the nitrogenous base of deoxyguanosine.36 At
275 nm, the amplitude change in ellipticity is associated with a
compact arrangement of sDNA duplexes due to the relatively
higher percentage of β-structure components within PrP.37

Therefore, the gradual amplitude reduction at 255 and 275 nm
of the CD bands between D0-sDNA-0.1CoP and D30-sDNA-

2.0PrP reflected an increase in the winding angle and a
decrease in the base-pair twist.38

In addition, the secondary structures of PrP with sDNA in
solution were investigated using peptide CD spectroscopy in
the 190−250 nm region using the BeStSel algorithm (Figure
4b,c).39 Changes in the secondary structural components were
observed with increasing PrP concentrations (Figure 4c). The
cumulative values of the predicted secondary structures across
different PrP concentrations at D0 and D30 were used to
determine the ratio of PrP with respect to CoP at D0 and D30
(Figure 4b). The presence of β-sheet structures40 in a protein

Figure 6. Deconvolution of FTIR spectra, secondary structures of PrP in sDNA thin films at D0 and D30, and cell viability of CoP- and PrP-bound
sDNA duplexes. (a, b) Deconvolution of resolution-enhanced FTIR spectra of the amide I band of sDNA-2.0PrP at D0 and D30. Deconvolution
FTIR spectra showing the emergence of three peaks at D0 and seven peaks at D30 in sDNA-2.0PrP thin films. The Fourier self-deconvoluted (FSD)
spectrum (blue line) and the curve-fitted spectrum (red) were closely overlapping. (c) Percentage of PrP secondary structures (with and without
sDNA) such as helices, antiparallel β-sheets, and intermolecular/aggregated strands as a function of PrP concentration. The PrP secondary
structures were quantified by processing the measured deconvolution FTIR spectra using OMNIC software. (d) Ratio of PrP secondary structures
with respect to CoP at D0 and D30. (e) Fold change in viable SH-SY5Y cells treated with PrP. Here, CoP was used as a control.
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inherently favors the interaction with DNA by allowing
hydrogen bonds between the peptide NH groups and
deoxyribose-O-3′. Here, a 12-fold increase in the percentage
of α-helices (an intrinsic characteristic of CoP) was measured
in the PrP samples incubated for 30 days with sDNA (D30)
compared to the values obtained immediately after mixing
(D0). This implied a hindrance of PrP aggregation in the
presence of DNA. In contrast, the incubation of PrP samples
for 30 days (D30) induced a 22-fold reduction of the
population of antiparallel β-sheets (intrinsic characteristic of
PrP) compared to PrP samples at D0. The predominant β-
sheet components in PrP, which interacted favorably with
sDNA, prevented subsequent oligomerization and aggregation.
FTIR Spectra of Pristine PrP- and PrP-Bound sDNA

Thin Films. The vibrational spectra of biological molecules,
which provide information about the molecular structure and
the interaction between molecules, can be determined by the
vibrational force fields. Proteins normally exhibit 9 character-
istic vibrational frequencies named amides A, B, and I−VII in
the order of decreasing frequency. FTIR was employed to gain
insights into the vibrational frequencies. Figure 5a shows FTIR
absorption spectra of pristine sDNA, PrP, and PrP-bound
sDNA thin films obtained at D0 and D30. For a better
understanding, 3D representations of the FTIR spectra are
displayed in Figure 5b,c.
Among the vibrational frequencies of proteins, the amide I

and amide II bands are the two major bands in the IR
spectrum.41 Absorption bands between 1700 and 1600 cm−1

form the amide I region originating from CO and C−N
stretching modes and N−H bending vibrations. Clues about
secondary structures such as α-helices, β-sheets, turns, and
nonordered structures were obtained by analyzing the amide I
region.41 For instance, FTIR spectra of pristine PrP- and PrP-
bound sDNA thin films at D0 showed prominent peaks in the
protein amide I region corresponding to α-helices (1662−1645
cm−1) and β-sheets (1640−1620 cm−1)42 (Figure 5b). These
peaks were suppressed by 30 days of incubation (pristine PrP-
and PrP-bound sDNA thin films at D30) (Figure 5c). This is
attributed to the perturbation of the CO stretching
vibrations, which implies that a significant change in the
peptide conformation occurred in the presence of DNA and
upon incubation. A prominent peak at 1550 cm−1 attributed to
the out-of-phase combination of the NH in-plane bend and the
CN stretching vibrations42 was observed in amide II bands.
This peak intensity was decreased in pristine PrP- and PrP-
bound sDNA thin films at D30 similarly to what was observed
for the amide I peaks (Figure 5c).
The peaks for pristine PrP- and PrP-bound sDNA thin films

at D0 found below 1500 cm−1 (one conspicuous peak at 1409
cm−1 and another at 1343 cm−1) belong to the fingerprint
amide III region of the spectrum arising due to N−H in-plane
bending and CN stretching vibrations. After a 30-day
incubation period, these peak intensities (i.e., pristine PrP-
and PrP-bound sDNA thin films at D30) reduce noticeably
(Figure 5c). Here, amide III−VII vibrations were measured
between 1229 and 200 cm−1 and are of little practical use in
protein conformational studies.42

Pristine sDNA and PrP-bound sDNA thin films showed
peak characteristics of DNA molecules at 1224 cm−1

(representing the asymmetric phosphate vibration), 1100−
1050 cm−1 (representing the asymmetric phosphate vibrations
in DNA), and 960 cm−1 (corresponding to the ribose-
phosphate skeletal motion).43,44 The FTIR intensities of

these peaks decreased upon incubation, as observed for PrP-
bound sDNA thin films at D30, indicating a probable
interaction between DNA and the PrP peptide. The 30-day
incubation period provided enough time for the interaction to
occur.

Deconvolution of FTIR Spectra and Secondary
Structures of PrP in sDNA Thin Films at D0 and D30.
Deconvolution analysis was needed to obtain detailed
information for the individual components of the amide I
band from the FTIR spectra. FTIR spectroscopy provides the
structural features of peptides and proteins, by measuring the
wavelength and intensity of the absorption of IR radiation by a
sample.45 However, the resolution of the FTIR spectra is not
enough to resolve individual components, such as α-helices
and β-sheets, in the amide I band because the number of
individual components is usually greater than the separation
capacity between the maxima of adjacent peaks. Thus, we
adopted a resolution enhancement method based on band
narrowing known as Fourier deconvolution (using OMNIC
software) for better identification of the overlapping
component bands by increasing the separation.46

Figure 6a,b shows the FTIR spectra deconvolution of amide
I bands for PrP-bound sDNA thin films with 2.0 μM PrP
(sDNA-2.0PrP) without (D0) and with 30-day incubation
(D30). We notice that the curve-fitted FTIR spectrum (red) is
closely overlapping with the Fourier self-deconvoluted (FSD)
spectrum (blue line) as expected. We chose additional 50 cm−1

regions on both sides of the amide I (1700−1600 cm−1) as
apodization function in the deconvolution procedure to reduce
the noise components.47

Secondary structures of PrP in sDNA-2.0PrP at D0, such as
β-sheets, α-helices, and antiparallel β-sheets were observed
(Figure 6a). β-Sheet (centered at 1636 cm−1) and α-helix
(1650 cm−1) components arise due to the formation of
intramolecular β-sheets and α-helical proteins, respec-
tively.42,48−50 Antiparallel β-sheet conformation (centered at
1687 cm−1) was identified toward the high end of the amide I
region.51 For D30, we observed interesting secondary structures
of PrP in sDNA-2.0PrP such as intermolecular β-sheets
(centered at 1614 cm−1), 310-helices (1667 cm−1), β-sheets
(two peaks at 1625 and 1637 cm−1), α-helices, and antiparallel
β-sheets (two peaks at ∼1680 cm−1) (Figure 6b). Inter-
molecular β-sheets tend to be formed by intermolecular
hydrogen bonds in aggregated structures.42,48,52,53 Relatively
tightly wound 310-helices serve as an intermediary conforma-
tion.42,54 The intensities of β-sheets, α-helices, and antiparallel
β-sheets observed in the incubated PrP in sDNA-2.0PrP (D30)
were reduced significantly compared to the intensities
measured at D0. This reduction in intensity might result
from the interaction between positively charged Lys residues in
PrP and DNA phosphates.55,56

Figure 6c,d displays the percentages of PrP secondary
structures as a function of the PrP concentration and the ratio
of percentages of secondary structures in PrP with respect to
CoP, respectively. Plots were obtained as percentage values of
individual secondary structures for PrP (with and without
sDNA) and fold change values were expressed as a percentage
of secondary structures in PrP with respect to CoP. Minor
components of secondary structures such as 310-helices,
random coils, and β-turns were grouped in others.48 After
incubation, the α-helix fold change drastically increased while
the β-sheet fold change decreased, which was consistent with
the CD measurement. This suggests an enhanced resistance to
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aggregation of PrP in the presence of DNA molecules in
agreement with previous work comparing DNA effects on full-
length and PrP peptides showing that while nucleic acids
stimulate rPrP23-231 aggregation, they rather prevent the
aggregation of hydrophobic domains of PrP8. The antiparallel
β-sheet content after incubation analyzed by FTIR was
increased by 2.5 fold although it was decreased when measured
by CD. This discrepancy might be due to the different sample
conditions, i.e., solution phase for CD and dry phase for FTIR.
Cell Viability of CoP- and PrP-Bound sDNA Duplexes.

Next, we assessed the cytotoxicity of PrP and CoP peptides in
the presence and absence of sDNA. Figure 6e shows the fold
changes in viable SH-SY5Y cells treated with PrP. As expected,
the viability was lower for cells exposed to the highest PrP
concentration tested (100 μM) in comparison with cells
treated with CoP. Interestingly, the cell viability improved
when the PrP peptides were combined with sDNA (i.e., sDNA-
PrP). Thus, DNA duplexes contribute to stabilizing PrP
peptide structures. These data suggest that the results of our in
vitro experiments are important for reducing the pathogenic
properties of the prion peptide. Consequently, our findings
provide important clues in favor of the pathological relevance
of the interaction between prion peptides and DNA molecules.

■ CONCLUSIONS

We generated PrP bound to synthetic DNA lattices and natural
DNA duplexes extracted from salmon (sDNA) and inves-
tigated their physical characteristics to understand the
interaction between DNA and PrP. Topological characteristics
of the DNA lattices combined with the PrP peptides were
visualized by AFM to determine the influence of PrP during
the formation of DNA lattices. We observed that PrP disrupted
the growth of the DX lattices more than CoP. We conducted
various optical measurements such as UV−Vis, CD, and FTIR
spectroscopies to study the structural stability of the DNA and
the secondary structures of PrP and to validate the interaction
between DNA and PrP. As a result of the interaction of PrP
with sDNA, UV−Vis absorbance spectra showed a shift of the
absorbance intensities, which were characteristics of CoP and
PrP binding to DNA. The CD analysis revealed the presence of
various secondary structures, such as α-helices, β-sheets, and
antiparallel β-sheets in PrP- and PrP-bound sDNA complexes.
FTIR confirmed the PrP−sDNA interaction and the alteration
of PrP secondary structures in the presence of DNA. To verify
the effect of the PrP-bound sDNA complexes, cytotoxicity
assay on human neuroblastoma cells in culture was performed,
which reflected the attenuation of the cytotoxicity of PrP with
sDNA than CoP. Our work suggests valuable information to
exploit this effect in the development of potential therapeutic
and medical applications such as novel therapeutic modalities
in treating prion toxicity and effective biochemical sensors. In
addition, our results provide immense possibilities for all of the
various amyloid proteins and their disease pathology.

■ MATERIALS AND EXPERIMENTAL METHODS

Preparation of the Control (CoP) and Prion Peptides
(PrP). Lyophilized synthetic peptides were purchased from
BACHEM (Bubendorf, Switzerland). These include PrPa
synthetic prion protein model peptide resembling a portion of
the human prion protein in structure and function spanning
amino acid residues 106−126 (KTNMKHMAGAAAA-
GAVVGGLG),57 and CoPa control peptide consisting of

the same amino acids as PrP106−126 in a scrambled sequence
(LVGAHAGKMGANTAKAGAMVG).57

Lyophilized peptides were dissolved in 100% 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), sonicated in a water bath for
2−3 min, and aliquoted into sterile Eppendorf tubes. The
HFIP solvent was evaporated in a vacuum desiccator and the
peptides were stored at −20 °C.58 Prior to use, PrP was
dissolved in 200 mM acetate buffer (150 mM NaCl, pH 5.5)
containing 50% (v/v) acetonitrile at the desired concentration
(Figures 1 and Figures 3−6).

Synthesis of DX Lattices Bound with Various
Concentrations of PrP ([PrP]). A two-step annealing
method to fabricate PrP-bound DX lattices on mica was
followed.
In the first step, individual DX tiles33 (DX1 and DX2) were

generated by combining equimolar concentrations of their
strands into two separate test tubes. Each DX tile was formed
by mixing a stoichiometric quantity of each strand in 1× TAE/
Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA
[pH 8.0], and 12.5 mM magnesium acetate). To facilitate the
hybridization, they were cooled slowly from 95 to 25 °C by
placing the tubes in 2 L of boiled water in a styrofoam box for
48 h. A DX tile concentration of 100 nM was obtained.
In the second step, PrP-bound DX lattices on mica were

constructed using the mica-assisted growth (MAG) method.
Annealed individual DX tiles (20 nM) with the desired [PrP]
were added into a new test tube containing mica (size of 5 mm
× 5 mm). To facilitate the hybridization of DX-CoP and DX-
PrP lattices on mica, the sample test tubes were kept in a
styrofoam box containing 2 L of water at 40 °C, followed by a
gradual cooling from 40 to 25 °C. After annealing, the samples
were incubated overnight at 4 °C to promote structure
stabilization (Figures 1 and 2).

AFM Imaging. AFM imaging was performed by taking the
mica substrate out from the test tube and fixing it on a metal
puck with instant glue. We added 30 μL of 1× TAE/Mg2+

buffer onto the substrate and 20 μL of 1× TAE/Mg2+ onto a
silicon nitride AFM tip (Veeco Inc., CA). A multimode
nanoscope (Veeco Inc., CA) in fluid-tapping mode was used to
acquire AFM images (Figure 2).

Preparation of sDNA Solution and Thin Film Binding
with PrP. To prepare the homogeneous sDNA solution, 0.1 g
of sDNA (DNA enzymatically extracted from salmon, GEM
Corporation, Shiga, Japan) was dissolved in 10 mL of
deionized water and placed on a magnetic stirrer at 800 rpm
overnight at room temperature to obtain 1.0 wt %. For the
construction of PrP-bound sDNA duplexes, the sDNA solution
(0.1 wt %) was mixed with the desired [PrP] and used for
UV−Vis absorbance, CD, and cell viability. For FTIR, 20 μL of
the sample of the PrP-bound sDNA solution obtained after
incubation for 0 (D0) or 30 days (D30) was drop-cast on the
oxygen plasma-treated glass and dried for 24 h (Figures 1 and
Figures 3−6).

Circular Dichroism (CD) and UV−Vis Absorbance. The
secondary structures of the pristine PrP- and PrP-bound to
sDNA duplexes were assessed by measuring the CD spectrum
at 25 °C using a Jasco J-810 CD spectrometer (JASCO, OK).
Wavelength scanning was performed for an average of 15 scans
at 25 °C with 1.0 mm quartz cells. The spectra were acquired
between 190 and 320 nm at 1 nm interval, averaged over 2 s,
and at a scanning speed of 200 nm/s. The UV−Vis absorbance
was also recorded (Figure 4).
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Fourier Transform Infrared Spectroscopy (FTIR). The
FTIR spectra were recorded in the wavenumber range from
4000 to 600 cm−1 for thin films of PrP, sDNA, and PrP−sDNA
on glass with a TENSOR 27 spectrometer (Detector:
MIR_ATR [ZnSe], Bruker Inc., MA). A total of 32 scans
were co-added and averaged with a resolution of 4 cm−1. The
data in the FTIR spectra are presented after subtraction of the
background spectrum produced by glass only (Figure 5).
The curve-fitted FTIR spectra were obtained by using

OMNIC software (v7.3, Thermo Scientific, MA). The original
amide I spectra were subjected to a second derivative analysis
and the resulting spectra were smoothed using a denoising
algorithm, the nine-point Savitzky−Golay smoothing filter of
polynomial degree 5. Using an enhancement factor of 2 and a
bandwidth of 25 cm−1, FSD was performed with a Gaussian
line shape generating a spectrum consisting of the same
number of components and peak positions as the second
derivative spectrum. Gaussian curve fit was obtained using FSD
spectra within a ±1 cm−1 range through the built-in
Levenberg−Marquardt algorithm.59,60 All of the other
parameters were left free to adjust iteratively. Consequently,
each secondary structural component in the amide I band was
computed as a fractional area of the corresponding peak
divided by the sum of the areas of the amide I band peaks42,48

(Figures 5 and 6).
Cell Culture and Cytotoxicity Assay. The adherent

human neuroblastoma SH-SY5Y cell line was cultured in
DMEM medium supplemented with 10% fetal calf serum and
1% penicillin/streptomycin (Life Technologies, Inc., CA).
Cells in the serum-free DMEM medium were maintained at 37
°C under a humidified 5% CO2 atmosphere. When being
passaged or harvested for analysis, the cells were dissociated
using trypsin/EDTA.
A cytotoxicity assay was performed using the EZ Cytox cell

viability assay (water-soluble tetrazolium [WST] salt method).
The WST reagent solution (10 μL) was added to each well of a
96-well microplate containing 100 μL of cells per well. The
plate was then incubated for 3 h at 37 °C. The absorbance was
measured at 450 nm using a microplate reader with an
appropriate blank to record the background signal. As a result,
the cell viability was calculated and expressed as a fold change
value against the cells treated with CoP (Figure 6).
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