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ABSTRACT

Electrophoretic transport plays a pivotal role in advancing sensing technologies, with A-form
nucleic acids, predominantly RNA-containing, emerging as the new frontier for nanopore sensing
and sequencing. Here, we compare the less-explored dynamics of A-form electrophoretic transport
with the well-researched transport of B-form DNA. Using DNA/RNA nanotechnology and solid-
state nanopores, the translocation of RNA:DNA (RD) and DNA:DNA (DD) duplexes was
examined. Notably, RD duplexes were found to translocate through nanopores up to 1.8 times
faster than DD duplexes, despite containing the same number of base pairs. Our experiments reveal
that A- and B-form duplex molecules with the same contour length move with comparable velocity
through nanopores. We examined the physical characteristics of both duplex forms using atomic
force microscopy, agarose gel electrophoresis, and dynamic light scattering measurements. With
the help of coarse-grained and atomistic molecular dynamics simulations, we find the effective
force applied by the electric field to a fragment of A-form or B-form duplex in a nanopore to be
approximately the same. Our results shed light on the significance of helical form in nucleic acid
translocation, with implications for RNA sensing, sequencing, and molecular understanding of

electrophoretic transport.
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INTRODUCTION

Molecular transport encompasses the movement of molecules across various mediums. One
specific type is electrophoretic transport, where charged molecules migrate in response to an
external electric field (1, 2). Such electrophoretic transport is central to nucleic acid analysis,
particularly in gel electrophoresis, where DNA or RNA fragments are separated according to their
size by the degree of their displacement through a gel matrix under the influence of an electric
field. The electrophoretic transport is paramount to nanopore-based technologies where individual
nucleic acid molecules are captured and driven through a nanopore by an external electric field,

enabling rapid sequencing and molecular sensing (3—10).

Nanopores have emerged as a versatile tool to study electrophoretic transport of nucleic acids at
the single-molecule level (3, 10-14). Previous studies have primarily focused on understanding
nanopore translocation of DNA:DNA (DD) and RNA:RNA (RR) duplex molecules (15-17). The
key physical quantity governing such transport is the effective force (Fg), that the external electric
field, E, applies on the translocating molecule, conditioning both the capture rate and the
translocation velocity of the molecule (17, 18). The nanopore translocation is opposed by the drag
force of the solvent (F,;) that, for translocations at low Reynolds number, is equal in magnitude
and opposite in direction to the driving force. Thus, the electrophoretic transport of polyanionic

polymers is primarily governed by the balance of the drag and electrophoretic forces.

Numerous factors can influence nucleic acid duplex translocation through a nanopore. One of the
most studied factors that affects the nucleic acid velocity is the charge of the nucleic acid (16, 18—
20). At physiological pH conditions, nucleic acid duplexes carry a negative charge because of their
phosphate backbone, which ensures unidirectional translocation through a nanopore under external
electric field (15, 21-23). The length of the duplex was found to affect the translocation velocity
through friction with the solvent even outside of the nanopore, with longer helices experiencing
higher drag forces and hence slower translocation rates compared to shorter helices (24).
Understanding and manipulating these factors are essential for controlling and optimizing nucleic

acid duplex translocation dynamics in nanopore-based applications.

Herein, we demonstrated how different forms of a nucleic acid duplex, namely B-form DD
duplexes and A-form RNA:DNA (RD) duplexes (25-27), influence their electrophoretic velocity

in nanopore translocation experiments. Given the increasing interest in nanopore detection of RD
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constructs (7-9, 28-32), we characterize here the factors affecting the translocation of RD
molecules using equivalent data for DD molecules as a reference. We find that expressing the
length of the duplex as a total base pair count or as its contour length has a major effect when
comparing the translocation kinetics of RD and DD molecules. We determine the molecular cause
of our unexpected experimental observations through a combination of gel electrophoresis, atomic
force microscopy (AFM), dynamic light scattering and molecular dynamics (MD) simulations. We
show that the effective force acting on a unit length of A-form and B-form duplexes in a nanopore
is nearly the same and that the difference in the translocation kinetics of the A-form and B-form
duplexes can be attributed to the difference of their contour lengths. These insights are expected
to facilitate accurate analysis of RNA structural isoforms and contribute to the broader

understanding of electric field-driven translocation through nanoscale constrictions.

MATERIALS AND METHODS

DNA scaffold preparation

In order to generate linear fragments of specific lengths, we performed a double-digestion on
M13mp18 single-stranded circular M13 DNA (Guild Biosciences, 100 nM, 7,249 nt). In the first
double-digestion reaction two DNA fragments of 3,621 nt (D) and 3,628 nt (D’) were generated
using Dralll and BaeGI enzymes (New England Biolabs; Figure Sl1a). The digestion reaction
involved annealing two oligonucleotides (Figure S1b) to the 7,249 nt circular scaffold, creating
restriction sites for Dralll-HF and BaeGI-HF enzymes (Figure S1c). We mixed 8 uL of ssM13
scaffold with 1 uL of oligonucleotide A (100 uM, Integrated DNA Technologies), 1 puL of
oligonucleotide B (100 uM, IDT), and in 1 x CutSmart buffer (NEB). The reaction mixture was
pipetted ten times to ensure thorough mixing, briefly spun down, heated to 70 °C for 30 s, and
slowly cooled down to room temperature (20 °C) over 40 min. The resulting annealed structure
was then combined with 1 pL of Dralll-HF (NEB; 100,000 units/mL) and 1 pL of BaeGI-HF
(NEB; 100,000 units/mL) and incubated for 1 h at 37 °C. Subsequently, the mixture was purified
using the Monarch PCR and plasmid DNA purification kit (NEB), eluted in 10 mM Tris-HCl pH
8.0 and stored at -20 °C for further experiments. The concentration of the cut scaffold was

estimated using a NanoDrop UV-Vis spectrophotometer.
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To prepare a DNA scaffold measuring 2,724 nt in length, we followed an identical protocol, but
employed restriction endonucleases Drdl (NEB; 10,000 units/mL) and Afel (NEB; 10,000
units/mL) instead, along with oligonucleotides C and D (Figure S1 d-f).

Preparation of DNA:DNA identifier

To prepare the DNA:DNA identifier, we mixed 12 pL of the cut scaffold (30 nM) with 2.4 uL of
complementary oligonucleotides specific to the desired fragment either for the 3.6 kbp or 2.7 kbp
cut DNA scaffold (concentration of each oligo 1 uM, IDT). Additionally, we added 4 uL of a
filtered solution of MgCl> (100 mM, pH 7.4) or LiCl (1 M, pH 7.57), 4 uL of a filtered solution of
Tris-HCI (100 mM, pH 8.0), and nuclease-free water to reach a total volume of 40 uL. The reaction
was incubated at 70 °C for 5 min and then slowly cooled down over the course of 1 h to reach
room temperature (20 °C). To remove excess oligonucleotides, the mixture was subjected to
filtration using 0.5 mL. Amicon Ultra filters with a 100 kDa cutoff. Specifically, the 40 uL reaction
was combined with 460 puL of washing buffer (10 mM Tris-HCI, pH 8.0; 0.5 mM MgCl»), and
centrifuged for 10 min at 9,300 x g at 4 °C. The flowthrough was discarded, and the previous
washing step was repeated. After the second washing step, the filter was inverted and placed into
a fresh 2 mL microtube. The filter was the spun down for 2 min at 1,000 x g and 4 °C. The resulting
sample was transferred to a 0.5 mL low binding DNA tube (Eppendorf) and stored at 4 °C until

further use.

Preparation of RNA:DNA identifier

To prepare the RNA:DNA identifier we combined 12 pL of 3,569 nt long MS2 RNA (Roche; 30
nM) with 2.4 uL. of complementary oligonucleotides each at a concentration of 1 puM (IDT), 4 uL.
of a filtered solution of MgCl, (100 mM, pH 7.4) or LiCl (1 M, pH 7.57), 2.9 uL of a filtered
solution of Tris-HCI (100 mM, pH 8.0), and nuclease-free water to reach a final volume of 40 pL.
The reaction was incubated at 70 °C for 5 minutes and then slowly cooled down over the course
of 1 hour to reach room temperature (20 °C). Subsequently, the mixture was stored at 4 °C for

future use.

Annealing of DNA and RNA duplexes

For the annealing process, we mixed the DD and RD 26 bp duplexes by combining
oligonucleotides with the same sequence but different nucleic acid types (RNA or DNA). The
reaction was performed in a solution containing 10 mM Tris-HCI (pH 8.0) and 100 mM LiCl (pH
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7.57). The reaction was incubated at 70 °C for 5 minutes and then slowly cooled down over the
course of 1 hour to reach room temperature (20 °C). Afterwards, the annealed duplexes were stored

at 4 °C.

Dynamic Light Scattering (DLS) of duplexes

To obtain the zeta potentials of the 26 bp DD and RD duplexes, measurements were conducted
using a Malvern Zetasizer Nano ZSP instrument. The duplexes were prepared in nanopore
measurement buffer with 4 M LiCl and 1 x TE pH 9.4. The DLS measurements consisted of 30

runs performed in triplicates to ensure accuracy and reliability of the data.

Atomic Force Microscopy (AFM) imaging of identifiers

Atomic Force Microscopy (AFM) imaging of the 3.6 kbp long RD and DD duplexes was
performed using an MFP-3D AFM System from Asylum/Oxford Instruments. The imaging was
conducted in air using the non-contact mode. The duplexes were diluted to a concentration of 1
ng/uL in 1 mM MgCl,, and 10 pL of the solution was added to freshly cleaved mica. After a 1-
minute incubation, the mica surface was rinsed with filtered Milli-Q H20O and then dried with
nitrogen. The mica plate was affixed to the AFM sample stage using double-sided adhesive tape

prior to scanning. Image visualization and analysis were carried out using Gwyddion software.

Native agarose gel electrophoresis

To perform native agarose gel electrophoresis, we prepared a 0.8% (w/v) agarose gel in 1 x
Tris/Borate/EDTA buffer (TBE) using RNase-free water. To inactivate potential RNases, we
added 0.05% (v/v) bleach (NaOClI) to both the gel and running buffer (33). The samples were
mixed with 6 x purple loading dye without sodium dodecyl sulfate (NEB) and with 10 x TBE to
make a 1 x solution. The gel was run in an ice bath for 2-3 hours at a constant voltage of 70 V
using a BioRad electrophoresis power supply. After electrophoresis, the gel was washed with
nuclease-free water and incubated for 10-15 minutes in 3 x GelRed (Biotium) staining solution.
The post-stained gel was imaged using a UV lamp (Agitium), and the images were uniformly
adjusted using the Fiji ImageJ plugin (34). The adjustments included inverting the grayscale,
subtracting the background using a 150-pixel rolling ball algorithm, and adjusting the brightness

and contrast. A 1 kbp ladder (NEB) was used for the relative comparison of the bands.
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Nanopore measurements and data analysis

Nanopore measurements were recorded using an Axopatch 200B current amplifier and filtered at
100 kHz with a 1 MHz sampling rate. All the measurements were run in 4 M LiCl, 1 x TE, pH 9.4
under 600 mV applied voltage at concentration of DD and RD in a range of 0.3-0.5 nM. Custom-
built LabVIEW codes (35) were utilized for data recording and analysis. In brief, individual
nanopore events were separated based on the minimal current drop threshold (80 pA), minimum
duration (0.1 ms), and a manually adjusted range of event charge deficit (ECD) that typically fell
within the range of 10 to 500 fC. These isolated nanopore events were further selected to exclude
folded molecules, fragments, and aggregates (29, 36). The RD and DD duplexes were identified

within the unfolded, linear events.

All-atom MD simulations of short RD and DD duplexes

Except where specified, all-atom MD simulations were performed using the NAMD package (37),
the CHARMM36 additive force field (38, 39) with CUFIX corrections for interactions between
ions and phosphates (40), periodic boundary conditions, smooth truncation of short-ranged non-
bonded atomic interactions between 8 and 10 A, and particle mesh Ewald summation (41) with a
1 A grid spacing for long-range electrostatics. Hydrogen mass repartitioning (42) enabled use of a
4-fs timestep, while hydrogen bonds were constrained by SHAKE and RATTLE algorithms (43).
A Langevin thermostat applied to non-hydrogen atoms held the temperature constant at 291 K
with a damping coefficient of 0.1 ps~'. In constant pressure simulations, a Langevin piston barostat
was employed to maintain a pressure of 1 atm with piston period and decay times of 2 and 1 ps,
respectively, with the cell basis vector along the helical axis fluctuating independently from the
other axes. Where specified, the colvars module (44) of NAMD was used to restrain the center of
mass of all phosphorus atoms using a spring constant of 500 kcal mol ™! A2, Atomic coordinates

were recorded every 25,000 steps.

The simulation systems were assembled using idealized configurations for the duplexes (B-form:
21 bpand 3.4 A rise; A-form: 22 bp and 2.6 A rise) before solvating with a pre-equilibrated patch
of TIP3P water. Water molecules were randomly replaced with ions to neutralize the system and
provide a 4 M LiCl solution. The configurational energy of each system was minimized through
1000 steps of the conjugate gradient method, followed by 3-4 ns of simulation with non-hydrogen
duplex atoms harmonically restrained about their initial positions (kspring = 0.2 kcal mol™') and the

volume held fixed, followed by at least 5 ns equilibration with a barostat. In subsequent production
7
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simulations with an electric field or constant external force applied, the system volume was held
constant. Four to eight replicas of each system were used for the production simulations with total

sampling of at least 400 ns for each data point.

Coarse-grained simulations of the full-length RD and DD duplexes

First, a continuum model of the glass nanopore (nanopipette) was constructed using COMSOL
with Electrostatics, Transport of Diluted Species, and Creeping Flow physics modules used to
solve an axisymmetric 2D model. The length of the pipette was set to 300 nm, the inner radius of
the aperture to 5 nm, the pore widening angle to 4.87° for the first 50 nm and 1.2° for the rest of
the pipette. The chambers of solution on either side of the pipette were 300 nm long (along the
axis of the pore) and 150 nm in radius. The ion concentration was set to 4 M and the diffusion
coefficients were set to 1.030x10 and 2.032x10° m?%s for Li* and CI", respectively. The
opposing ends of the two chambers provided 600 mV and electrostatic ground, zero pressure, and
constant ion concentration boundary conditions. The walls of the chambers and the nanopore were
subjected to zero ion flux and no-slip fluid boundary conditions. Zero and —0.01 C/m? charge
density was set as the boundaries of the chambers and at the surface of the pipette, respectively.
The COMSOL modules were coupled via a volumetric charge density prescribed by the local
concentration of ion species, the convective motion of the fluid acting on the ions, and a volume
force acting on the fluid due to the ions. The resulting solution for the electrostatic potential was
exported as previously described (45) using custom Python scripts to interpolate the points to a
regular cartesian lattice with a 10 A spacing along the pore axis and a 5 A spacing in the orthogonal
directions. A steric potential u was generated in regions where the COMSOL solution was invalid
(i.e. inside the pore walls) by calculating the distance d to the nearest voxel with a valid solution,
and setting the steric potential t0 U = kgpring X d?, where kspring = 4 kcal mol™ A2 An
algorithm was then used to iteratively fill invalid voxels of the electrostatic potential with the
average value from immediately neighboring valid (or previously filled) voxels. The potential
acting on each bare charge of a DNA duplex was reduced by a factor of 1/32 to represent the

effective force.

Using the multiresolution mrDNA Python package (46), a model of a 2.7 kbp B-form DD duplex
molecule was relaxed in three simulations with resolutions of 10 and 5 bp/bead and 1 bp/2 beads
lasting 120, 6, and 2.4 ps respectively (timesteps of 200, 100, and 40 fs). During the simulations,

a harmonic restraint (Kspring = 1 kcal mol™! A? applied to one end of the DNA was moved from 25
8
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nm outside to 12.5 nm inside the pore. The pore was represented only through the steric potential
during the simulations. This process was performed eight times to provide unique initial conditions
for subsequent production simulations that employed both electric and steric potentials, used a 1
bp / 2 bead model with 40 fs timestep, and lasted at least 300 ps until the duplex had translocated
most of the way through the pore.

For the RD duplex, the same contour path at the end of the equilibration simulations was used to
initialize the coordinates of a 1 bp / 2 bead model of a 3.6 kbp A-form duplex, adapted from
mrDNA to have potentials consistent with a helical rise of 11.6 vs 10.44 bp, an inter base pair
spacing of 2.77 vs 3.4 A (47), and a persistence length of 60 vs 50 nm. For RD duplexes, the force
due to the electrostatic potential was scaled by the ratio of the effective electrophoretic forces
acting on A- and B-form duplexes as observed in our all-atom MD simulations. Additionally, the
diffusivity of each bead was scaled by the ratio of A- to B-form hydrostatic mobilities as observed
in all-atom MD simulations. Prior to production simulations, each RD system was relaxed with
only the steric pore potential applied during an additional 2.4 ps simulation, during which the

linking number of the duplex was allowed to relax.

After the completion of the trajectories, the steric exclusion model (SEM) (48) was used to
calculate the ionic current blockade in each system as described previously, except the results of
the ionic conductivity from all-atom MD simulations were used to compute the dependence of the
conductivity of the solution on the distance from the duplex (49). The experimental values for the
bulk conductance near 4 M LiCl (50) was interpolated to provide the value of 151 mS/cm used in

the SEM calculations.
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RESULTS AND DISCUSSION

A-form duplex translocates faster through a nanopore than the B-form duplex with the same
number of base pairs

In our experiment, we investigated the nanopore translocation of nucleic acid duplexes using RNA
or DNA as scaffolds for short complementary DNA oligos (Figures 1a, the design of RD and DD
structures are shown in Figure S2 and S3, respectively). We utilized MS2 RNA, which is 3,569
nt long, as the RNA scaffold. Initially, single-stranded M13 DNA, with a length of 7,249 nt, was
double-cut using two restriction endonucleases to create a DNA scaffold constituted by a similar
number of base pairs (Dralll and BaeGI; the Supporting Information Figure Sla-c). As an
example, the double-cut M13 DNA produced a DNA fragment 3,621 nt long (Figure 1), which
differs only in 0.2% from the length in base pairs of MS2 RNA. The DNA oligos used for
assembling the 3.6 kbp RD and DD duplexes can be found in Tables S1 and S2, respectively.

Figure 1b displays the physical characteristics of RD and DD duplexes. RD is expected to form
an A-form duplex with a base pair rise of approximately 0.26 nm and a width of 2.3 nm. In contrast,
DD forms a canonical B-form duplex with a base pair rise of approximately 0.34 nm and a width
of 2 nm. Consequently, the contour length of RD is 24 % shorter than that of DD for the same
number of base pairs. Both polymers are translocated through the same nanopore (Figure 1c¢) to
assess current blockage, translocation time, and determine their velocities independent of nanopore

geometry and electric field distribution.

Nanopore translocation time refers to the duration required for a polymer, such as a nucleic acid
duplex, to pass through the nanopore one end to the other (11, 21). The translocation of duplexes
is driven by an electrophoretic force. Consequently, by monitoring the ionic current over time, we
can observe a drop in current, indicating the translocation of the duplex. In our case, the wider
duplex, RD, is expected to induce a larger current drop, while the longer DD should block the ionic

current for longer.

Another characteristic that we monitor during duplex translocation is the event charge deficit
(ECD) which represents the area of a nanopore event. Previous studies have demonstrated that
DNA can translocate in a folded conformation (51), resulting in events with similar ECD compared
to linear conformation events, albeit shorter and deeper. Therefore, one might hypothesize that the

shorter and wider RD would exhibit a comparable ECD to the longer and thinner DD.
10
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We conducted measurements of RD and DD samples using glass nanopores with a diameter of
approximately 10 nm under 600 mV (35) (Figure 1d-h; nanopore details are given in Table S3).
The RD identifier (ID) was designed as “11100" and the DD ID was designed as “11001" (Figure
1d and 1e, respectively; Figure S2 and S3) with nearly identical molecular weight. The different
IDs allowed us to discriminate between RD and DD, enabling simultaneous nanopore
measurement of both species. In the ID sequence, a 'l' represents a site with a 3" biotinylated
oligonucleotide that can bind with monovalent streptavidin and induce additional current blockage
for molecule identification, while '0' represents a site without the biotin-streptavidin conjugate.
The base pair distance between neighboring 'l' and '0' was the same (Figure 1a). Example
nanopore events clearly show the '11100' ID for RD and the '11001' ID for DD, as shown in Figure

1d and e, respectively (more example events are provided in Figure S4).

We collected data on ECD, translocation time, and current drop for RD and DD nanopore events
(Figure 1f, g, h; additional data are provided in Figure SS). RD translocates 1.8 times faster than
DD, with translocation times of tzp = 0.32 %+ 0.006 ms and 7, = 0.57 £ 0.009 ms for RD and
DD, respectively (Figure 1f, g). As expected, RD exhibits a deeper current blockage due to its
wider diameter (Figure 1h), however this does not compensate for the shorter translocation time
in the ECD (52) meaning that the velocity is not identical. Further confirmation is provided by the
mean event current versus time for all events that clearly indicates two main non-overlapping
populations (Figure 1f). To delve deeper into this unexpected difference in translocation times,

we designed RD and DD duplexes with similar contour lengths.
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Figure 1. A-form RNA:DNA (RD) and B-form DNA:DNA (DD) duplexes with the same number
of base pairs exhibit different velocities. (a) Single-stranded RNA (orange) and DNA (turquoise)
molecules, approximately 3.6 kbp in length were hybridized with short DNA oligonucleotides (25-
38 nt; black). The assembly of RD (orange:black) and DD (turquoise:black) molecules is
schematically presented. Biotinylated oligonucleotides (grey circles) were strategically placed at
specific positions, enabling binding with monovalent streptavidin (white region indicates biotin-
binding domain) to generate a molecule-specific code for distinguishing RD and DD in nanopore
measurements. RD produces the ID "11100" since grey labels are equally interspaced, and DD
produces ID “11001" where "0 indicates the absence of a label. (b) Proposed model structures of
RD and DD duplexes, corresponding to A-form and B-form, respectively. The A-form corresponds
to the shorter and wider RD. (c¢) Electrophoretically driven negatively charged RD or DD duplexes
translocate through the nanopore toward the positively charged electrode. Example nanopore
events of RD and DD duplexes are depicted in (d) and (e) respectively. Grey downward spikes
indicate labels and the ID as “11100" for RD and "11001" for DD. (f) A scatter plot of the mean
event current versus T is shown for both RD and DD. The plot indicates two distinct populations
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corresponding to RD and DD codes "11100" and “11001°, respectively. The experiments were
repeated with three different nanopores for both RD and DD present together in the solution. The
sample size was 80. (g) The translocation time (t) of RD is 1.8 £ 0.2 times shorter than that of DD
of the similar number of base pairs. (h) The current blockage (AI) of the RD duplex is 1.14 + 0.01
times lower than that of DD. The errors represent + standard error of the mean.

Contour length of a nucleic acid duplex governs translocation velocity rather than the
number of base pairs

We aimed to investigate whether the contour length, rather than the number of base pairs, plays a
significant role in the translocation velocity of a nucleic acid duplex through a nanopore. To this
end, we created a 2.7 kbp DNA fragment (DD) with an absolute length of approximately 930 nm,
matching the contour length of the 3.6 kbp RD duplex (930 nm). The 2.7 kbp single-stranded DNA
was generated by cutting a 7,249 nt ssM13 with specific restriction enzymes (Drdl and Afel;
Figure S1d-f) and used as a scaffold to assemble the DD duplex with the ID “11001" (the design
of DD is shown in Figure S6; the sequences for 2.7 kbp DD are listed in Table S4. Again, we
performed parallel measurements of both RD and DD constructs using multiple nanopores to
observe their translocation behavior, as shown in Figure 2 (additional data are provided in Figure

S7).

Example events of RD “11100° and DD “11001" are presented in Figure 2a and b, respectively
(additional events are displayed in Figure S8). It is noteworthy that their translocation velocities
appear similar despite RD having 25% more base pairs than DD. We plotted the translocation time
of the RD and DD duplexes, revealing translocation times of 0.355 £ 0.004 ms and 0.351 + 0.004
ms and hence similar velocities (Figure 2c, d). As in the initial experiments, the mean current drop
of RD is higher than that of DD due to its wider structure (Figure 2e). The scatter plot demonstrates
that RD and DD events exhibit similar translocation times, while RD displays a higher current
drop (Figure 2c¢). Therefore, we can conclude that the absolute length of the duplex, rather than
its overall charge or molecular weight, is the primary factor determining the velocity of the duplex
during translocation. The absolute values of the translocation time and of the mean event current
in Figure 2 can be different from Figure 1 due to the use of different nanopores with slightly
varying opening angle and diameter (nanopore details are given in Table S3 and S5). Hence, we
repeated the measurements with at least three different nanopores to confirm that the ratio between

RD and DD is consistent for the RD and DD duplexes of the same contour length (Figure S7).
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Lastly, we verified that the translocation time of RD and DD does not alter significantly during

the nanopore measurement (Figure S9).
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Figure 2. RD and DD duplexes with the same contour length exhibit comparable translocation
velocity. We generated 3.6 RD and 2.7 kbp DD molecules with the same absolute length of 930
nm and found that they translocate through the nanopore at similar velocities. Example events of
3.6 kbp RD and 2.7 kbp DD duplexes are presented in (a) and (b) respectively. Grey downward
spikes indicate labels and the ID as "11100" for RD and "11001" for DD. (¢) A scatter plot of the
mean event current versus T is shown for both RD and DD. The plot indicates overlapping
populations corresponding to RD and DD codes “11100° and “11001°, respectively. The
experiments were repeated with multiple nanopores for both RD and DD present together in the
solution. The sample size was 138 nanopore events. (d) The translocation time (t) of RD 0.355 +
0.004 ms, is similar to that of DD 0.351 + 0.004 ms with the similar contour length. (e) The current
blockage (AI) of the RD duplex is larger magnitude than that of DD. The errors represent +
standard error of the mean.

Length and zeta potential measurements verify the expected values for RD and DD

In order to validate the physical characteristics for RD and DD, we conducted length and zeta
potential measurements. Initially, we determined the length of the duplexes in base pairs using
agarose gel electrophoresis (Figure 3a). Lane 1 of the gel represents a 1 kbp ladder (NEB) for
reference. Lanes 2 and 3 correspond to the MS2 RNA and cut M13 DNA scaffolds, respectively.
The cut M 13 scaffold generates two single-stranded fragments of approximately 3,600 nt in length,
with the top band representing a single-cut portion of ssM13 (7,249 nt). The assembled DD
duplexes in different salt solutions are displayed in lanes 4 and 5, while assembled RD duplexes
are presented in lanes 6 and 7. It is evident that both RD and DD duplexes are efficiently assembled
14
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in both 10 mM MgCl, and 100 mM LiCl. In the case of DD assembled in 10 mM MgCl,, some
structures appear to partially aggregate, whereas this aggregation is not visible in the DD duplexes
assembled in LiCl solution. The presence of multiple bands in DD is expected due to the presence
of three sequences: single-cut linear M13 (7,249 nt) and two fragments produced by double-cut
M13 (=3,600 nt). The majority of molecules correspond to DD (=3,600 bp in length) with ID
“11001°, and the bottom band corresponds to the second half of the cut M13 (=3,600 nt) denoted
as D’. The topmost band represents uncut M 13, where one half is hybridized with the *11001" ID
oligos (DD) and the other half remains unpaired (D’). The agarose gel indicates that these two

duplexes have similar molecular weight i.e. the similar number of base pairs.

The zeta potential, which is an important parameter often used to predict nucleic acid duplex
velocity, was determined for RD and DD duplexes of the identical base pair length (26 bp) using
DLS (Figure 3b). The zeta potential measurements demonstrated that RD and DD possess similar
zeta potential values, indicating no significant difference in their surface charge. The theoretical
surface charge of RD and DD differs by approximately 10 % if calculated based on the surface
charge of a cylinder using the equation ¢ = q/2mnrh, where o represents the surface charge, g =
2e is the charge per base pair, r is the duplex radius and / is the base pair rise. Hence, the measured
zeta potentials of RD and DD align within the margin of error, confirming the agreement of their

surface charges.

To validate the contour length of RD and DD, we performed AFM imaging (Figure 3c-e). We
measured the length of 3.6 kbp RD and DD molecules from AFM images using Fiji ImageJ (34).
The measured length of RD was found to be 906.5 + 8.7 nm, while for DD it was 1144.4 + 5.8 nm
(Figure 3c). These measurements are consistent with the values previously obtained from AFM
imaging (53). The AFM images of RD molecules are shown in Figure S10a, with an example
displayed in Figure 3d. These images predominantly show duplex structures. On the other hand,
AFM images of DD (Figure S10b; Figure 3e) exhibit multiple species, as observed in the agarose
gel analysis (Figure 3a), including coiled single-stranded D' and DD + D' formed from single-cut
M13. The AFM images also reveal the presence of single-stranded coils originating from non-
complemented ssM13 DNA (Figure S10b). The AFM results regarding the length of the molecules
support the assumption that RD adopts an A-form duplex conformation, while DD adopts a B-

form duplex conformation.
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Figure 3. Length and charge of RD and DD were verified using agarose gel electrophoresis, DLS,
and AFM imaging. (a) RD and DD duplexes were analyzed using 0.8 % (w/v) agarose gel in 1 x
TBE indicating a similar running speed. The gel lanes were as follows: 1 — 1 kbp ladder; 2 — MS2
RNA (3.6 kbp); 3 — cut ssM13 (7.2 kbp); 4 — assembled DD with ID "11001" in 10 mM MgCls; 5
—assembled DD with ID "11001" in 100 mM LiCl; 6 —assembled RD ID "11100" in 10 mM MgCl;
7 — assembled RD with ID “11100" in 100 mM LiCl; D’ represents to the half of ssM13 7.2 kbp
(3,600 nt) that was not used for DD assembly. (b) The zeta potential of 26 bp DD (turquoise) and
RD (orange) was measured in the nanopore measurement buffer (4 M LiCl, 1 x TE, pH 9.4) and
found to be similar, both close to -13 mV. The sample size consisted of three technical replicates
with 30 runs. (¢) AFM imaging of =3.6 kbp RD and DD revealed contour lengths of 906.5 + 8.7
nm and 1144.4 + 5.8 nm (standard error of the mean), respectively. The sample size for RD and
DD was N =155 and N = 87, respectively. (d) An example AFM image illustrating the RD duplex.
(e) An example AFM image illustrating the DD duplex. The scale bars for (d) and (e) are 100 nm.

Molecular dynamics simulations elucidate the force per unit length exerted on A-form and
B-form duplexes

We performed all-atom molecular dynamics (MD) simulations to characterize the effective
electrophoretic force acting on RD and DD constructs. A typical simulation system contained a
nucleic acid duplex placed in a periodic box of solvent, Figure 4a. In a force measurement
simulation, a 25 mV/nm electric field was applied along the duplex while a harmonic restraint

opposed the displacement of the center of mass of the duplex. The resulting effective force, which
16
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is equal by magnitude and opposite in direction to the force of the restraint, was greater on DD
than an A-form RD duplex, Figure 4b, similar to that reported previously (54). When the force is
divided by the base pair rise of the respective duplex, the all-atom simulations yield 20.98 and
19.47 pN/nm for DNA:DNA and RNA:DNA duplex, respectively, corresponding to an ~8% higher
force per unit length on DNA:DNA duplexes (bar graph inset, Figure 4b). When an RD duplex
was constrained to a B-form configuration, the observed force matched exactly the force of a DD
duplex, indicating that the A-form geometry reduces the force per base pair rather than the
additional hydroxyl group in the RNA. Additional simulations of finite RD duplexes not bound
across the periodic boundary starting in A- and B-form geometries revealed that B-form RD
duplexes are unstable, while A-form RD duplexes are stable in 4 M LiCl, Figure S11a. Consistent
with the lower effective electric force, A-form RD duplexes were observed to translate more
slowly relative to the surrounding solvent compared to B-form RD duplexes in simulations of
periodic duplexes under applied field and no restraints, Figure 4c. However, when a 25 pN force
was applied directly to the helix, an A-form RD duplex was seen to move ~10% faster than a B-
form RD duplex, Figure 4d. Finally, the motions of the ions were analyzed to determine a
dependence of the conductivity of 4 M LiCl solution on the distance from a RD or DD duplex,
Figure S11d.

The mobility results from the all-atom MD simulations were incorporated into a coarse-grained
Brownian dynamics (BD) model of long duplexes undergoing nanopore translocation, Figure 4e.
The duplex models used two beads to represent every base pair with the beads connected by
harmonic potential that recapitulate the experimental persistence lengths (DD: 50 nm; RD: 60 nm)
using data for RR as a proxy for RD duplexes. The current blockade was estimated during BD
simulations of translocation for each 3.6 kbp DD and RD duplex, Figure 4f. The simulated ionic
current traces were found to reproduce the overall shape of the experimental current blockades (as
shown in Figure 2) with the exception of a current dip at the end of the translocation events, which
close inspection of the simulation trajectories attributed to DNA recoiling after its passage through
the nanopipette aperture. In our simulations, the RD duplex is found to translocate 17% faster than
the DD duplex with the same number of base pairs, matching the expectation of 15% faster
translocation from the all-atom mobility data and assuming the electric driving force is
independent of the helical form. In similar simulations performed with a longer pipette and a 2.7

kbp DD duplex of a contour length similar to that of the 3.6 kbp RD duplex, the RD duplex was
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found to move 10% slower than the DD duplex, despite containing 33% more base pairs, Figure
S12. The observed importance of the contour length is in agreement with the experimental results
within experimental errors. A quantitative agreement between experiment and simulations is not
expected due to experimental variability including nanopore shape (Figure 2¢, d) and smaller than

experimental dimensions of the simulation systems.
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Figure 4. Simulations of DD and RD duplexes. (a) All-atom MD simulation systems, each
containing two helical turns of nucleic acid duplex solvated in 4 M LiCl electrolyte (turquoise and
orange spheres depicted in the 9.4-A thick slab centered on the duplex). (b) Dependence of the
effective force on duplexes obtained from a harmonic restraining potential that held the center of
mass of the duplex at the origin while an electric field was applied in all-atom simulations. The
inset depicts the effective force per unit length of duplex. (¢, d) Displacement of duplexes in all-
atom simulations under a 25 mV/nm applied field (¢) or a 25 pN applied force (d). The slope of
the displacement provides an estimate of the electrophoretic and hydrostatic mobilities,
respectively. The inset in panel (d) depicts the dependence of the friction coefficient for a unit
length of duplex estimated from the hydrostatic mobility. (e) Snapshots depicting the translocation
of 3.6 kbp DD and RD duplexes through a conical nanopore in coarse-grained BD simulations.
The mobility and effective electric force acting on the duplexes was taken from the all-atom MD
simulation data. (f) Nanopore ionic current blockades estimated from one (RD) and four (DD)
replicates of the DD and RD duplex translocation simulations. The bold lines depict the average
current among the replicas.
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Discussion
Neglecting the possibility of direct interactions between a nucleic acid duplex and a nanopore

surface, a line charge density, defined as the number of charges per base pair, can be used to

_ qVxx

estimate the force F, on the nucleic acid molecules in nanopores as F,, = (55), where q is

Axx

the charge per base pair, V., the applied potential over the nanopore, and a,., the rise of RD or DD
duplex. Setting g = 2e and assuming Vy, = Vpp in the same nanopore, we estimate the force ratio

of RD over DD as

Prp _ 4VRD 9D -, 1 31 (1)
Fpp  qVpp arp
The result of ~1.3 greatly overestimates the force acting on the A form and contradicts both the

experimental results as well as the simulations.

A more realistic view of the forces determining translocation times is considering the
hydrodynamic friction with the solvent. Considered our recent results on the time dependence of
translocation time on molecular configuration (56), we assume the limiting case that both RD and
DD molecules are completely stretched out cylinders. The force ratio can then be calculated by
assuming that the drag force is equal and opposite to the driving force. Using the experimentally
obtained length of either molecule and 7 for our RD and DD measurements we find (the step-by-

step calculations are shown in the Section 1 and 2 of the Supporting Information):

Frp _ YRD LRD TDD (LLD)ZTD_D ~ 1.04 + 0.06, (2)

Fpp Ypp Lpp TrD Lpp/ TRrD

where y is the approximated friction coefficient of a long, thin cylinder; L is the contour length of

the duplex; and 7 is the nanopore translocation time of the corresponding duplex, RD or DD. The

2nnL

n/20) for both DD

friction coefficient for the limiting case of long rigid rods is (L > r) as y =

and RD (57). Hence, the force ratio yields a value close to one using the experimental results. This
is in excellent agreement with the MD simulations that revealed a force ratio per contour length
differs by a few percent. Both AFM imaging and MD simulations demonstrated that the RD duplex
indeed has A-form while the DD duplex has B-form. In the simulations, we tried to force RD to

be B-form. However, this form was unstable in the MD simulations, further confirming that the
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contour length is as postulated. The zeta potential, an indicator of the surface charge, is also similar

for both the RD and DD duplex.

When discussing the electrophoretic transport of nucleic acids, reliance solely on gel
electrophoresis data presents inherent challenges (58, 59). Notably, the correlation between gel
type and percentage with the translocation behaviors of A-form and B-form duplexes is not always
linear, with interactions between the gel matrix and the duplexes significantly influencing the
outcomes (58, 59). However, it is imperative to understand that gel characterization, while useful
for determining relative DNA or RNA lengths, is not adept at discerning the relative translocation
velocities of their movement within an electric field. Therefore, to address this intricacy, the
adoption of nanopores combined with simulations emerges as a more precise and insightful

approach.

CONCLUSIONS

We have demonstrated that nanopore transport of double-stranded nucleic acids is influenced by
the molecular structure of the duplex molecules, with RD (RNA:DNA) duplexes translocating
faster than their DNA-only counterparts (DD).

Both experiments and simulations show that the force of an external electric field per unit length
of A-form RD or B-form DD duplexes is similar within uncertainty of the measurement and, hence,

the contour length of the molecule is a primary determinant of the translocation time.

Further studies involving different forms of nucleic acids such as RR duplexes, C-DNA, and Z-
DNA in ionic liquids would contribute to a better understanding of molecular transport of nucleic
acids (60). The higher velocity of RD duplexes has implications for the density of labels in RNA
identifiers used for nanopore RNA analysis (29, 61), which is important for their design and
detection. This poses a challenge when applying nanopores for the analysis of shorter RNA
molecules (<2 kbp), and additional strategies for slowing down RNA identifiers may be necessary.
Our study provides insights into the differences in molecular transport between A-form and B-
form nucleic acids, offering a proof-of-concept model how charge and contour length influence
translocation dynamics in electrophoretic transport. The deeper understanding of translocation
dynamics of nucleic acids through nanopores is essential for accurate and precise analysis of RNA

structural isoforms and RNA-molecule interactions.
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