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Abstract. The structure and properties of diphenylalanine peptide nanotubes based
on phenylalanine were investigated by various molecular modeling methods. The
main approaches were semi-empirical gquantum-chemical methods (PM3 and
AM1), and molecular mechanical ones. Both the model structures and the
structures extracted from their experimental crystallographic databases obtained by
X-ray methods were examined. A comparison of optimized model structures and
structures obtained by naturally-occurring self-assembly showed their important
differences depending on D- and L-chirality. In both the cases, the effect of
chirality on the results of self-assembly of diphenylalanine peptide nanotubes was
established: peptide nanotubes based on the D-diphenylalanine (D-FF) has high
condensation energy E, in transverse direction and forms thicker and shorter
peptide nanotubes bundles, than that based on L-diphenylalanine (L-FF). A
topological difference was established: model peptide nanotubes were optimized
into structures consisting of rings, while naturally self-assembled peptide
nanotubes consisted of helical coils. The latter were different for the original L-FF
and D-FF. They formed helix structures in which the chirality sign changes as the
level of the macromolecule hierarchy raises. Total energy of the optimal distances
between two units are deeper for L-FF (-1.014 eV) then for D-FF (-0.607 eV) for
ring models, while for helix coil are approximately the same and have for L-FF
(-6.18 eV) and for D-FF (-6.22 eV) by PM3 method; for molecular mechanical
methods energy changes are of the order of 2-3 eV for both the cases. A
topological transition between a ring and a helix coil of peptide nanotube structures
is discussed: self-assembled natural helix structures are more stable and favourable,
they have lower energy in optimal configuration as compared with ring models by
a value of the order of 1 eV for molecular mechanical methods and 5 eV for PM3
method.
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1. INTRODUCTION

The self-arrangement of matter and self-assembly of a complex of biomolecular structures
is one of the most important and intriguing phenomena in animate and inanimate nature, and
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is constantly in the focus of attention of researchers in various directions [1-5]. Of no less
interest is computer assisted molecular modelling of the self-organization processes of
molecular systems at different levels and by different methods [6-10].

One example of such self-organizing macromolecular systems are peptide nanotubes
(PNT) based on the amino acid phenylalanine (Phe or F) and its dipeptide — diphenylalanine
(FF, in their usual aquatic zwitterionic form H-FF-OH) [11-19]. Possessing a wide range of
useful properties, these structures are promising for various applications in nanotechnology,
nanoelectronics and biomedicine [14, 16]. Self-assembly of such PNT occurs in aqueous
media rather quickly and under certain conditions that affect their growth rate, the shape of
self-organizing structures (their thickness and length) and their physical properties [20].

It should be noted that the role of symmetry and asymmetry [21-23], which are
manifested here, in particular in such an important property as chirality [2, 24, 25] of the
original molecules, plays here a key role in the physical laws and processes at various levels
of the organization of these structures [26-31]. Moreover, this is generally characteristic of
the whole self-organization of matter and complex molecular systems [1, 2, 21-24].

The chirality of molecules has long been known. Thus, it was found that substances with
the same chemical formula can rotate the plane of polarized light in different ways; they were
called stereoisomers [25, 32]. The two forms of stereoisomers are mirror reflections, but they
are not combined with each other in space, like our left and right hands. This property of
molecules is called chirality. At present, this term “chirality” (from ancient Greek “Xep* —
hand) determines the property of a molecule not to be combined (coincided or superimposed)
in space with its mirror image. More strictly mathematically: chirality is the incompatibility of
an object with its mirror reflection for any combination of rotations and displacements in
three-dimensional space [25]. Such mirror-symmetric forms (or stereoisomers) of chemical
compounds are called enantiomers [33]. These are the "left" (L — from the Latin “lacva’) and
the "right" (D — from the Latin “dextra”) enantiomers. These two forms of enantiomers (or
optical isomers) rotate the plane of polarized light either to the right (D) or to the left (L).

Modern advances in molecular biology and biophysics have already allowed a sufficiently
detailed description of the structures and functions of almost all the major biomacromolecules
at different levels of their hierarchy and structural organization [24-31]. A huge number of
chiral molecules, such as amino acids, sugars, etc., exist in nature and play a crucial role in
the living organisms [2]. At the same time, self-organizing macromolecules tend to form
hierarchical structures with alternating signs of chirality upon transition to a higher
hierarchical level [28-30].

Depending on the conformation (a-helix and p-sheet) and the type of stereoisomer (L or
D) of the primary structure (amino acid), the properties of any material assembled on their
basis are also changing. At the same time, it is known that the characteristic feature of all
bioorganic molecular systems in living organisms is the chiral specificity of their structures
and functions. That is, from the point of view of chirality, all biopolymers have one common
property here: the nucleotide units of RNA and DNA have only D-configuration, and the
macromolecules of proteins and enzymes in all living organisms consist of only L-amino
acids. In other words, DNA and proteins are homochiral polymers of the opposite chirality.
Thus, such chiral specificity is an inherent property of living nature, and the reproduction and
maintenance of such specificity is one of the most characteristic functions of life activity. This
property, called homochirality, turns out to be an important position that underlies a common
physical factor leading to hierarchical structure formation in proteins and nucleic acids [28—
30].

Hence, homochirality is one of the main properties of all biological macromolecules, with
virtually no exceptions. Nevertheless, it turned out that in nature there are still “right” D-
amino acids. Thus, it was revealed [34] that D-amino acids play an important role in the life
of some bacteria, controlling their reaction to various food stimuli and such a process as the
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“assembly” of the cell wall. Perhaps, this is a small exception. But they are important,
especially for possible practical applications of the peptide structures of different chirality: on
the basis of L-amino acids, and on the basis of D-amino acids.

And here an important point is the fact that life always uses only one of the enantiomers.
If, for example, milk existed, the proteins of which consisted exclusively of D-amino acids,
our organism could hardly digest it, since all the digestive enzymes are based on L-amino
acids. Just because of this that it is extremely important for chemists to be able to separate
enantiomers — indeed, different enantiomers of the same substance sometimes have a
completely different effect on the organism. Thus, chemists themselves often refer to
enantiomers as a single compound, since their chemical properties are identical. However,
their biological activity can be completely different. "Right" and "left" drugs, interacting with
chiral molecules in the body, such as enzymes, can act differently. The need for optically pure
enantiomers is also explained here by the fact that often only one of them has the desired
therapeutic effect, whereas the second antipode can be useless at best and, at worst, cause
undesirable side effects or even be deadly toxic [35]. In order to avoid such "side effects”, at
present, attempts are made to produce many drugs in the form of optically pure compounds.
However, obtaining them is difficult and expensive. Therefore, it is not surprising that among
the multitude of the synthetic chiral preparations produced worldwide, only a small part is
optically pure (that is, it consists of the molecules of the same chirality), while the rest ones —
are the racemates, that is, a mixture of molecules of both types of chirality.

It should be reiterated that an important and basic fact is that the overwhelming majority
of the peptides in our living organisms are built on the basis of the “left” L-amino acids. The
causes of such homochirality are a separate issue.

Usually, the classical mechanisms proposed here for the transition from a racemic mixture
to homochiral biochemistry in the evolution are randomly attributed to the choice of L-amino
acids and D-sugars by self-replication systems [2, 31]. However, it is possible that there exists
a physical factor (such as the effect of a weak neutral current [36]), which violates the
equilibrium, which leads to the energy difference between one chiral molecule and its mirror
isomer. This leads to a slight stabilization of L-amino acids and L-peptides (in the
conformation of the o-helix, B-sheet) relative to the corresponding enantiomer [36]. The
energy difference may be enough here to break the chiral symmetry of the sequence of
autocatalytic racemic reactions in an open nonequilibrium system [31]. And then,
autocatalytic reactions can unwind the turns of asymmetry and chiral structures. This is a
general hypothesis. However, it turned out that there are specific factors.

It is known that in physics, chirality is a property of elementary particles, consisting in the
difference between right and left, and indicating that the Universe is asymmetric with respect
to the replacement of the right by the left, and the left by the right. This symmetry breaking is
already apparent at the levels of weak interactions [37, 38]. Thus, weak nuclear interaction is
the only force of nature that has “preferences” in orientation: electrons emerged in a
subatomic process, known as B-decay, are always left-sided. This means that their spin, the
qguantum angular momentum of elementary particles, will always be opposite to the direction
of the electron's motion — these are the “left” spin-polarized electrons [39, 40].

In this regard, we note that among possible explanations of the reasons for the
homochirality of biomacromolecules, there is a hypothesis by Wester — Ulbricht that the
homochirality of life is a consequence of the spatial asymmetry of a weak interaction of
elementary particles. They suggested that photons generated by these spin-polarized electrons
could destroy more molecules of some type than those of the other, creating an imbalance. At
the same time, it is possible that the spin-polarized electrons themselves can be the source of
such asymmetry. Thus, experimental results published recently [41] prove the reality of at
least one important element of this hypothesis: slow polarized electrons are indeed capable of
initiating chirally selective chemical reactions in the gas phase [41, 42]. And, perhaps, as
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these studies with polarized electrons show, this effect is the source of the accumulated fact:
the predominant existence in living organisms of “left” amino acids and “right” DNA
molecules.

An important point is the influence of the magnetic field on the spin orientation of the
electron and its directional motion in a magnetic field. Note that such a spin polarization of
electrons by a magnetic field with synchrotron radiation was predicted as far back as 1963
[43, 44]. The action of the magnetic field leads to the fact that the initially unpolarized
electron beam, after some time, passes into a polarized state — with a spin directed opposite to
the magnetic field, which is an energetically more favourable state. One of the important
practical applications of this approach may be the possibility of separating a mixture of the
chiral molecules into the enantiomers using spin-polarized electrons [45, 46]. Until now, only
the methods based on different interactions of the enantiomers of some molecules with the
enantiomers of other molecules have existed. In a recent paper [47] it was shown that
enantiomers can be separated by selective adsorption to a magnetized surface, which occurs
precisely because of the different spin polarization of electrons in enantiomers.

Another important question: what happens to the homochiral objects themselves? Here,
with further hierarchical complication of molecular structures and transition to a still higher
level of organization, a certain systemic molecular-biological pattern arises: there is a
tendency of alternation of the sign of chirality of molecular structural levels of L-D-L-D for
proteins and in a different order D-L-D-L for DNA [28-30]. That is, a periodic system of
chirality is seen for various biomolecular elements [48-50]. In this case, the spirality
(helicity) of the structures acts as a special case of chirality. This is the most important new
approach to the modern analysis of various alternating chiral structures [28]. A detailed
substantiation of these provisions was carried out recently in [28-30, 48-50], where a large
amount of work was done on the analysis of helical and supercoiled structures in proteins and
nucleic acids based on the PDP and CC + database [50]. The development of these works is in
progress Now.

In the field of materials science, chirality and supra-molecular organization have a great
influence on the development of new nonlinear optical materials providing second-order
nonlinear optical susceptibility, approximately 30 times greater than that of racemic material
with the same chemical structure [38]. Chirality has also become an important concept in
spintronics, where the chiral induced effect of spin selectivity is used to control electron spins
transmitted through short organic molecules [39, 40] and long supramolecular structures [45—
47]. Some attempts are also known to create new chiral materials based on the chiral-
magnetic effect [51], which is also associated with spin-polarized electrons and their behavior
in a magnetic field [43-46, 52, 53]. This can be observed in the so-called three-dimensional
Dirac semimetals [54]. On this basis, the possibilities of creating and applying materials with
a given chirality are also being studied.

Apart from the influence of magnetic fields on chiral structures, the influence may also be
exerted by electric fields, especially with a complex inhomogeneous (dipole and multipole)
structure. Here an important observation was recently made in [55], in which it was shown
that electrostatic interactions may be responsible for the chiral recognition and selection of
chiral molecules. In this work, chiral recognition and chiral selection of individual
enantiomers was observed during the self-assembly of two enantiomeric macroanions. It has
been shown that individual enantiomers can be separated from their racemic mixtures by the
introduction of chiral anionic molecules. The fact that relatively simple inorganic macro-ions
demonstrate chiral recognition and selection during their self-assembly process indicates that
similar features of biomacromolecules may be due to their macroionic character through long-
range electrostatic interactions.

This means that there are features of electrical properties (distribution of charges and
dipole moments) of molecules of different chirality, which determine the effect of electrostatic
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interactions [56] on their self-organization and the formation of structures in the process of
self-assembly at different distances between these different chiral molecules, which can lead
to different forms of the final structural formation. The practical application of these
properties of the chirality of macromolecules requires a detailed study of the effects of their
interaction depending on the type of chirality in various chiral molecular systems. Similar
processes of self-sabotage, leading to the formation of individually different complex
supramolecular peptide L- and D-structures, based on initially different, simpler left and right
molecules, can be observed for polypeptides based on different amino acids having different
dipole moments [4, 57-60]. These studies can be effectively carried out using molecular
computer simulation methods [18, 19] and be accompanied by experimental observations by
atomic force and piezo-response force microscopy (AFM/PFM) [16, 17].

In this paper, we construct and investigate molecular models of molecular complexes of
the type of diphenylalanine-peptide nanotubes (FF PNT) with different chirality (L-FF and D-
FF), features of their self-assembly, in comparison with the known experimental data. Despite
numerous studies on the self-assembly of FF, their physical properties and applications, the
role of chirality in their structure and properties are not well understood [11-20, 61-67]. Most
of the work here was performed earlier on L-FF, starting with the original work by Gorbitz
[12], where the crystal structure of a-helical L-FF PNT was determined. On the
crystallographic structure of D-FF PNT, only recently experimental data have appeared [68,
69]. And we use them now in this work, as well as the data [12].

When modeling FF PNT, the chirality of F and FF, as well as the way amino acids are laid
down when assembling nanotubes, are of great importance and affect their physical
properties. For example, in [70] it was shown that the magnitude of the dipole moment and
the polarization of the entire nanotube vary with their chirality. The purpose of this work is to
substantiate and study the peculiarities of the effect of chirality on the structure and properties
of such nanotubes using computer molecular modeling.

2. COMPUTATIONAL DETAILS

2.1. Initial models and main computational details

The initial molecular models of phenylalanine (commonly referred to as Phe or F) are
taken from a special amino acid database that is included in the HyperChem software [71].
Then the molecular structure of the model of diphenylalanine (FF) was built in a special
“working space” of the HyperChem software, and translated into a zwitterionic form, which is
necessary for further modeling in accordance with experimental data [18, 19, 70]. For this
purpose, in this paper we use the alpha-helix conformation of the initial amino acid F and
both its isomers of chirality L-F and D-F. Based on them, we create further models of
dipeptides — diphenylalanine (FF) with various chiralities. For these two models, referred to
as L-FF and D-FF, all necessary parameters were calculated using the PM3 quantum semi-
empirical method [71-73] in the restricted (RHF) and unrestricted (UHF) Hartree—Fock
approximations [71-75]. After the initial quantum calculation, geometrical optimization was
performed for both models using the Polak—Ribiere conjugate gradient method from the
HyperChem [71] software. In the course of this optimization, the total energy of the system is
calculated at each point, depending on the coordinates of all the atoms of the system, and the
so-called potential energy surface (PES) [71] is determined, on which the minimum of this
total energy or PES is found, corresponding to the optimal position of all the atoms of the
system.

Optimized L-FF and D-FF models are shown in Figure 1. The main characteristics
obtained for these models (shown in Fig. 1) are that they differ from each other in the
orientation and values of their full dipole moment (in Debye units): see Table 1. Total energy
of optimized nanostructures L-FF and D-FF, as well as the full dipole moments are about the
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same, but the orientations of their dipole moments, which are determined by the components
Dy and Dz, turn out to be different and the values of these components alter between them.
This distinction will play an important role in the following structural compositions for the
self-organization of L-FF and D-FF molecules into more complex structures and their
transformation into model structures, such as rings and nanotubes, in accordance with
experimental data.

To obtain a better proof of the results, we used both ab initio and density functional theory
(DFT) methods [76-82], which are accessible in the HyperChem package [71]. For the most
in-depth confirmation of the calculated data, we compare our calculations performed using
PM3 semi-empirical quantum methods with ab initio and DFT using the 6-31G* basis set
with «385 basic Orbitals, 724 primitive Gaussians» [83—85], the MP2 correlation [86, 87] was
also taken into account, and the HCTH98 approach [88] was used for the DFT calculation. All
the methods are from the HyperChem software package [71]. The data obtained as a result of
these calculations, presented in a separate paper [89], show close values of the dipole moment
and polarization for both the structures. They have good convergence and are comparable
when using different approaches and calculations using both ab initio, DFT, and semi-
empirical PM3 methods. Consequently, the PM3 method can be adequately used for further
calculations for these molecular FF systems, and also for more complex structures based on
them. The features of PM3 are discussed in [89-97], while PM3 is often used to calculate
precisely organic molecules [71-73]. Main data for PM3 are presented in Table 1.

L-FF

(a)
Fig. 1. Molecular models of diphenylalanine (a-helix conformation) in various isomer form: a) L-FF with
chirality L, b) D-FF with chirality D. Dashed lines indicate the hydrogen bond N H ... O — (red — O, dark
blue — N, light blue — C, gray — H).

Table 1. Data computed for dipeptides L-FF and D-FF by PM3 method. Dipeptides consist from
43 atoms and have volume on the Van der Waals surface: Vi.gr = 291.540 A3, Vp.ee— 291.977 A3

Method FF Dy, Dy, D,, D, | Polarization, Total energy, RMS
chirality| Debye = Debye Debye Debye C/m? a.u. gradient
‘ PM3, both L-FF  -10.507 | -1.784 | 0.834 10.69 0.122 —133.962554  ~0.07
RHF and UHF,
‘ 112 orbitals D-FF  -1163 1052 1113 1173 0.134 ~133.959162  ~0.07

Computational molecular modeling of more complex tubular self-assembled
nanostructures based on these two L-FF and D-FF dipeptides with different chirality was
performed in this work using HyperChem software, similar to our previous studies [18, 19,
70]. But as distinct from work [70] in this article, we consider only the a-helix conformations
of the original amino acid molecules of phenylalanine (F) (since experimental data show that
in crystallographic structures obtained by X-ray diffraction for these peptide nanotubes
(PNT), no B-sheet conformation was found, namely, only a-helix conformations are present
in all the studied cases [12, 68, 69, 98]. We used here chiral isomers L and D, for L-FF and D-
FF peptide nanotubes (PNT) structure models. For all FF PNT, we used zwitterionic
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molecular forms and considered, first, ring FF models consisting of 6 FF molecules, and,
second, our earlier developed standard 2-ring models of tubular PNT, consisting from 6 FF
molecules in each ring, forming in total the hexagonal crystallographic structure in
accordance with known experimental data [12, 18, 19, 68-70].

2.2. Simulation and calculations of the properties of FF PNT nanotubes

After optimization for both molecular models of L-FF and D-FF, their models are in the
form of one ring (containing 258 atoms), and consisting of 6 FF molecules (43 atoms for each
individual structural segment — dipeptide FF molecules), as well as tubular structures in the
form of 2 rings (out of 516 atoms) were built for the cases of L and D chirality. For all the
cases, geometrical optimization was performed using the Polak—Ribiere conjugate gradient
method [71] and optimized full structures of the L-FF and D-FF PNT nanotube models were
obtained, similarly to what we had done earlier [18, 19, 70].

The calculations were performed using the PM3 quantum semi-empirical method using
various Hartree—Fock approximations (both RHF and UHF), and in some cases the ZINDO-1
[71] quantum semi-empirical method was also used. Here, in some cases, to refine the
calculation results at some points, when poor convergence of calculations in the PM3 method
occurred, similar methods AM1 [71, 99] (also included in the HyperChem package [71]) were
also used. It is also known that, in fact, the PM3 method is a reparameterization of the AM1
method, which is based on the “neglect or ignoring the diatomic overlap differential
(NDDO)” approach [71, 93-97]. PM3 differs from AM1 only in parameter values. The
parameters for PM3 were obtained from a comparison of a much larger amount and a wider
range of experimental data when compared with the calculated molecular properties. PM3,
developed by Stuart [71-73], is based on the so-called “neglect of diatomic differential
overlap (NDDQO)” approximation, with several modifications and the choice of a wide range
of parameters to reproduce the experimental values. Calculation methods with a higher level
of accuracy (such as ab initio and DFT) usually require a long calculation time and a large
amount of computer memory. PM3, as a rule, is here one of the most accurate and at the same
time fast quantum computational methods, which uses several experimental parameters to
simplify the computation process [73-75, 93-97]. Therefore, we tried to compare our
calculated data for simpler di-peptide amino acid molecules by different high-precision
methods with a faster and simpler semi-empirical quantum-chemical method, such as the
PM3 approximation, in order to apply it already to our more complex and larger molecular
self-assembled tubular and cluster structures. In addition, to calculate the energy change with
variation of the distance between two different interacting structures based on FF, that is
energy profiles (containing many steps of long calculations when changing the distances
between interacting rings of different FF structures), molecular mechanics (MM) methods,
such as MM+ (or MM2) [71, 100], Amber [101-103] and BIO CHARM [104] from the
HyperChem package [71] were used. Comparison of the data calculated by these methods
showed their good agreement with each other, and this confirmed the accuracy of the data
obtained by all the methods.

After optimization, the values of the minimum total energy for all the systems and models
of 2 FF rings (Fig. 2 with data from [70]) were determined, which correspond to the optimal
distances between the rings, which was d ~5.45 A. This also corresponded well to the
experimental crystallographic data ([12, 68, 69]), with similar small deviations between the
structures of different chirality L-FF and D-FF.

The important result after these optimization processes is that shapes and configurations
of both optimized structures are not equivalent, neither are the total dipole moment and
energy. This result is due to the differences of the initial optimized states and configurations
of L-FF and D-FF dipeptide molecules, which have different values and orientations of their
dipole moment. As a result, the following electrostatic interaction has some individual
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peculiarities and variations for these two dipeptide molecules with different chirality. This
could be considered as some common and similar features of long electrostatic interactions
chiral molecules [55, 56].

Fig. 2. Molecular models of 2 ring FF PNT in a-helix conformation: (a) L-chiral isomer in Y-plane view,
(b) L-chiral isomer in Z-plane view, (c) D-isomer in Y view, (d) D-isomer in Z-plane view. Yellow
cylinders represent the tube — coil of amino bonding [70].

Table 2. Lattice cell parameters for L-FF and D-FF PNT structures

L-FF? D-FF°
Temperature 150K 140K
Space group P6, P65
a, A 24.0709(13) 23.9468(14)
b, A 24.0709(13) 23.9468(14)
c, A 5.4560(4) 5.4411(2)
v, A3 2737.7(3) 2702.2(2)
D, g/m® 1.299 1.281
2[12], "[68, 69]

For a more detailed comparison and confirmation of differences for structures of different
chirality, we also performed calculations for similar molecular structures based on
experimental data in the “fixed position” or “single point” mode (Single Point — SP), that is,
with fixed charges and distances between atoms. This construction was made as follows: we
cut out similar ring molecular structures of FF (with the same 258 atoms) from the structure
obtained from the experimental data of the crystallographic database of the Cambridge center
of crystallographic data [69]. These data are denoted as CCDC 16337 for L-FF from [12] and
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CCDC 1853771 for D-FF from [68, 69]. The main parameters of these structures are
presented in Table 2 and images are shown in Figure 3, where the selected FF rings are
pointed out by yellow dashed circle lines.

The X-ray diffraction of single crystals allows distinguishing between the enantiomorphs
[105, 106]. Analysis performed in [68] revealed that the lattice cell parameters of D-FF PNT
are close to those for L-FF structures reported by Gorbitz [12], but only their space groups are
different (Table 2). As reported by Gorbitz, L-FF PNT structure belong to P61 space group,
whereas the results obtained in [68] show that D-FF PNT must belong to P65 space group.
Obviously, this symmetry difference is attributed to their monomer chirality. Although, the
well-known 230 crystallographic space groups were deduced using a right-handed Cartesian
coordinate system [107], a left-handed system is also frequently used in stereochemistry for
the description of mirror-imaged enantiomers. This leads to 11 pairs of enantiomorphic space
groups, including the P61-P65 pair [33], which is distinguished by the twisting direction of
their 6-fold screw axis [107].

Fig. 3. Diagrams of the structural data based on the Cambridge Crystallographic Data Centre for two
different FF enantiomers with symmetry elements and their general atomic positions for (a) L-FF with
space group P6, and (b) D-FF with P65 space groups. The hexagonal unit cells are marked by green and
red lines. The rings with atoms selected for calculations are shown by yellow dashed lines.

The selected FF rings with 258 atomic positions were transferred from Mercury *.cif
format to the *.hin format in the HyperChem working space using standard procedure by
OpenBabel program software [108]. After that similar atomic configurations of the FF rings in
the HyperChem workspace were constructed and all necessary similar calculations were
performed. The data obtained were analyzed, collected and now are presented in Figure 3 and
in Table 3. Further, a similar procedure was performed for 2 rings FF models, for both L-FF
and D-FF structures. The data obtained are shown in Table 4.

Both FF rings, obtained from experimental data, consist from 258 atoms, containing 6 di-
peptides (di-phenylalanine FF from 43 atoms in the zwitter-ionic form, each F monomer is in
the a-helix conformation, not in a -sheet, the only difference is in their chirality: L and D).
The main difference between modelled and experimentally obtained structures is that all the
modelled FF rings structures have an optimized geometry (using Polak—Ribiere conjugate
gradient method from HyperChem package [71]), obtained during preliminary PM3
RHF/UHF calculations in [70], while FF rings structures based on experimental data are not
optimized — they are extracted from samples existing in the crystal structure obtained during
experimental studies and self-assembly [68].

It is important to compare these structures of the modelled structures and the taken-out
rings with all their atomic positions as it were in experimental crystal structures — to
determine their properties and relative changes. It is important to note that the latter
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experimental structures have their own “naturally-occurring” optimization in the process of
self-organization and self-assembly of FF molecules into tubular structures under
experimental conditions.

Fig. 4. Molecular models of a 2-ring PNT FF nanotube (FF PNT) in the a-helix conformation, built on
the basis of experimental crystallographic data: (a) L-chiral isomer in the Z-plane, (b) L-chiral isomer in
the Y-plane, (c) D-chiral isomer in the Z-plane, (d) D-chiral isomer in the Y-plane.

However, the latter structures from experimental data have forms that are very different
from modeled rings (see Tables 3 and 4). There are deep reasons for this important difference,
and we are trying to study the origin of this difference. We will discuss this in greater detail
below.

At first sight, the structures from the experimental data are not well-ordered rings; they
have more randomly arranged atoms, as compared with more ordered structures which have
more flat and regular ring shapes for the FF model structures.

It should be noted that these more “disordered” structures, obtained from experimentally
optimized data, have higher total energy (and large RMS gradient of PES) and bad
convergence during quantum PM3 calculations (both RHF and UHF). Note also that in this
case we could not reach a final convergence of the total energy calculations for these L-FF
and D-FF structures at their optimal distance point ¢y ~ 5.45 A, equal to the lattice parameter
along the c axis (as well as for other close distances in this neighborhood of the order
of ~10 A). But for this case, we used comparable and similar other semi-empirical methods
AM1 [71, 99], which helped us to calculate the total energies of the systems under study at
these points with the necessary convergence and accuracy. As is known, PM3 is a
reparameterization of AM1 [99], PM3 differs from AM1 only in the values of the parameters.
Typically, non-bonded interactions are less repulsive in PM3 than in AML.
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Table 3. Basic physical data for simulated and experimental FF structures

Parameters Modelled rings Experimental data rings
L-FF | D-FF L-FF D-FF

‘%W{& @‘w i.zf- ~ xi& S

With selected

molecule
In X-plane
RMS gradient 1.224 . 0.963 87.69 69.7
Volume, A3
(on Van der Waals 1743.87 1745.78 1686.39 1677.03
surface of
molecules)
Dipole moment
(total), Debye 10.23 7.325 66.66 65.68
Polarization, C/m? 0.02 0.014 0.132 0.13
Energy(total), a.u. -804.0268724 -803.9984122 -801.5880396 -801.8739451
AE(0) L&D, eV 0 0.77 7.78 0
AE(0) mod & exp, 0 0 66.36 57.81
eV
Energy of
dissociation of one 2.86 291 0.97 1.002
di-peptide molecule,
eV

To compare these AM1 data with the PM3 calculations we used the Lennard—Jones type
potential as a mathematically simple model that approximates the interaction of a pair of
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neutral molecules [109]. For more complex cases, the generic (generalize) form of the L-J
function is often used. In this paper we use the following approximation:

VgLa(r) = Can Vo[ (ro/r)™ — 2(ro/r)", 1)

where Vj is the depth of the potential well, r is the distance between the molecules, and ry is
the distance at which the potential reaches its minimum. At ro, the potential function has the
value —V,.

Here the coefficient Cp, , is chosen so that the minimum value V(r) = —V,; m and n are

variable coefficients describing the deviation of the behavior of relation (1) from the form of
the behavior of the standard L-J potential, in which m = 12, n = 6. In the case of our
calculations, their values are determined during the corresponding fitting (approximation).
In usual standard form of L-J function the r*2 term, which is the repulsive term, describes
Pauli repulsion at short ranges due to overlapping electron orbitals, and the r ° term, which is
the attractive long-range term, describes attraction at long ranges (van der Waals force, or
dispersion force). For more complex cases, the generalized form of L-J function (1) is often
used.

3. THE SIMULATION RESULTS AND STUDIES OF THE INTERACTION OF THE
RING STRUCTURES OF FF PNT NANOTUBES ALONG THEIR MAIN AXIS

To determine the nature of the interaction of individual ring structures during self-
assembly and the formation of FF PNT nanotubes, we placed them at a relatively large
distance from each other (of the order of r ~ 100 A, at this distance the relative changes in the
total energy are already almost within the calculation error) along the main c-axis nanotubes,
and then gradually brought them together and carried out the calculation of the total energy at
each step. Thus, the total energy profile E(r) and the position of the energy minimum Eq(ro) at
r = ro were determined, when the optimal configuration of the nanotube was achieved. The
calculations were carried out by different methods. Let us consider the results of quantum
chemical calculations using the PM3 and AM1 methods (in RHF, since UHF gives the same
energies here). Figure 5 shows an example of such a PM3 calculation for a model of 2 L-FF
PNT rings.

()

: i r
: H
ot U

2 14 16 18 20 22 \%
o

0
v D

-=— Energy, i
eV a

0 (b)

-1.2

Fig. 5. Total energy profile from the distance for 2 interacting rings of the L-FF PNT model using the
PM3 RHF method: a) location of rings at a distance r, b) total energy profile with optimal parameters E,
(ro=5.6 A)=-1.014 eV, ¢) arrangement of rings at r = r,. The arrows indicate the direction of the dipole
moment D.
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Similar calculations were carried out for the cases with rings of the D-FF PNT model, as
well as with ring structures isolated and obtained from their experimental data. It should be
noted that the optimization of the model structures carried out by us turns out to be rather a
complicated process and is not always unambiguous. This is determined by the complex
structure of PES — the mathematical surface of the total energy, each point of which depends
on the location of all the atoms of the system and which, as a rule, has more than one local
minimum and the gradient descent to the absolute minimum can occur in different ways. At
the same time, it still depends on the initial position — from different initial configurations one
can arrive at different final states. As an example, we optimized the rings of the D-FF PNT
model with a different initial configuration and arrived at a more symmetrical form of the D-
FF rings. However, the total energy in the minimum turned out to be higher (below, in Fig. 6
of this model, the D-FF model 2 corresponds to the blue graph). Apparently here this is
precisely the case of hitting a local minimum with a higher energy. Another difficulty arose in
the calculation of ring structures based on the experiment: at close distances, the calculation
convergence is violated (Fig. 6).

15 | | |
—=— L-FF model optimized

—— D-FF model 1 optimiz.

—— D-FF model 2 optimiz.
L-FF from experim. data

05 —— D-FF from experim. data

1.0

Energy total, eV

0.0 —_—

05 - v ,/
S

x]

-1.0
/

-2.0

5 10 15 20 25 30
Distance between rings, A

Fig. 6. Energy profiles calculated by the PM3 RHF quantum method for both model optimized PNT rings
of different chirality L-FF, D-FF, and ring structures extracted from experimental crystallographic data
(data are shown up to 10 A, closer there is no convergence of PM3 calculation algorithm).

Therefore, we proceeded to calculations by another AM1 RHF quantum chemical semi-
empirical method, in which the convergence of the calculation algorithm was performed at all
distances, and to approximation of the calculation results by the method of generalized
potential L-J. Similarly, calculations were performed for structures with D-FF chirality.

To compare these calculations using the AM1 and PM3 methods (in the RHF
approximation), we calculated the total interaction energy of two “ring” structures, L-FF and
D-FF, with the distances between them. Then fittings (approximations) were performed with
the generalized L-J function (1) for both the cases — AM1 and PM3 (both for the case of L-FF
and for D-FF). The data of quantum calculations by the AM1 method gave us good
convergence at any distances for all cases.

We compared the fitting data (approximations) for calculations using the AM1 and PM3
methods, and as a result we obtained the Vy(ro) values for PM3 (for the cases of L-FF and D-
FF). The latter data are presented in Figure 7 and in Tables 4.
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Fig. 7. Results of the calculation of energy profile for 2-ring-shaped L-FF PNT structures (according to
the experiment): a) using the AM1 RHF method and approximation of this profile using the generalized
function L-J (1), b) using the PM3 RHF method (partially, according to the convergence region
calculation) and approximation of energy profile based on the parameters of the generalized function L-J
(1), obtained by fitting AM1. Here the fitting parameters and the parameters in the formula (1) are
designated as: Cy,, = P1, rg=P2, m =P3, n = P4, V, = P5.

The values of the coefficients determined after fitting are the following (see Fig. 7):
D-FF: Cnn=0.9569~1, m=6.402~6.4, n =2793~28, for ro=5441A and

Vp=6.21998 ~ 6.22 eV;
L-FF: Cyn=1.0299~1, m=7.768~7.8, n=2793~28, for ro=5456A and

Vo =6.1795~6.18 eV.
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The values of the obtained coefficients m and n strongly deviate from the standard values
(m =12, n = 6) in the L-J relation (1), obviously, due to the strong influence of the quantum
interactions of the electronic subsystems in these cases of complete quantum calculations.

It should be noted that the value of the energy in the minimum (optimum) for these
structures of different chirality is not greatly different here and the energy varies only slightly
with the distance between the interacting clusters.

7
6
o]
4
4]
2]
14

] | l J
—=— L-FF model optimized
+— D-FF model optimized [
+«— L-FF by experim. data -
D-FF by experim. data|
----- D-FF exper. approxim.

[ I S B )

Frl e —

s e

Energy total, eV
1
\
{
|
T

v v : v . —
4 6 8 10 12 14 16 18 20 22
Distance between rings, A

Fig. 8. The energy profiles of both types of structures in their different chirality according to the results of
quantum chemical calculations.

Table 4. Structures and physical properties calculated for the model and experimental structures
FF with two rings and coils of the spiral — calculated by the method of PM3 RHF

Parameters Modelled rings Experimental data of ring-like
structures

L-FF D-FF D-FF

In X-plane

Dipole moment, 23.812 16.330 139.7 1377
Debye

Polarization, C/m? 0.023 0.0156 0.13845 0.13725

Eq Energy(total), a.u.
at optimal distance zy -1608.090321475 -1608.019186  -1603.4033553216 -1603.97716

Qo= ARG = Vo ~1.014 ~0.607 6.18 6.22

Distance between

. . ~5.56 — ~5.6 ~5.42 - ~5.6 5.456 5.441
rings at optimal xo, A

Moreover, as can be seen, the energy values at the minimum (optimum) for the structures,
based on the data from the experiment, turn out to be noticeably lower (more than ~ 6 eV) as
compared to our model structures (of the order of ~ 1 eV). These results are presented in
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Figure 8. At the same time, the values of the dipole moment and polarization for them turn out
to be significantly higher than for the model structures. These data are summarized and shown
below in Table 4.

Such behavior of ring-shaped structures, constructed from their experimental
crystallographic data, speaks of their better natural optimization in the process of self-
assembly under experimental conditions, compared with our model ring structures. And this is
due to the fact that here the structures are no longer rings, but coils of a helix. Therefore all
the self-organized structures in the process of self-assembly have the form of helices formed
inside the crystals (see below Fig. 9). Moreover, the screw (rotation) of these helices has the
character of alternation with respect to the initial chirality of amino acids: L-FF forms the
right screw, and D-FF — the left screw of the helix. This is exactly the same as the established
pattern in [28-30].

1
A (@ 4
) ¢ .' 4 '~‘
LA (' ‘ A
e b e S
e 'ib
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‘w‘!‘ . -} 2
" hd‘ <
.P"‘ il (6 o
\-‘ £
“\3 ,
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: \R -
D'FF : c S axis ¢ L‘FF

Fig. 9. Various helix formations in experimental crystal structures of FF PNT for different chiralities of
the initial molecules: D-FF (a) and L-FF (b). Different PNT twists occur on the basis of L-FF and D-FF:
the right (D-chiral) a-helix for L-FF and the left (L-chiral) a-helix for D-FF.

Thus, it can be concluded that these ring-shaped structures cut from the experimental data
of the crystal structure have a different atomic order here. They represent a part (loop) of a
helix or annular helical structure with a step that is directly equal to the cell parameter with
¢~ 5.4 A along the main c-axis of the nanotube. And this axis passes through all the crystal
structures along the c¢ axis and forms spiral structures that differ between L and D
enantiomeric forms by means of a rotation screw: from the initial L-FF form of amino acids
with L chirality, forms a chiral D-helix with right-handed rotation, while from the initial
structure of the amino acids D-FF with chirality D, a L-chiral helix with a left-handed rotation
arises (Fig. 9).

Consequently, it is neither a chaotic nor a poorly ordered structure, but another topological
structure — it is not a ring, but a helix coil. And all the atoms in it not randomly distributed,
but have their own order along this loop of the helix in the course of one rotational step along
the c-axis. Important that these structures, both L-FF and D-FF, were obtained automatically
during self-assembling process. This means that these structures are naturally-occurring
optimized. And these naturally optimized helix structures have the lowest total energy as
compared to simulated optimized ring structures (see Fig. 8 and Table 4).
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This result is fully consistent with the rules established recently by Tverdislov’s group
[28-30, 48-50]. This means that different twisting of the L-FF and D-FF PNT leads to a
change in their sequence of chirality when the structural organization is complicated: the
formation of the right (D-chiral) a-helix changes the chirality of the original left amino acids
L-FF, while left-side (L-chiral) a-helix is observed for the original right-side amino acids D-
FF. These are important general rules.

In order to study this phenomenon more deeply, to check and confirm these rules, further
we carry out a number of new calculations of the energy of these interacting various chiral FF
structures along directions of different crystallographic axes.

As a result, we can evaluate the priority directions of formation and growth of
nanostructures based on dipeptides (diphenylalanine) from amino acids of different chirality
and thus, determine the main dynamics of self-assembly and get some model that allows us to
explore this process of self-assembly and its key features.

4. RESULTS OF MODELINGAND STUDYING THE INTERACTION OF THE RING
STRUCTURES OF FF PNT NANOTUBES IN THE VARIOUS DIRECTIONS

For this purpose, more detailed calculations of the total energy profiles for both L-FF and
D-FF structures, both for simulated and experimental ones, were carried out. Based on the
qguantum calculations obtained above, we now use here faster molecular-mechanical (MM)
methods for detailed calculations of these energy profiles (see below). The main changes of
the energy are studied along the main axis of the interacting FF rings with two different
orientations: 1) along the main tube and crystal c-axis and 2) in the perpendicular direction
along a-axis of the crystal structure.

For all the cases, the simulated L-FF and D-FF structures were optimized using the PM3
guantum-chemical semi-empirical method (mainly in the RHF approximation, since UHF
showed basically the same values), and then the calculations were carried out using
molecular-mechanical methods, such as MM +, BIO CHARM and Amber taking into account
the effective fixed charges already received. These approaches allow us to calculate the data
faster at each step by changing the distance, while quantum calculations for these cases need
very long time. The absolute values of the energies in these cases, of course, will differ, but
for our purposes just the relative changes between different structures are important. Of
significance is the relative energies changes over long distances become very small (in the
limits of calculation error), and then they can be neglected (this is approximately at a distance
of ~50-100 A between the centres of the molecular clusters).

Note that the main relative changes in the total energy with respect to the distances and
geometry of the systems (the depth and position of their minimum at optimum distances) are
approximately at the same distances for these different approaches.

The changes in the total interaction energy of the rings of the FF model structures (as well
as the helix coils or coil extracted from the experimental crystal structures) depending on the
distances between them are presented in the graphs in Figure 10 (for the case of only one
moving ring FF and distances between two rings FF, we deal with changes along the c-axis
and along the a-axis). In Figure 11 the double FF pairs move relative to one another. It is
shown only for the case of changing the distance along the c-axis.

At the same time, for simplicity of illustration, these figures show only the model rings,
while the graphs show all the cases of all investigated structures, including those obtained
from experimental data.

The Figures 10 and 11 show the results for the MM+ method only; other used methods
give the similar results. All the data obtained for the positions of the optimal distances with
the minimum energy of the systems at these points relative to the maximum distances (they
were chosen ~ 100 A, when the energy changes become comparable with the calculation
error), are collected in Table 5.
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To understand better the physics of the interaction processes of the studied molecular ring
structures when they self-assembly with tubular structures, we made an approximation
(fitting) of the calculated total energy profile between the two interacting structural units
using MM methods (rings for modeled structures and an annular spiral coil for experimental
structures) and calculated this fitting using the generalized Lenard—Jones formulas L-J (1),
just as for the quantum calculations above. The results of this fitting are shown in Figure 12.

' %\\"\r& r m}(ﬁ*x "

2z ‘ X

c-axis Poas : a-axis
% % " ‘;\{_\ 1\\‘\5\
o d\ﬁk L R {\

@) Pl

> .
a5 ® 40 L +__|—=— D-FF experiment. | _
t o | ' « L-FF experiment.
o ! I & © +— D-FF model optim.|
e o S 05+ + ‘ +— L-FF model optim. |
1 rx S FUIB S0 b At b it ochrinlede] |
> -05 iy i > .
y o
o | 9] ‘ b
®-1.04 b-ét—F ch 0.0 PO e e
) 1 3 T s " « »
s 4 :.- «— D-FF - experim. data g g xx;X
-1 51 Y L-FF - experim. data o544 |+ A
5 | £ +— D-FF - model optimized & /4
-2.0 (¥ L-FF - model optimized 5 i 4
I 1.0 4
/ il
251 L\; v
30 ¥ (€ 15 (d)
T T T T T T T T T 1 T Ll T T T L] 1
4 6 8 10 12 14 16 18 20 22 22 24 26 28 30 32 34 36

Distance between rings, A Distance between rings R, A

Fig. 10. The calculated changes in the total energy when the distance between two different rings FF
changes: (a) and (b) are the two main mutual configurations of the rings FF and the directions of the
distances between them; (c) and (d) — calculated energy profiles depending on the distance between the
FF rings; the results are calculated using the MM + method (after optimization and the PM3 RHF
quantum method for simulated structures), in comparison with the data for experimentally optimized
similar structures in the form of coils. For simplicity, the upper images (a) and (b) of floating rings are
shown only for the case of L-FF structures in their simulation. All other cases are similar.

But in these cases, using the MM + method, the values of the coefficients m and n,
obtained from equation (2), turned out to be much closer to the standard values in the ratio L-J
(1) and have the following data (see Fig. 12):

D-FF: Cmn=0.99926~1, m=11.6114~11.6, n=5.636~5.6, for rp=55A and
Vp=2.8939 ~2.89eV;

L-FF: Cmn=0.99931~1, m=11.6255~11.6, n=5.7437~5.7, for r,=5.6A and
Vo =2.7301~2.73 eV.

The obtained result means that in both the cases (for calculations with fixed charges and
without direct influences of quantum effects of electronic subsystems on each calculated step
of changing the distance) the interaction between these two molecular structures occurs close
to the standard L-J ratio. Therefore, the interaction between these two molecular clusters
corresponds to the general electrostatic coulomb law for complex molecular systems that have
a distribution of charges and dipoles in their structures. This is completely similar to the
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situation described in [55, 56] for two interacting large molecular structures, including
systems with different chiralities.
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Fig. 11. The calculated total energy profiles for the case of movable double rings FF: (a) the configuration
of the system of 2 double rings FF at the optimal distances between them; (b) the calculated energy
profiles by the MM + method for various model and experimental FF structures under the same
conditions as for the motion of a single FF ring. The optimal distance for double FF pairs is twice as large
as for single FF rings, but the minimum energies are about the same.

For large distances r, molecules attract, which corresponds to the term r® in the formula
L-J (1). This dependence can be substantiated theoretically, and takes place due to the Van der
Waals forces (dipole-dipole induced interaction). For small distances r, however, the
molecules repel because of the exchange interaction (when the electron clouds overlap, the
molecules begin to repel strongly), to which the term r*? corresponds in (1).

In our case, in the approximation of molecular mechanics approaches, we obtained that by
approximating the interaction of ring-like molecular structures using the generalized formula
(1), we obtained slightly different values of parameters in the ratio L-J (1): m ~ 11.6, which is
close to m = 12, and n ~ 5.6 for D-FF (~ 5.7 for L-FF), which is also close to n = 6. That is,
the interaction of these structures in the process of self-assembly into a tubular structure
corresponds to the interaction physics of large electrostatic and dipole (and more generally
multipole) molecular clusters.
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Fig. 12. The results of the approximation (fitting) for the molecular-mechanical method MM +
calculation (after the quantum semi-empirical calculation of PM3 RHF) based on ring-shaped units of the
“spiral turn” obtained from experimental data: a) for chirality L-FF (parameters P3 = m = 11.6255 ~ 12
were obtained, and P4 = n = 5.7437 ~ 6, which are close to the usual standard of the L-J potential; b) for
chirality D-FF (the parameters P3 = m = 11.6114 ~ 12 and P4 = n = 5.636 ~ 6 are obtained, also close to
the usual standard ratio in the L-J potential.

113

Mathematical Biology and Bioinformatics. 2019. V. 14. Ne 1. doi: 10.17537/2019.14.94




BYSTROV et al.

Table 5. Equilibrium parameters for interacting rings of different enantiomers of FF

‘ Model ring Experimental spiral turn (coil) ‘
L-FF D-FF L-FF D-FF
Eo(D)/Eq(L) o(D)/Eq(L)
‘ EO, eV‘ I, A ‘ Eo, eV l'o, A Eo, eV Io, A Eo, eV I, A ‘
Single
Dirc
MM+ -1.759 59 -2.076 5.6 1.18 -2.732 55 —2.896 55 1.06
BIO
CHARM -1.846| 6.0 -1.943 5.6 1.05 -3.746 6.0 —6.446 5.55 1.7
Amber -6.313 5.6 -6.739 55 1.07
Average 1.115 1.27
Dira
MM+ -0.139| 28.8 -0.095 29.8 0.683 -0.327 248 @ -0.414 23.8 1.3
BIO
CHARM -0.157 28.6 -0.071 29.2 0.449 -0.129 25.0 @ -0.398 23.8 3.08
Amber | -0.142 28.6 -0.052 30.0 0.362 -0.357 | 2438 -0.410 23.8 1.2
pAmber 0234 248 0393 238 17
& const
Average 0.498 1.82
Double
Dirc
MM+  —140 593 181 575 129 2508 11242 5565 11024
5.62 55
BIO - 12/2 11/2
CHARM -1.457 6.0 -1.576 5.75 1.08 — 6.0 -3.233 55
Dira
MM+ -0.295 28.8 -0.392 28.8 1.32 -0.863  24.7 -1.273 23.75 1.5
BIO .
CHARM -0.32 | 29.8  -0.42 29.8 1.31 — 24.8 -1.230 23.8 -

* there is no result of calculating this unstable state by this method — the minimum energy cannot be
obtained, but there is only an inflection point on the curve (a function of our graphs or profile change) of

energy at the optimal distance.

5. MAIN RESULTS AND DISCUSSION

5.1. Condensation energies and the effect of chirality

One of the main conclusions suggested by these computed data is concerned with the
interaction energies between FF units, which could be considered as condensation energies Eg

for the self-assembly process of the FF PNT formation.

First, it turned out that this condensation energy along the main c-axis of the tubes is
approximately close between L and D structures, while the condensation energy in the
perpendicular direction — along the a-axis, has more differences between the structures of
different chirality D and L: for D-FF structures, the change in energy at its minimum has
larger values than for L-FF. That is, in this direction, the condensation energy of D-FF
structures is larger in absolute value than for L-FF structures. And at the same time, the
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optimal distances were also closer (see Fig. 10,d and Table 5). It also means deeper and
denser condensation and layout of the D-FF PNT units during the self-assembly process,
compared to the L-FF PNT. As a result, the D-FF PNT is formed as a thicker, wider and
shorter cylindrical (or tubular) sample than the L-FF PNT. It is important that this effect is
already observed experimentally [68], which confirmed our approaches and simulation
results.

Obviously, this effect is physically due to the initial difference in the magnitude and
orientation of the dipole moments of the D-FF and L-FF structures (Fig. 1, Table 1), which
leads to a slightly different dynamics of the electrostatic interaction of both the dipoles of
single FF molecules (L-FF and D-FF) and the forming ring structures, their subsequent
packaging into tubular structures and the interaction of individual nanotubes during their self-
assembly into a bundle of such nanotubes — as is observed in experiment [68]. These
experimentally obtained data [68] showed that D-FF nanotubes are thicker and shorter than L-
FF. Why is this possible? If we look at the condensation energy data calculated by us (see
Table 5), we find that:

1) the condensation energy along the nanotube along the ¢ axis between two rings is about
2-3 eV for both L-FF and D-FF PNT (a deeper decrease for experimental cases), this is
comparable with previous calculations for the FN PNT in [18, 19] (which were found to be
approximately 4-5 eV) but in this case it was believed that PNT is self-organizing from FF in
the conformation of the B—sheet, which could have a stronger interaction along the main axis
of the nanotube between the FF B-rings leaf relative to the FF a—rings;

2) the condensation energy in the perpendicular direction to the main axis of the nanotubes
along the a axis is about 0.2-0.8 eV for L-FF and 0.4-1.3 eV for D-FF, which is
approximately 1.3-1.5 times higher for D-FF PNT than for L-FF (for the previous case of FF
in the beta list it was ~ 0.2 eV [18, 19]) and, therefore, these PNT D-FF have a stronger and
deeper interaction, which leads to a thicker growth of PNT D-FF as compared to L-FF. Note
that the characteristic ratio of the diameters of the nanotubes obtained experimentally (in pum)
in [68] turns out to be 2.3/1.9 = 1.21, which is close to the ratio of their condensation energies
established here. This latter conclusion is also confirmed by shorter distances between the D-
FF rings in the direction of the a-axis as compared to the L-FF rings: ~ 23.8 A for D-FF and
24.8 A for L-FF (in experimental cases) and ~ 28.8 A for D-FF and 29.0 - 29.8 A for L-FF for
the cases of our models.

Therefore, this means that in this direction along a-axis, which is perpendicular to main
tubular c-axis, the D-FF nanotubes have denser and stronger deep packing than L-FF PNT,
and, therefore, more strongly adjacent nanotubes can adhere in this direction.

As result, D-FF PNT may increase to a greater width and thickness of the overall diameter
of the nanotube bundle as compared to L-FF PNT. This effect was experimentally observed in
recent works [68].

5.2. Influence of topology and topological transition

Second, another important conclusion is that all minimal energies for the optimal
distances have significantly deeper values for the FF helix loop units obtained from
experimentally created FF PNT, than for modeled ring structures. That means, that
experimentally self-assembled PNT have more deeply optimized structures than artificially
created and optimized PNT models based on rings. The main difference between simulated
and experimentally created FF blocks is that the simulated FF structures have a more ordered
model of FF rings, while FF blocks obtained from experimentally created FF structures have
spiral (helical) structures. Moreover, the pitch of the helix (for each loop) has the value of the
parameter of the crystallographic cell ¢ along the c-axis.

For this reason, the naturally-occurring optimized FF PNT structures have the lowest total
energy per model unit or unit cell of a crystal. Consequently, in this experimental process of
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self-assembly of any FF PNT formation, such a nanotube goes through a naturally-occurring
energy optimization. But this process is different for structures with different chirality in their
original molecules and, as result, leads to the formation of two different helix structures
within crystals with two types of enantiomers — L and D, which have opposite changes in the
order of chirality (or helicity), following the original molecular chirality of amino acids and
dipeptides used. And this is characteristic of the general pattern of alternation of chirality with
the complication of the hierarchy of molecular structures [28-30, 48-50].

Comparing the data obtained for the simulated and experimental structures, we can
conclude that the energy of the experimental structures is lower, which means that these
structures are better and deeper optimized. Consequently, such an experimental naturally-
occurring self-assembled optimization (it can be called self-optimization) under the
experimental conditions led to more stable helix structures at the deepest minimum of energy.

As for artificially created and optimized structures that have not a helix coil, but only a
ring structure, we must conclude that the energy optimization performed cannot reach such a
deep minimum of energy. This result means that the helical structure is more preferable than
the ring structure for these studied systems.

It should be emphasized that the optimization process performed by any algorithm is not
so simple. It passes through a very complex potential energy surface (PES) for such
polyatomic and many-electron systems, which have many local minima and various local
energy barriers [110, 111]. Achieving some deeper and absolute energy minima for such a
complex system is a very complex and lengthy task. In addition, the mathematical problems
here are that, depending on the initial point and initial atomic configuration of the structure, it
can go to a minimum along a different trajectory and, therefore, can occur at another point of
local minima [110]. In any case, we can conclude that the optimization obtained using our
algorithm on the structures of artificial models of the FF rings, as well as the FF PNT, may
not be complete, terminating at some level of the local energy minimum.

But further steps of this optimization — from rings to helix loop — is very difficult, because
it need to go through some yet unknown to us energy barrier. These two types of structures —
ring and helix — have different topology. Therefore, the transition from rings structure to helix
structure is the topological transition. Recently such types of topological transitions have been
in the focus of attention [110-113]. To explore this topological transition more thoroughly it is
necessary to calculate full PES and transition path between ring and helix, going through
some energy barrier. It is a very difficult and complex task and at the present moment we
cannot evaluate it. But we can estimate the relative difference between the optimal energy
states for these two types of topological structures, using our calculations results. This means
that we can estimate the main energy of the topological transformation from a ring structure to
a helix structure, which has the lower energy than that of the ring structure.

For different chiral cases and for various computational methods (quantum or molecular
mechanical) we obtain the following energy values Er of these topological transitions
between ring and helix structures (with transformation along the main rotation c-axis):

— for the single ring-helix coil (or coil) transformation (by quantum PM3 RHF)

L-FF PNT: Et.. =-6.1795 — (-1.014) = -5.1655 eV ~ -5.17eV,
D-FF PNT: Er.p=-6.22 — (-0.607) =-5.613 eV ~-5.61eV;

— for the single ring-helix turn (or coil) (by MM+ method)

EM

L-FF PNT: 571 = 2732 — (-1.759) = — 0.973 eV,
M
D-FF PNT: ET-0=_2.896 - (-2.076) = 0.82 eV:

— for the double rings-turns (coils) transformation (by MM+ method)

Md

L-FF PNT: ETt= 2,508 — (-1.40) = —1.108 eV,
Md

D-FF PNT: ET-0=_3.265_ (-1.81) =-1.455 eV.
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Thus, the energy of a given ring-helix topological transition is about ~ 1-1.5 eV when
calculating the MM method, and about ~ 5 eV, taking into account quantum effects.

These estimates of the energies of such a topological transition are preliminary and further
development of this work is necessary. To compare these data more correctly we should
probably estimate the specific transition energies per unit volume or cell. It is also important
to take into account the configurational contribution and to estimate the change in the
enthalpy and entropy during such transitions [31, 50, 110-112]. The approaches developed in
[112, 114, 115] on quantitative assessment of chirality in the hierarchies of protein structures
and protein folding as an autowave process of self-organization in active media, on the
development and study of patterns, concerning the spontaneous formation of LD-alternating
hierarchies of chiral structures in biomacromolecules, initially non-equilibrium due to
homochirality of primary structures, are also very important, interesting and promising for
further investigations opening new insight of our knowledge of these living self-assembling
processes. These areas are both fundamental and interdisciplinary, placed on the intersection
of many sciences, and have numerous possibilities for a variety of practical applications.

It should be noted that the dipeptide L-FF can form another a—helix structure — left-
handed (I-h)-helix [116]. In this case another dipole orientation of L-FF is obtained using
HyperChem software (see Fig. 13 and Table 6). A discussion of the properties of such
structures will be the subject of the following article.

L-FF, I-h

. © 7 () " (b)

Fig. 13. Molecular models of diphenylalanine (a-helix conformation) in various isomer form: a) L-FF
with chirality L and with left-handed (I-h)-helix, b) D-FF with chirality D.

Table 6. Data computed for dipeptides L-FF (I-h) and D-FF by PM3 method. Dipeptides consist
from 43 atoms and have volume on the Van der Waals surface: Vi g 1n = 291.919 A°,
Vprr—291.977 A®

Method FF Dy, Dy, D,, Dy, | Polarization, Total energy, RMS

chirality Debye Debye Debye Debye C/m? a.u. gradient

PM3, both L-FF I-h 11645 1.115 @ 0.899  11.733 0.13407  -133.9591081 ~0.056
RHF and UHF,

112 Orbitals D-FF —11.63‘ 1.052 ‘ 1113 | 1173 0134  -133.959162 ~0.07

6. CONCLUSIONS

The results of this computational study compared with experimental data showed that the
chirality of the original amino acids has a great influence on the following structure and
properties of self-assembled tubular peptide structures based on their dipeptide molecules. In
addition, self-assembled nanostructures obtained under natural conditions have more specific
preferred topological helix structures than artificially optimized molecularly simulated
analogous ring structures. In all the cases, the differences identified by the L-FF or D-FF
chirality of these structures are significant and show the following differences in dipole
moments, polarization, and the total energy of the systems. This dependence of properties on
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chirality is due to the different electrostatic dipole interactions of these different chiral
molecular clusters. As a result of self-organization and self-assembly, the formation of FF
PNT with different chirality has different structural features that determine the geometrical
characteristics of the nanotubes themselves — their length, thickness and number of
elementary nanotubes in one beam and energy properties (condensation energy).

One of the important problems is the fact that with the increasing complexity of
hierarchical molecular systems, the chirality of such structures should change in accordance
with the general rules of the basic biological system [28-30, 48-50]. This study confirms this
recently established common property and opens up a new way for further study of the self-
organization of biomolecular systems based on common rules and confirmed by
computational molecular modeling using various methods. The results obtained in this study
are very important for a more detailed interpretation of new experimental data and for further
wide practical application.

In particular, it was found that the difference in chirality can significantly affect the
processes of self-organization and self-assembly of various structures. Thus, with the FF-
based PNT self-organization, it turned out that the condensation energy of the D-FF structural
units is higher (and precisely in the transverse direction along the a-axis), and this leads to
more efficient growth of these nanotubes in thickness — they are thicker and look like short
bundles as compared with L-FF. The physical reason for such a difference can be the
established difference in the dipole moments of the L-FF and D-FF dipeptide structures,
which then manifests itself in their long-range electrostatic interaction and in more complex
complexes and PNT structures. These results were obtained only by detailed modeling of
these structures of different chirality and calculations of the features of their properties.

The important role of topology in the formation and self-assembly of such self-organizing
complex molecular structures has also been established. In the process of their self-assembly,
topological transitions can occur between structures of different levels of organization and
corresponding topology. Such a topological transition occurs to provide the system with an
energetically more favourable and optimal regime, as well as a new topological structure,
which may be more stable in certain conditions.

The approach developed in this paper shows us further prospects in modeling and
studying the features of the self-assembly processes of various self-organizing nanostructures,
taking into account the possible influence of the chirality of the original amino acids on their
properties. Of importance is also the role of the topology of individual structural components
of the system and its changes. As a result, we get new information that is important for the
development of our theoretical fundamental knowledge and new practical applications.
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