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ABSTRACT Using molecular dynamics simulation at different pH levels, changes in the conformations of homo-
geneous polypeptides located singly or in pairs inside a carbon nanotube were studied. The radial distributions
of the density of polypeptide atoms, the distribution of macrochain atoms along the nanotube axis, and the
dependences of various components of the potential energy of the nanosystem were calculated. At the iso-
electric point, the polypeptides were located in the central part of the carbon nanotube, spreading out along
its walls. As the pH level deviated from the isoelectric point, the polypeptide located singly inside the carbon
nanotube first unfolded and stretched along its axis, and when almost all links of the macromolecule acquired
an electric charge, it exited the nanotube. Polypeptides located in pairs inside the carbon nanotube repelled
each other with a change in the pH value and shifted to opposite ends of the nanotube, being released from
it.
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1. Introduction

Currently, hybrid nanosystems consisting of carbon nanotubes with polymer macromolecules are widely used in the
creation of various electrochemical and optical biosensors [1-7], as well as nanocarriers for drug delivery [8—10]. Flexible
and uncharged peptide and lipid molecules are adsorbed on the outer surface of the carbon nanotube and form a polymer
shell [11,12]. Highly charged and rigid macromolecules of polyelectrolytes, such as DNA [13] or synthetic polymers [14],
wrap around the carbon nanotube. A similar nature of conformational changes in polypeptides was observed in molecular
dynamics simulation on the surface of metal nanoparticles of various shapes (spherical, cylindrical and spheroidal) [15-
18].

A different picture will be observed when polymer molecules are located inside a single-walled carbon nanotube.
A number of studies have investigated the encapsulation of peptides inside a carbon nanotube, the transport of peptides
under the influence of an external electric field inside a carbon nanotube and the pulling of short peptides through it, as
well as the release of protein and peptide molecules encapsulated in a carbon nanotube under the influence of an external
electric field [19-28]. In papers [20,21], it was shown that a peptide molecule is encapsulated inside a carbon nanotube
and oscillates near the center of the nanotube, where the Van der Waals interaction energy between the peptide and the
carbon nanotube is minimal. It was shown that carbon nanotubes are capable of capturing peptide and protein molecules,
with shorter nanotubes capable of encapsulating a peptide with a lower potential well depth [20,21].

When the pH level changes, the conformations of peptides change significantly [29-31]. This is due to the fact
that the more the value of the hydrogen index differs from the value of the isoelectric point of the peptide, the greater
the charge acquired by the macromolecule, which becomes polyelectrolyte. In this case, the rigidity of the macrochain
increases increasingly due to the repulsion of the polypeptide links from each other. Therefore, if the polypeptide is inside
a carbon nanotube, then when the hydrogen index of the environment changes, its conformational structure should also
change. And this can lead to the release (decapsulation) of the macromolecule located inside the carbon nanotube. Small
medicinal or photoactive molecules can be associated with the polypeptide located inside the carbon nanotube. When
the pH of the medium changes and, accordingly, the conformational structure of the polypeptide undergoes a significant
restructuring, small molecules can be decapsulated from the nanotube separately or together with the macrochain. This
effect can be used to create a nanocontainer with a controlled release of drugs or photoactive label molecules when the
pH of the medium changes.
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Of great interest is also the restructuring of the conformations of several polypeptide molecules located inside the
carbon nanotube when the pH level changes. If the molecules of homogeneous polypeptides have the same composition
of amino acid residues, then when the pH value deviates from the isoelectric point, they are charged with the same
charge sign. This leads to the repulsion of like-charged polypeptides from each other and to a significant change in their
configuration inside the carbon nanotube, which can lead to the expulsion of macromolecules from the carbon nanotube.

Thus, the aim of this work is to study changes in the conformational structure of macromolecules of homogeneous
polypeptides located inside a single-layer carbon nanotube, singly and in pairs, when changing pH.

2. Molecular dynamics simulation

Full-atom molecular dynamics (MD) simulations were performed using the NAMD 2.14 software package [32] for a
molecular system in which one or two identical polypeptide molecules were located inside a carbon nanotube. A single-
walled carbon nanotube with a length of 30 nm, a diameter of about 6 nm, and a chirality of n = 45 and m = 45 was
considered. The atoms of the nanotube remained fixed during the simulation.

The choice of a carbon nanotube of such a diameter was due to the need to place a polypeptide macromolecule in
a coil conformation in the starting configuration, which had a sufficiently large size, inside it. In works [20-22], the
processes of encapsulation of shorter peptides in a carbon nanotube of different diameters (from 2.2 to 3.8 nm) were
considered, and with equal chirality indices n=m. Therefore, in this work, a carbon nanotube with the same chirality
indices was also considered. In general, for nanotubes of the same diameter, but with different chirality indices, the
results should not change significantly, since the main contribution to the encapsulation of peptides and their adsorption
inside a carbon nanotube is made by the Van der Waals interaction of the peptide with the walls of the nanotube. Since the
number of atoms for nanotubes of similar diameter, but with different chirality will be almost the same, then in general
the interaction of the peptide with the walls of the carbon nanotube will be the same, and therefore the decapsulation of
the macrochain will occur under the same conditions.

The pH level was changed indirectly, as was done in [29]. MD simulation was performed for polypeptides consisting
of 100 amino acid residues of glutamic acid at different pH values. In the range of pH~6-8, corresponding to a neutral
medium, all amino acid residues of glutamic acid Glu have a negative charge of —1e according to the titration curve.
When the increasing of the acidity of the medium and the decreasing of the pH value begins, the proportion of amino acid
residues in the polypeptide changes. It leads to changing their charge and becoming neutral Glu® [29]. Upon reaching the
isoelectric point pI=3.22, all amino acid residues of glutamic acid in the macrochain become uncharged Glu®.

In this work, a series of polypeptides from glutamic acid units with different proportions of neutral and negatively
charged amino acid residues were considered, which corresponded to the state of the polyglutamate macrochain at pH
values in the range from the isoelectric point pI=3.22 to a neutral environment pH~6-8:

1) Gluygp polypeptide (total charge of the macrochain —100e) which corresponds to the values of pH~6-8 according
to the titration curve;

2) polypeptide (Glu10Glu’Glug)s; (total charge —95e) which corresponds to the value of pH~5.8;

3) polypeptide (GlusGlu®Gluy); (total charge —90e), pH~5.5;

4) polypeptide (GIUQGIUOGIUQ)QO (total charge —80e), pHAS;

5) polypeptide (GluGlu®Glu)33Glu (total charge —67¢), pH~4.6;

6) polypeptide (GluGlu®)sq (total charge —50e), pH~4.3;

7) polypeptide (Glu’GluGlu®)35Glu® (total charge —33e), pH~4;

8) polypeptide (Glu)GluGlud)sg (total charge —20e), pHAZ3.8;

9) polypeptide (GluGluGluY); (total charge —10e), pH~3.6;

10) polypeptide (Glu{,GluGlud)s (total charge —5e), pH~3.4;

11) polypeptide Glu(fOO (uncharged macromolecule) at the isoelectric point pI=3.22.

For charged amino acid residues of glutamic acid, the CHARMM?36 force field was used [33, 34], and to describe
amino acid residues of glutamic acid in the neutral form, the interaction potentials developed in [35] and expanding the
CHARMM36 force field were used. The parameters for the carbon atoms of the nanotube were set to the same as for the
CA type atoms of the CHARMM36 force field, which are used to describe benzene molecules [36]. The van der Waals
potential was cut off at a distance of 1.2 nm using a smoothing function between 1.0 and 1.2 nm. Electrostatic interactions
were calculated directly at a distance of 1.2 nm, for larger distances the particle-mesh Ewald (PME) method [37] with
a grid step of 0.11 nm was used. The entire molecular system was placed in a parallelepiped with edge dimensions
of 54x18x18 nm, filled with TIP3P water molecules [38]. In total, more than 560 thousand water molecules were
placed in the simulation area. Water molecules were also located inside the carbon nanotube. The interaction of water
molecules with the polypeptide was also described using the CHARMM?36 force field, including electrostatic interactions
between partial charges of water molecules and the polypeptide, as well as Van der Waals interactions between atoms of
water molecules and the polypeptide via the Lennard-Jones potential. The MD simulation was performed at a constant
temperature of 300 K (NVT, Berendsen thermostat). The length of the time trajectory reached 30 ns, the simulation step
was 1 fs.
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FI1G. 1. A single polypeptide of 100 glutamic acid units inside a carbon nanotube after modeling at
the isoelectric point pI=3.22 (a, b, each atom is shown in its own color), pH~4 (c and d), pH~4.3 (e),
pH~S5 (f), pH~6-8 (g and h). Water molecules are not shown for clarity; in figures c—h, uncharged
amino acid residues Glu® are shown in red, and negatively charged Glu are shown in blue (a, c, e, f, g —
side view, b, d and h — end view)

First, we considered the case when one or two macromolecules of the Glu(l)00 polypeptide were located inside the
carbon nanotube at a pH value equal to the isoelectric point pI=3.22, i.e. when the polypeptides were generally neutral.
At the initial moment, the polypeptides were in the form of nonequilibrium coils inside the carbon nanotube. As a result
of the modeling, adsorption of both a single macrochain (Fig. 1) and a system of two identical polypeptides (Fig. 5) on
the inner surface of the carbon nanotube was observed. The obtained equilibrium structures of the polypeptides at the
isoelectric point were subsequently used as starting ones at pH values in the range from 3.22 to 6-8. Three different
starting conformations were considered for both a single polypeptide and a complex of two identical polypeptides inside
the carbon nanotube.

Based on the results of modeling in the case of adsorption of a macrochain on the inner wall of a carbon nanotube,
radial distributions of the density of polypeptide atoms, as well as the distribution of macrochain atoms along the nanotube
axis were calculated for all the conformations obtained. The dependences of various components of the potential energy
of the nanosystem (total, Van der Waals, electrostatic, as well as torsion angles of the polypeptide) were also calculated
when changing the conformational structure of the polypeptide inside the carbon nanotube.
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F1G. 2. Dependences of the potential energy of torsion (dihedral) angles (a), van der Waals (b), elec-
trostatic (c) and total potential energy (d) of a single polypeptide inside a carbon nanotube as the center
of mass of the macrochain moves away from the center of the nanotube along the axis at pH~6-8
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F1G. 3. Radial dependences of the average density of atoms of a single polyglutamate macrochain
inside a carbon nanotube at the end of the simulation for different values of pH: a) from 3.22 to 4.3, b)
from 4.3 to 6-8

3. Results

3.1. Conformational changes of a single polypeptide macrochain inside a carbon nanotube with pH changes

Figures 1a,b show a single macromolecule of a polypeptide consisting of 100 glutamic acid units after molecular
dynamics simulation inside a carbon nanotube at the isoelectric point pI=3.22. In this case, the GluY,, macromolecule
has a zero electric charge overall and is adsorbed on the inner surface of the nanotube. This is in good agreement with
the results obtained in [20-23], where it was shown that the peptide is encapsulated inside a carbon nanotube and this
arrangement of the peptide is the most energetically favorable.

As the pH value increased and the isoelectric point deviated, more and more polyglutamate units acquired a negative
charge. Therefore, due to the increasingly strong repulsion of the links from each other and, accordingly, the increase
in rigidity and persistent length of the macrochain, the polypeptide unfolded more and more (Figs. 1c,d). The macro-
molecule, initially adsorbed quite compactly on the inner surface of the nanotube (Fig. 1a), began to partially stretch
along the nanotube starting from the pH value of pH~4.3 (Fig. le), that is, when half of the polypeptide links became
negatively charged. Starting with the values of the hydrogen index pH~5, partial decapsulation of the polypeptide from
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FI1G. 4. Distributions of the average linear density of atoms of a single polypeptide from glutamic
acid units at the end of the simulation at different values of pH from 3.22 to 4.3 along the axis of the
carbon nanotube. b) Distribution of absolute values of the average linear density of atoms of a single
polyglutamate with increasing distance from the center (z=0) of the nanotube along the axis of the
nanotube at values of pH from 4.6 to 6-8

F1G. 5. Two polyglutamate macromolecules after modeling inside a carbon nanotube after MD simu-
lation at pI=3.22 (a — side view, b — end view, the one shown in red and the second one in blue)

the carbon nanotube to the outside began to occur (Fig. 1f). In the case of an increase in the hydrogen index to pH~5.8-
8, when all or almost all links of the polypeptide became negatively charged, decapsulation of the polypeptide from the
nanotube occurred (Figs. 1g,h). In this case, the polypeptide was concentrated near one of the ends of the carbon nanotube.

Figure 2 shows the dependences of the potential energy of torsion (dihedral) angles, as well as van der Waals, electro-
static and total potential energy of a single polypeptide of 100 glutamic acid units inside a carbon nanotube as the center
of mass of the macrochain moves away from the center of the nanotube (z=0) at pH~6-8. The position of the center of
mass of the polypeptide at a distance of 15 nm from the center of the nanotube corresponds to the displacement of the
macromolecule to the edge of the nanotube (Fig. 1g,h). It can be seen that the potential energy of the torsion angles grad-
ually decreases as the polyelectrolyte unfolds and exits the nanotube (Fig. 2a). In this case, the potential energy of van der
Waals interactions during decapsulation of the polypeptide gradually increased (Fig. 2b), which is in good agreement with
the dependence of the energy of van der Waals interactions of the peptide with the carbon nanotube presented in [20,21].
However, in this case, a more significant decrease in the electrostatic energy of the nanosystem occurred (Fig. 2c), which
made the greatest contribution to the change in the total potential energy of the nanosystem, which also decreased when
the charged polypeptide was shifted to the edge of the carbon nanotube (Fig. 2d). Thus, for the charged macrochain, the
conformation in which the polypeptide was located on the outside at the edge of the carbon nanotube turned out to be
energetically favorable.

Figure 3 shows a comparison of the radial dependences of the average atomic density of a single polypeptide made
of glutamic acid units inside a carbon nanotube at the end of the simulation at different pH values from 3.22 to 4.3
(Fig. 3a) and from 4.3 to 6-8 (Fig. 3b). It is evident that in the range of pH values from 3.22 to 4.3 (Fig. 3a), that
is, from the case of a neutral macromolecule to a half-charged one, the density of polypeptide atoms inside the carbon
nanotube changed insignificantly, since most of the polypeptide units were adsorbed on its inner surface. In this case, a
characteristic maximum of the macrochain atom density is observed near the surface of the nanotube [18], and the radial
distribution curve of the average atomic density of the polypeptide drops to zero at approximately half the radius of the
carbon nanotube. With an increase in the pH value from 4.3 to 6-8 (Fig. 3b), a significant decrease in the density of
polyglutamate atoms inside the carbon nanotube is observed. This is due to the gradual release of the polypeptide from
the carbon nanotube as the pH increases (Fig. 1g,h).

Figure 4a shows the distributions of the average linear density of atoms of a single polyglutamate macromolecule
along the carbon nanotube axis at the end of the simulation at different values of pH in the range from 3.22 to 4.3. It is
evident that at the isoelectric point pI=3.22 the macrochain was concentrated in the center of the carbon nanotube (Fig. 4a,
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FI1G. 6. Two macromolecules of glutamic acid units after modeling inside a carbon nanotube at different
pH values: pH~4 (a), pH~4.3 (b and c), pH~5 (d), and pH~6-8 (e and f). The first polypeptide is
shown in red, and the second one in blue (a, b, d, e — side view, c, f — end view)

zero along the z axis). As the hydrogen index increases, the distribution profile of the average density of polypeptide atoms
along the nanotube axis broadens due to the increase in the rigidity of the macrochain and its stretching along the nanotube
axis.

In Fig. 4b, the distributions of absolute values of the average linear density of atoms of a single polyglutamate are
shown with increasing distance from the center (2=0) along the nanotube axis at pH from 4.6 to 6-8. It is evident that even
at pH~4.6 the macrochain is concentrated mainly in the center of the nanotube, and at pH~5.5 most of the polypeptide
links are already shifted to the end of the nanotube, which is associated with the partial exit of the polypeptide to the
outside. At pH~6-8 the fully charged macrochain is mostly decapsulated and is located at the end of the carbon nanotube,
partially wrapping around it from the outside (Figs. 1g,h).

3.2. Conformational changes of two identical homogeneous polypeptides inside a carbon nanotube with pH
changes

A different picture was observed when two identical macromolecules of homogeneous polypeptides were located
inside the carbon nanotube. At the initial moment of time at the isoelectric point pI=3.22 they were adsorbed on the inner
surface of the carbon nanotube (Fig. 5).

As the pH value increased, the polypeptides gradually became negatively charged, which increased their rigidity and
their unfolding inside the carbon nanotube. At the same time, the charged links of the both polypeptides began to repel
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F1G. 7. Dependences of the potential energy of torsion (dihedral) angles (a), van der Waals (b), elec-
trostatic (c) and total potential energy (d) of two polypeptides from glutamic acid units as a function of
the average deviation of the centers of mass of the polypeptides from the center of the carbon nanotube
along the axis at pH~6-8
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F1G. 8. Total radial dependences of the average density of atoms of two polyglutamate macromolecules
inside a carbon nanotube at different values of pH: a) from 3.22 to 4.3, b) from 4.3 to 6-8

each other more and more strongly, which led to the macromolecules shifting outward to the two opposite ends of the
nanotube (Fig. 6).

Figure 6a shows that even with a small charge of the macrochain and a small deviation from the isoelectric point
(pH~4), the polyglutamate molecules begin to shift away from each other. And when half of all the polypeptide links
became negatively charged (pH~4.3), both charged macromolecules shifted to opposite ends of the carbon nanotube
(Figs. 6b,c). A further increase in the pH did not lead to desorption of the polypeptides, but an increasing unfolding of
the macrochains was observed due to an increase in their rigidity with the ends of the polypeptides being thrown out into
the surrounding space. At the same time, the macrochain remained at the ends of the carbon nanotube, partially wrapping
around them (Figs. 6d-f).

Figure 7 shows the dependences of the potential energy of two polyglutamate molecules inside a carbon nanotube
on the average deviation of the centers of mass of the polypeptides from the center of the nanotube along the axis at a
hydrogen index of pH~6-8. The z axis shows the average absolute value of the distance of the centers of mass of the
polypeptides from the center of the nanotube: at z=15 nm, the polypeptides are at the opposite edges of the nanotube
(Fig. 6e.f). It is evident that the potential energy of the torsion angles, as in the case of a single macrochain, gradually
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FI1G. 9. Total distributions of the average linear density of atoms of two polyglutamate macromolecules
along the axis of a carbon nanotube at different values of pH: a) from 3.22 to 4.3, b) from 4.6 to 6-8. ¢)
Distributions of the linear density of atoms of two polyglutamate macromolecules separately (1 and 2)
at pH~4

decreased as the polypeptides unfolded and decapsulated from the nanotube (Fig. 7a). At the same time, the potential
energy of van der Waals interactions increased (Fig. 7b). The electrostatic energy of the nanosystem decreased much
more strongly when the polypeptides were shifted to the edges of the nanotube (Fig. 7c), as in the case of a single
polypeptide molecule inside a carbon nanotube. Therefore, the total potential energy of the nanosystem consisting of two
charged polypeptides inside a carbon nanotube also decreased upon their decapsulation (Fig. 7d). Thus, as in the case of a
single polyelectrolyte, the most energetically favorable conformations were those in which the charged polypeptides were
located outside at the ends of the carbon nanotube.

Figure 8 shows the total radial dependences of the average atomic density of two polypeptides from glutamic acid
units inside a carbon nanotube at different pH values. It is evident that while both macromolecules are inside the carbon
nanotube, i.e. at pH values from 3.22 to 4, the curves of the total radial distributions of their atomic density are very
close to each other (Fig. 8a). The radial distribution peaks for the atomic density of the macrochains decreased as the
polypeptides moved outward from the nanotube. (Fig. 8b). At the same time, the radial distributions of the average
density of each of the polypeptides separately at all pH values were similar to each other.

Figure 9 shows the distributions of the average linear density of atoms of two polyglutamate macromolecules at
different pH values along the carbon nanotube axis. At pH<4, the atoms of both macrochains are concentrated in the
central part of the nanotube (Fig. 9a). At pH~4, the profile of the total linear distribution of the density of polypeptide
atoms spreads out along the entire length of the carbon nanotube (Fig. 9a), while the profiles of the linear density of atoms
for individual polypeptides (Fig. 9¢) hardly intersect. The case of the location of polypeptides at different ends of the
carbon nanotube (pH~=4.3) corresponds to separate profiles of the linear distributions of the density of atoms with peaks
at the ends of the nanotube: about —15 nm and 415 nm along the z axis (Figs. 9a,b).

4. Conclusion

When the pH value deviated from the isoelectric point, the single polypeptide macrochain adsorbed inside the carbon
nanotube unfolded more and more and stretched along the nanotube. When all or almost all the polypeptide links became
charged, the polypeptide was decapsulated from the carbon nanotube. Thus, by changing the charge of the links and,
thereby, the rigidity of the macrochain, it is possible to control the release of the polypeptide molecule encapsulated [20,
21] inside the carbon nanotube. When two identical homogeneous polypeptides were located on the inner surface of the
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carbon nanotube, then in case when the pH level deviated from the isoelectric point, they shifted outward to two opposite
ends of the nanotube. In this situation, the release of charged macromolecules from the carbon nanotube began to occur
when half of the amino acid residues of the polypeptide acquired an electric charge, that is, with a significantly smaller
deviation of the pH value from the isoelectric point compared to a single polypeptide. Obviously, further increase in the
number of polypeptides inside the carbon nanotube leads to even stronger repulsion of macromolecules from each other
when the pH level deviates from the isoelectric point. This can cause not only the exit of polypeptides from the central
part of the carbon nanotube to its ends, but also the desorption of macromolecules.

It should be noted that the ends of the carbon nanotube can be oxidized by carboxyl or hydroxyl groups, the presence
of which can worsen both the capillary absorption of the polypeptide and complicate the release of the polypeptide from
the carbon nanotube. The role of foreign ions was also not taken into account in this study.

If the encapsulated polypeptide contains small medicinal or photoactive molecules in the structure of its macrochain
at the isoelectric point, then upon decapsulation of the polypeptide from the carbon nanotube, they can be released from
the carbon nanotube or will be concentrated together with the macromolecule near its ends.

Thus, a nanosystem with one or more polypeptides inside a carbon nanotube can be used as a nanocontainer sensitive
to changes in the pH of the medium. Encapsulation [20,21] of polypeptides in a nanotube will be carried out at the iso-
electric point, and decapsulation of macrochains will occur at a pH value significantly different from the isoelectric point
characteristic of a certain composition of amino acid residues of the polypeptide. Instead of a homogeneous polypeptide,
any polypeptide with amino acid residues of different types can be used. Since polypeptides with different sets of links
have their own isoelectric point value, then by changing the combination of amino acid residues in the polypeptide, it is
possible to select a pH value corresponding to an acidic, alkaline or neutral medium, at which the substances contained
therein will be released from the carbon nanotube.

In addition, such a nanosystem can be used as a sensor element sensitive to changes in the hydrogen index of the
medium. For example, in a luminescent-optical meter of the concentration of molecular (including singlet) oxygen, the
operation of which is sensitive to changes in the conformational structure of a macromolecular chain in a nanopore or
nanotube, with photoactive molecules (dyes) contained in the structure of the macromolecule [39]. The non-uniform
distribution of photoactive centers associated with the macrochain inside a carbon nanotube has a significant effect on
the kinetics of two-stage photoreactions involving electronically excited dye molecules and oxygen, and the shape of the
pulse signal of delayed fluorescence depends on this [39]. Therefore, a significant change in the conformational structure
of polypeptides together with dye molecules inside a carbon nanotube or nanopore will lead to a change in the shape of
the time dependence of the intensity of delayed fluorescence, which will make it possible to create a molecular oxygen
sensor sensitive to changes in the pH of the environment.
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