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Abstract: Chirality plays an important role in studies of natural protein structures. Therefore, much
attention is paid to solving the problems associated with the development of criteria and methods
for assessing the chirality of biomolecules. In this paper, a new method for calculating the sign
and degree of chirality of superhelices is proposed. The method makes it possible to characterize
the chirality sign and to quantify coiled-coils and collagen superhelices. The degree of chirality is
understood as a value indicating the intensity of twisting of individual helices around the axis of
the superhelix. The calculation requires information about the relative spatial arrangement of the
alpha carbon of the amino acid residues of the helices that make up the superhelix. The use of a small
amount of raw data makes the method easy to apply, and the validity of the results of this study is
confirmed through the analysis of real protein structures.
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1. Introduction

Chirality is a geometric property of physical objects [1] and is one of the most impor-
tant properties of molecular and biological systems; it is therefore a subject of active basic
research. Much attention is paid to solving the problems associated with the development
of criteria and methods for assessing the chirality of biomolecules as well as to revealing
the relationships between their internal structures and biological functions [2-13]. Chirality
can dramatically affect the processes of self-organization related to the formation of macro-
molecular structures [13,14]. One of the fundamental aspects of this effect is a systemic
relation between the structural hierarchy and the alternation of the chirality sign at each
level of biomacromolecule structure formation. The structures of proteins and nucleic acids
generally have a certain fixed chirality within one class of molecules and one structural
level, whereas in transitions between neighboring structural levels, the chirality sign most
often reverses. For example, the helical structures of proteins have a tendency to retain one
chirality sign: «-helices are right-handed in the vast majority, whereas polyproline helices
are left-handed. Supersecondary elements formed from them have the opposite chirality
signs. Coiled-coils formed from «-helices are left-handed, and collagen superhelices formed
from polyproline helices are right-handed.

Coiled-coils are structural motifs that are formed from several x-helices. Most often
they consist of two or three x-helices, but there can be more. For example, there are
constructions of six and seven «-helices [15]. The constituent helices in this construction
can be parallel and antiparallel [16]. Domains with coiled-coils occur in approximately
10% of all proteins [17].

Superhelices are key elements of many proteins, allowing them to perform their func-
tions in a variety of biological processes. For example, superhelical domains of proteins are
involved in transcription, membrane fusion, muscle functioning, cell division, chemotaxis
mechanisms, and the interaction of pathogens with host cells. They also play a crucial
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role in the cytoskeleton and extracellular matrix [18] and are involved in the folding pro-
cess [19] and DNA repair [20]. They can be used as targets for pharmacological applications,
including drug delivery systems [21,22].

In the classical coiled-coil superhelix, the amino acid sequence is divided into heptads—
sequences of seven amino acid residues. The mutual arrangement of residues relative to
each other is identical in each heptad [23]. The distribution of residues into heptads is
achieved due to the fact that in a superhelix, each «-helix is slightly rotated with respect
to its natural position. Although an individual «-helix has approximately 3.6 amino acid
residues per turn, in the coiled-coil structure, there is exactly one heptad (7 residues) per
two turns, and 3.5 residues per one turn, respectively [16]. This leads to the fact that the
mutual positions of corresponding residues in different helices of the superhelix remain
unchanged throughout the superhelix. Heptad positions are denoted by the letters 4, b, c, 4,
e, f, and g. Positions a and d are usually occupied by hydrophobic residues that form the
core of the superhelix with “knobs into holes” packing [23,24]. Superhelices consisting of
three or more a-helices often have stabilizing ionic interactions between the polar amino
acid residues at positions e and g [25].

Occasionally, heptadic sequence abnormalities occur in superhelices. The most com-
mon type of heterogeneity is the inclusion of additional amino acid residues. The inclusion
of an extra three residues is called a stammer, and the inclusion of four is called a stutter [26].
Because there are 3.5 amino acid residues per turn in the heptad, adding a stammer to
the heptad causes the o-helix to unwind slightly to complete the inclusion to a full turn,
increasing its left-handed twist. The addition of a stutter, on the other hand, causes the
helix to flatten, which increases its right-handed twist. The inclusion of a stammer results
in a local decade motif, that is, ten residues distributed over three turns [27]. The inclusion
of a stutter results in a local hendecade motif, that is, eleven residues distributed over
three turns [27]. Accordingly, the addition of a stammer leads to an overall increase in
the left-handedness of the superhelix, and the addition of a stutter leads to an increase in
the right-handedness of the superhelix. Schmidt et al. presented a method for automatic
detection and classification of inclusions based on the three-dimensional structure of the
protein [28]. A theory was developed that predicts changes in the structure of the whole
superhelix depending on the length of the helix in which the inclusion is located—the
accommodation length. On the basis of an analysis of the experimental structures, the
authors found that a short accommodation length causes greater changes in the helix angles
and increased structural asymmetry compared with a long accommodation length.

Another common type of superhelix is a collagen superhelix. Collagen is a common
structural protein in all animals. In humans, it constitutes approximately 30% by weight of
all proteins and is a major component of the extracellular matrix. In vertebrates, 28 different
types of collagen have been identified, consisting of at least 46 different polypeptide
chains [29]. Collagen proteins are usually divided into two structurally different groups—
fibrillar and non-fibrillar collagen [30]. Fibrillar collagen makes up about 90% of all collagen
present in the human body.

Non-fibrillar collagen is very diverse in structures, arrangements, and properties.
Although it makes up only about 10% of all collagen in the human body; it is a vital part of
many organs [31]. However, because of the reduced proportion of superhelix structures
in non-fibrillar collagen, it will not be discussed further in this work. Conversely, fibrillar
collagen is a right-handed superhelix consisting of three left-handed polyproline helices.
The collagen superhelix is stabilized by hydrogen bonds between the individual helices [29].

Thus, the following conclusions can be drawn. Firstly, each type of structure con-
sidered has a pronounced tendency to homochirality. The a-helices have a right twist,
while the polyproline helices have a left twist. Coiled-coils are left-handed, and collagen
superhelices are right-handed. Secondly, superhelical structures have a different sign of
chirality than the helices of which they are composed. We believe that this pattern reflects
some significant physical regularities that lead to complex protein structures and their
constituent elements having different signs of chirality. Perhaps these patterns can be
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traced at other hierarchical levels. However, it seems important to us to back up these
observations with mathematical calculations.

The first mathematical description of coiled-coil structures was made by F. Crick [23,32].
He used the radii of x-helices as well as the radius and pitch of the superhelix. It is
important to note that in this model, the twisting directions of the individual helices and
the whole superhelix are different. Crick’s parametric equations were refined in [33] so
that they can also be used to describe superhelices with heptadic repetition violations.
This allowed the possibility of heptadic motifs in the structure of the superhelices to be
taken into account. In [34], it was proposed to relate the pitch and radius of a superhelix
to the variation in the twist angle and shift along the axis of the superhelix per amino
acid, which allowed the calculation of this important parameter for the F. Crick model.
In [35], it was proposed to calculate the pitch of the double-helix superhelix through the
Cartesian vector coordinates of the middle atomic positions of the N- and C-chain backbone
atoms. The superhelix axis was defined as the line joining the midpoints of the sections
passed between the corresponding atoms of both chains. Thus, different authors [23,32-35]
provided complementary models of the coiled-coil superhelix, describing them from the
structural point of view as a class of protein elements. However, the presented descriptions
did not allow determination of the chirality of a particular structure, and they were mainly
focused on the consideration of a model idealized object.

A completely different approach was used in [8]. The authors proposed to determine
the chirality of the “surface curve” for each «-helix. The surface curve is considered to be
the line in the middle between the curve that connects the heptad residues at the a positions
and the curve that connects the heptad residues at the d positions of the individual o-helices.
The periodicity of the helix is taken into account in the model, as is the angle between
neighboring residues, which is taken as 100°, and the shift along the axis per amino acid,
which is taken as 1.5 A. In the calculation, the surface curves for the different a-helices
included in the superhelix were shown to be left-handed. However, the authors noted that
the chirality sign of the surface curve did not necessarily coincide with the chirality sign of
the entire superhelix. Thus, this approach also does not provide an objective estimate of
the chirality signs of superhelical structures.

Previously, we proposed a method for estimating the chirality signs of protein superhe-
lices [36]. In order to use the method, it is sufficient to know only the mutual arrangement
of a-carbons in the chain. The direction of the angles between the axis of the superhelix
and the axes of the component helices indicates the direction of twist of the entire super-
helix. If «-helices are deflected from the superhelix axis clockwise, then the superhelix is
left-handed; if counterclockwise, then it is right-handed. The direction of the twist angle
is determined using the properties of vector and scalar products. The chirality sign of the
superhelix is calculated by averaging the cosines of the corresponding angles for all the
helices forming the superhelix. Calculations using this method showed that coiled-coils are
left-handed superhelices and collagen superhelices are right-handed. However, although
this method has been shown to be very effective, it has some disadvantages. One of them
is that the chirality sign is calculated for only a small terminal fragment of a superhelix;
consequently, the remaining structure is not taken into account at all. However, no con-
clusions can be drawn from the angle about the degree of chirality of the superhelix, and
the method is not applicable for this purpose. Therefore, it was decided to develop a new
method taking into account these important aspects.

2. Materials and Methods

Here we propose a new method to estimate the chirality sign and degree of protein
superhelices such as coiled-coils and collagen superhelices. In this method, the spatial
three-dimensional coordinates of alpha-carbon atoms of the amino acids of the individual
helices that make up the superhelix are used as input data for the chirality determination.
This assumption allows each individual element of the secondary structure of a protein
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(o-helix or collagen helix) to be considered as an unbranched consecutive chain of points,
and this interpretation of individual helices is the basis for the proposed method.

We suppose it is natural to estimate the degree of superhelix chirality as the value
showing how intensively each individual helix is twisted in relation to the superhelix axis
characterizing the whole structure at the higher hierarchical level.

Before describing the method, we introduce an auxiliary definition. We call the center
of some set of points such a point, each coordinate of which is obtained as the arithmetic
mean of the corresponding coordinates of all points in the set. Thus, for a set of points A, B,
and C, the coordinates of the center O will be calculated with the following formulas:

OX:AX+BX+CX;Oy: Ay+By—|—Cy;OZ:AZ+BZ+Cz. 1)
3 3 3

Let us consider the steps for determining the chirality of a superhelix in our method,
using as example the superhelix from a protein with PDB ID 1MGI1 [37] (Figure 1a). As
the method uses spatial coordinates of amino acid alpha carbons only, a carbon backbone
remains from the protein chain, and the reference points are constructed from the alpha
carbon’s coordinates (Figure 1b). Because each amino acid residue is represented by only
one point, it is indifferent where the N-terminus or C-terminus is located. In the first step,
the superhelix axis is constructed. In our method, we approximate the superhelix axis with
a straight line. To do this, we construct the centers of the terminal alpha carbons of all the
helices composing the superhelix at one end (center of points C}, C2, C3—point A7), and
then at the other (center of points C, C2, C3—point Aj). A line is drawn through these two
points, which, according to our method, is the axis of the superhelix (Figure 1c).

C12 A

1
¢! 1

(a) (b) (c)

Figure 1. The first step of the method using protein superhelix (PDB ID 1IMG1) as an example [37]:
(a) Cartoon representation of superhelix. (b) Superhelix represented as alpha-carbon chains. The
points cl C%, C%, C},, C%, C% are the end reference points for the three helices. Because every amino
acid residue is represented by only one point, it is indifferent where the N-terminal or C-terminal end
is located. (c) Superhelix with axis through points A; and A;, which are the centers of points C%, C%,
C% and points C},, C%, Cg, respectively. At further stages, these points are used to construct the axis of
the superhelix.

Then we work with each helix of the superhelix separately. In the second step, we
construct the centers of the first and last turns of the helices that make up the superhe-
lix. Because the x-helix in the coiled-coil has approximately 3.5 amino acid residues per
turn [16], the center of the first and last turns is taken as the center of the first four (Cy, C,,
Cs3, and Cy) and the last four (C,,_3, C,,—», C,—1, and Cj;) consecutive helix anchor points
(Figure 2a). After this, a perpendicular is drawn from the centers of these turns to the axis
of the superhelix, and from the intersection point of the perpendicular with the axis, a
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vector to the center of the turn is constructed (Figure 2b). Let us call the vector to the center
of the first turn vq and the vector to the center of the last turn v,. The angle between v; and
vy characterizes the helix twist around the superhelix axis (Figure 3).

()

Figure 2. Construction of vectors for a single helix: (a) The center of the first turn is constructed as the

center of the first four points of the helix, and the center of the last turn is constructed as the center
of the last four points of the helix. (b) Vectors v1 and v, perpendicular to the axes are constructed
from the axis to the centers of the turns. (c¢) Construction of vectors to determine the chirality sign
of the superhelix. vy, is the vector product of v1 and v;; vs is a vector constructed along the axis of
the superhelix.

v, rv"n
\ |

Figure 3. The third step of the method. The angle between the vectors v1 and v, characterizes the

twist of the helix around the axis.

An individual helix can twist around the axis to the right or to the left, and this
determines the chirality sign of the superhelix. To calculate the twist direction, we propose
to use a mixed vector product. Let vy, be the vector resulting from the vector product of vy
and vy, and v be the vector constructed along the axis of the superhelix. Vectors vs and
vy, are directed along the same line. If the superhelix is left-handed, the angle between the
vectors vs and vy, will be 0° (Figure 2c¢); if the superhelix is right-handed, this angle will be
180°. Thus, the sign of the scalar product of vectors vs and vy, indicates the direction of the
helix twist. Because the scalar product of two arbitrary vectors is given by the formula:

Va'Vb = XaXp + VaVb + ZaZp = | Va |- vy, | -cos(vy, vp), 2)

the result will have the same sign as the cosine of the angle between the vectors, i.e., positive
for the left-handed superhelices and negative for the right-handed ones.
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The angle between vy and v, characterizes the twist of the helix around the superhelix
axis. It can also be calculated using the scalar product of vectors:

/(vq, va) = arccos(vy-va/(lvy |- 1val)). 3)

However, the angle calculated in this way will always be less than or equal to 180°,
which in many cases does not correctly represent the actual helix twist. For example, in
a protein with PDB ID 1X8Y [38], the corresponding angle is greater than 180° (Figure 4).
There are also superhelices in which the individual helices are twisted around the superhelix
axis for one or more full turns, and the result of the calculation should reflect this fact.
Therefore, the angle between the vectors must be evaluated taking into account how the
helix is arranged in the gap between vectors v and v».

Figure 4. Superhelix from protein with PDB ID 1X8Y [38]. The angle between vectors v{ and vy in
this superhelix is greater than 180°, so it is impossible to determine the chirality degree properly
using Formula (3).

In order to do this, we add intermediate steps to the calculation. We propose to
sequentially calculate the corresponding angles between the vectors drawn to each of the
two neighboring anchor points and sum all these angles, taking into account the direction
of twist (Figure 5). Because each angle will be smaller than 180°, the result of the calculation
according to Formula (3) will be correct. The total angle will characterize the helix twist
around the axis. Further arithmetic averaging of the angles obtained for all the helices
gives an effective angle for the whole superhelix. The sign of this number indicates the
direction of the superhelix: negative numbers indicate a right-handed superhelix, and
positive numbers indicate a left-handed one. Thus, the obtained effective angle with the
sign serves as a final assessment of the degree of superhelix chirality in our method.

(b)

Figure 5. Sequential chirality calculation: v, is the vector from the superhelix axis to the first

reference point, v, is to the second reference point, and v,3 is to the third reference point. (a) The
angle between the vector to the first turn and the vector to the first reference point; (b) the angle
between the vectors to the first and second reference points; (c) the angle between the vectors to the
second and third reference points.
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3. Results

The method was applied to calculate the chirality of 114 coiled-coil superhelices and
12 collagen superhelices. All the coiled-coil structures were left-handed and the collagen
superhelices were right-handed. This result provides formal support for the hypothesis that
the chirality sign in protein structures changes during the transition between hierarchical
levels: right-handed o-helices produce left-handed coiled-coil superhelices, and left-handed
collagen chains produce right-handed superhelices.

The mathematical interpretation of the method does not imply any specific format
for recording the raw data. However, technically, we take the data of the real structures
from the PDB [39] and information about which amino acid residues are included in the
superhelix from the CC+ Database [40].

The raw data for the processed superhelices and the results of the calculations are
presented in Table S1. The calculation results are also shown graphically in Figure 6, where
the dots indicate the location of the superhelix in a two-coordinate system: the abscissa
axis represents the number of amino acid residues in individual superhelices, while the
ordinate axis represents our estimate of chirality for a given structure.

200

“lgdindis
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® oxidoreductase

> ® hydrolase
-200 4 ® isomerase

structural
chaperone

x ® electron transport

X endocytosis

-400 3 X ® viral
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-500 +

T T T T T T T
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Figure 6. Graphical representation of chirality of superhelices for all calculated structures. Abscissa
axis shows chiral length of corresponding structure in amino acid residues, ordinate axis shows
numerical value of chirality.

4. Discussion

The degree of chirality of the superhelix in our method characterizes the twist of each
individual helix around the superhelix axis; i.e., it is directly related to the number of turns
each helix makes around the axis. The chirality degree of the collagen superhelices was
significantly higher than that of the coiled-coil superhelices per number of amino acid
residues in the helices, indicating that collagen superhelices are much more twisted around
their axes.

According to our method, the chirality of superhelices does not depend linearly on
the lengths of the constituent a-helices in the amino acid residues. Thus, coiled-coil helices
of the proteins 1IWU9 [41] and 1101 [42] have the same length (32 amino acid residues),
but the degree of their chirality differs by more than one and a half times (120.8 and 76.9,
respectively). At the same time, the helices of the coiled-coil proteins 1101 and 2NOV [43]
have different lengths (32 and 19 amino acid residues, respectively), but their degrees of
chirality are almost the same (76.9 and 76.4, respectively) (Figure 7).
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() (b) ()

Figure 7. Superhelices with different lengths and chirality: (a) A superhelix from a protein with PDB
ID TWU9. The length of the helices is 32 amino acid residues. The chirality of the structure is 120.8.
(b) A superhelix from a protein with PDB ID 1I01. The length of the helices is 32 amino acid residues.
The chirality of the structure is 76.9. (c) A superhelix from a protein with PDB ID 2NOV. The length
of the helices is 19 amino acid residues. The chirality of the structure is 76.4.

5. Conclusions

The proposed method makes it possible to calculate not only the sign but also the
degree of chirality. An important advantage of this method is the possibility of evaluating
not only superhelices with classical heptadic repeats, but also those with different heptadic
disruptions. We presently consider the superhelix axis as a straight line plotted on two
points. In the future, we hope to improve the model so that the superhelix axis fully
reflects all the bends and local features of the real structure. The presented method as well
as the previously developed method for quantitative analysis of the chirality of helical
structures [12,36] are stages in the development of methods for estimating the chirality of
protein globules.

The chirality degree of the structure allows one to estimate and compare the curva-
tures of different superhelices with each other. It is one of the important and most obvious
manifestations of physical principles in the formation of superhelical structures. It may
help in elucidating the physical interactions within proteins that lead to the formation of
a particular structure and in understanding the mechanisms of their functioning. There-
fore, further research should be carried out to elucidate both the effect of this factor on
the biochemical and other functional features of proteins and the possibility of altering
the degree of chirality of the superhelix to obtain the desired properties. The degree of
chirality could be an important marker for superhelices, allowing a comprehensive and
effective assessment of their structural characteristics. This could be useful, for example,
for pharmacology, in the development of drugs that have superhelices in their structures
and for therapeutic effects on target superhelices.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/sym15112051/s1, Table S1. Table with computational
data for all calculated helices.
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