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Abstract: Single-walled carbon nanotubes (SWNTs) possess exceptional physical and optical properties
that make them promising candidates for biomedical and engineering applications. Chirality-pure and
enantiopure SWNTs are of particular interest. While single-stranded DNAs were shown to differentially
bind and sort SWNTs, the underlying mechanism is not well understood. In this study, we used molecular
dynamics simulations to investigate the binding of single and multiple DNA nucleotides to two (7,5) SWNT
enantiomers, E1 and E2. Our simulations reveal that nucleotide bases stack closer to the surface of the
E2 than the E1 enantiomer. Surprisingly, chiral single and dinucleotides did not exhibit enantiomer-
dependent preferences in angular orientations on the SWNT surface. However, ATT trinucleotides
exhibited differences in preferred orientations and arrangements of sugar atoms when bound to SWNT
enantiomers. Our results suggest that preferred arrangements of DNA sugar moieties may be an important
parameter that contributes to the differential binding of DNAs to SWNT enantiomers.

Introduction

Single-walled carbon nanotubes (SWNTs) possess unique optical, mechanical, thermal, and electronic
properties, which make them attractive candidates for various biomedical, engineering, and
nanotechnology applications. However, bulk samples of synthesized SWNTs usually contain a mixture
of nanotubes of different chiralities and thus different physical properties. SWNT chirality is represented
by a pair of integers (n, m), where n and m describe the carbon lattice structure and originate from the
vector ¢ = na, + ma,, where a, and a, represent the lattice vectors of the graphene sheet that is rolled up
to make a carbon nanotube'-"3. Except for the cases when n = m or m = 0, SWNTSs are chiral and exist
as two enantiomers which are mirror images of each other, where the left-handed isomer is called M and
the right-handed one is called P.'* The opto-electronic properties of SWNTs have a direct relation to their
chirality because the energies and densities of the electronic states of the SWNTs are affected by their
transverse structure's8.

To use SWNTs with physical and opto-electronic properties specifically fitting the given application
need, it would be useful to pre-sort SWNTs into single-chirality enantiopure samples. Previous studies
showed that some ssDNAs can differentially bind and sort SWNTs of specific chiralities. For example,
chiral SWNTs were bound to ssDNAs and sorted with the help of aqueous two-phase partitioning and
chromatographic methods'®-?4, Other recent approaches successfully combined experiments with machine
learning to conduct systematic search for DNA sequences to sort chiral carbon nanotubes®. Some DNAs
were also shown to differentially bind, with low and high affinity, to two enantiomers of the same chirality?.
In the latter case, even though the SWNT enantiomers are mirror images of each other, two M and P
enantiomers with the same (n,m) index interact differently with chiral single stranded DNA molecules.

Despite several theoretical and computational investigations of SWNT sorting®’~?°, the molecular
mechanism behind the recognition of different chiralities / enantiomers of SWNTs by ssDNAs is not yet
well understood, and there are still no established physical principles which could help in prediction of
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ssDNA sequences which can sort SWNT species. Here, we examine the molecular recognition of SWNTs
by small DNA molecules using classical molecular dynamics (MD) simulations, focusing on the binding of
single, di- and trinucleotide DNAs to two enantiomers of (7,5) SWNT. We identify new structural factors
associated with distinct binding of small ssDNAs to SWNT enantiomers.

Methods

Atomistic Models of DNA-SWNT Systems. Two segments of (7,5) single-walled carbon nanotube
enantiomers, 4 nm in length, were built with the Carbon Nanostructure Builder plugin in VMD software®.
The initial coordinates of all single nucleotides (A, T, C, and G) and polynucleotides (AT and ATT) were
obtained by extracting their coordinates from several crystal structures found at the RCSB Protein Data
Bank®'. Each type of DNA molecule was positioned within 5 A from the outer SWNT surface, at midpoint
along the SWNT length, using our own tcl script. All the DNA-SWNT systems were solvated and neutralized
in 0.1 M NaCl aqueous solution with TIP3P water model, using solvate and ionize VMD plugins. Numbers
of atoms in all the built systems are summarized in Table $1. The SWNTs are modelled as finite length
nanotubes (4 nm-long) terminating in carbon atoms without the added capping groups. All the DNA
molecules interacting with SWNTSs are restrained so that their centers of mass remain on average 2 nm
away from the SWNT edges in simulations, as described below. Due to the added restraints, SWNT edges
do not influence DNA dynamics and binding to SWNTs.

Classical Molecular Dynamics Simulations. Atomistic simulations were performed to investigate two
enantiomers of (7,5) SWNTs interacting with single, di- and tri- nucleotides. The systems were described
with CHARMM36 force field parameters®>3, which have been successfully used to model interactions

between single-stranded DNA molecules and SWNTs in previous studies?’**’. The simulations were
performed with NAMD2.13 package®. All simulations were conducted with Langevin dynamics in the NpT
ensemble, where the value of the Langevin constant y,,,, was set at 1.0 ps™, the pressure remained
constant at 1 bar, at the temperature remained constant at either 298 K or 340 K. The time step was set
to 2.0 fs, and the van der Waals and short-range Coulomb interactions were calculated every 1 and 2 time
steps, respectively, using 12 A as a cutoff distance. The long-range Coulomb interactions were calculated
every 2 time steps using the Particle Mesh Ewald (PME) method®, with periodic boundary conditions
applied in all directions. After 2,000 steps of minimization, solvent molecules were equilibrated for 0.1 ns
around the DNA-SWNT conjugate. The atoms of this conjugate were restrained using harmonic forces with
a spring constant of 1 kcal (mol-A)™". Next, the systems were equilibrated in production MD runs, with
harmonic restraints applied on the nucleotides with a spring constant of 1 kcal (mol-A)™. The lengths of all
simulations are summarized in Table $1.

Classical Molecular Dynamics Simulations with 10 ssDNA molecules. Two systems containing (7,5)
SWNT enantiomers were also modeled together with either ten single A nucleotides or ten single T
nucleotides. Ten nucleotides were initially placed within 5 A from the outer SWNT surface, at midpoint
along the SWNT length, using our own tcl script, and solvated in TIP3P water and neutralizing Na* ions.
The simulation parameters are the same as described above for the single nucleotide simulations. The
details of the simulations are summarized in Table S1.

Replica Exchange Molecular Dynamics (REMD) Simulations. REMD simulations were performed for
trinucleotide ssDNA ATT bound to two (7,5) SWNT enantiomers to ensure thorough investigation of the
entire conformational landscape of ssDNA. All systems were prepared in a 3.86x3.86x4.82 nm? solvation
box containing around 2,224 water molecules modeled by TIP3P model*® and 3 sodium ions to balance
the negative charges from the DNA phosphate groups. Overall, the systems contain 7,210 atoms. The
SWNT ends are extended to the edge of the water box, effectively forming an infinite nanotube across the

2



periodic boxes. REMD simulations were run with NAMD2 package with periodic boundary conditions
imposed in all dimensions after an energy minimization of 2,000 steps and equilibration run of 10 ns. The
long-range electrostatics were calculated with the PME method. 40 replicas were simulated in parallel
between a temperature range of 300K-600K for 100 ns of NVT production. Exchange between the replicas
was attempted every 2 ps and we obtained an acceptable exchange ratio of 24.30%. Each timestep in the
simulation was 2 fs long and the trajectories were saved every 2 ps. The simulation details are tabulated
in Table S1. The Principal Component Analysis was performed with 100 ns (50,000 configurations) of the
300 K replica.

Contact Area Calculations. Contact areas between DNA nucleotides (whole or its selected parts) and
SWNT surface at time {, s.onract area (t), Were calculated based on the following equation:

_ Sswnt(®)+ spna(£)=SswNT and bna(t)
S(:ontact area (t) - 2 (1)

where sswnt(t) and spna(t) are the solvent accessible surface areas (SASA) of SWNT and selected DNA
atoms at time t, respectively. sswnt and bna(t) represent SASA of SWNT and selected DNA atoms altogether.
The contact areas were calculated for all nucleotide types binding to SWNT enantiomers with SASA VMD
plugin, where the van der Waals radius of atoms was defined as 1.4 A to designate the points on a sphere
which are accessible to the solvent.

Calculations of Nucleotide Base Orientations on SWNT Surface. Next, we defined the angle 6 which
a nucleotide base, adsorbed on the outer SWNT surface, makes with respect to the long axis of the SWNT.
We calculate 6 using the equations given below, as implemented in our tcl script. This angle 6, spanning
the range from 0° to 360°, is defined in a plane shown in red color in Figure S1a. For convenience, all
points in the red plane will be defined using new Cartesian axes x' and z'. The equations of the red plane,
and x' and z' axes depend on the coordinates of the center of mass (COM) of the nucleotide base, which
are, in turn, dependent on time. The red plane is tangential to the nanotube surface, and it passes through
the base COM, whose coordinates at a given time are labeled as (x4, y4, z4). The equation of this red plane
at that point in time is defined as:

2x4(x —x2) + 2y,(y —ya) =0 (2)
By rearranging and simplifying this equation, we rewrite the equation of the red plane as:
ax + by =d (3)

where a=2xa, b=2ya, d=2(xa?+ya?). Next, we also define a new plane which is perpendicular to the red
plane, and which also passes through the base COM, whose equation is:

z=2z4=c (4)
This second plane is shown in green in Figure S1a.
Equations 2-4 are next used to define the x' and z' axes. The x' axis is defined as the intersection line
between the red and green planes in Figure S1a. The equation of the x' line can be obtained as a vector

difference between two points with arbitrarily chosen values of the parametrization constant t (in our code,
setto t =10 and 20):

x’=ti+(———t)j+ck (5)

As a vector, the X' line can have two possible directions, so we added special criteria to define the direction
in our code. By these criteria, the direction of the x' axis is determined by the quadrant in which the base
COM lies in the (x,y) plane, as shown schematically in Figure S1c.



The second axis that defines the red plane is the z' axis, which passes through the red plane and is parallel
to the original z axis of the system. The z' axis is defined as a vector difference between two points with
arbitrarily chosen values of the parametrization constant u (in our code, set to u = 10 and 20):

Z, = xAi + ij + (ZA + u)ﬁ (6)

Finally, 6 is the angle between the vector which describes the nucleotide base, P, and the z' axis, as shown
in Figure S1b. The vector P has the base COM as its starting point, and a selected edge atom of the base

as its ending point. Our tcl script evaluates the angle 6 as the angle which P makes with the z' axis, by
using the atan2 function, whose result we express in the range from 0° to 360°.

Distance Calculations. To quantify the binding between different DNAs and SWNT enantiomers, we
calculated distances between selected atoms of DNA nucleotides (base, phosphate group, sugar
backbone atoms, or other selections), and the SWNT surface at time t:

d(t) = rpna(t) — Tswar (7)

where 1y 4(t) is the radial distance of the center of mass of the selected DNA atoms at time t, defined in
the cylindrical coordinate system and rgy, yr is the radius of the (7,5) SWNT.

Principal Component Analysis. PCA is a widely used multivariate analysis tool to compress and extract
key features from high-dimensional data for easier interpretation. PCA can reduce the information
contained in MD trajectories of biological macromolecules and allow the interpretation of the essential
dynamics between conformational states of these molecules*'*3. Here, the ensembles of structures of
ATT DNAs binding to two SWNT enantiomers is analyzed with PCA implemented in the Gromacs
software**.

First, all the trajectories of ATT molecules bound to two SWNT enantiomers, simulated at 300 K and 340
K temperatures, were concatenated into a single trajectory using the catdcd module. The coordinates of
all atoms in ATT molecules from all simulations, aligned with respect to the initial (reference) structure,
were used to construct the positional covariance matrix. PCA was then carried out by diagonalizing this
matrix and obtaining its eigenvectors and eigenvalues, which represent the modes and amplitudes of the
collective motions in ATT molecules, respectively. Coordinates of ATT molecules from separate
trajectories were projected on the obtained eigenvectors to help us understand the conformational space
of these molecules.

Clustering Analysis of Two-Dimensional PCA Maps. Two-dimensional PCA maps of trajectories of ATT
molecules binding to two SWNT enantiomers at 300 K and 340 K showed three distinct clusters, which we
analyzed with the clustering analysis using the Gaussian mixture method. The Gaussian mixture clustering
was performed with a Python code adapted from the BinderSpace package*®, where the number of
components was set to 3 and the traditional k-means clustering algorithm was used to generate the initial
centers for the model components.

With clustering analysis, all trajectory points were assigned to clusters, where each cluster represents a
distinct conformational state of the system. The cluster populations were counted, and these populations
were used to determine energy differences between clusters via the Boltzmann distribution:

=

Ei—€;
di—p g /kBT (8)

Nj

where N; and N; are populations and € and ¢ are the absolute energies of clusters i and j, kg is the
Boltzmann constant, and T is temperature.

The central structures from all the clusters in PCA maps, as determined using the Gaussian mixture
method, were obtained using the gmx cluster tool in GROMACS*4.
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QM/MD Simulations. We performed quantum mechanics / molecular dynamics (QM/MD) simulations of
two systems, including a single A nucleotide interacting with either one of two enantiomers of (7,5) SWNT,
and solvated by a single Na* ion and a spherical bubble of water with radius of 2.8 nm. In these simulations,
SWNT, DNA and Na* ion were described quantum mechanically and water was described classically using
the TIP3P model. The initial structures were extracted from the systems equilibrated in classical MD
simulations. In the selected structures, the initial orientations of the nucleotide with respect to the long axis
of SWNT, mathematically defined in the angle analysis section below, corresponded to the angles of 80°
and 200°. These values of angles between nucleotide and SWNT axis corresponded to the highest
populated (80°) and least populated (200°) angle conformers of A nucleotide. The QM/MD simulations
were carried out using the TeraChem software. Initially, the quantum parts of the system were described
at the wB97X/sto-3g level, with dispersion corrections (DFT-D2). Single point energy calculations were run
for 100 steps at 310 K with each time step being equal to 1 fs. After the initial 100 steps, a follow up 1 ps-
long simulation (1,000 steps) was run at the temperature of 310 K, while describing the quantum parts of
the system at the wB97X/3-21G* level, which were used previously to describe DNA-SWNT conjugates®.

Quantum Chemical Calculations. All quantum chemical calculations were performed with the Gaussian
program package*’ using the M05-2X functional*® in conjunction with the 3-21G basis set 4®%°. This level
of theory was recently employed for analysis of complexes formed by binding porphyrin to SWNTs®'.
Frequency calculations confirmed that all optimized species represent minima on the corresponding
potential energy surfaces. The binding energies were computed by subtracting electronic energies of the
optimized nanotubes and nucleotide A from the energy of the complex.

Results and Discussion

Stacking of DNA Nucleotides on SWNT Enantiomers. To determine if there are fundamental differences
in binding of DNA, a chiral molecule, to two enantiomers of the same type of carbon nanotube, we first
examine binding of the simplest DNA molecules, i.e., single nucleotides, to enantiomers of (7,5) SWNTs
using atomistic MD simulations. (7,5) SWNT chirality was chosen because previous spectroscopic and
kinetic studies demonstrated that (ATT)s DNA molecules bind with different affinity to two enantiomers of
(7,5) SWNT and lead to different coating coverage of these enantiomers?®?’. In general, kinetic stability of
short oligonucleotides on SWNTs was shown to be sequence-dependent®.
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Figure 1. Binding modes and distances between nucleotides and surfaces of SWNT enantiomers. a)
Snapshots of two representative binding modes for A nucleotide at the (7,5) SWNT surface. SWNT atoms are shown
as white spheres, and DNA heavy atoms are colored in light blue (C), dark blue (N), red (O) and orange (P). Hydrogen
atoms are not shown for clarity. The center of mass of the base is shown as a green sphere. The M and P enantiomers
of the SWNT with chiral index (7,5) are referred to as E1 and E2, respectively, throughout the paper. b) Distribution
of distances between phosphate groups or O3' atoms and SWNT surfaces, determined for A nucleotide binding to
two enantiomers of (7,5) SWNT. c) Distribution of distances between phosphate groups or O3' atoms and SWNT
surfaces, determined for T nucleotide binding to two enantiomers of (7,5) SWNT. d) Distribution of distances between
base centers of mass and SWNT surfaces, determined for single A and T nucleotides binding to two enantiomers of
(7,5) SWNT. e) Distribution of distances between base COMs and SWNT surfaces, determined for A nucleotide in
AT molecule binding to two enantiomers of (7,5) SWNT in a 1 ys trajectory. f) Distribution of distances between base
COMs and SWNT surfaces, determined for the second nucleotide in the ATT molecule binding to two enantiomers
of (7,5) SWNT, extracted from every hundredth frame of ~6 us long trajectory.

A typical binding mode of a nucleotide to the SWNT surface is shown for adenine (A) in Figure 1a, and
similar modes are observed for thymine (T), cytosine (C) and guanine (G). The nucleotide base always
stacks on the SWNT surface, while sugar and phosphate backbone are lifted away from the SWNT surface
in either of two major conformations. In one conformation, the O3' atom of the sugar points towards the
SWNT surface and the phosphate group dangles in the aqueous solution, whereas in the other
conformation, the O3' side of the sugar lifts into the solution, bringing the phosphate group nearer the
SWNT surface.

To quantify nucleotide conformational preferences on two SWNT enantiomers, we obtained the distribution
of distances of sugar and phosphate groups from the SWNT surface, as shown in Figure 1b, c. The plots
show distributions for A and T binding to two (7,5) SWNT enantiomers in 1 ps long simulations. Two (7,5)
SWNT enantiomers, visually distinguishable in simulations, are referred to as E1 and E2. The enantiomers
E1 and E2 correspond to what are typically called M and P SWNT enantiomers with chiral index (7,5)
(Figure S2). In Figure 1b, the O3' atom of the sugar of A-nucleotide is shown to always stay within 6 A
of the SWNT surface for both (7,5) enantiomers. However, there is a preference for O3' to be closer to the
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SWNT surface for enantiomer E1 (at ~3.3 A distance), than for E2 (at ~4.5 A distance). For phosphate
group, there is a clear difference when adenine is binding to two enantiomers; phosphate group remains
predominantly far away from E1 surface (at 8.3 A), whereas while binding to E2, its distance is ~40% of
the time at 4 A and ~60% of the time further at 8 A from E2 surface. Therefore, adenine shows quite
different preferences in sugar and phosphate group distances and orientations from E1 and E2 surfaces.
In contrast, the plots of O3' and P-atom distances show little differences when thymine is binding to two
enantiomers of (7,5) SWNTSs, as shown in Figure 1c. However, interestingly, the phosphate group and
03' distance distribution plots for T are consistently shifted to the left by ~0.3 A (to closer distances) when
T is at the surface of E2. We also investigated whether the adsorption of nucleotides to SWNT impacts
their internal structures by measuring the distances between the phosphorus atoms on the DNA backbone
and the centers of mass of the bases. The distance distributions for A and T nucleotides, as depicted in
Figure 83, show no differences between nucleotides solvated in water and those adsorbed to the SWNT
surface.

Next, we quantified the distances of the centers of mass (COMSs) of nucleotide bases from surfaces of two
SWNT enantiomers, shown in Figure 1d. The most notable observation is that for both single nucleotides
A and T, their bases prefer stacking nearer to the surface of the E2 SWNT enantiomer than to the surface
of the E1 enantiomer. The distance distributions are again consistently shifted to the left by ~0.3 A for the
E2 enantiomer, than for the E1 enantiomer. The shifts observed in Figure 1b-d are consistent with the
results of the second independent runs for each of the systems (Figure S4a-b). Furthermore, the bases
of single nucleotides G and C also consistently stack closer to the E2 SWNT surface on average, as seen
in Figure S4c-d. The shifts in COM distance distributions are also observed for polynucleotide molecules
AT and ATT binding to (7,5) SWNT enantiomers, as shown for two representative nucleotide bases in
Figure 1e-f, and for all bases in the studied oligonucleotides in Figure S5. These base shifts were also
reproduced in ab initio MD simulations of nucleotide A binding to SWNT enantiomers E1 and E2 (Figure
S$6). We also examined the statistical significance of the observed differences in distances between base
COMs and SWNT enantiomers by calculating Cohen’s d values. Cohen’s d quantifies the magnitude of
difference between two datasets, in our context, the distances of base COMs from surfaces of E1 and E2,
in terms of standard deviations. Generally, Cohen’s d values of 0.2, 0.5, and 0.8 correspond to small,
medium, and large effect sizes, respectively. As shown in Table S3, all our Cohen’s d values exceed 0.8,
suggesting substantial differences in distances of stacked bases from surfaces of the two SWNT
enantiomers. The differences between these distances are further visualized in box plots presented in
Figure S7. Binding energy calculations of nucleotide A binding to SWNT enantiomers E1 and E2 also
reveal that the binding affinity of A is stronger for E2, with a binding energy value of -29.0 kcal/mol, than
for E1, with a binding energy of -26.4 kcal/mol (Figure S8).

Orientations of DNA Nucleotides on (7,5) SWNT Enantiomers. The key difference between two SWNT
enantiomers, which are mirror images of each other, is the tilt of the benzene rings in the nanotube
structure. Since single DNA nucleotides have inherent chirality to them, we hypothesized that single
nucleotides may favor different orientations with respect to the SWNT long axis, when binding to nanotube
enantiomers. The orientations (angles) of stacked nucleotides with respect to the SWNT are defined in
Methods and depicted in Figures 2a and S1. The orientation of the nucleotide base is defined by the angle
8, which lies in a two-dimensional plane defined by x' and z' axes, which cross at the COM of the nucleotide
base. This angle 6, with the range from 0° to 360°, measures the orientation of the stacked nucleotide
base in the plane that is tangential to the SWNT surface.
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Figure 2. Orientations of single nucleotides on surfaces of (7,5) SWNT enantiomers. a) A and T nucleotides in
orientations with 6~ 90° on the E1 nanotube surface. The color scheme is consistent with the scheme used above.
The green sphere is the nucleotide base COM, and the yellow sphere is the edge atom of the base used to calculate
the base vector. b) Distribution of 6 angles that the base of the A nucleotide makes with respect to the z' axis,
evaluated for simulations of a single A nucleotide binding to two enantiomers of (7,5) SWNT. c) Distribution of 6
angles that the base of the T nucleotide makes with respect to the z' axis, evaluated for simulations of a single T
nucleotide binding to two enantiomers of (7,5) SWNT.

Figures 2b-c show the distribution of 6 for A and T nucleotides stacking on E1 and E2 enantiomers,
measured during two independent 1 ps-long simulations. For both A and T, two distinct preferred
orientations are observed. For A, preferred values of 6 are at ~75-77° and 255-260°. For T, there is a broad
peak with a shoulder at 45° that broadens all the way to 70°, and another peak centered between 220°
and 230°. The preferred values of the angle are consistent between the independent runs, indicating the
reproducibility of the results. Contrary to our expectations, plots in Figures 2b-c show that A and T
nucleotides have almost no differences in their preferred orientations on SWNT surface when binding to
E1 and E2 enantiomers.

Our simulations above employed just one DNA nucleotide per system. This approach aimed to isolate the
enantiomer-dependent differences in nucleotide-SWNT interactions, distinguishing them from inter-
nucleotide interactions that would arise in systems with multiple DNA molecules. Nevertheless, when
modeling systems containing ten A and T nucleotides binding to (7,5) SWNT enantiomers, the analyses
showed consistent DNA base orientation angles relative to the SWNT enantiomers, irrespective of the
system's nucleotide count (Figure S9). When evaluating the average base stacking distances of ten A
nucleotides from surfaces of the two SWNT enantiomers, the A bases were found to stack closer to the
SWNT enantiomer surface E2 (Figure S10c), a finding that is congruent with our single nucleotide
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simulations. In contrast, T bases exhibited no differences in stacking distances from the surfaces of two
SWNT enantiomers (Figure S10d).
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Figure 3. Characterization of ATT binding to (7,5) SWNT enantiomers. a) Representative snapshots of ATT
conformations, when binding to E1 and E2 SWNT enantiomers. Nucleotides A, T, and T are shown in red, grey, and
orange respectively. The C2' atom is highlighted in cyan and the O4' atom is highlighted in red, when pointing towards
the SWNT surface. b) Distribution of 8 angles that the bases of ATT molecule make with respect to the z' axis,
evaluated for simulations of the ATT molecule binding to two enantiomers of (7,5) SWNT. c) Contact areas between
the whole ATT molecules and the surfaces of E1 and E2 SWNT enantiomers. Plots in panels b-c were obtained from
~6 us-long simulations.

Interactions of AT and ATT DNA Oligonucleotides with SWNT Enantiomers. Apart from the
observation that all the nucleotide bases consistently stack closer to the surface of the E2 enantiomer than
the E1 enantiomer (Figure 1), no other significant differences were observed for the binding of AT
oligonucleotide to the SWNT enantiomers (Figure S11). Next, we examined ATT binding to E1 and E2
enantiomers, whose representative binding modes are shown in Figure 3a. Our simulations revealed that
the nucleotide sugar backbone can assume different orientations when ATT is binding to E1 or E2
enantiomer. For example, when ATT binds to the E1 enantiomer, sugar moieties of nucleotides point C2'
(A), O4' (T), and O4' (T) atoms towards the SWNT surface during the initial ~2 ps length of the trajectory.
On the other hand, when ATT binds to the E2 enantiomer, sugar moieties of nucleotides point C2' (A), O4'
(T), and C2' (T) atoms to the SWNT surface throughout the trajectory. After the initial ~2 us, sugars of the
ATT backbone started facing the surface of E1 enantiomer with C2' (A), O4' (T), and C2' (T) atoms i.e., in
a similar manner as when binding to the E2 enantiomer (Figure $12).

To quantify the differences of ATT binding to E1 and E2 enantiomers, we also examined the distributions
of 6 angles that ATT bases make with respect to the long axis of the nanotube. The plot in Figure 3b
shows the distribution of 6 for all three (ATT) bases stacking on the surfaces of two SWNT enantiomers.
Here, it is observed that T3 has a difference in preferred 8 values when binding to the surface of SWNT
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enantiomers E1 and E2. The first nucleotide A has preferred 8 values of ~20°-40° and ~200°-240° and the
second nucleotide T shows preferred 8 values of ~0°-20°, ~140°-190° and ~320°-340° for both E1 and E2
enantiomers. The third nucleotide T shows preferred 6 values of ~80°-120° and ~240°-300° when binding
to both E1 and E2, but it also has an additional preferred 6 value of ~180° when binding to the E1
enantiomer only. This difference in preferred 8 values of the third nucleotide T, was, however, not
reproducible in a second independent ~6 us trajectory simulation of ATT-SWNT conjugates (Figure $13),
indicating that ATT molecules have a complex conformational space when binding to SWNT surfaces.
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Figure 4. PCA and clustering analysis of ATT conformations on (7,5) SWNT enantiomers. a) PCA analysis of
ATT conformations on E1 and E2 enantiomers at 300 K, with points colored according to trajectory time. b) Clustering
analysis of PCA maps of ATT conformations on E1 and E2 enantiomers at 300 K, using Gaussian mixture method.
c) Clustering analysis of PCA maps of ATT conformations on E1 and E2 enantiomers at 340 K, using Gaussian
mixture method. d) Snapshots of central structures of each cluster shown in panel b for ATT molecule adsorbed on
the surface of E1 enantiomer. The key differences between conformations in three clusters are orientations of sugars
with respect to the SWNT surface. e) Populations of clusters shown in panels b and c. f) Energy differences between
conformational states (clusters), obtained using the Boltzmann equation.

We also examined the contact areas that ATT nucleotides make with E1 and E2 enantiomers. During ~6
us trajectory, ATT was found to have a higher contact area with E1 (~281 A) than with E2 (~276 A), as
shown in Figure 3c. These results indicate that the orientation of the nucleotide sugar backbone on the
SWNT surface can affect the total contact area that oligonucleotides make with the SWNT surface.
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Principal Component Analysis and Clustering of ATT Conformations on SWNT Enantiomers. To
better examine the conformational space of ATT molecule on two SWNT enantiomers, we analyzed ~6
Ms-long trajectories of ATT molecules binding to two (7,5) SWNT enantiomers with the principal component
analysis (PCA), shown in Figure 4a. The PCA maps indicate that ATT molecules have three dominant
conformations, represented by three main clusters. To determine the number of conformations contributing
to each cluster, a clustering analysis was performed on the maps using the Gaussian mixture method. The
results of the clustering analysis for ATT molecules binding to two (7,5) SWNT enantiomers, simulated at
both 300 K and 340 K temperatures, shown in Figure 4b-c, demonstrate that ATT molecule populates two
conformations with similar frequency when binding to E1 and E2 enantiomers, as confirmed in the data of
Figure 4e. However, the population of the third conformation is significantly higher when ATT is binding to
E1, when between 8 % and 28% of all molecules assume the third conformation, than when ATT is binding
to E2, for which ~1% of all molecules assume the third conformation. The PCA analysis of ATT
conformations when ATT is binding to E1 and E2 (Figure 4) is in agreement with the PCA analysis obtained
for the same systems examined using replica exchange MD (REMD), as shown in Figure S14.

Interestingly, the clusters correspond to distinct conformations of ATT molecule when binding to the SWNT
surfaces. The main difference in conformations is the orientation of the sugar moieties of three nucleotides
with respect to the SWNT surfaces, highlighted in Figure 4d. For example, the structures in the first cluster
have sugar C2' (A), O4' (T), and C2' (T) atoms oriented towards the SWNT surface. In the second cluster,
the sugar atoms pointing towards the SWNT surface are O4' (A), O4' (T), and C2' (T), whereas in the third
cluster, the atoms are C2' (A), O4' (T), and O4' (T). Snapshots of central structures of all clusters from all
the ATT simulations performed are shown in Figures S17-S18. We note that the binding poses of ATT
when its sugar atoms C2' (A), O4' (T), and O4' (T) point towards the E1 SWNT surface for ~2 ys of the
trajectory corresponds to the ATT conformation found in the third (green) cluster, which is more prominent
in ATT conjugates with E1 enantiomer.

Using the Boltzmann distribution and the population analysis, we obtained a diagram of energies of three
major conformations for ATT molecules binding to two (7,5) SWNT enantiomers, simulated at both 300 K
and 340 K temperatures, shown in Figure 4f. This figure confirms that the energy of the third major
conformation of ATT is one distinguishing feature for this molecule binding to E1 and E2 enantiomers. The
energy of the third conformation of ATT is ~2-3 kT higher for E2 than for E1.

Conclusions

In this work we investigated the binding between two SWNT enantiomers to single nucleotides A, T, C, G,
to AT dinucleotide and to ATT trinucleotide using classical atomistic MD simulations. Two enantiomers are
mirror images of each other and differ in the tilt of the benzene rings which are wrapped to form the
nanotubes. We consistently observed that on average all the nucleotide bases stack closer to the surface
of the E2 enantiomer than to the surface of the E1 enantiomer. Contrary to our expectations, chiral single
DNA nucleotides and AT molecules did not show enantiomer-dependent preferences in angular
orientations with respect to the SWNT long axis.

ATT molecules were found to have some differences in preferred orientations on surfaces of two SWNT
enantiomers. In addition to differing orientations, ATT molecules also had different arrangements of sugar
atoms facing the surfaces of SWNT enantiomers. To better examine the conformations of ATT molecules
on SWNT enantiomers, we examined the trajectories using the principal component analysis and clustering
analysis. These analyses showed that ATT molecules have three principal conformations when binding to
SWNT enantiomers. These conformations differ in the arrangements of sugar atoms facing the SWNT
surfaces. While two conformational states of ATT had similar populations in the presence of both E1 and
E2 enantiomers, the third conformational state of ATT was significantly more populated for E1 than for E2.
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The differences in populations of the third cluster agree with the results from simulations of ATT systems
at a higher temperature, 340 K.

Overall, our simulations demonstrate that three nucleotide-long ssDNA molecules start showing
differences when binding to SWNT enantiomers. The binding mode differences include angular
orientations of DNA bases with respect to the SWNT long axis, and preferred arrangements of the sugar
atoms contacting the SWNT surface. Previous studies? identified the right-handed SWNT isomer as the
species with higher DNA binding affinity and designated contact area as the key parameter helping DNA
to sort between SWNT enantiomers. According to these studies, contact area has been identified as the
useful parameter to describe surface coverage differences between different DNA structures with one
desorbed base, partially desorbed base or two desorbed bases. Based on our results, we identify the
preferred arrangements of the DNA sugar moieties as another important parameter that can contribute to
different binding of same DNA molecules to chiral SWNT enantiomers. Our observations could be related
to the fact that the chirality of nucleic acids originates in the configurational asymmetry of sugar moieties,
which constitute the nucleic acid backbone.®® Overall, our results take us one step further towards
understanding how ssDNA nucleotides differentiate between enantiomers of SWNTs of the same chirality.

Supporting Information.

Summary of all simulations performed, populations of clusters in PCA maps, Cohen’s d values for
nucleotide base distances from SWNT surfaces, handedness of SWNT enantiomers, normalized
distribution plots of distances between phosphate groups and the base centers of mass for single
nucleotides in water and absorbed to SWNTs, distances between base COMs, P-atoms and O3’ atoms
from SWNT surfaces for A, T, C, G, AT and ATT; box plots of distances between base COMs and SWNT
surfaces, distribution of distances between base COMs and SWNT surfaces for A nucleotide from ab-initio
MD simulations, snapshots of the binding poses of nucleotide A to two SWNT enantiomers in quantum
calculations, a scheme defining the angle that nucleotides makes with the long nanotube axis, distribution
of angles and contact areas for the AT bases binding to SWNT enantiomers, distances of the selected
atoms of ATT with respect to the surfaces of SWNT enantiomers, distribution of angles of ATT bases
binding to SWNTs, PCA for ATT molecules binding to SWNT enantiomers at two temperatures, PCA of
ATT binding to SWNT enantiomers for two independent simulation runs, snapshots of three representative
conformers/PCA cluster centroids of ATT binding to SWNT enantiomers, distribution of base stacking
distances and angles of bases for single nucleotides A and T in systems simulated with ten DNA molecules
per system, PCA analysis of ATT binding to SWNT enantiomers in REMD simulations.
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