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Parameterization of the linkers to the nanotube
In this section, the parameterization protocol of the anchors between the biomolecules and the carbon nanotube is presented. This
protocol follows the standard procedure for the AMBER force fields to determine the partial charges using the RESP protocol1 as
well as the bonded and Lennard-Jones parameters using the Generalized Amber Force Field (GAFF).2 We closely follow the procedure
of AMBER in order to generate parameters that are compatible with AMBER14sb (proteins) and AMBER-OL15 (nucleic acids) force
fields. The RESP protocol has been applied using AmberTools203 on the electrostatic potential (ESP) data obtained from ab initio
HF/6-31G*//HF/6-31G* calculations with Gaussian16.4 The topology files compatible with Gromacs were produced using ACPYPE.5

Lysozyme. The lysozyme is attached to the carbon nanotube using a pyrene-maleimide anchor that forms π-π interactions on the
surface of the nanotube (Figure S3A).6,7 The pyrene-maleimide molecule is covalently attached to S90C of the lysozyme. To prepare
this configuration, the 3D chemical structure of N-(1-pyrenyl)-maleimide was downloaded from PubChem,8 then one of the two C-H
of the maleimide ring was covalently linked to the sulfur atom (HG removed) of the cystein, moving the H to the other C-H of the
maleimide ring.

For the parametrization of the partial charges, the cystein is capped with ACE and NME groups as was done for AMBER when
parameterizing amino acids.1 The cystein is made into two configurations with different backbone dihedral angles : c5 (ω1 = 180◦,
φ = 206◦, ψ = −141◦ and ω2 = 180◦) and αr (ω1 = 180◦, φ = −60◦, ψ = −40◦ and ω2 = 180◦) to respectively represent an extended
and a helix configurations, exactly as was done for AMBER. Once these two configurations are prepared, ACPYPE is used to generate
the bonded and Lennard-Jones parameters, setting all charges to zero. Then, the configuration is energy minimized, while restraining
the ω, φ and ψ dihedral angles. An ensemble of rotamers is then produced by varying the dihedral angles implicated between the
cystein and the maleimide ring. The configurations having pairs of non covalently bonded atoms within 1.5 nm are removed from the
parametrization set.

Ab initio calculations are performed using HF/6-31G*//HF/6-31G* to optimize the structures and to determine the electrostatic
potential they generate, as was done for AMBER.1 During the optimization, constraints are applied on the ω, φ and ψ dihedral angles
to the values previously mentioned. The ESP values are output at 4 layers of points – 1.4, 1.6, 1.8 and 2.0 times the van der Waals radii
– with a resolution of 1 point per Å2 for each atom in the configuration.

The lowest energy structure – without polar contact – for c5 and that for αr are used in a multiconfiguration RESP optimization with
default parameters to determine the partial charges that best reproduce the electrostatic potential (ESP) obtained from the ab initio
calculations. During RESP, the partial charges of the cystein (except Cα and Hα because they are involved in dihedral angles with the
side chain atoms), ACE and NME are constrained to their values in AMBER.1,9 The total charge of the molecule is constrained to zero.
Shown in Figure S4A, the optimized partial charges yield an ESP with a relative RMS of 0.112 compared to the ab initio ESP, which is
deemed acceptable.1

DNA. The DNA strand is attached covalently to the carbon nanotube using an amide linker (Figure S3B).10,11 The C=O group of
the amide forms a covalent bond with the carbon nanotube, while its N-H group forms a covalent bond with the C5’ atom of the DNA
5’-end.

For the parametrization of the partial charges, the amide is capped with two methyl groups and ACPYPE is used to generate the
bonded and Lennard-Jones parameters, setting all charges to zero. Then, the configuration is energy minimized. Ab initio calculations
are performed using HF/6-31G*//HF/6-31G* to optimize the structures and to determine the electrostatic potential they generate, as
was done for AMBER.1 The ESP values are output at 4 layers of points – 1.4, 1.6, 1.8 and 2.0 times the van der Waals radii – with a
resolution of 1 point per Å2 for each atom in the configuration.

The lowest energy structure is used in a RESP optimization with default parameters to determine the partial charges that best
reproduce the electrostatic potential (ESP) obtained from the ab initio calculations. During RESP, the partial charges of the methyl
attached to N-H are constrained to a total charge of +0.1896e, which corresponds to the total charge of the 5’-end hydrogen (H5T) and
oxygen (O5’) in AMBER. This has been similarly done when parameterizing the bases along with the phosphate group for AMBER : the
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phosphate was capped with two methyl and their total charge were respectively constrained to that of the 5’-end H5T–O5’ atoms and
3’-end H3T–O3’ atoms.1 This allows the total charge of the system to stay the same when the 5’-end (no H5T and O5’) is covalently
linked to the amide group (no methyl). The total charge of the molecule is constrained to zero. Shown in Figure S4B, the optimized
partial charges yield an ESP with a relative RMS of 0.104 compared to the ab initio ESP, which is deemed acceptable.1

In all these ab initio calculations, we neglected the presence of the nanotube as its size (infinite length and radius of 0.695 nm)
makes it computationally too demanding to study at the HF level required by AMBER. We do not expect that to significantly affect the
biomolecules–nanotube interactions observed in the MD simulations because the charge transfer is expected to be small and localized
near the anchor/graft point.12?

Convergence intervals
In this section, the intervals of convergence chosen for the analysis of the simulations are presented. To do so, structural parameters are
monitored as a function of time and convergence is assessed when these indicate that the system fluctuates within the same structural
ensemble.

For the simulations on the lysozyme, the convergence interval of each simulation has been determined by looking at the root
mean square deviation (RMSD) on the backbone atoms (N, Cα, C and O), the secondary structure and the probability of contact
similarity against the experimental structure as a function of time as shown in Figure S5 for the simulations in solution (denoted
S# lysozyme/lysozyme-ligand), in Figure S6 for the simulations of the lysozyme without the ligand with the nanotube (denoted C#
lysozyme) and in Figure S7 for the simulations of the lysozyme with the ligand with the nanotube (denoted C# lysozyme-ligand). We
monitor these structural parameters because they are used to determine the stability of the lysozyme in the presence of the carbon
nanotube (Table 1). We decided to discard the first 250 ns for all simulations. For others, the convergence interval is chosen to start
later in light of the data as a function of time : C2 lysozyme starts from 400 ns and C5 lysozyme starts from 600 ns (see Figure S6) and
C2 lysozyme-ligand starts from 400 ns and C4 lysozyme-ligand starts from 550 ns (see Figure S7). We then confirmed that the overall
orientation of the lysozyme and the overall number of lysozyme–nanotube contacts are also converged on those intervals.

For the simulations on the DNA, the convergence interval of each simulation has been determined by looking at the number of
residue-residue contacts, the number of base-base H-bonds and the radius of gyration as a function of time as shown in Figure S8 for
the simulations in solution (denoted S# ssDNA/dsDNA), in Figure S9 for the simulations of the single-stranded DNA with the nanotube
(denoted C# ssDNA) and in Figure S10 for the simulations of the double-stranded DNA with the nanotube (denoted C# dsDNA). We
monitor these structural parameters because they are used to determine the stability of the DNA systems in the presence of the carbon
nanotube (Table 2). We decided to discard the first 250 ns for all simulations. For others, the convergence interval is chosen to start
later in light of the data as a function of time : S1 and S2 ssDNA starts from 500 ns (see Figure S8) and C2 ssDNA starts from 450 ns
and C4 ssDNA starts from 500 ns (see Figure S9). Overall, the ssDNA experiences more fluctuations than the dsDNA in solution and
in the presence of the carbon nanotube because ssDNA is a lot less structured. We then confirmed that the overall number of contacts
with the nanotube is also converged on those intervals.

Electrostatic potential on the nanotube
In this section, we compare the electrostatic potential (ESP) maps obtained for each simulation and we justify why simulations C4 of
lysozyme and C1 of ssDNA were treated separately.

Lysozyme. For the lysozyme without the ligand, the region with the highest ESP values is localized to the left of the anchor point
at an angle of ∼ 50◦ around the nanotube (Figure S13). As expected the simulation C4 is different because the lysozyme interacts
differently with the nanotube (Figure S11). More precisely, the ESP covers are larger surface area because more charged residues are
in contact with the nanotube. Moreover, negative ESP values are observed due to the presence of negatively charged residues, such as
Asp-127, nearer of the nanotube. For the lysozyme with the ligand, the ESP covers approximately the same region in all simulations as
shown by the small standard deviation (Figure S14). This region is localized within 2 nm to the left of the anchor point at a positive
angle of ∼ 50◦ around the nanotube.

In terms of overall ESP, the distribution in simulation C4 is shifted towards more positive values (Figure S17) because many more
charged residues are near the nanotube (Figure S11). As a result, the difference from the lysozyme-ligand system becomes greater.
While the ESP values are overall more positive, the same trend is observed as a function of the concentration.

DNA. For the single-stranded DNA, the ESP covers a larger surface area due to its proximity to the nanotube (Figure S15). The
region covered in each simulation shows some difference due to the high flexibility of ssDNA on the surface of the nanotube: it covers
mainly a region of ±2 nm on each side of the graft point and ∼ 150◦ around the nanotube. The ESP map of simulation C1 is more
localized because residues 5 to 8 are stacked and thus not directly on the surface of the nanotube (Figure S12). For the double-stranded
DNA, the ESP covers a smaller region of less than 2 nm by 50◦ in all simulations. While the ESP is on the negative angle side for C1, C2
and C3, it is on the positive angle side for C4 (mostly) and C5.

In terms of overall ESP, the distribution in simulation C1 is shifted towards less negative values (Figure S18) because residues 5 to 8
are farther from the nanotube (Figure S12). As a result, the difference from the dsDNA system becomes smaller, but stays significantly
different. While the ESP values are overall less negative, the same trend is observed as a function of the concentration.
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Supplementary Figures

Fig. S1 Initial systems of the lysozyme. (A-B) Lysozyme without the ligand (PDB: 1QTV). (C-D) Lysozyme with the peptidoglycan ligand shown
with spheres and carbon atoms in teal (PBD: 148L). (B-D) The pyrene-maleimide anchor to the nanotube is covalently linked to S90C of the lysozyme
and is shown with spheres. The sodium and chloride ions are respectively shown as purple and green spheres. The images were produced with
PyMOL.13
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Fig. S2 Initial systems of the DNA sequence. (A-B) The single-stranded 5’-GTGAGTTGTT-3’ DNA sequence. (C-D) The double-stranded B-DNA
sequence. (B-D) The sequence is covalently linked to the carbon nanotube with an amide group. The sodium and chloride ions are respectively shown
as purple and green spheres. The images were produced with PyMOL.13
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Fig. S3 Anchors to the carbon nanotube. Structure of the anchors to the carbon nanotube : (A) the pyrene-maleimide anchor of the lysozyme and
(B) the amide covalent link with the DNA strand.
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Fig. S4 Partial charges of the anchors. Partial charges in e determined from the RESP protocol on electrostatic potential maps determined using
ab initio calculations. (A) The molecule used for the ab initio calculations on the lysozyme anchor : the pyrene-maleimide compound is linked to the
cystein that is capped by ACE and NME. (B) The molecule used for the ab initio calculations on the DNA anchor : the amide compound is capped
by two methyl groups.
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Fig. S5 Convergence intervals of the Lysozyme simulations in solution. The root mean square deviation (RMSD) on the backbone atoms (N,
Cα, C and O), the secondary structure probability and the probability of contact similarity against the experimental residues-residues contacts are
shown for the lysozyme (TOP) without the ligand and (BOTTOM) with the ligand. For the RMSD, the comparison is made against the experimental
structure (red) and against the initial structure (black). For the secondary structure, the probability of the main structural features are shown: α-helix
(red), β -sheet (blue), turn (gray) and coil (black). For the contact similarity, the percentage of residue-residue experimental contacts preserved in the
simulation is shown in blue, while the percentage of contacts not in the experimental structure is shown in red. The curve is the running time average
using a 5-ns window and its envelop represents the 1-σ interval.
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Fig. S6 Convergence intervals of the Lysozyme simulations with the nanotube. The root mean square deviation (RMSD) on the backbone atoms
(N, Cα, C and O), the secondary structure probability and the probability of contact similarity against the experimental residues-residues contacts are
shown for the lysozyme without the ligand. For the RMSD, the comparison is made against the experimental structure (red) and against the initial
structure (black). For the secondary structure, the probability of the main structural features are shown: α-helix (red), β -sheet (blue), turn (gray) and
coil (black). For the contact similarity, the percentage of residue-residue experimental contacts preserved in the simulation is shown in blue, while the
percentage of contacts not in the experimental structure is shown in red. The curve is the running time average using a 5-ns window and its envelop
represents the 1-σ interval.

Journal Name, [year], [vol.], 1–20 | 9



Fig. S7 Convergence intervals of the Lysozyme-ligand simulations with the nanotube. The root mean square deviation (RMSD) on the backbone
atoms (N, Cα, C and O), the secondary structure probability and the probability of contact similarity against the experimental residues-residues
contacts are shown for the lysozyme with the ligand. For the RMSD, the comparison is made against the experimental structure (red) and against
the initial structure (black). For the secondary structure, the probability of the main structural features are shown: α-helix (red), β -sheet (blue), turn
(gray) and coil (black). For the contact similarity, the percentage of residue-residue experimental contacts preserved in the simulation is shown in
blue, while the percentage of contacts not in the experimental structure is shown in red. The curve is the running time average using a 5-ns window
and its envelop represents the 1-σ interval.
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Fig. S8 Convergence intervals of the DNA simulations in solution. The number of residue-residue contacts, the number of base-base H-bases
and the radius of gyration are shown for (TOP) the single-stranded DNA (BOTTOM) and the double-stranded DNA. The curve is the running time
average using a 5-ns window and its envelop represents the 1-σ interval.
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Fig. S9 Convergence intervals of the ssDNA simulations with the nanotube. The number of residue-residue contacts, the number of base-base
H-bases and the radius of gyration are shown for the single-stranded DNA. The curve is the running time average using a 5-ns window and its envelop
represents the 1-σ interval.
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Fig. S10 Convergence intervals of the dsDNA simulations with the nanotube. The number of residue-residue contacts, the number of base-base
H-bases and the radius of gyration are shown for the single-stranded DNA. The curve is the running time average using a 5-ns window and its envelop
represents the 1-σ interval.
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Fig. S11 Simulation C4 of the lysozyme. Comparison of simulation C4 of the lysozyme without the ligand in the presence of the carbon nanotube
against the other four simulations. Average minimal distance between the carbon nanotube and the amino acids of the lysozyme considering (A) all
simulations except C4 and (B) only simulation C4. (C) Main cluster for simulation C1 (green) vs that for simulation C4 (teal). The clusters were
determined using a threshold of 0.5 nm on the backbone atoms and aligning only the nanotube.

Fig. S12 Simulation C1 of ssDNA. Comparison of simulation C1 of the single-stranded DNA in the presence of the carbon nanotube against the
other four simulations. Average minimal distance between the carbon nanotube and the nucleic acids of ssDNA considering (A) all simulations except
C1 and (B) only simulation C1. (C) Main cluster for simulation C2 (green) vs that for simulation C1 (teal). The clusters were determined using a
threshold of 0.5 nm on the backbone atoms (P, O5’, C5’, C4’, C3’ and O3’) and aligning only the nanotube.
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Fig. S13 Electrostatic potential generated by lysozyme. Electrostatic potential (ESP) generated by the lysozyme without the ligand on the surface
of the nanotube. The mean and the standard deviation ESP maps are computed over all simulations, except C4. The individual maps represent the
mean values on the convergence interval of each simulation.
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Fig. S14 Electrostatic potential generated by lysozyme-ligand. Electrostatic potential (ESP) generated by the lysozyme with the ligand on the
surface of the nanotube. The mean and the standard deviation ESP maps are computed over all simulations. The individual maps represent the mean
values on the convergence interval of each simulation.
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Fig. S15 Electrostatic potential generated by ssDNA. Electrostatic potential (ESP) generated by the single-stranded DNA on the surface of the
nanotube. The mean and the standard deviation ESP maps are computed over all simulations, except C1. The individual maps represent the mean
values on the convergence interval of each simulation.
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Fig. S16 Electrostatic potential generated by dsDNA. Electrostatic potential (ESP) generated by double-stranded DNA on the surface of the
nanotube. The mean and the standard deviation ESP maps are computed over all simulations. The individual maps represent the mean values on the
convergence interval of each simulation.
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Fig. S17 Overall electrostatic potential generated by lysozyme. The overall electrostatic potential (ESP) generated by the lysozyme without the
ligand on the surface of the nanotube in (B) simulation C4 is compared to (A) the other simulations. The error bars represents 1-σ (A) over the
average from the simulations and (B) over all configurations in simulation C4. Statistics are performed on the converged interval of each simulation.

Fig. S18 Overall electrostatic potential generated by ssDNA. The overall electrostatic potential (ESP) generated by the single-stranded DNA on
the surface of the nanotube in (B) simulation C1 is compared to (A) the other simulations. The error bars represents 1-σ (A) over the average from
the simulations and (B) over all configurations in simulation C1. Statistics are performed on the converged interval of each simulation.
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Fig. S19 The effect of the ligand on the overall electrostatic potential generated by lysozyme-ligand. The overall electrostatic potential (ESP)
generated by the lysozyme-ligand system (black) is compared to that of the lysozyme-ligand system without considering the ligand atoms (pale red)
and to that of the lysozyme system (dark red). Only simulation C3 is considered for these ESP calculations on the lysozyme-ligand system because
the ESP distribution of all lysozyme-ligand simulations are similar (Figure 4).
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