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Abstract

The purpose of this project was to predict accurate, high
resolution tridimensional structures for the spectrin-re-
peats (SR) of the central rod region of dystrophin. These
structures can then be utilized in in-silico single mol-
ecule force spectroscopy experiments, such as Steered
Molecular Dynamic Simulations to understand the me-
chanical properties of those mechanosensing proteins.
The region of interest of the protein dystrophin is the
central rod domain, which contains 24 SR regions that
can be divided into four fragments: SR01-05, SR06-10,
SR11-17,and SR18-24. Utilizing an artificial intelligence
based molecular modeling software named AlphaFold,
the individual structures of each SR were created. It was
determined that these structures were accurate after
careful inspection via sequence and structural align-
ment with the crystal structure of SRO1. Accurate struc-
tures containing two adjacent SR regions were obtained
using AlphaFold for SR01-02 through SR23-24. Super-
imposing these regions upon one another resulted in
an accurate structure for each of the four fragments of
the central rod domain of dystrophin. After combining
the superimposed regions as a template with a sequence
alignment in the software MODELLER, a single struc-
ture file was generated for each fragment, demonstrat-
ing that it is possible to obtain accurate structures of the
entire central rod domain of dystrophin.

Key Words: Dystrophin, Spectrin-Repeat (SR), Molecu-
lar Dynamics, Molecular Modeling.

Introduction

Muscles consist of proteins that enable contraction to
produce force and allow an organism to move. Almost
all of the energy utilized in the cell is consumed in this
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contraction process, with the rest of the energy being'
used by a significantly smaller portion of the cell that
is reserved for preservation of the cellular integrity. The
dystrophin glycoprotein complex (DCG) plays a vital
role in cellular integrity as it links microtubules, thin
and intermediate filaments with other key components
of the extracellular matrix. Within the DCG, dystro-
phin (427 kDa) is the protein that attaches cytoskeletal
components and the protein dystroglycan, stabilizing
the sarcolemma (1).

The function of the DCG can be disrupted by means
of mutations within the dystrophin gene, resulting
in a mutated form of dystrophin. This is known as
Duchenne’s Muscular Dystrophy (DMD), which is the
second most common genetic disease, as it affects one
out of every 3,500 males born. The fatal dystrophinop-
athy can be caused by chromosomal rearrangement or
deletion at the dystrophin locus by missense, point, or
nonsense mutations. There is no known cure for DMD,
and life expectancy ranges from mid twenties to early
thirties (2-4).

Dystrophin has four main functional domains: an actin
binding domain, a central rod domain, a cysteine-rich
domain, and a carboxyl-terminus domain(5). While
these aforementioned domains have been shown to be
important in mechanical linkage of dystrophin, pre-
vious studies have demonstrated that presence of the
C-terminus and N-terminal actin-binding domain is
not necessary for the localization of dystrophin at the
sarcolemma(6-9). Previous studies have found that the
central rod domain of dystrophin is vital in rescuing the
phenotype in the mouse model of Duchenne’s Muscular
Dystrophy, which is commonly referred to as the mdx
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model. In those studies, microdystrophin that con-
tained 8 spectrin-repeats (SR) more efficiently rescued
the phenotype of mdx as compared to the microdystro-
phin that contained only four SR, thus demonstrating
the impact of the central rod domain on the phenotype
of dystrophinopathies (10-14).

Dystrophin’s central rod domain consists of 24 SR,
which are ~110 amino acid motifs of triple alpha helices
folded into small rods that are approximately five nm
in length(15,16). In order to understand more about
the molecular mechanism by which dystrophin stabi-
lizes the sarcolemma, a previous study broke up the
24 SR into four fragments: SR01-05: 338-938th, SR06-
10: 939-1466th, SR11-17: 1464-2210th, and SR18-24:
2209-3044th (17). Upon breaking up the central rod
domain, each fragment was stretched. The unfolding/
refolding dynamics of these fragments was determined,
and the mechanical properties of those fragments were
quantified.

Molecular dynamic (MD) simulations can be utilized
to determine the biophysical and biomechanical prop-
erties of proteins down to an atomistic level, at which
it can provide unfolding/refolding dynamics of mecha-
nosensing proteins(18- 20). A limitation of MD simu-
lations, however, is that they are reliant upon accurate,
high resolution structural data (21-23). As of this writ-
ing, there does not exist an accurate protein structure
file of the central rod domain. The artificial intelligence
based software AlphaFold could serve as the key to
solving this problem, as previous studies have shown
that the software was able to predict a near-native pro-
tein fold based upon its genetic sequence (24).

Within the scope of this project, AlphaFold can be uti-
lized to create accurate protein structure files for the
central rod domain of dystrophin. Upon ensuring the
accuracy of these protein structures, they can then
be used in MD simulations to obtain the mechanical
properties of each fragment of the central rod domain,
and the entire length as well.

Methods

Determination of Residues

In order to create accurate protein structures using Al-
phaFold, the residues of each SR must be selected and
an appropriate fasta file created. The sequences for each

individual SR of the central rod domain were retrieved
from the protein sequence database UniProt (25).

Creation and Confirmation of Individual and
Paired Spectrin-Repeats

Upon retrieving appropriate sequences per each sin-
gle SR region and each paired SR region, AlphaFold
version 2 was used through the Visual Molecular Dy-
namics (VMD) QwikFold plugin batch mode to create
models for each SR region and paired region(27-28).
An example of the single SR structures generated is
seen in Fig. 1, and an example of a paired SR region
is seen in Fig. 3. In order to ensure that the structures
created were accurate, each individual SR created by
AlphaFold was compared to the crystal structure of
the first spectrin-repeat, SR01, deposited on the Pro-
tein Data Bank (ID:3UUN)(29). This superimposition
is seen in Fig 2. Using the molecular modeling system
VMD the crystal structure of SR0O1 was superimposed
upon each individual SR to obtain structural and se-
quence alignment data (30).

Creation of Each Region: R1: SR01-05, R2: SR06-
10, R3: SR11-17. R4: SR 18-24

Upon determining the accuracy of each individual SR
as well as each paired adjacent SR’s, the adjacent SR’s
were superimposed upon one another to form each
region of the central rod domain. An example of the
superimposed doublets forming a region is pictured
in Fig. 4. While the generated superimposed structure
is an accurate representation of the region, it is not
a single structure file, which is necessary to run MD
simulations. To turn each superimposed region into a
single structural file, the individual PDB files that com-
prised the superimposed regions were saved in their
specific coordinates as templates. Using the sequences
of each one of the superimposed structures as well as
the sequence of the entire region, a sequence alignment
was run through the web-server PROMALS3D, which
has been shown to outperform a number of existing
methods for constructing multiple sequence or struc-
tural alignments using both reference dependent and
reference-independent evaluation methods(31). The
templates and sequence alignment were combined in
MODELLER, which is an effective tool for compara-
tive modeling of protein three-dimensional structures
(32-35). After running MODELLER, the structure with
the highest discrete optimized protein energy (DOPE)
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score was selected and a single accurate, high resolu-

tion structure of each region was obtained. The result- Y
ing structures for Region 1, 2, 3, and 4 are pictured in .-tgf

-
Fig. 5, Fig. 6, Fig. 7, and Fig. 8 respectively. gﬁ ¢

Fig. 4. Adjacent SR’s superimposed structures that com-
pose Region 2: SR06-07 (tan), SR07-08 (blue), SR08-09
(pink), and SR09-10 (green).

Fig. 1. Example of an AlphaFold generated structure for
an individual spectrin-like repeat (SR). Represented in
cartoon and colored in tan is the AlphaFold generated
structure of SR06. gy oM R4S

Fig. 5. MODELLER generated structure of Region
1:SRO1-05.

Fig. 2. Crystal structure of SR01 (blue) superimposed
upon the AlphaFold generated structure of SR06 (tan).
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Fig. 6. MODELLER generated structure of Region 2:
SR-6-10.

Fig. 3. Adjacent AlphaFold generated structure for
SR06-07.
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Fig. 7. MODELLER generated structure of Region 3:
SR11-17
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Fig. 8. MODELLER generated structure of Region 4:
SR18-24.

Conclusions

At the time of writing this paper, there does not ex-
ist an accurate protein structure of the central rod do-
main of dystrophin. Accurate structures of paired ad-
jacent spectrin repeats were created upon determining
the accuracy of each individual spectrin repeat. Each
paired SR doublet maintains the consistent structure of
a triple helical motif consisting of a rod-like shape. By
superimposing each adjacent pair upon one another,
an accurate structure of each of the regions was creat-
ed. The full structure maintains the expected structure
of the entire fragment, as it maintains the triple heli-
cal motif and forms the rod-shaped protein structure.
Creating accurate protein structures using AlphaFold
allows for the use of MD simulations to determine bio-
physical and biomechanical properties of proteins at
an atomistic level. These findings demonstrate that our
protocol allows us to obtain tridimensional structure

models that are accurate. These structures are currently
being utilized in Steered Molecular Dynamic simulations
in order to obtain biophysical and biomechanical data of
the central rod domain of dystrophin.
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