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Abstract: Fundamental research on Parkinson’s disease (PD)
most often focuses on the ability of a-synuclein (aS) to form

oligomers and amyloids, and how such species promote
brain cell death. However, there are indications that aS also

plays a gene-regulatory role in the cell nucleus. Here, the in-
teraction between monomeric aS and DNA in vitro has been

investigated with single-molecule techniques. Using a nano-

fluidic channel system, it was discovered that aS binds to
DNA and by studying the DNA–protein complexes at differ-

ent confinements we determined that aS binding increases
the persistence length of DNA from 70 to 90 nm at high

coverage. By atomic force microscopy it was revealed that at
low protein-to-DNA ratio, the aS binding occurs as small pro-
tein clusters scattered along the DNA; at high protein-to-
DNA ratio, the DNA is fully covered by protein. As DNA-aS

interactions may play roles in PD, it is of importance to char-

acterize biophysical properties of such complexes in detail.

Introduction

Parkinson’s disease (PD) is a neurodegenerative disease that is
estimated to affect 2 % of the population older than 60 years.[1]

a-synuclein (aS) is a 140-residue protein whose assembly pro-
cess into amyloid fibers is directly related to PD.[2] The conse-
quences of amyloid fiber formation are associated with several

human neurodegenerative diseases in addition to PD, such as
Alzheimer’s, ALS, type 2 diabetes and Huntington’s disease.[3]

Despite the fact that amyloid fibers are formed by a unique
protein in each disease, they all have a common cross-b con-
formation; that is, b-sheets that are packed perpendicular to
the fiber axis. In PD, the aS fibers accumulate in cytosolic inclu-

sions, called Lewy bodies, that are found in dopamine neurons
in the brains of patients along with loss of such neurons in the
substantia nigra.[4] The function of aS in cells has been suggest-
ed to involve synaptic vesicle release and trafficking[5] and,
indeed, aS is present at presynaptic nerve terminals[6] near syn-

aptic vesicles.[7] Although intrinsically disordered in solution,
the N-terminus of aS forms an amphipathic a-helix upon mem-
brane binding.[8]

Mostly overlooked, aS has been reported to be present in

the cell nucleus, in addition to the cytoplasm, and it appears
to travel in and out in a dynamic fashion.[9] Notably, the frac-
tion of aS in the nucleus increases upon chemically stimulated

oxidative stress[10] and it was reported to modulate transcrip-
tion of the master mitochondrial transcription activator,

PGC1alpha.[10] aS-induced changes in transcription of PGC1al-
pha negatively affected mitochondrial morphology and func-
tion. Moreover, chromatin-bound oxidized aS was found to
cause double-strand breaks in neuronal DNA that resulted in

cell death[11] and DNA has been reported to stimulate aS amy-
loid formation in vitro.[12] These studies clearly emphasize that
aS may have additional roles in PD that are related to nuclear
gene regulation. However, to date, there is only limited bio-
physical knowledge of the interaction between monomeric aS

and DNA.
Here we used nanofluidics, in combination with other bio-

physical techniques, to characterize the interactions between

monomeric aS and DNA on the single DNA molecule level.
Nanofluidic channels have emerged as a novel method to

study DNA–protein interactions on the single DNA molecule
level.[13] When DNA is confined in nanofluidic channels it has to

stretch to accommodate the mismatch between the relaxed
size of the DNA and the small channel size. The degree of
stretching is sensitive to the surrounding environment, and to

molecules interacting with DNA. Therefore, this method is well
suited for studying proteins that cause conformational changes

in the DNA, and protein-induced DNA stiffening[14] as well as
compaction[15] have been reported.
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Results and Discussion

To address putative structural changes in aS and DNA when
they interact, we first employed bulk solution experiments. We

found that the far-UV circular dichroism (CD) signal of the pro-
tein did not change significantly upon mixing monomeric aS

with DNA (even upon adding large excess of DNA to ensure all
protein is bound). Thus, the disordered structure of aS remains

also in the presence of DNA (Figure S1A, Supporting Informa-

tion). Our CD results are in agreement with previous data on
aS interactions with genomic DNA, although larger structural

changes in aS were found when the protein is bound to super-
coiled or single-stranded DNA.[12a, 16] To probe how DNA is af-

fected upon aS binding, we turned to flow linear dichroism
(LD) which is a bulk method to probe polarized absorption of

aligned chromophores.[17] DNA molecules align with the flow

in a Couette cell, resulting in negative LD where the bases
absorb as the base pairs are arranged perpendicular to the

flow orientation. LD data for DNA alone and for DNA mixed
with aS (using excess protein to ensure all DNA will be bound

to protein) show that although there are indications of aS
binding in the 210 nm absorption range (where the protein

absorbs), there is no effect on the LD of the DNA bases

(260 nm range) (Figure S1B). This implies that aS binding to
DNA does not alter the ability of the DNA to align with the

flow which in turn means that the physical properties of the
DNA base pairs are not significantly affected. To obtain deeper

insights on the DNA–aS interaction we turned to single DNA
molecule methods.

We assessed the physical properties of single DNA molecules

upon interactions with monomeric aS in nanofluidic channels.
For this we mixed 48.5 kbp l-DNA (5 mm base pairs) with in-

creasing concentrations of aS (up to 40 mm ; reaching 8:1 aS-to-
base pair ratio) and determined the extension of individual

DNA–protein complexes in a channel with a 100 V 150 nm2 ge-
ometry. Since aS is not fluorescently labeled, we used the dye
YOYO-1, a well characterized fluorophore that binds to DNA by

bis-intercalating its aromatic subunits between DNA base pairs,
to visualize the DNA.[18] From the extension data, it is clear that

the DNA molecule is stretched in the presence of aS, and that

the effect increases with increasing aS concentration (Figure 1).

The increase in DNA extension is about 30 % at the highest
protein concentration used (40 mm). The highest aS concentra-

tion is eight times higher than the base-pair concentration,
suggesting that the binding of aS to DNA is weak. When per-

formed at higher ionic strength (1 V TE buffer with 30 mm NaCl
instead of only 1 V TE buffer, Figure 2 A) in the narrow channels,

there is very little increase in extension of the DNA even at the

highest protein concentration, suggesting that binding of aS
to DNA is to a large extent driven by electrostatic interactions.

Figure 1. (A) Schematic illustration of the nanofluidic chip design (left). The
channel system comprises pairs of micro-channels, spanned by an array of
straight nanochannels. The cartoon shows DNA polymers confined inside a
nanochannel. DNA will be partially stretched along the nanochannel, with
an extension Rk , shorter than its contour length L. (B) Montage of fluores-
cence images of l-DNA with aS. From up to bottom: 0, 1, 5, 15 and 40 mm
aS. The YOYO:bp ratio is 1:50. (C) Extension distribution of l-DNA molecules
in 150 V 100 nm2 nanochannels at different concentrations of aS.

Figure 2. (A) Relative extension Rk L@1 of l-DNA in 1 V TE buffer in 150 V 700 nm2 channels (*, red) and 150 V 100 nm2 channels (&, black), and l-DNA in 1 V TE
buffer with 30 mm NaCl in 150 V 100 nm2 channels (D, blue), versus the a-synuclein concentration. (B) The ratio between the extension of l-DNA molecules in
150 V 100 nm2 and 150 V 700 nm2 channels versus aS concentration. (C) Fitted data for DNA persistence length versus aS concentration. The dashed and solid
curves are drawn as an aid to the eye.
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The N-terminal part of aS is positively charged and this part of
aS (which also is the part that interacts with lipid vesicles)

probably interacts with the negative DNA backbone. It is how-
ever worth noting that purely multivalent cationic interactions

(aS carries 15 lysine residues)[19] would lead to compaction of
DNA, which would be directly visible in the channels. This is

not the case for aS, at least at the concentrations investigated
here, implying that aS binding is also governed by other
forces, such as hydrophobic and/or specific interactions.

The observed homogeneous YOYO-1 emission along the
DNA upon aS interaction suggests that there is no large differ-

ence of aS preference between AT- and GC-rich regions of the
DNA,[20] since l-DNA has one half of the molecule rich in AT

and the other rich in GC basepairs.
We also performed the experiments in a wider channel

(700 V 150 nm2), where the DNA is not as stretched as in the

narrower channel. The idea was to compare the increase in ex-
tension when confinement changes and to use this parameter

to determine the physical properties of the protein-bound
DNA.[15a] We found the effect on DNA upon aS binding to

follow the same trend in the wider channel, that is, the DNA is
extended with increasing concentration of aS, but the magni-

tude of the increase in DNA extension is smaller (Figure 2).

This is reflected by an increase in the ratio of the extension at
the two confinements as protein is added. Werner et al. devel-

oped a one-parameter theoretical prediction for estimating the
physical properties of DNA for square nanochannels in this size

range.[21] In the Supporting Information, we demonstrate how
this prediction can be used to estimate the persistence length

of DNA, with and without aS bound, by approximating the rec-

tangular channel size by its geometric mean (Supporting Infor-
mation data analysis, Figures S2 and S3). The conclusion from

this analysis is that the persistence length gradually increases
from around 70 nm for naked DNA to around 90 nm for DNA

with 40 mm aS added (Figure 2). Thus, the DNA is stiffened by
aS binding. However, the effect is slight when compared to,

for example, the filament-forming protein RecA that stiffens
the DNA dramatically[14] or the bottle-brush diblock polypep-

tide used by Zhang et al. that resulted in an approximately
four fold increase in persistence length.[22]

To complement the observations made using the nanofluidic
channels, we turned to atomic force microscopy (AFM) imag-
ing of DNA (1 kbp fragments; 5 mm base pairs) in the presence

of aS (Figure 3). The AFM data demonstrate that aS interacts
with DNA in small ‘clusters’ scattered on the DNA at low pro-

tein concentration (0.1 mm). Thus, AFM clearly demonstrates
protein binding at low aS concentrations where little effect is
found on DNA extension in the nanochannels. On the much
larger length scale visualized in the nanochannel experiments,

the AFM-detected small protein clusters cannot be distinguish-
ed. Instead, the even YOYO-1 emission along the 48.5 kbp
DNA indicates homogeneous protein coverage at all protein
concentrations when analyzed with this spatial resolution
(Figure 1). AFM measurements at higher concentrations of aS

(40 mm) show that the DNA becomes fully coated with protein.
The height of the DNA-protein complex is the same at high aS

concentration as at low aS concentration (approx. 1.5 nm;

Figure 3). The estimated height of the protein when bound to
DNA is roughly 1 nm (1.5 nm for the complex minus 0.5 nm for

bare DNA), which is much smaller (and may correspond to a
single polypeptide) than the cross-section of aS amyloid fibers,

which is around 7–9 nm when probed by AFM.[23] Thus, aS
binding to DNA takes place next to already-bound aS but not

on top of pre-bound aS.

Notably, the AFM data also demonstrate that aS does not
form oligomers or amyloid fibers under these conditions as

those would have been directly visible in the images. Without
the presence of beads and agitation (typical conditions for aS

Figure 3. Tapping mode atomic force microscopy images of DNA (1 kb, 5 mm base pairs) with aS at a concentration of (A) 0 mm, (B) 0.1 mm and (C) 40 mm. The
scale bar is 100 nm. The line in each panel corresponds to the height profile of the molecule shown to the right. Mica (A) and silica (B and C) surfaces were
used (see Materials and Methods for details).
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aggregation experiments), aS samples can be incubated for
days without amyloid formation; the addition of DNA to such

samples did not change this behavior. Thus, aS remains mono-
meric in our interaction experiments although smaller assem-

blies cannot be excluded. As the protein remains unstructured
upon DNA binding, according to far-UV CD, amyloid-like b-

strand interactions between nearby aS polypeptides when
bound to the DNA are excluded.

To ensure that YOYO-1 does not affect aS binding to DNA or

vice versa, we compared the YOYO-1 fluorescence in the pres-
ence of aS alone to that in the presence of DNA alone as well

as when in a mixture of aS and DNA. It appears that YOYO-1
can interact weakly with aS alone as the YOYO-1 fluorescence

was somewhat increased in the presence of aS (about 10 % of
the emission found upon DNA binding). For the mixture of
YOYO-1, aS and DNA, the fluorescence corresponds to the sum

of the emission for YOYO-1 with DNA alone and with aS alone
(Figure S4) ; thus, there is no competition for YOYO-1 between

protein and DNA nor a competition for DNA between YOYO-1
and aS at the conditions studied.

Conclusion

Using nanofluidic channels, we have discovered that aS binds
to DNA, and upon protein binding, the DNA persistence

length increases by 30 %. Upon complex formation, there is no
structural change in aS and the DNA base pairing is not dis-

torted. The latter is also evident from the fact that YOYO-1 can

intercalate between the base pairs also when aS is bound.
Using an analogous approach, thorough single molecule ex-

periments of DNA binding of the bacterial nucleoid proteins H-
NS, Hfq, and HU have been reported.[15b, 22, 24] These proteins

play pivotal roles in compaction, transcription, and replication
of the bacterial genome. As observed here for aS-DNA, H-NS

binding to DNA resulted in elongated DNA molecules with in-

creased (doubled) persistence length.[24b] In contrast, HU and
Hfq interactions induced contraction of the DNA that was pro-

posed to involve protein-mediated bridging of distal DNA seg-
ments.[15b, 24a] We observed no compaction of DNA by aS at the

protein concentrations studied, although AFM show complete
coverage of DNA with aS at the highest aS concentration. This

may be surprising considering the high positive charge of aS
at pH 7.4, but agrees with a similar study on a designed cat-

ionic polypeptide.[22]

Characterization of physical properties of aS-DNA complexes
are of importance as aS has been reported to act as a tran-

scription modulator[10] and inducer of double-stranded DNA
breaks upon oxidative stress[11] in the nucleus of cells, but little

is known about underlying molecular principles. Notably, in ad-
dition to aS, proteins and peptides involved in promoting

other amyloid disorders, such Alzheimer’s and prion diseases,

seem to also have DNA-binding properties.[25] For example, the
amyloid-b peptide that forms amyloids in Alzheimer’s was pro-

posed to also act as a repressor of transcription from certain
promoters.[26] This suggests that DNA interactions may be a

common (but mostly unnoticed) property of proteins associat-
ed with neurodegenerative disorders such that, in addition to

toxic amyloid formation, these proteins may also alter expres-
sion profiles of disease-modifying genes. Single DNA molecule
techniques, such as the approach presented here, may be
useful to characterize putative DNA binding of many other
proteins involved in neurodegeneration.

Experimental Section

aS Preparation

Monomeric aS was prepared by transforming the wild-type plas-
mid into BL21 (DE3) (Novagen) cells. Cells were grown in LB
medium with 100 mg mL@1 carbenicillin at 37 0C. IPTG (isopropyl b-
d-1-thiogalactopyranoside, 1 mm) was added when OD600 reached
0.6 and the cells were harvested after overnight incubation at
25 8C. Cells were lysed by sonication in ice cold 20 mm Tris-HCl
buffer pH 8.0 with protease inhibitor cocktail (Roche), followed by
treatment with universal nuclease (Pierce) for 15 minutes at room
temperature. The lysate was then heated at 90 8C for 10 minutes
and centrifuged for 30 minutes at 15 000 g. The supernatant was
filtered, loaded onto pre-equilibrated 5 mL HiTrap Q FF anion ex-
change column (GE Healthcare) and eluted using a linear NaCl gra-
dient from 0–1 m in 20 mm Tris-HCl buffer pH 8.0. Fractions con-
taining a-synuclein were pooled and concentrated with Ultra-15
Ultracel 10 K centrifugal filter devices (Millipore). The concentrate
was loaded onto Hiload 16/600 Superdex 75 pg column (GE
Healthcare) and eluted with 20 mm Tris-sulphate buffer pH 7.4. The
sample purity was confirmed by a single band on SDS-PAGE gel
and a single elution peak in size exclusion chromatography. Prior
to the experiments, the protein was loaded on a gel filtration
column (Superdex 75 10/300 GL, GE Healthcare) and eluted with
Tris-EDTA buffer (10 mm Tris-HCl; 1 mm EDTA, pH 7.4, Sigma–Al-
drich). The protein concentration was determined using e280 =

5960 m@1 cm@1. In all experiments performed, aS was monomeric at
the start and in no case were aS oligomers or amyloids observed
throughout the measurements.

Circular dichroism

Far-UV CD spectra of aS in Tris-EDTA buffer (10 mm Tris-HCl; 1 mm
EDTA, pH 7.4) were recorded in the absence and presence of DNA
using a Jasco J-810 spectropolarimeter in 1 mm quartz cuvette
with 1 nm steps, a bandwidth of 1 nm, a scanning speed of
50 nm min@1 and a response of 1 s. The molar ratios of protein:DNA
base pair were: 1:0; 1:1; 1:2; 1:8; 1:25; 1:50. The spectra were aver-
aged eight times and baseline subtracted. The CD data sets are re-
ported as mean residue molar ellipticity (degrees M@1 m@1).

Linear dichroism

LD measurements were performed on a Chirascan CD spectropo-
larimeter. All spectra were recorded between 200 and 400 nm in
1 nm increments at a scan speed of 85 nm min@1 and a bandwidth
of 1 nm. The alignment of the DNA was achieved by a custom-
made outer-cylinder-rotation Couette flow cell with a path length
of 1 mm. The shear rate was 3100 s@1. At least three data accumu-
lations were made to generate an average for each measurement.
Baselines at zero shear gradient were collected and subtracted
from all spectra.
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Nanofluidics

DNA from phage lambda (l-DNA, Roche) was mixed with aS and
then stained with YOYO-1 (Invitrogen) at a ratio of 1 dye molecule
per 25 base pairs. The mixture was incubated at 4 8C for at least 4
hours. The complexes were introduced into the nanofluidic system
and equilibrated for 60 s before image capture. The DNA concen-
tration was 5 mM (basepairs) in all samples. 3 % (v/v) b-mercaptoe-
thanol (Sigma–Aldrich) was added as an oxygen scavenger to sup-
press oxygen radical induced photo-damage of the DNA. The
buffer used was 1 V TE (10 mm Tris and 1 mm EDTA) and 1 V TE with
30 mm NaCl (pH 7.5).

The single DNA molecule experiments were performed in nano-
channels with dimensions of 150 V 100 nm2 and 150 V 700 nm2. The
devices were fabricated using advanced nanofabrication described
elsewhere.[27] The channel system consists of a pair of feeding
channels (micro-size), spanned by a set of parallel nanochannels.
Figure 1 A shows a schematic illustration of the nanofluidic chip.
The sample is loaded into the channel system from one of the four
reservoirs that are connected to the feeding channels and moved
into the nanochannels by pressure driven (N2) flow. To avoid non-
specific binding of protein to the negatively charged channel
walls, the channels were coated with a lipid bilayer comprising
99 % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC,
Avanti) and 1 % N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecano-
yl-sn-Glycero-3-phosphoethanolamine, triethyl ammonium salt (flu-
orescein-DHPE, Invitrogen) prior to the experiment. The coating
procedure is described elsewhere.[28]

The DNA and DNA-protein complexes were imaged using an epi-
fluorescence microscope (Zeiss AxioObserver.Z1) equipped with a
Photometrics Evolve EMCCD camera, a 63X oil immersion TIRF ob-
jective (NA = 1.46) and a 1.6X optovar from Zeiss. Using the micros-
copy imaging software ZEN, 100 subsequent images were record-
ed with an exposure time of 100 ms. Data analysis was performed
using a custom-written MATLAB-based software. Microscopy image
stacks were used as input to the program. Images were first binar-
ized by thresholding with a global average plus one-fold of stan-
dard deviation. Taking advantage of the high contrast of the
YOYO-stained DNA fluorescence images, regions with higher
brightness are directly considered as DNA objects without addi-
tional image filtering. Finally, the lengths of the DNA molecules
were extracted by identifying the longest axis of the objects.

Atomic force microscopy

For the AFM studies, NoLimits 1000 bp DNA (ThermoFisher Scien-
tific) was used. DNA was mixed with aS at different ratios and incu-
bated at 4 8C for at least 4 hours. 10 ml of each aS-DNA sample was
deposited onto silicon substrates that were prepared freshly as fol-
lows. Silicon wafers were initially cleaned with acetone, isopropa-
nol and ultrapure water, dried using a N2 gun and then exposed to
O2 plasma at 350 W power for 3 minutes. The sample was left on
the silicon surface for 10 min, then flushed with Milli-Q water fol-
lowed by drying under a stream of N2 gas. For bare DNA analysis,
DNA samples with the addition of 0.2 mm MgCl2 were deposited
on mica freshly cleaved in a similar procedure as for the silicon
wafers (10 minutes adsorption time, washing with Milli-Q and
drying using N2 gas). The addition of multivalent salts, such as
MgCl2, mediates the interaction between DNA and mica but be-
cause this interaction is weak, DNA chain statistics are not affect-
ed.[29] The AFM images were recorded in air, with a Dimension
ICON scanning probe microscope (Bruker) operating in peak force
tapping mode. Images were acquired in the tapping mode with sil-

icon (Si) probes (force constant of 1.45–15.1 N m@1, resonant fre-
quency 87–230 kHz). The scanning rate was 1 Hz.
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