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Abstract

Investigation of the folding pathways of protein molecules plays a key role in studying
diseases such as Alzheimer’s and designing viral drugs at the molecular level. Despite
recent advances in visualization techniques, effective sonification (i.e., non-speech auditory
representation) of large datasets associated with protein folding pathways is still an open
question. This paper investigates the problem of sonification of protein folding pathway
datasets by using the wave space sonification (WSS) framework due to Hermann (2018).
In particular, this paper utilizes the powerful WSS framework to develop a sonification
methodology for the dihedral angle folding trajectories of protein molecules, which are
modeled as hyper-redundant robotic mechanisms with many rigid nano-linkages. As an
example, the developed sonification methodology is applied to a protein molecule backbone
chain with a dihedral angle space of dimension 82, where a canonical wave space function
based on a sum-of-sinusoids with conformation-dependent frequencies and a sample-based
wave space function based on Mozart’s Alla Turca are utilized for sonification of the folding
trajectories of this peptide chain.
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Multimedia Tools and Applications

1 Introduction

To execute a variety of important biological functions such as force generation in motor pro-
teins and protein-ligand binding, protein molecules vary their three-dimensional structure
between two or more native conformations through the processes of folding and unfold-
ing [18]. Numerical algorithms, which can predict the structures of folded protein molecules
and the pathways/transitions through which proteins fold/unfold, have an integral role in
computer-aided drug discovery [7] and designing protein-based nanomachines [12, 46].

Despite their high computational burden, physics-based approaches relying on physical
first principles are still the more preferred way to numerically compute the protein fold-
ing pathways [41]. To address the high computational times associated with the approaches
relying on physical first principles, the computationally efficient framework of kineto-
static compliance method (KCM), pioneered by Kazerounian, Ilies, and collaborators,
models protein molecules as nano-linkage-based mechanisms that form a hyper-redundant
robot, which fold under the nonlinear effect of interatomic forces [6, 39, 53, 55]. Since
its advent, the KCM framework has been successfully applied to studying the formation
of hydrogen bonds and their impact on protein kinematic mobility [51] and design of
peptide-based molecular nano-linkages [12]. Furthermore, using nonlinear optimization-
based control algorithms, it has been shown that entropy-loss constraints during protein
folding (see, e.g., [52] for the importance of these constraints) can be encoded in the KCM
framework [43]. Finally, Chetaev instability analysis can be utilized for synthesizing unfold-
ing control inputs (e.g., computing proper optical tweezer forces for unfolding in desired
directions) for the KCM-based model of protein molecules [44].

Numerical simulation of protein folding for computing the molecule conformational
changes generates an overwhelming amount of data. Accordingly, one is still left with the
problem of representing these large folding pathway datasets. Despite the recent advent of
visualization techniques developed for representing the protein folding pathway datasets
(see, e.g., [17]), their sonification, where non-speech audio is utilized for conveying
information, has remained an unaddressed question.

In this paper, we employ the recent Wave Space Sonification (WSS) paradigm due to
Hermann [28] to answer the challenging question of generating non-speech auditory rep-
resentation of large datasets associated with protein folding pathways (see Fig. 1). WSS
is a class of sonification techniques developed for high-dimensional data (indexed by
time or space), which relies on generating an auditory data representation by scanning a
scalar field along a data-driven trajectory of interest. In this paper, we demonstrate that
WSS provides a novel approach for creating non-speech auditory representations of protein
folding pathway datasets through a data-driven audio signal sampling, which is afforded
by a high-dimensional scalar sound field defined on the dihedral angle space of protein
conformations.

Contributions of the paper The contributions of this paper are described in what follows.
First, despite the innovative application of numerous sonification techniques to the prob-
lem of translating protein structural/vibrational data to musical compositions (see, e.g., [19,
20, 49, 60, 61]), the problem of folding pathway sonification is still an open problem. This
article, relying on the WSS framework, provides a solution to this problem for the first
time. Our non-speech auditory representation framework for protein folding processes com-
plements the recent line of work by Ferina and Daggett for visualization of folding [17].
Second, this paper contributes to the field of robotic trajectory sonification, which is still in
its early development stages. Despite the application of sonification techniques to several
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Fig. 1T A novel WSS-based technique for creating non-speech auditory representations of protein folding
pathway datasets is proposed. Such a sonification is achieved through a data-driven audio signal sampling,
which is afforded by a high-dimensional scalar sound field defined on the dihedral angle space of protein
conformations

human-robot interaction (HRI) problems [22, 48, 58], the problem of sonification of joint
space trajectories for robots with many degrees-of-freedom has remained unaddressed. The
proposed sonification methodology in this paper paves the path for sonification of robotic
trajectories in other contexts such as soft robotics [24, 59] and industrial collaborative multi-
robot systems [16, 23, 62], where the robotic system operation generates an overwhelming
amount of motion data. Further details are provided in Remarks 1-3 in Section 2, where we
highlight the contributions of the paper in the context of existing literature.

The paper organization can be described as follows. After presenting the necessary
background on sonification, its state-of-the-art applications in robotics, and sonification of
protein-related data in Section 2, we provide a brief overview of KCM-based protein fold-
ing and its relationship to robotics in Section 3. Thereafter, in Section 4, we provide our
solution to the problem of sonification of datasets associated with conformational changes
of protein molecules during folding. Next, in Section 5, we apply our developed WSS-based
methodology to the backbone chain of a protein molecule with a conformation vector of
dimension 82. Specifically, we utilize a canonical wave space function based on a sum-of-
sinusoids with protein conformation-dependent frequencies and a sample-based wave space
function based on Mozart’s Alla Turca for sonification of the peptide chain folding trajec-
tories.! Finally, in Section 6, we discuss the significance of our proposed solution in the
context of sonification of motion of other hyper-redundant robots as well as further remarks
and future research directions.

Notation Given the real vector x € R, we denote the Euclidean and the maximum norms
of the vector by |x| := vx"x and |X|x = max |x; |, respectively. Given a function f :
1<

U — V with domain U and codomain V, we let f u +— vdenote f(u) =vforallu e U
and v = f(u) € V. Finally, by f(-), we mean that f is a function without identifying its
domain and codomain.

The generated sound files (in . wav format) based on our WSS-based proposed method can be downloaded
from https://dralirezamoha.github.io/proteinpathway/wssFoldingSoundFiles.zip. See Section 5 for further
details.
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2 Background

We briefly review the background on sonification techniques and their applications to
datasets resulting from studying protein molecules as well as robotic motion sonification.
We further highlight the contributions of this paper with respect to the recent sonification
techniques applied to these important problems in Remarks 1-3.

2.1 Sonification

Sound, from René Laennec’s stethoscope to Geiger-Miiller counter, has had a longstand-
ing importance in the process of scientific discovery and technological development [57].
Despite this significance, the utilization of non-speech audio for conveying information,
which is known as sonification, is still at its developing phase (see, e.g., [5, 29, 47]). For-
mally, sonification can be defined as the technique of using datasets as input and generating
sound signals as output, while satisfying the four conditions of: (i) reflecting the objective
and/or relational properties in the input data; (ii) transforming datasets systematically; (iii)
being reproducible; and, (iv) being applicable to versatile datasets [31].

The Sonification Handbook [31] categorizes (see, also, [27]) the sonification techniques
to five different structural classes, namely, earcons, auditory icons, parameter-mapping
sonification, audification, and model-based sonification. Earcons refer to structured sounds
serving as an index for abstract messages, such as the Windows abstract operating system
sounds or the signature three-tone melody of the National Broadcasting Company (NBC).
Auditory icons refer to short sound messages that convey information about an event, situ-
ation, or object [11] (see, also, [8]) such as the crumpling sound of a paper piece during a
document deletion in Windows. Audification is a special case of WSS where data is directly
translated into sound. Finally, in model-based sonification [30], the dataset is converted to a
dynamical system that demonstrates acoustic behavior, e.g., utilizing the data to determine
the mass-spring system parameters of an acoustic device.

In addition to the five established classes of sonification, a new class known as the
wave space sonificaiton (WSS) has been recently proposed by Hermann [28]. This frame-
work lies in the spectrum between parameter-mapping sonification and audification. WSS,
whose essence is based on effective navigation of sound signal spaces by using high-
dimensional data, has been utilized in few applications such as development of audiovisual
dance displays [34].

Remark 1 In this paper, we utilize the WSS framework for solving the problem of soni-
fication of dihedral angle folding trajectories of protein molecules, which are modeled as
hyper-redundant robotic mechanisms (see, e.g., the line of work in [25, 36, 56] for such a
robot kinematics-based point of view on the structure of proteins). This is the first time that
Hermann’s WSS framework [28] is utilized for navigating sound signal spaces by using
high-dimensional data resulting from the folding process of protein molecules.

2.2 Sonification techniques applied to structural/vibrational protein data

One of the very first endeavors to sonify the structure of proteins and their encoding gene
sequences is due to Dunn and Clark [14]. In their work, fixed pitches were assigned to each
amino acid based on an absolute basis or more consonant intervals were assigned to the more
frequently occurring amino acids based on a relative basis. Furthermore, water solubility of
amino acids was also considered as a third metric for pitch assignment. Another pioneering
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work on molecular data sonification is due to Delatour [13], where a conversion process for
the musical and acoustic vibrational spectra data was proposed.

Following Dunn and Clark [14] and Delatour [13], many of the important methods in
this area such as the innovative line of work by Buehler and collaborators [19, 20, 49, 60,
61] fall within translation of either structural properties or vibrational spectra of proteins
into sound/musical compositions. Of notable importance is the work by Franjou et al. [19]
where a neural network model is trained on ‘protein music’ and gives rise to new musi-
cal structures.These novel musical compositions, in turn, can be utilized to generate new
protein structures through proper translation mappings. In another notable work, Qin and
Buehler [49] employ frequency spectra of proteins, which result from a high-throughput
automatic computational method, to produce audible sound. Moreover, using the concept
of transpositional equivalence in music theory, they overlay the vibration of molecular
structures and translate them to the audible frequency range (see [49] for further details).

Remark 2 Despite all the previous development for sonification of protein molecule struc-
tural/vibrational data, the problem of sonification of protein folding pathway datasets is still
an open one. This challenge is mainly due to the existence of an overwhelming amount of
data, which are generated using physics-based numerical simulations (see, e.g., [17, 55]),
associated with time-indexed dihedral angle trajectories. Indeed, it is not clear how one can
assign sound/music signals to these trajectories lying in the high-dimensional conformation
space of protein molecules.

2.3 Sonification of robotic motion/gestures

Sonification of the motion of robots is a relatively new paradigm with many potentials for
efficient communication of robotic motion/intentions to human users while relying less on
visual engagement [9, 10, 21, 22, 48, 50, 58, 63]. A notable approach, which belongs to the
family of Parameter Mapping Sonification methods, is proposed by Schwenk et al. [50]. In
their approach, a robot sonification system based on sound modulation of a synthesizer has
been developed, where joint state and sensor data are fed into the synthesizer.

Another notable line of work is the SONAO project led by Frid, Bresin, and collabo-
rators [10, 21, 22], where communicative channel impediments in robot interaction with
humans are compensated through mapping humanoid robot expressive gestures to non-
speech audio. For instance, Frid and Bresin [21] used a rectangular oscillator with an
envelope of short time span while transforming the input magnitude to C major scale pitches
to convey sensations of joy.

In the context of virtual reality-based robot teleoperation, Bremner et al. [9] have
decreased the stress and perceived workload of human operators working with remote robots
in hazardous environments by using proper data sonification through the Parameter Map-
ping Sonification framework. Another relevant project is Sonifylt [63] that enables sample
playback and live sound synthesis for robots using Robot Operating System (ROS) and a
visual programming language for multimedia called Pure Data.

Remark 3 Despite the advancements in the field of robot motion sonification, one major
limitation of the recent methods is that they are limited to robotic systems with a config-
uration space of low dimensionality (e.g., less than ten degrees-of-freedom like the robot
Daryl in [50]). On the other hand, hyper-redundant robots such as elephant trunk robotic
arms or segmented space manipulators (see, e.g., [32, 40, 64]), which can efficiently oper-
ate within constrained environments or executing novel types of locomotive patterns, have
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a huge or infinite number of degrees-of-freedom. The KCM approach [35, 36, 55] for
protein molecules also relies on modeling the proteins as hyper-redundant robotic mecha-
nisms with each dihedral angle corresponding to one degree-of-freedom of the mechanism
(see Section 3 for further details). Furthermore, each dihedral angle trajectory is a time
series generated by the protein folding dynamical model. For instance, the backbone chain
of the protein Triponin with 159 amino acids has 320 dihedral angles that change with
time during the Triponin folding process. Consequently, Triponin folding results in 320
time-indexed trajectories. For the first time, we provide a systematic way of sonifying the
high-dimensional data resulting from the motion of protein molecules that are modeled as
hyper-redundant robotic mechanisms.

3 Kinetostatic Compliance-based protein folding

We briefly present some background on the Kinetostatic Compliance Method (KCM) for
modeling of the folding of protein molecules in vacuo. We limit our presentation to the
protein main chain for brevity.

3.1 Nano-linkage-based kinematic model of protein molecules

Protein molecules consist of many peptide planes that are connected together through chem-
ical bonds to form long molecular chains, where each plane consists of six coplanar atoms.
As demonstrated in Fig. 2, these planes can be considered as the linkages of the protein
kinematic mechanism [36, 56]. Central carbon atoms, which are also known as the alpha-
Carbon atoms denoted by C,, function as inter-peptide plane hinges. Indeed, C, atoms in
protein molecules can be considered as the revolute joints in this kinematic mechanism. The
line segments colored in red in Fig. 2 are the interatomic covalent chemical bonds in the
peptide plane.

Remark 4 The assumption of the six atoms C, — CO — NH — C, being coplanar, which
constitute each of the peptide planes (see Fig. 2), is based on the high resolution X-ray
crystallographic experimentally validated observations of the protein molecule structures
(see, e.g., [18]). This coplanarity assumption has been the basis of various robotics-inspired

-’\Ca
i*® peptide plane c /'N
2i+1 e} C\)J — 92. 5
C o H 1+
Co s 1Ca
01 \ 02i 11
H N "
H C-terminus = / c
N-terminus O Ca \

Fig. 2 (Left) The protein molecule kinematic structure consisting of peptide planes (similar to robotic link-
ages) and C, atom hinges (similar to robotic revolute joints). There also exists a hydrogen atom that is bonded
to each alpha-Carbon atom using a covalent chemical bond but not shown in the figure. (Right) The dihedral
angles
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approaches in the literature that model protein molecules as hyper-redundant mechanisms
(see, e.g., [25, 55]).

As it is demonstrated in Fig. 2, each individual C, is bonded to four other components,
namely, a side chain of variable structure denoted by SR and the three atoms C, N, and H.
The first C, of the protein chain structure is connected to N-terminus, which is an amino
group, as well as one other peptide plane. Finally, the last alpha-Carbon atom gets connected
to the C-terminus, which is a carboxyl group, as well as one other peptide plane.

The backbone conformation? of the protein molecule kinematic structure formed by
—N — C, — C— atoms, is fully described by a collection of bond lengths as well as a collec-
tion of pairs of dihedral angles, namely, the rotation angles about the bond connecting C,
to —C and the bond connecting N to C,. A protein molecule dihedral angle can be defined
as the internal angle of the polypeptide backbone at which two adjacent planes meet (i.e., at
each C, atom). Therefore, the backbone conformation can be represented by two dihedral
angles per residue, because the backbone residing between two juxtaposing alpha-Carbon
atoms are all in a single plane (see Fig. 2). Accordingly,

6= [91,~~- ,921\/]T € 92, ()

is the configuration vector of the kinematic structure of a given protein backbone chain
possessing N — 1 peptide planes. As indicated by (1), the dihedral angle vector  belongs to
the 2 N-dimensional configuration space 2 := .%! x - .. x.#’!, where .’! is the unit circle.

Each of the dihedral angles in the conformation vector @ in (1) correspond to one degree-
of-freedom (DOF) of the protein molecule kinematic chain. Associated with each DOF, one
may consider a direction vector of unit length denoted by u;, 1 < j < 2N. Each of these
unit vectors are aligned with the rotation axis about which the protein kinematic chain can
rotate. Therefore, as demonstrated in Fig. 2, the unit vectors uy; and up; 4 are aligned with
the C, — C and N — C,, bonds of the i-th peptide plane, respectively. Finally, u; and usy
are the unit vectors associated with the N- (the amino group) and C-termini (the carboxyl
group), respectively.

Along with the unit vectors u;, one may utilize another collection vectors, which are
known as the body vectors, to fully determine the three-dimensional orientation of the
rigid peptide nano-linkages in protein molecules. The body vectors, which are denoted by
b;, 1 < j < 2N, fully describe the relative position of any two coplanar peptide plane
atoms. Specifically, the relative position vector connecting any two atoms is determined by
combining the body vectors through a linear sum of the form ky,,b2; + k2, b2;+1, in which
the coefficients ky,, and ky,,, 1 < m < 4, are constant and the same across all peptide
linkages (see, e.g., [2, 54] for more elaborations).

The unit vectors u; and the body vectors b; can be utilized for complete description of
the molecule conformation by utilizing the conformation vector 6 consisting of the pep-
tide dihedral angles. Indeed, after choosing the zero position configuration as § = 0, the
rotational transformations

u;(6) = E(0,ud)uf, b;(0) = (6, u)bY, )

2In the biochemistry literature, ‘conformation’ is the standard word for describing the geometric structure of
a protein molecule. In the robotics literature, on the other hand, the terminology ‘configuration’ is frequently
used to describe the kinematic structures of robots. In this paper, unless otherwise stated, we use the two
words ‘conformation’ and ‘configuration’ interchangeably.
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where the transformation matrix is E (0, u(j).) defined according to

J
2(0.u)) := [ [ R®;.u)), 3)
r=1

where the superscript O indicates the reference zero position (ZP) conformation. The zero
position conformation of the protein molecule refers to a linear structure in which all the
amino acid peptide nano-linkages lie on the same plane (i.e., a completely stretched protein
chain with dihedral angle vector # = 0). Therefore, using the ZP conformation, we are
expressing all the possible directions of the unit vectors u; and body vectors b; in terms
of rotational transformations applied to these vectors at the zero conformation where the

protein chain is completely stretched.
The matrix Z(6, u(}) determines the molecule kinematic structure using the dihedral

angle conformation vector 6. In (2), the rotation matrix R(6;, u(j).) € SO(3) describes the

rotation about the direction given by the unit vector u’ with an angle equal to 6 i It is

remarked that the special orthogonal group SO(3) is the set of all rotational matrices about
the origin of three-dimensional Euclidean space. Furthermore, any rotation matrix R(«, V),
where « is an angle and ¥ = [0y, Uy, 9,17 is a unit vector, can be written as

02Vy 4+ Co DxDy Vi — ;8¢ Dy Ve + 0y S
R, ¥) = | 0,0y Vo + .80 3V +Co D)0V — DS | )
050, Ve — Dy Sy Dy, Vi + 0xSa 02V + Co

where V,, := 1 — cos(«), Cy := cos(x), and S, := sin(w).

After the body vectors b () are determined from (2) and assuming that the N-terminus
atom is located at the origin, the position vectors of the atoms belonging to the backbone
chain, which are located in the k™-peptide plane, are computed from

i
ri@) =) bj@®), 1<i<2N-1, 5)
j=1
where the indices i = 2k — 1 and i = 2k are associated with the N and alpha-Carbon atoms,
respectively.

Remark 5 The zero position for the conformation of the protein molecule refers to a linear
structure in which all the amino acid peptide nano-linkages lie on the same plane (i.e., a
completely stretched protein chain with dihedral angle vector # = 0 € R?V). On the other
hand, the zero position for the N-terminus nitrogen atom means that this atom is treated as
the fixed base of the mechanism located at [0, 0, O]T. The reason for fixing the position of
the N-terminus nitrogen atom at the origin is that it is only the changes in the conformation
vector of the protein molecule that results in changes of the three-dimensional structure of
the molecule independent of the choice of the N-terminus nitrogen atom base position.

3.2 Folding according to the KCM iteration

The KCM approach for modeling the protein folding process pioneered by Kazerounian and
collaborators is based on the experimental fact that the inertial forces can be neglected in
the folding process (see, e.g., [1, 3, 4, 35]). Instead, the protein chain dihedral angles vary
under the kinetostatic influence of the van der Waals and electrostatic interatomic forces in
the protein molecules. Consequently, in the KCM framework, the dihedral angle variation
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about the alpha-Carbon atoms at each molecule individual conformation is proportional to
the effective torques acting on the peptide chain.

Considering a peptide chain with N, atoms and N — 1 peptide planes with the con-
figuration vector # € 2 and denoting the Cartesian position of any two single atoms a;,
aj belonging to the molecule chain by r; (@), r;(#), their distance can be computed from
d;j(0) := |r;(0)—r;(#)|. Itis remarked that the number of atoms in the main backbone chain
of the protein molecule (ignoring the side chains and the individual hydrogen atoms con-
nected to alpha-Carbon atoms which are not in the peptide planes) is equal to N, = 5N +8,
where the added constant take into account the number of atoms in the N-terminus and
C-terminus.

Furthermore, we denote the respective electrostatic charges of a;, a; by g;, g;, their van
der Waals radii by R;, R;, their van der Waals distance by D;; = R; + R, their dielectric
constant by ¢;;, and their potential well depth as ¢;;. Finally, we let weleC and w"jdW represent
the weight factors for the electrostatic and van der Waals forces between the two atoms a;
and a, respectively. All of these parameters are provided in [54] and its references.> Under
these considerations, the molecule aggregated free energy can be computed from

G0) =G O) + 9™ ). ©)
where
elec qiq;

gelec 1) 7
22471% dl/(0) ™
is the molecule potential energy resulting from the interatomic electrostatic interactions, and
gvdW(o) deWG |: l] 12 2 2 :| (8)

;; TNy <0)) (dij(o))

is the molecule potential energy due to the van der Waals interactions. The resultant
Coulombic and van der Waals forces on each atom a;, 1 < i < N,, can be computed from
Fl.elec 0) = — Vi, 9% and Fi"dW(ﬂ) = — Vi, 9"V, respectively. It is remarked that Vy, 4,
where j = elec or j = vdw, is the gradient of the potential function ¢’ with respect to the
position vector ;.

The KCM-based folding process is performed according to a successive numerical iter-
ation up to the moment that all of the kinetostatic torques converge to a local minimum on
the aggregated free energy landscape. To perform this numerical iteration, one can com-
pute the effective forces and torques acting on each of the N — 1 peptide planes, which
are the rigid nano-linkages of the protein kinematic mechanism, and appending them in the
generalized force vector .7 (#) € R®. Using a proper mapping, it is possible to map the
generalized force .% (0) to the equivalent torque vector influencing the configuration vector
0. Specifically, the vector () € R*V, which is the overall joint torques resulting from the
interatomic forces in the protein kinematic structure, can be computed according to

@)= _7 " (0)7®), )

where the Jacobian matrix / (0) € RON*2N 5 the determined by the kinematic structure of

the protein chain at conformation 6 (see [35, 55] for the calculation details). It is remarked
that the vector .% () is generated by the torques and forces acting on the peptide planes at
each conformation vector 6.

3The dissertation can be accessed and downloaded by the public through the URL address https://
opencommons.uconn.edu/dissertations/1024/.
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Starting from the initial unfolded conformation 6y, the difference equation

KCM Iteration: ;.1 = 6 + 7(0k). (10)

h

k4 (0k) loo
describes the KCM-based numerical iteration due to Kazerounian and his collaborators,
where the non-negative integer k determines the iteration number and % is a positive real
constant equal to the maximum magnitude of the dihedral angle rotation in each step.

Starting from an unfolded conformation, the KCM iteration in (10) gives rise to the pro-
tein folding pathway data. In particular, the protein molecule backbone folding pathway
trajectory is the dihedral angle vector series {Ok }11{\/;0 with 6, := 6¢ corresponding to the
initial unfolded conformation and 6 y := 0y, corresponding to the final folded conforma-
tion. The KCM framework also renders itself to control input synthesis interpretations. For
instance, it has been shown in [43] that entropy-loss constraints during protein folding can

START

Input: Number of Peptide Planes

v

Initialize the Main Chain

Dihedral Angles

Intramolecular Force Computation

(van der Waals and Electrostatic)

v

Jacobian and Joint Torque

Convergence?

Termination Compuations

v 7(01), F(8:)

QP-based Control Input Generation

v

Dihedral Angle Vector Update

Direct Kinematics Calculations

011

Fig. 3 The flow chart associated with the KCM iteration with entropy-loss constraints encoded in the pro-
tein folding process (see [43] for further details). Such iterative KCM-based numerical algorithms give rise
to the protein folding pathway datasets. The objective of this paper is the sonification of such folding path-
way dihedral angle trajectories. It is remarked that the convergence criterion is based on checking the norm
of the generalized protein folding force vector .%(0). If the initial conformation @ happens to be a folded
conformation, then #(0y) = 0, and there is no need for performing the iterations. However, if the ini-
tial conformation @ is an unfolded conformation, then the KCM calculations need to be carried out until
convergence of the norm of .% (@) to a predetermined vicinity of zero
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be encoded in the KCM framework using nonlinear optimization-based control algorithms
(see the flow chart in Fig. 3).

In this paper we consider the time series associated with the dihedral angle vector
folding pathway generated by the robotics-based KCM numerical iteration in (10) or its
variations (see, e.g., [43, 44]). The dihedral angle pathway datasets can also be generated
by other means such as all-atom molecular dynamics simulations, e.g., GROMACS [38].
The sonification methodology proposed in this paper can also be applied to such pathway
datasets.

4 Wave space sonification of the folding pathways of protein
molecules

In this section we provide our solution to the problem of sonification of datasets associ-
ated with conformational changes of protein molecules during folding. Our solution to this
problem is based on the Wave Space Sonification (WSS) framework due to Hermann [28].
After providing the problem statement and the formal definition of WSS, we elaborate on
the three WSS elements needed in the context of protein folding. Next, we present two
WSS-based solutions to this problem, namely, canonical WSS and sample-based WSS in
Sections 4.1 and 4.2, respectively.

Problem statement Consider a protein molecule with a backbone chain consisting of N —1
peptide planes modeled as a hyper-redundant robotic mechanism (see Section 3.1 for such
a robotics-inspired modeling approach). Consider the protein molecule backbone folding
pathway trajectory, namely, the dihedral angle vector time-indexed trajectory 0(¢), with
0, := 6(0) corresponding to the initial unfolded conformation and 6 := 6(Ty) corre-
sponding to the final folded conformation. Find a non-speech auditory representation of the
folding pathway trajectory given by 0(-).

WSS elements The WSS framework requires defining the following three elements [28]:
(i) a trajectory in the wave space; (ii) a suitable definition of a wave space function; and,
(iii) a proper way of moving along the trajectory in the wave space.

In the context of sonification of folding pathways of protein molecules, the wave space
is the configuration space 2 to which the vector of dihedral angles belongs (see (1)). Fur-
thermore, the dihedral angle vector trajectory 6 (¢) obtained from the protein folding process
defines an embedded trajectory within the high-dimensional wave space 2. Moreover, in
the WSS framework, one needs to select a morphing function M : ¢t — M (t), which deter-
mines how the dihedral angle folding trajectory is traversed. Finally, one needs to construct a
scalar field V : 2 — R, which is also known as the wave space function (see, also, Fig. 1).
After determining the wave space function V (-) (see Sections 4.1 and 4.2), the sound signal,
which can be sent to the PC sound card for listening to the folding pathway, is given by

s@)=V(0(M())). (11)
Figure 1 depicts the WSS elements in the context of sonification of protein folding path-

way datasets. In the figure, the morphing function is considered to be the identity mapping,
ie., M(t) =t.
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4.1 Solution based on canonical wave space sonification

In this section we present a canonical WSS-based scalar field for solving the stated sonifica-
tion problem in Section 4. Canonical wave space functions, according to Hermann [28], are
explicit algebraic expressions that utilize the data-driven trajectory under study for embed-
ding in the wave space. In our context, these trajectories are given by time-indexed vectors
of the form 6 (¢), which are the dihedral angle vector folding pathway trajectories.

For solving the sonification problem using the canonical WSS approach, we utilize
a canonical wave space function V, : 2 — R, which is a sum-of-sinusoids with
conformation-dependent frequencies. In particular, we let

AO 2N
v.0) = To ; sin (2nf0h(0) 0; ) (12)

where the positive constant fj represents a desired base frequency, Ao is a positive design
parameter, and

h(0):exp(M>, (13)
g 1., — 0l

is a frequency weighting function, where o9 € (0, 1) is some positive constant less than
one. We are using an exponential frequency resolution function /() given by (13) because
of the logarithmic nature of the way that the human auditory system perceives sounds (see,
e.g., [15] for further information on how humans perceive sound). Indeed, two pure-tone
sounds, which slightly differ from each other in their frequencies are not heard as sepa-
rate notes by a single human ear. Since we are interested in making the listener to clearly
perceive the protein folding process from an unfolded conformation to a folded one, such
an exponential frequency resolution function is utilized within the proposed wave space
function.

The significance of the proposed canonical wave space function in (12) and (13) is the
generation of sounds with conformation-dependent frequencies. In particular, as the protein
conformation approaches the final folded configuration @ ¢ from its unfolded initial con-
formation 6,, sounds with higher frequency contents will be generated. The only design
parameters for controlling the canonical wave space function in (12) and (13) are the base
frequency fp and the parameter 9. To generate a sound file of duration 7 from a folding

pathway of time duration 7'y, we use the linear morphing function M (¢) = ;—{t. Therefore,
the generated sound signal takes the following form ’

2N

A T T
s(t) = ﬁZsin(anoh(G(T—ft))G,'(?ft)). (14)
i=1 g s

Remark 6 (Comparison with the Original Canonical WSS) In Hermann’s original
work [28], the canonical wave space functions, which are written as sums-of-sinusoids, do
not depend on the function i(@) (or, equivalently, #(#) = 1 in Hermann’s work). In this
work, we are introducing the novel element of dependency of frequency components on the
distance to desired locations in the dataset (here, folded and unfolded conformations of pro-
tein molecules). From this perspective, our proposed wave space function in (12) and (13)
can also be viewed as a hybrid of Hermann’s canonical wave space function (because of
being written in terms of algebraic functions) and of Hermann’s data-driven localized wave
space function (because of dependency on designated points in a given dataset).

@ Springer



Multimedia Tools and Applications

Remark 7 (Relationship to MIDI Applications) In Musical Instrument Digital Interface
(MID]) applications, the dihedral angle vectors #, as well as the function /(#) can be used
as control signals (CC messages) to create amplitude envelopes and/or envelopes to control
low frequency oscillators. Programs like CSound (see, e.g., [37]) or Cycling’74 Max* are
well suited for exploring these types of creative uses of the underlying data in a musical
context. Though an additive-like synthesis was used in this paper (see (14)), other possible
applications would be using the data as control parameters for other types of sound synthesis
methods, such as frequency modulation (FM synthesis) and granular methods.

4.2 Sample-based wave space sonification solution

In this section we present a sample-based WSS scalar field for solving the stated sonification
problem in Section 4. The key idea behind sample-based scalar fields is that instead of
merely relying on mathematical functions as in their canonical counterparts in Section 4.1,
one can define the wave space function through available samples from recorded sound
signals [28]. Indeed, this point of view on wave space functions is motivated by the desire
to generate acoustically more artistic and appealing sounds.

In the context of protein folding, datasets are given by time-indexed vectors of the
form (), which are the trajectories of the dihedral angle vector obtained from the fold-
ing process. For solving the sonification problem using the sample-based WSS approach,
we utilize a sample-based wave space function V, : 2 — R, which relies on recorded
sounds, e.g., pieces of classical music. In particular, considering the collection of sound files
4.t 4(),1 <i <2N, welet

2N

1
V.(0) = 2N - lfi(ci(a))s (15)
1=
where ¢; : 2 — R, 1 < i < 2N, are nonlinear scaling functions. In this article, we let
these mappings to have the conformation-dependent form

ci(0) := ai{)\oy,‘ exp(i2 16 =6/1 ) + B }, (16)
00.i 6. — of”
where Ao ; and oy ; are some positive constants to be chosen by the sound designer. Having
selected the design parameters Ao ; and oy ;, the constants ¢; and f3; are given by
-1 Ts,i

b Ao, exp (U(ii ), Xoi +Bi’
where T ; is the duration of the i-th sound file s (). The equality constraints in (17) ensure
that ¢;(0,) = 0 and ¢;(@s) = T;,;. In other words, the nonlinear scaling functions are
guaranteed to map the initial unfolded conformation to time instant O in the sound file and
the final folded conformation to time instant 7 ;, which corresponds to the duration of the
i-th sound file 4 (-).

The significance of the proposed sample-based wave space function in (15)—(17) is the
generation of sounds from available recordings 4 (-) by scanning the scalar field V,(-) along
the data-driven conformation trajectories of protein molecules during the folding process.
Each of the sound files 4 (-) are chosen arbitrarily and specific to the artistic flavor of the
application at hand. For instance, they could be recorded by the sound designer in an ad-hoc

a7

“https://cycling74.com/products/max
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manner or as demonstrated in Section 5 sourced via other means (e.g., a piece of classical
music). The nonlinear scaling functions ¢; (-) in (16), 1 <i < 2N, based on which the data-
driven audio signal sampling is performed, guide the scanning process of the scalar field
V,(+) using the molecule conformations during folding.

Remark 8 (Comparison with the Original Sample-Based WSS) In Hermann’s original
work [28], the static sample-based wave space functions utilize linear scaling mappings of
the form ¢; (@) = ¢; - 6;, 1 < i < 2N. In this article, we are introducing a new type of
nonlinear scaling functions depending on designated conformations of protein molecules,
namely, the folded 6 ; and the unfolded 8, conformations. From this perspective, our pro-
posed sample-based wave space function in (15)—(17) can also be considered as a hybrid
of Hermann’s static sampling-based method (because of relying on recorded sound sig-
nals) and of Hermann’s data-driven localized method (because of dependency on designated
points in a given dataset).

Remark 9 (Computer-Generated Portamento) A natural way for instruments with contin-
uously variable pitch like violin or human voice to make transitions between two musical
notes is called portamento. Henderson and Solomon [26] have recently demonstrated that
using one-dimensional optimal transport numerical algorithms it is possible to achieve
computer-generated portamento. An interesting potential for the sample-based WSS func-
tion in (15), although not explored in this paper, is achieving portamento for transitioning
between two musical notes, where the initial musical note is associated with a given desig-
nated protein conformation (e.g., an unfolded conformation) and the target musical note is
associated with a target/final designated protein conformation (e.g., a folded conformation).

5 Example

In this section we present the results associated with our proposed sonification methodol-
ogy applied to a peptide backbone chain with a dihedral angle space of dimension §82. All
of the numerical implementation has been carried out in MATLAB R2018b by utilizing
the PROTOFOLD 1 framework [35, 54] on an Intel® Core™ i7-6770HQ CPU@2.60GHz.
Figure 4 depicts the folding process resulting from our numerical simulations.

As expected from the KCM-based folding iteration the molecule aggregated free energy
converges to a local minimum located on the folding energy landscape (see [35, 55] for fur-
ther details). Furthermore, as can be seen from Fig. 4a, the protein molecule conformation
converges to a helix from its unfolded initial configuration. We are interested in generat-
ing non-speech auditory representation of this process according to the problem statement
in Section 4. Finally, Fig. 4b depicts two sample projected folding pathway curves with the
red and green diamonds corresponding to the unfolded and folded conformations, respec-
tively. Indeed, these two three-dimensional curves are the projections of the original folding
pathway, which is embedded in a configuration space of dimension 82.

Canonical WSS We apply the canonical wave space sonification method proposed in
Section 4.1 to the folding pathway dataset associated with the protein backbone peptide
chain whose folding process is depicted in Fig. 4.

The five sound signals' generated by the proposed canonical wave space function in
(12), (13) are depicted in Fig. 5. The base frequency in all these canonical wave space
functions is chosen to be fo = 250 Hz. Furthermore, the duration of the sound files, which

@ Springer



Multimedia Tools and Applications

e
17
1.4
= =
: £ £16
-300 % 2 S
-400 = =
g 500 12 1.5
; -600 1.7 1 1.6
= -700 1.6 s 1.5 e
S -800 1.6
o 15 13 1.4 : E
= 0, [rad] B [rad]
200 400 600 800 039 [rad] 050 [rad]

(a) (b)

Fig. 4 The folding process of a protein peptide backbone chain with 82 DOFs: (a) the free energy of the
molecule with its corresponding conformations along the folding pathway; and, (b) two sample 3D curves
obtained by projecting the protein folding pathway on lower-dimensional spaces with the red and green
diamonds corresponding to the unfolded and folded conformations, respectively

is a tunable parameter, is selected as T; = 5 seconds. Moreover, the design parameters
oo for generating these sounds signals (see (13)) are chosen to be o9 = 0.1, o9 = 0.15,
oo = 0.2, 09 = 0.3, and 0p = 0.4, respectively. Finally, the parameter Ao is set equal to 1
in all these sound signals.

The sepctrograms of the five sound signals! generated by the proposed canonical wave
space function are depicted in Fig. 6. As expected from our sonification design methodol-
ogy, while the conformation of the protein molecule approaches its final folded state, the
frequency of the generated sound by the scalar field V.(-) in (12) increases according to the
frequency weighting function given by (13).

Sample-based WSS We apply the sample-based wave space sonification method proposed
in Section 4.2 to the folding pathway dataset whose folding process is depicted in Fig. 4.

0.015 0.015
0.01 0.01
0.005 0.005 0.005

T o0 g o
-0.005 -0.005 -0.005
-0.01 -0.01 -0.01

-0.015 -0.015
0 1 2 3 4 S [ 1 2 3 4 5 0 1 2 3 a4 5
¢l tls) tls

(a) oo = 0.1, fo =250 (b) o9 = 0.15, fo =250 (c) o9 = 0.2, fo =250
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0.005 0.005
2 o | g o H
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-0.01 -0.01

-0.015 -0.015
1 2 3 4 5 0 1 2 3 4 5

(d) op = 0.3, fo =250 (e) op = 0.4, fo =250
Fig. 5 The sound signals generated by the proposed canonical wave space function in (12) applied to a
protein backbone peptide chain with 82 DOFs. As the conformation of the protein molecule approaches its

final folded state, the frequency of the generated sound increases. The generated sound files (in . wav format)
can be downloaded from https://dralirezamoha.github.io/proteinpathway/wssFoldingSoundFiles.zip
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Fig. 6 The sepctrograms of the sound signals generated by the proposed canonical wave space function in
(12) applied to a protein backbone peptide chain with 82 DOFs. As the conformation of the protein molecule
approaches its final folded state, the frequency of the generated sound increases

We have chosen a piece of Mozart’s Alla Turca for applying our sample-based WSS method
to. This piece has been performed by Walter Gieseking and is available from his “Historic
Broadcast Performances (1944—1950)” collection [45]. The original sound signal 4 (-) and
its spectrogram are depicted in Fig. 7.

To determine the sample-based wave space function given by (15)—-(17), we need to
determine the sound files 4 (-) and the scaling functions c¢; (-). We have chosen all the sound
files to be given by 4 (-) = 44 (-), where 44 (-) is the piece of Mozart’s Alla Turca demon-
strated in Fig. 7. Furthermore, we have chosen all the tuning parameters fy; and o ; to be
the same for the nonlinear scaling functions, which results in ¢;(-) = co(:), | <i < 2N.
Therefore, in this example, our scalar field takes the form V,(0) = . (co(6)), where

co(8) := ao{roexp ( %) + o}

Figure 8 depicts the result of applying our sample-based WSS method to the chosen piece
of Mozart’s Alla Turca. The resulting sound signals' and the nonlinear scaling function
co(-) along the protein folding pathway are demonstrated in the figure. In all the plots in
Fig. 8, the parameter A is chosen to be equal to 1. We have chosen three different values

0.5
< o
-0.5
0 1 2 3 4 5 6 7
ts|
(a)

Fig. 7 The music piece taken from Mozart’s Alla Turca: (a) the original sound signal; and, (b) the
spectrogram associated with the sound signal
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Fig. 8 The sound signals generated by the proposed sample-based wave space function in (15)-(17)
with sound samples taken from Mozart’s All Turca [45] applied to a protein backbone peptide chain
with 82 DOFs. The embedded smaller plots demonstrate how the nonlinear scaling function c¢o(-) varies
along the protein folding pathway. The generated sound files (in .wav format) can be downloaded from
https://dralirezamoha.github.io/proteinpathway/wssFoldingSoundFiles.zip

for og, namely, 0.25, 0.5, 0.75, and 1. The sepctrograms of the sound signals generated by
the proposed sample-based wave space function are depicted in Fig. 9.

In the beginning, when the conformation of the peptide chain is far away from the final
folded conformation, the scaling function co(-) varies very slowly resulting in sound patterns
not familiar to the ear. This is specifically evident in the case of g = 0.25 and op = 0.5.
This unnatural sound corresponds to the low frequency content of the generated sound as
demonstrated by the spectrograms in Fig. 9. As the peptide chain starts approaching its
final folded conformation, the heard sound begins taking the familiar form of Mozart’s All
Turca. In other words, the listener hears a sound file that gradually takes a familiar auditory
form as the protein backbone peptide chain approaches its final folded conformation. The
transition to a familiar sound and emergence of an ordered music pattern also corresponds
to the protein configurational entropy loss while the molecule converges to its native folded
state (see, e.g., [4] for further details on entropy loss during protein folding).

6 Discussion, concluding remarks, and future research directions

Discussion on the application of the proposed sonification method to other hyper-
redundant robotic mechanisms As discussed in Section 3, the KCM-based folding
framework relies on describing the motion of protein molecules by modeling them as hyper-
redundant robotic mechanisms consisting of numerous rigid nano-linkages that fold under
the nonlinear effect of the protein molecule interatomic forces. The justification for such
a modeling approach is the experimental observations verifying that the the six atoms
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Fig.9 The sepctrograms of the sound signals generated by the proposed sample-based wave space function
in (15)—(17) with sound samples taken from Mozart’s All Turca [45] applied to a protein backbone peptide
chain with 82 DOFs

C, —CO —NH — C are coplanar in each of the protein peptide planes (see Fig. 2). Another
notable fact is that each alpha-Carbon atom acts as a 2 DOF revolute joint playing the role
of hinges in the kinematic mechanism.

Modeling the peptide planes as rigid links and treating the alpha-Carbon atoms as rev-
olute joints have been the basis for various robotics-inspired approaches in the literature
that model protein molecules as hyper-redundant mechanisms. For instance, the robotic
kinematics-based point of view on the structure of proteins can be seen in the line of work
by Kavraki and collaborators (see, e.g., [25, 56]), and Kazerounian and collaborators (see,
e.g., [36, 55]), to name a few. Another interesting fact is that the protein kinematic model
described in Section 3.1 has the exact same kinematic structure as robotic manipulators with
hyper degrees-of-freedom as described in the work of Mochiyama et al. (see, e.g., [42]).
This type of kinematic modeling has also been used for multisection continuum robots (see,
e.g., [33]). Indeed, considering a hyper-redundant robotic mechanism with configuration
vector § € 2, where 2 is a manifold of dimension Ny, the time-indexed configuration
vector 0(¢) € 2 represents the joint time profile trajectories of the hyper-redundant robot.
Therefore, the same problem statement presented in Section 4 can also be considered for
such robots. The only difference with the protein folding setting presented in this paper is
the choice of designated configurations in the joint space of the robot. These designated
configurations given by 6*, instead of 8, and @ ; in the case of protein molecules, can be
generated by proper trajectory planning and obstacle avoidance algorithms designed for
these hyper-redundant robotic mechanisms (see, e.g., [40]).

Concluding remarks and future research directions In this paper we proposed a WSS-
based solution to the problem of sonification of protein folding pathway datasets. By
utilizing the powerful WSS framework, we developed a systematic way of generating
sounds from the dihedral angle folding trajectories of protein molecules, which are modeled
as hyper-redundant robotic mechanisms with many rigid nano-linkages. As an example, we
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applied the developed sonification methodology to the backbone chain of a protein molecule
with a dihedral angle space of dimension 82. Specifically, a canonical wave space function
based on a sum-of-sinusoids with conformation-dependent frequencies and a sample-based
wave space function based on Mozart’s Alla Turca are utilized for the sonification of the
folding trajectories of this peptide chain. As future research directions, we envision extend-
ing the proposed sonification methodology in this paper to solving the sonification problem
for the motion of soft robots and industrial collaborative multi-robot systems, where the
robotic system operation generates an overwhelming amount of data.
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