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We demonstrate how a recently developed nanofluidic device can be used to study protein-induced
compaction of genome-length DNA freely suspended in solution. The protein we use in this study is
the hepatitis C virus core protein (HCVcp), which is a positively charged, intrinsically disordered protein.
Using nanofluidic devices in combination with fluorescence microscopy, we observe that protein-
induced compaction preferentially begins at the ends of linear DNA. This observation would be diffi-
cult to make with many other single-molecule techniques, which generally require the DNA ends to be
anchored to a substrate. We also demonstrate that this protein-induced compaction is reversible and can
be dynamically modulated by exposing the confined DNA molecules to solutions containing either
HCVcp (to promote compaction) or Proteinase K (to disassemble the compact nucleo-protein complex).
Although the natural binding partner for HCVcp is genomic viral RNA, the general biophysical principles
governing protein-induced compaction of DNA are likely relevant for a broad range of nucleic acid-

binding proteins and their targets.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Single-molecule methods have revolutionized our under-
standing of nucleic acid-protein interactions. By manipulating and
visualizing single biomolecules, detailed information that would
be hidden in ensemble methods can be obtained. Single-molecule
approaches for studying genome-length (>10 kbp) double-
stranded DNA (dsDNA) include optical [1] and magnetic [2]
tweezers, as well as DNA curtains [3]. One main drawback with
these techniques is that they rely on anchoring at least one DNA
end to a fixed substrate. This can be a substantial experimental
limitation since many important biomolecular reactions occur at
the ends of dsDNA (e.g., repair of double-stranded breaks and
elongation of telomeric repeats). Thus, there is a strong need for
single-molecule methods that allow both ends of long dsDNA
molecules to be studied in real time.
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Nanofluidic channels have emerged as useful tools for studying
individual DNA molecules [4] and DNA-protein complexes [5]. The
channels spatially confine long biopolymers in solution and force
them to align along the channels. Importantly, this approach leaves
the ends of the DNA unmodified, enabling single-molecules studies
of biomolecular reactions that preferentially occur at the termini.
To date, the vast majority of studies utilizing nanofluidic confine-
ment have been carried out under static solution conditions where
the samples were equilibrated outside the device and then visu-
alized inside the nanochannels. In 2013, Zhang et al. introduced a
nanofluidic design where a solute of interest (e.g., DNA-binding
protein) is allowed to passively diffuse into the nanochannels,
making it possible to visualize biomolecular interactions in real
time [6]. We recently extended this solution-exchange principle by
designing a dynamic nanofluidic device where the solution sur-
rounding the confined DNA can be actively exchanged [7].
Compared to a traditional nanofluidic device (Fig. 1a), our novel
dynamic device (Fig. 1b) has a “reaction chamber” at the center of
every nanochannel. These reaction chambers have slightly larger
dimensions than the nanochannels leading into and out of them
(Fig. 1c). In this way, a single DNA molecule can be “entropically
trapped” inside each reaction chamber. The solution conditions are
then varied using a very shallow slit that runs orthogonally across

0006-291X/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Nanofluidic device and HCVcp. Schematics of (a) the static and (b) the dynamic nanofluidic devices, the latter of which entropically traps single DNA molecules in a specially
designed (c) reaction chamber. The amino acid sequence of (d) the nucleocapsid domain of HCVcp and (e) a graphical representation of the relative abundance of each amino acid.

the reaction chambers (Fig. 1c¢). Importantly, the slit is too thin for
the extended DNA to pass through. In a previous study, we
demonstrated the functionality of this device by exposing confined
DNA molecules to various solutes like spermidine and DNAse 1,
where the latter allowed us to visualize nuclease activity on single
DNA molecules in real time.

In this report, we demonstrate, for the first time, how the dy-
namic nanofluidic device facilitates real-time observations of
protein-induced conformational changes in individually confined
DNA molecules. The protein we study is the intrinsically disordered,
positively charged nucleocapsid domain of the hepatitis C virus
core protein (HCVcp). HCVcp plays an important role in viral as-
sembly by compacting all ~10% nucleotides (nts) of the viral genome
into a 30—50 nm nucleocapsid particle [8]. Although the hepatitis C
virus has a single-stranded RNA (ssRNA) genome, the HCVcp can
also form nucleocapsid-like particles in the presence of dsDNA [9].
Furthermore, HCVcp functions as a promiscuous nucleic acid
chaperone and helps short (<100 nts) structured DNA and RNA
molecules to adopt compact (e.g., folded) conformations [8].
Inspired by the multiple nucleic acid binding properties of HCVcp,
we set out to determine if it can compact genome-length dsDNA.
Using nanofluidic devices, we show that low-micromolar concen-
trations of HCVcp can efficiently compact dsDNA. Intriguingly, all
compaction events start at the ends of linear DNA, suggesting that
HCVcp prefers to interact with these regions of the duplex.
Furthermore, we show that compaction is reversible by iteratively
exposing the dsDNA to either HCVcp (to promote compaction) or
Proteinase K (to disassemble the compact nucleoprotein complex).
Finally, we demonstrate that HCVcp can bridge nearby segments of
dsDNA during the compaction process.

2. Materials and Methods
2.1. Nanofluidic device

Channels in the static nanofluidic device are 100 nm deep,
150 nm wide, 500 um long and fabricated in oxidized silicon as
described elsewhere [4] (Fig. 1a). Fabrication of the dynamic
nanofluidic device is also described in detail elsewhere [7]. Briefly,
the nanochannels are 100 nm wide and 100 nm deep except for the
60 um long central region in each channel, herein referred to as the

reaction chamber, that has a width of 300 nm and a depth of
130 nm. A 500 um long slit runs orthogonally across the nano-
channels with a depth of 30 nm and a width of 30 um. A schematic
layout of the dynamic nanofluidic device is shown in Fig. 1b—c.

To prevent sticking of the protein to the channel walls, the
nanofluidic devices were coated with a lipid bilayer. The lipid
membranes were prepared from 99% 1-palmitoyl-2- oleoyl-sn-
glycero-3-phosphocholine (POPC, Avanti) and 1% N- (fluorescein-5-
thiocarbamoyl)-1,2-dihexadecanoyl-sn-Glycero-3-
phosphoethanolamine triethylammonium salt (fluorescein-DHPE,
Invitrogen). The fluorescent DHPE ensures that the surfaces of the
device remained coated for the duration of the measurement. The
coating procedure is described in detail elsewhere [10].

2.2. Expression and purification of HCVcp

The nucleocapsid domain of the hepatitis C virus core protein
(HCVcp) was recombinantly expressed and purified as described
previously [11]. Briefly, a 6x histidine-tagged variant of the desired
amino acid sequence (Fig. 1d) was codon optimized for E. coli and
cloned into a pET-47b(+) vector, which was then transfected into
BL21 (DE3) cells. After 3 h of growth at 37 °C in lysogeny broth,
protein expression was induced with 500 pM isopropyl B-D-1-
thiogalactopyranoside. After 3 h of induction, bacterial cells were
pelleted, lysed in 6 M guanidinium chloride, and homogenized
prior to protein purification via immobilized metal-ion affinity
chromatography. The 6x histidine tag was cleaved off using 3C
protease and further purified using high-performance liquid
chromatography. Purified protein was lyophilized and then resus-
pended in 50 mM sodium phosphate (pH 7.0) with 40 mM KCl and
stored at —20 °C until use.

2.3. Sample preparation

All experiments were carried out in 50 mM Tris-HCl buffer
(Sigma-Aldrich) at pH 7 containing 50 mM NacCl and 0.5 mM EDTA.
The dsDNA samples used were: bacteriophage T4-DNA (166 kbp,
T4AGT7 DNA, Nordic Biolabs), bacteriophage T7-DNA (39.9 kbp,
Bioron GmbH), bacteriophage A-DNA (48.5 kbp, Roche) and a cir-
cular DNA (cDNA) plasmid (133 kbp).
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Fig. 2. Real-time observation of the interaction between HCVcp and genomic-length dsDNA in a dynamic nanofluidic device. (a) Kymograph showing that HCVcp (1.0 uM) initiates
compaction of T4-DNA from both ends of the molecule (at 5 fps). (b) Spatial fluorescence intensity profiles from the kymograph in (a). Kymographs showing two different sites of
compaction on separate cDNA molecules (at 9 fps): either at (c) the poles (ends) of the cDNA or (d) elsewhere. For (a,c,d) the scale bars represent 5 pm for the x-axis and 5 s for the
y-axis. (e) Histogram depicting the percentage of T4-DNA (N = 66) and cDNA (N = 18) molecules having compaction events that begin at either the ends (poles) of the DNA or

elsewhere.

The static nanofluidic device was used to visualize preformed
protein-DNA complexes, which were prepared by mixing the
desired ratio of DNA and protein and incubating for 1 h at room
temperature. Subsequently, the DNA samples were fluorescently
stained with YOYO-1 (Invitrogen) at a ratio of 25 base pairs to 1 dye
and incubated for 15 min before use. Next, 10 pL of sample was
loaded in one of the four inlets (Fig. 1a, Inlet 1—4) of the nanofluidic
device, and the remaining three inlets were filled with buffer. Using
pressure-driven flow, the DNA molecules were flushed through the
microchannel to the front of the nanochannels and then pushed
into the nanochannels by applying pressure to both inlets of the
microchannel on one side of the nanochannels. The molecules are
then allowed to equilibrate to for at least 30 s before imaging.

For the experiments in the dynamic nanofluidic device, we
prepared two separate samples of DNA stained with YOYO-1 and
protein. First, 10 pL of DNA sample was loaded in one of the four
DNA inlets (Fig. 1b, Inlet 1—4), and the remaining three inlets were
filled with buffer. Next, 10 uL of protein sample was loaded into one
of the four additional inlets (Fig. 1b, Inlet 5—8) and the rest were
filled with buffer. For the experiments involving Proteinase K
(Invitrogen, AM2546), the HCVcp solution was loaded into inlet 5 or
6 and the Proteinase K solution was loaded into inlet 7 or 8. Using
pressure-driven flow, the DNA molecules were flushed through the
microchannel to the front of the nanochannels. Then, the DNA
molecules were pushed through the nanochannels and into the
reaction chambers (Fig. 1¢) by applying pressure to both inlets on
one side of the nanochannels. The molecules were then allowed to
equilibrate for at least 30 s before the protein sample was intro-
duced from the orthogonal slit using pressure-driven flow. Image
acquisition began as soon as the protein was introduced into the
reaction chamber. Once the DNA was fully compacted the flow of
protein was stopped. For the Proteinase K experiments the flow was

iteratively switched between the HCVcp-side of the slit and the
Proteinase K side.

All imaging was done using a Zeiss AxioObserver.Z1 fluores-
cence microscope equipped with a Hamamatsu digital CMOS
C11440—22CU camera, a 63x oil immersion TIRF objective
(NA = 1.46) and a 1.6x optovar. We used the Zeiss filter set 44,
which has an excitation band of 475 + 40 nm and emission band of
530 + 50 nm. Unless otherwise specified, the Zen pro software was
used to capture a series of frames, each with an exposure of 100 ms,
resulting in 9 frames per second. All data analysis was performed
using Image] and/or custom-written MATLAB-based scripts.

3. Results

HCVcp is a multifunctional intrinsically disordered protein with
a wide range of nucleic acids interactions [12,13]. HCVcp prefer-
entially interacts with small (<100 nts) structural motifs excised
from the viral genome resulting in the formation of nucleocapsid-
like particles [11]. HCVcp can also chaperone several different
nucleic acid conformational transitions, including the dimerization
of a structured RNA element that is comprised of 98 nts and located
at the 3’-end of the viral genome [8]. However, it is not well-known
iffhow HCVcp interacts with long dsDNA molecules that are more
similar in length to the genomic RNA (~10% nts) contained within
the nucleocapsid of the hepatitis C virus. Therefore, we set out to
characterize the structural and dynamic aspects of the molecular
interactions between HCVcp and genome-length dsDNA.

3.1. HCVCcp initiates compaction of linear dsDNA from the ends

To monitor the real-time compaction of linear T4-DNA by
HCVcp, we use the dynamic nanofluidic device (Fig. 1b, Materials
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Fig. 3. Iterative compaction of genome length dsDNA-HCVcp complexes. The
compaction of YOYO-1 stained T4-DNA was induced by the addition of HCVcp (red).
Disassembly of the nucleoprotein complex was induced by the addition of Proteinase K
(blue). Images of (a) two extended molecules, each confined within a reaction cham-
ber, and (b) their compact form during continuous flow of HCVcp from the shallow
orthogonal slit. For (a,b) the scale bar is 5 pm. The initial compaction was not imaged to
prevent photobleaching of YOYO-1. Images are used to construct (c,d) kymographs
showing the subsequent disassembly of the compact nucleoprotein complexes by
introducing Proteinase K into the reaction chamber from the other side of the shallow
slit, which marks the beginning of the iterative cycle of dissassembly and compaction.
For (c,d) the x-axis scale bar is 10 um and the y-axis scale bar is 20 s. (e) Schematic
diagram of the flow directions used to compact and disassemble the HCVcp nucleo-
protein complexes.

and Methods). Solutions with various concentrations of HCVcp (i.e.,
0.0, 0.5, 1.0, 1.5 uM) were continuously flushed across the reaction
chambers containing single confined dsDNA molecules via the
orthogonal slit. Since the protein was not labeled, we relied on
changes in YOYO-1 emission to monitor the action of the protein.
We verified that the fluorescence intensity of YOYO-1 remained
constant during the introduction of HCVcp, indicating that protein
binding and the resulting DNA compaction did not displace the
intercalated dyes (Fig. S1).

When flushing the reaction chambers with solutions containing
1.0 uM HCVcp, we observed a gradual decrease in the extension of T4-
DNA molecules (Fig. 2a and Fig. S2a,b) over the course of ~50 s.
Compaction of the DNA was evident based on both a sudden decrease

in the total length of the DNA and a local increase in the YOYO-1
emission intensity along the DNA (Fig. 2b). The kymograph in
Fig. 2a shows the appearance of such a compaction event at the left
end of the molecule ~8 s after the introduction of HCVcp (Fig. 2aand b;
frame 40) and again on the right side of the molecule a few seconds
later (Fig. 2a; frame 60). Interestingly, after analyzing the kymographs
of 66 individual DNA molecules, we observed that all but one mole-
cule began to compact from the ends of the DNA (Fig. 2e). This strongly
suggests that the mechanism for HCVcp-induced compaction in-
volves the ends of linear DNA. We stress that this phenomenon would
be very difficult to study with single DNA molecule techniques that
rely on anchoring the DNA at the ends.

At higher concentrations of HCVcp (e.g., 1.5 uM), the rate of DNA
compaction increased (Fig. S2c). Conversely, at lower protein con-
centrations (e.g., 0.5 uM), both the rate of compaction and extent of
compaction decreased. Together, these observations highlight the
pronounced concentration dependence of end-initiated protein-
induced compaction of DNA by HCVcp.

Two possible reasons for end-initiated compaction are: (i) the
protein preferentially accumulates at the ends of the DNA and/or
(ii) the geometry of the nanochannel favors compaction from the
ends. To further explore these possibilities, we investigated the
interaction between HCVcp and circular DNA (cDNA), which has no
well-defined ends. cDNA is notoriously difficult to study with
single-molecule methods since no ends are available for chemical
modifications that permit anchoring of the DNA to an immobilized
substrate. However, we have demonstrated in previous studies that
nanochannels are perfectly suited for analysing single cDNA mol-
ecules [14—16].

Two kymographs depicting HCVcp-induced compaction of
cDNA are shown in Fig. 2c—d (additional examples in Fig. S3). In
contrast to linear T4-DNA, the compaction of cDNA was initiated at
locations throughout the confined DNA. For seven of the 18 mole-
cules observed, compaction was initiated at the “poles” of the
extended cDNA. For the remaining 11 molecules, compaction began
elsewhere (Fig. 2e). This observation indicates that HCVcp does not
require ends to compact duplex DNA, even though initiation of
compaction tends to occur at the ends when they are present.

3.2. Reversible compaction of dsDNA by HCVcp

To further demonstrate the utility of the nanofluidic device for
investigating nucleoprotein interactions, we repeatedly compacted
the same DNA molecule by iteratively flushing the reaction cham-
bers with either HCVcp (to initiate compaction) or Proteinase K (to
disassemble the nucleoprotein complex). This was accomplished by
introducing HCVcp from one end of the orthogonal slit and sub-
sequently introducing Proteinase K from the opposite end of the
slit. Kymographs from two experiments where we followed the
reversible compaction of dsDNA in real time are shown in Fig. 3.
First, we flushed the reaction chambers with a solution containing
1.0 uM HCVcp to compact the T4-DNA (Fig. 3a and b red region).
Then, we exchanged the solutions and introduced Proteinase K
(6.9 uM) into the reaction chamber (Fig. 3¢ and d blue region). As
Proteinase K digested the HCVcp, certain regions of compact DNA
persist longer than others; although the DNA eventually returns to
an extended conformation like that observed prior to compaction.
The process could be repeated for the same DNA molecule,
resulting in a similar response. An interesting observation in the
kymographs in Fig. 3c and d is that the T4-DNA broke into smaller
fragments. However, this did not ruin the cyclical experiment since
the fragments were confined within the reaction chamber. Impor-
tantly, when the HCVcp was re-introduced into this reaction
chamber, these fragments eventually ended up in the same
compact nucleoprotein complex, which suggests that the protein
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DNA molecules at different concentrations of HCVcp, where the dsDNA concentration is 5 M base pairs. The arrows point out circular complexes and complexes consisting of two A-
DNA molecules, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

can bridge multiple fragments and incorporate them into the same
nucleoprotein complex.

3.3. HCVcp can bridge adjacent DNA segments

To further investigate the local compaction of cDNA, we used a
traditional static nanofluidic device (Fig. 1a), which has narrower
channels (width = 100 nm, height = 150 nm) than those associated
with the reaction chambers of the dynamic nanofluidic device. The
main advantage with the traditional static nanofluidic device is that
the enhanced confinement from the narrower channels results in
more extended DNA molecules. Similar to our experiments in the
dynamic nanofluidic device, we observed that compaction could be
initiated anywhere along the cDNA. Next, we wanted to determine
if the local compaction is restricted to one segment of the cDNA, or
if HCVcp-induced compaction can bridge adjacent segments of the
same cDNA. To address this question, we created random double-
stranded breaks in the confined cDNA by exposing the YOYO-1
fluorophores to high-intensity excitation light [17]. When a
double-stranded break was formed in the absence of HCVcp
(Fig. 4a), the broken cDNA began to uncoil and adopt extended
linear conformations that were aligned with the nanochannels [15].
After one (Fig. 4b) or more (Fig. 4c) break events in the presence of
HCVcp, the newly formed linear DNA molecules also aligned along
the nanochannel. However, the compact regions of DNA remained
in place, held together via HCVcp. This suggests that the sites of
compaction can bridge adjacent segments from the same cDNA
and/or fragments from different DNA molecules. This is in quali-
tative agreement with the data presented in Fig. 3 where we
observed that more than one dsDNA fragment can be incorporated
into a single compact nucleoprotein complex.

3.4. Nucleic acid chaperoning activity of HCVcp

Thus far we have demonstrated that the positively charged
HCVcp can function as a macromolecular counterion that associates
with and compacts genome-length dsDNA. However, it is also
known that HCVcp can function as a potent nucleic acid chaperone
for short structured DNA and RNA molecules [8,11]. We recently
demonstrated that another viral nucleocapsid protein, HIV-1 NC,
can chaperone the circularization of long linear dsDNA via the
annealing of short single-stranded overhangs [18]. Therefore, we
decided to investigate if HCVcp can perform the same task.
This was done by monitoring either: (i) A-DNA with single-stranded
overhangs containing 12 nts or (ii) T7-DNA with blunt ends,
in the absence and presence of low concentrations (<0.1 pM)
of HCVcp (Fig. 4e and f). In the absence of HCVcp, free A\-DNA
uniformly adopted extended structures with an average
extension of ~ 7 um. In the presence of HCVcp, we observed small
populations of molecules with either half or twice the average
extension of single, linear A-DNA molecules. The molecules
having shorter extension values are circular A-DNA molecules
that are formed due to HCVcp-assisted intramolecular annealing of
the single-stranded overhangs. The molecules with twice the
normal extension values are linear concatemeric A-DNA structures
(e.g., dimers) that arise from HCVcp-assisted intermolecular
annealing. To further support this conclusion, we performed similar
experiments with T7-DNA, which has blunt ends, and did not
observe the formation of circles or concatemers. The fractional
abundance of circles and concatemers for A-DNA in the presence of
HCVcp is limited by the unavoidable competition between the
chaperone-assisted annealing at low concentrations (<0.1 pM) of
HCVcp and DNA compaction at higher concentrations.
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4. Discussion and conclusion

The goal of this study was twofold; to demonstrate how we can
study global structural changes in long dsDNA molecules that are
individually-confined in solution using a novel nanofluidic device
and to use this methodology to understand how the HCVcp in-
teracts with long dsDNA.

The work described above showcases the general utility of
nanofluidic devices, particularly our novel dynamic nanofluidic
device, for single-molecule investigations of nucleic acid-protein
interactions. Compared to other single-molecule methods, nano-
fluidic channels have several advantages for studying genome-
length dsDNA molecules. The use of nanofluidic channels allows
molecules to be visualized without any chemical modifications to
the ends of the DNA. The ends of linear genomic DNA are important
in many areas of biology, e.g., repair of double-stranded breaks in
DNA, where our device might prove to be very useful. Furthermore,
nanofluidic devices also permit visualization of large, protein-
induced structural changes in DNA molecules that are confined in
solution using a miniscule stretching force (<1 pN) that is compa-
rable to the forces expected to be present in crowded cellular en-
vironments. Finally, the current design associated with our
dynamic nanofluidic device makes it possible to dynamically alter
the solution conditions, thereby allowing us to iteratively expose
the DNA to different proteins.

By exploiting the numerous advantages provided by nanofluidic
devices [5], we have been able to investigate how the hepatitis C
virus core protein (HCVcp) interacts with genome-length dsDNA.
As previously observed for short (<100 nts) DNA and RNA mole-
cules, this positively charged intrinsically disordered viral protein
functions primarily as a macromolecular counterion for nucleic
acids [8]. In this way, the basic amino acids of the protein screen the
repulsive electrostatic interactions between proximal phosphate
groups, which allows otherwise extended nucleic acids to more
readily adopt compact conformations. Here, we observe that
HCVcp-induced compaction: (i) preferentially begins at the ends of
the linear DNA; (ii) occurs in circular DNA that lacks free ends; and
(iii) is reversible via the addition of Proteinase K. Additionally, the
rate of HCVcp-induced compaction of T4-DNA (Fig. S1) increases
with increasing protein concentration, suggesting that the extent of
compaction is governed by the occupancy of HCVcp on the DNA,
which increases at higher concentrations due to the bimolecular
nature of this association. However, the full molecular details of the
compaction process remain to be explored.

Nevertheless, the global compaction arising from HCVcp bind-
ing likely primes nucleic acids (of any length) for further confor-
mational transitions to more charge-dense forms involving, for
example, the annealing of unpaired nucleobases. Indeed, we
observe that HCVcp can chaperone both inter- and intramolecular
annealing of A-DNA with complementary single-stranded over-
hangs. Although our investigations focus on dsDNA, it is conceiv-
able that similar principles could also govern the RNA-protein
interactions responsible for forming the hepatitis C virus nucleo-
capsid, as HCVcp-induced RNA compaction and HCVcp-chaperoned
RNA conformational transitions are likely essential aspects of the
assembly process.
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