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ABSTRACT
Applications in computational structural biology: the generation of a protein
modelling pipeline and the structural analysis of patient-derived mutations
Francisco Javier Guzmán-Vega

Besides helping us advance the understanding of the physicochemical principles
governing the three-dimensional folding of proteins and their mechanisms of action, the
ability to build, evaluate, and optimize reliable 3D protein models has provided valuable
tools for the development of different applications in the fields of biotechnology,
medicine, and synthetic biology. The development of automated algorithms has made
many of the current methodologies for protein modelling and visualization available to
researchers from all backgrounds, without the need to be familiarized with the inner
workings of their statistical and biophysical principles. However, there is still a lack in
some areas where the learning curves are too steep for the methods to be widely used by
the average non-programmer molecular biologist, or the implementation of the methods
lacks key features to improve the interpretability and impact of their results.
Throughout this work, I will focus on two different applications in the field of structural
biology where computational methods provide useful tools to aid in synthetic biology or
medical research. The first application is the implementation of a pipeline to build models
of protein complexes by joining structured domains with disordered linkers, in individual
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or multiple chains, and with the possibility of building symmetric structures. Its
capabilities and performance for the generation of complex constructs are evaluated, and
possible areas of improvement described. The second application, but not less important,
involves the structural analysis of patient-derived protein mutants using protein
modelling techniques and visualization tools, to elucidate the potential molecular basis
for the patient’s phenotype. The methodology for these analyses is described, along with
the results and observations from 22 such cases in 13 different proteins. Finally, the need
for a dedicated pipeline for the structure-based prediction of the effect of different types
of mutations on the stability and function of proteins, complementary to available
sequence-based approaches, is highlighted.
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Chapter 1
Introduction

1.1 Proteins and protein structure
Proteins serve as both the cell’s building blocks and the machinery that performs the
majority of its functions. Proteins can act as enzymes that provide the surfaces on which
many chemical reactions will take place, as channels embedded in cell membranes that
control the passage of different kinds of molecules in and out of compartments, signal
integrators that relay signals inward or outward from the cell, or even as minuscule
molecular machines that perform mechanical work, such as organelle transport or DNA
unwinding. From a chemical perspective, proteins are the most complex and
sophisticated molecules known, in terms of structure and functionality (Alberts, 2015).
The primary structure of a protein is held together by peptide bonds between each pair of
amino acids in the polypeptide chain. Higher-order levels of structure, such as the
configuration of the backbone (secondary structure) and the relative locations of all the
atoms in the protein (tertiary structure) are determined by different sets of weak
noncovalent interactions that form between different parts of one chain, or between two
or more chains close together. There are three types of such interactions: hydrogen bonds,
electrostatic attractions, and van der Waals attractions (Alberts, 2015; Campbell &
Farrell, 2012). The numbers and locations of these bonds determine the stability of each
folded shape. Therefore, an important factor determining the folding of any protein is the
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distribution of its polar and nonpolar amino acids. For example, the hydrophobic side
chains tend to cluster in the interior of the protein structure, safe from the aqueous
environment. In contrast, the polar groups are most of the time arranged near the exterior
of the molecule, where they can form hydrogen bonds with water and polar contacts with
other molecules. The final shape or conformation of a polypeptide chain is the one that
minimizes its free energy, and is mostly determined by the order of amino acids in its
sequence, which in turn dictate the nature and location of the stabilizing forces present
(Campbell & Farrell, 2012). Although most proteins fold into a single, stable
conformation, this conformation can change to varying degrees depending on its
interactions with other molecules. This versatility in structural changes is essential for the
correct functioning of proteins (Alberts, 2015).
The structural unit that can stably exist independent from others in the same chain is
referred to as a protein domain. Each domain often provides a different type of
functionality to the full protein. Small protein molecules usually contain only one
domain, whereas larger proteins can have several of these structural units, connected to
each other by short, relatively unstructured stretches of polypeptide chain, also referred to
as linkers (Alberts, 2015).
Evolution has selected for protein function during billions of years to make them efficient
machines, so precisely tuned that the change in a few atoms from a key residue could
disturb the stability of the entire structure and lead to loss of function. Genetic events
such as gene duplications have allowed for the evolution of different protein families
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with related structures and functions. In general, the structure of different protein families
is more conserved than its amino acid sequence, and many examples show that two
proteins with more than 25% of identity in their amino acid sequence will likely share the
same overall structure (Baker, 2001; Kelley & Sternberg, 2009; Rost, 1999).
The understanding of how proteins achieve their final stable conformation, and the
prediction of such conformations, is one of the most difficult problems faced in biology,
and it has been approached from numerous angles and through different techniques with
hopes of being able to understand and manipulate these molecules and use them with
efficiency and precision for our own benefit.

1.2 Protein structure determination and modelling
Three-dimensional structures of proteins offer an essential insight into their function on a
molecular level. When proteins work as part of a bigger complex, a detailed description
of their interactions and overall quaternary structure is important for understanding how
these protein networks operate and how they can be modulated. Nowadays, several
methods and techniques exist to try to get the best description of how the proteins are
folded and their atoms arranged. These include both experimental techniques, such as XRay Crystallography, Nuclear Magnetic Resonance (NMR) Spectroscopy, Cryo-Electron
Microscopy (EM), and (Small-Angle X-Ray Scattering) SAXS, and computational
modelling methods, which try to predict the three-dimensional structure of a polypeptide
chain from their sequence and their evolutionary relationship to other proteins. Biologists
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also use different graphic and computer-based tools to aid in the visualization and study
of such complex structures.
Computational methods for predicting the three-dimensional structure of proteins have
gained importance in the last decades, since the advancement of sequencing techniques
has widened the gap between the amount of genes and sequences known from different
organisms, and the characterization of the structure and function of their protein products.
The current methods for protein structure prediction can be divided into three categories
(Roy, Kucukural, & Zhang, 2010), based on the availability of suitable templates from
experimentally solved structures in the Protein Data Bank library:
-

Comparative modelling: a 3D protein model from a sequence of interest is built by
extrapolating experimental structural information from an evolutionary related protein
(homolog), which will serve as a template (Waterhouse et al., 2018).

-

Threading methods: these methods match the query sequence directly onto the solved
3D structures of different proteins, with the aim of recognizing similar folds even
when the query and template proteins are not evolutionarily related (Jernigan & Ting,
1992; Roy et al., 2010).

-

Ab initio modelling: for the hardest cases in which there is no structurally related
protein to the query sequence in the PDB library, the structure must be built from
scratch. Currently, the success of these methods is limited to small proteins of less
than 120 amino acids (Wu, Skolnick, & Zhang, 2007).
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1.3 Applications of protein modelling techniques
Besides helping us advance the understanding of the physicochemical principles
governing the three-dimensional folding of proteins and their mechanisms of action for
myriads of biological functions, the ability to build, evaluate and optimize reliable 3D
protein models has provided valuable tools for the development of different applications
in the fields of biotechnology, medicine, and synthetic biology, among others. A few of
these applications include the design of enzymes to catalyze specific chemical reactions
(Jiang et al., 2008), scanning for stabilizing mutations on a protein structure (Dantas et
al., 2007) or completely redesign the amino acids while keeping a fixed backbone
(Dantas, Kuhlman, Callender, Wong, & Baker, 2003), predicting interactions between
proteins (Gray et al., 2003) or proteins and ligand molecules (Raveh, London, &
Schueler-furman, 2010), biochemical function assignment (Arakaki, Zhang, & Skolnick,
2004), interpreting the impact of mutations related to disease on protein
function/structure (Alsahli et al., 2019; Nahorski et al., 2018; Shashi et al., 2018; Yue &
Moult, 2006), and drug design (Becker et al., 2006; Park et al., 2008).
The biological usefulness of the predicted protein models is dependent on the accuracy
and reliability of the structure predictions. Despite the current progress in modelling
methods, the accurate modelling of loops or disordered regions is still a challenging
problem (Keedy et al., 2009; Mandell, Coutsias, & Kortemme, 2009), and its importance
lies in the fact that many of the functionally important sites in proteins are located in
regions with great conformational flexibility, such as the activation loop of protein
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kinases (Huse & Kuriyan, 2002), among other known examples (Devarakonda et al.,
2011; Rubio-Cosials et al., 2011; Uversky, Oldfield, & Dunker, 2008). However, even
low-resolution models with an approximately correct topology, as predicted by ab initio
techniques or based on weak threading alignments, can have a number of uses such as the
identification of protein domain boundaries (Tress et al., 2007), superfamily assignment
(Malmström et al., 2007), conformational sampling for SAXS data fitting (Tria, Mertens,
Kachala, & Svergun, 2015), or even visual inspection of protein constructs previous to
the experimental stages, to assess their flexibility, range of movement and detect potential
issues in their design that would not be so apparent by only looking at the amino acid
sequence.
Furthermore, the development of automated algorithms has made many of the current
methodologies for protein modelling and visualization available to researchers from all
backgrounds, without the need to be familiarized with the inner workings of their
statistical and biophysical principles. However, there is still a lack in some areas where
the learning curves are too steep for the methods to be widely used by the average nonprogrammer molecular biologist, or the implementation of the methods lacks key features
to improve the interpretability and impact of their results for the target audience.
Throughout this work I will focus on two different applications in the field of structural
biology where computational methods provide useful tools to aid in synthetic biology or
medical research. The first (and main) application that I have worked with during my
Master’s project is the implementation of a pipeline to build models of protein complexes

17

by joining structured domains with disordered linkers (Chapter 2). The second
application, but not less important, involves the structural analysis of patient-derived
protein mutants using protein modelling techniques and visualization tools, to elucidate
the potential molecular basis for the patient’s phenotype (Chapter 3).
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Chapter 2
Multiprot
Multiprot is a protein design pipeline able to produce polypeptide models by connecting
two or more structured domains with disordered linkers. It can handle single or multiplechain complexes and symmetric structures. The models produced by Multiprot are
suitable as a pre-validation step for experimental constructs (for example in synthetic
biology applications), fitting of multi-domain/multi-protein structures with low-resolution
data (such as obtained from EM, SAXS or low-resolution X-ray crystallography) or for
the visualization of the flexibility and the approximate movement available to the
different domains in a multi-domain protein construct (to evaluate the potential for
intramolecular autoinhibition).

2.1 Technical aspects of development
Multiprot is written in Python. It relies heavily on the Biskit library, which provides
classes for the fast manipulation of protein structures and macromolecular complexes
(Grünberg, Nilges, & Leckner, 2007). Multiprot provides Python wrappers for two
external programs used for the design of protein complexes: RANCH (Tria et al., 2015)
and PULCHRA (Rotkiewicz & Skolnick, 2008).
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2.1.1 RANCH
RANCH (RANdom CHain) is part of the program suite EOM 2.0 (Ensemble
Optimisation Method) (Tria et al., 2015), which allows for the interpretation of
experimental SAXS data using an ensemble representation of atomic models. EOM fits
an averaged theoretical scattering intensity derived from an ensemble of conformations to
experimental SAXS data. This is achieved by first generating a pool of n independent
models based upon sequence and structural information. For proteins containing one or
more domains where high-resolution structures are available, these structures can be used
as rigid bodies or constraints in the model generation, and for proteins or fragments that
are expected to be intrinsically unfolded, completely random configurations of the alphacarbon trace are built based only on the sequence. Once the pool of models has been
generated, a genetic algorithm is used to select the ensemble of structures that best
describes the experimental SAXS data (Tria et al., 2015).
For the generation of disordered chains, the program randomly selects configurations for
the alpha-carbon trace from Cα dihedral angle distributions consistent with random
(chemically denatured) proteins, or native (disordered) proteins. On average, random
models will have a more extended conformation. Additionally, there is a compact option
that uses a Cα distribution suitable for disordered proteins, but also forces the built
linkers to be more compact (Bernado, Mylonas, Petoukhov, Blackledge, & Svergun,
2007; Tria et al., 2015).
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RANCH is the tool from EOM that takes care of the generation of the pool of random
models starting from the user-supplied sequence and structural information. Because it is
a relatively simple tool and performs its task with great speed, we selected it as a suitable
candidate for the Multiprot pipeline. While it is helpful for building of complex protein
structures, it also revealed a few drawbacks, as described below.
Drawbacks
Ranch is a software made to achieve a simple purpose: building a pool of models with
random conformations for SAXS data fitting. Therefore, the models produced do not
need to be completely accurate or to keep a high level of refinement. The program is
limited to the production of either single chain molecules (i.e. placing the domains and
linkers in a single continuous polypeptide chain) or symmetric complexes, in which case
it multiplies the same chain a number of times to achieve the desired symmetry. In other
words, it is not intended to build models with linkers connecting domains in multiple
chains, and it can only handle multimeric domains if symmetry other than “p1” is
specified, and for the symmetry to apply, the chains have to be exactly identical. Given
these limitations, but considering that the program is still relatively easy to use and fast to
produce models, it was necessary to devise a way to “adapt” the program to handle more
complex cases. This required building a wrapper with the ability to include multimeric
domains in any given chain to be modeled by RANCH, even in structures without
symmetry (see Results section). This, however, does not improve the quality of the
produced models, which is still bound to the RANCH modelling protocols.

21

The linkers created by RANCH between the structured domains consist only of Cα loops,
so the use of another piece of software for the reconstruction of the full-atom structure is
needed. For this purpose we chose PULCHRA, and its functioning is described in the
following section.

2.1.2 PULCHRA
PULCHRA (Protein Chain Reconstruction Algorithm) was created as a “fast and robust
method for the reconstruction of full-atom protein models, starting from a reduced
protein representation” (Rotkiewicz & Skolnick, 2008). Reduced representations can be
Cα-only models, or can also include side-chain rotamer centers of mass, Cα and sidechain rotamer center of mass representations, or other centers of interactions. Its goal is to
create all-atom structures suitable for subsequent optimization using molecular
mechanics force fields. It also takes into account common inaccuracies of input models,
such as distorted Cα geometries. Typically, the reconstruction process for a protein
structure takes about 0.5 s for a 300 amino acid long chain.
The method used by PULCHRA can be summarized in the following steps (Rotkiewicz
& Skolnick, 2008):
1. The Cα atoms from the input are optimized with a force field and steepest-descent
minimization.
2. Nitrogen and carbonyl group atoms in the backbone are reconstructed.
3. Optimization of the reconstructed backbone to improve hydrogen bond pattern.
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4. Heavy atoms from the amino acid side chain are placed on the backbone, and then
optimized to minimize atom-atom clashes.
5. Addition of hydrogen atoms to the model.
A backbone fragment library and side-chain rotamer libraries are used during the
reconstruction and optimization steps.
Drawbacks
PULCHRA is a program for the fast reconstruction of full-atom models, and the resulting
structures are not intended to be completely accurate, but rather suitable for further
optimization and refinement steps (Rotkiewicz & Skolnick, 2008). As a result, and
combined with the Cα loop modelling by RANCH, a close inspection of the models
reveals some sub-optimal geometries of the backbone and side-chains. These will be
analyzed further in the following sections.

2.2 Methods
To achieve the desired functionality of a program capable of building multiple-chain
complexes and linking different structured domains through random linkers, with or
without symmetry, two main stages had to be achieved by wrapping the previously
described RANCH and PULCHRA programs in a Python package with the help of the
Biskit library. The first stage involved building a wrapper for RANCH into a module that
conserves its functionality and adds a few important features. This module has to allow
the modelling of a single chain of linkers and structured domains, each structured domain
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being composed of one or more interacting chains, in models with or without symmetry.
It also needs to fix the amino acid numbering in the resulting PDB file to give all residues
in the same chain a contiguous numbering. The simplified workflow of the RANCH
wrapper is depicted in Figure 1. The ability to include multiple-chain domains in a model
even without symmetry (which was not possible with the out-of-the-box RANCH), is the
first step to produce complex structures with linkers in multiple chains. This was the
focus of the second stage of the project to achieve the complete functionality of the
Multiprot package. The builder module from Multiprot goes through all the chains
specified in the input and models them one by one, including the previously modeled
chains in each subsequent step to avoid clashes in the newly generated chains. Again, a
simplified workflow for this step is shown in Figure 1.
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Figure 1. Schematic representation of the Multiprot workflow. The Builder.create_full()
method handles the multiple-chain complex and calls an instance of the RANCH (below) and
PULCHRA (not shown) wrappers for every individual chain.
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To test the functioning, capabilities and speed of the Multiprot package, 20 threedimensional models were produced for seven constructs of different complexities (see
Results). To build these models, the structures 1GTA, 1IT2, 2EI4, 2QUD, 2Z6O, 3X1S
and 5AGC were downloaded from the Protein Data Bank. To prepare the PDB files for
model construction, all the HETATM entries were removed, as the PDBs with the protein
domains need to contain exclusively atomic coordinates from amino acids to be
supported by RANCH (the standalone RANCH program does support DNA and RNA
molecules if provided in a different PDB file), and the support for ligand molecules has
not yet been implemented in the Multiprot package. For the structure 3X1S, only chain E
was used in the models, and the rest of the chains were removed from the PDB file. The
time to produce each model was measured, and the models were visually inspected. The
Multiprot runs were carried out in a portable computer (processor Intel Core i7-4850HQ
2.30GHz, 16 GB RAM, operative system OSX 10.12.6).
To assess the quality of the random linkers produced by RANCH and rebuilt by
PULCHRA along the pipeline, 20 linkers of 20 amino-acid length were extracted from
models built according to the first test scenario described below. The linkers’ structures
were then analyzed through the MolProbity web service (V. B. Chen et al., 2010) to
check for all-atom contacts and bond geometry.

2.3 Results
The different levels of complexity of the models that can be generated at each stage of the
project are depicted in Figure 2. The standalone RANCH program can generate single-
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chain models linking structured domains, and is able to produce symmetric structures.
Only the domain that will be the symmetric core is allowed to have multiple chains. The
RANCH wrapper is able to produce models joining structured domains with linkers still
in a single chain, but the structured domains can consist of multiple chains, even without
symmetry. The Multiprot package uses the RANCH wrapper to build chains joining
structured domains with linkers in multiple chains, and supports symmetric structures as
well (see more examples below). Then, the PULCHRA wrapper is used to rebuild the
side-chain atoms from the linkers’ Cα representation generated by RANCH.
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Figure 2. Capability of each step in the pipeline development for the production of three-dimensional
models. The output PDB models were visualized using the PyMOL software.

The stable release of Multiprot at the time is the command line implementation, which
will be described in more detail in the following paragraphs. After the installation of the
Multiprot package and its dependencies (see https://github.com/strubelab/multiprot), the
user should be able to run multipr on the command line and obtain a brief description
of the program usage. For the generation of protein models, the user needs to provide one
or more --chain entries accompanied with the PDB file names containing the
structured domains, and the linker sequences joining those domains. If the PDB files
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contain more than one chain, it is possible to specify the chain id that will be attached to
the linkers (if not specified, the program takes the first chain by default). If more than one
chain is to be modeled (the --chain argument is supplied more than once), the chains
have to interact in at least one point through a multiple-chain domain. The name of the
PDB for each junction point has to be present in every interacting chain, and the chain ID
to be taken in each case has to be specified (see examples). The destination directory for
the model can be indicated with the --destination parameter, otherwise it will be
saved in the current directory.
To build symmetric structures, a few extra parameters have to be supplied. First, one of
the --chain entries has to contain the multimeric PDB that will constitute the
symmetry core. This chain can contain any number of structured domains and linkers,
and be bound to other chains as well. The --symmetry parameter has to specify the
type of symmetry for the whole model. Finally, the --symtemplate parameter has to
specify the identity of the symmetric core for the model.
Multiprot is able to build very complex structures with any number of chains and
interacting domains. A few examples of its implementation are presented, with a brief
description of each and the average time that it takes to build the models (average from
20 runs of the pipeline).
Construct 1. Build a simple single-chain protein joining two structured domains with a
disordered linker. Runtime: 1.34 s.
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multipr --chain 2z6o.pdb TGTGTGTGTGTGTGTGTGTG 3x1s.pdb

Figure 3. Model for construct 1.

Construct 2. Model joining the chain A from the first dimer with the chain B from the
second dimer. The same PDB file name can be used multiple times. Runtime: 4.02 s.
multipr --chain 1gta.pdb:A TGTGTGTGTGTGTGTGTGTG 1gta.pdb:B

Figure 4. Model for construct 2.

Construct 3. Symmetric protein taking a dimer as symmetry core, each monomer linked
to another dimeric domain (four chains total). To build this model, a copy of the PDB
1GTA had to be created so the program wouldn’t be confused as to which one to take for
the symmetry core. Runtime: 8.57 s.
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multipr --chain 1gta.pdb
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 1gta_2.pdb:A -symmetry p2 --symtemplate 1gta.pdb

Figure 5. Model for construct 3.

Construct 4. Two chains bound at three different points by three dimeric interfaces. To
build this construct, it is necessary to provide the PDB file for each dimeric domain, with
their coordinates previously fixed. This can be achieved by opening the PDBs in a
molecular visualization software (e.g. PyMOL), and manually move the domains to the
positions where they should be located with respect to the others. This is done to avoid
the random placement of the domains in three-dimensional space by RANCH, which
makes the modelling of the second chain’s linkers very difficult. Even after fixing the
molecules in their appropriate space, it may take a long time to make the models, since
RANCH has to find the random conformation that will exactly join the two ends for each
linker. Make sure that the linkers are of the appropriate length before running the
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program. A copy of 1gta.pdb had to be created again so the correct position of each
domain in the chain wouldn’t be confused. Runtime: 66.21 s.
multipr --chain 1gta.pdb:A
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 2qud.pdb:A
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 1gta_2.pdb:A -chain 1gta.pdb:B TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
2qud.pdb:B TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
1gta_2.pdb:B --fixed 1gta.pdb 1gta_2.pdb 2qud.pdb

Figure 6. Model for construct 4.

Construct 5. Three chains bound to one another (chain A bound to chain B, chain B
bound to chain C). Since this time there is only one binding point between the chains,
there is no need to fix any of the domains in their coordinates. Runtime: 12.90 s.
multipr --chain 2z6o.pdb
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 1gta.pdb:A
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 3x1s.pdb --chain
1gta.pdb:B TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
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1gta_2.pdb:A --chain 1it2.pdb
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 1gta_2.pdb:B
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 3x1s.pdb

Figure 7. Model for construct 5.

Construct 6. Four chains different to each other (no symmetry), joined by a tetrameric
core. Runtime: 15.10 s.
multipr --chain 5agc.pdb:A
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 2z6o.pdb --chain
5agc.pdb:B TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
3x1s.pdb --chain 5agc.pdb:C
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 1it2.pdb --chain
5agc.pdb:D TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
1it2.pdb
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Figure 8. Model for construct 6.

Construct 7. Two chains with three-fold symmetry. Runtime: 19.58 s.
multipr --chain 2ei4.pdb TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
1gta.pdb:A --chain 3x1s.pdb TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG
1gta.pdb:B TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 2z6o.pdb -symmetry p3 --symtemplate 2ei4.pdb
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Figure 9. Model for construct 7.

2.3.1 Performance and speed
The execution times were recorded for 20 instances for each of the 7 cases above, and the
maximum, minimum and average for each case are presented below, along with a plot to
observe the tendency and the variation within each example.

Model
1
2
3
4
5
6
7

Minimum
1.22
3.81
5.62
13.79
12.17
14.54
17.68

Maximum
1.76
4.55
19.46
207.72
14.40
15.95
24.06

Average
1.34
4.02
8.57
66.21
12.90
15.10
19.58

Figure 10. Execution times for different Multiprot runs. A few statistics about the runs are shown on
the right.
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As we can observe from the plot, there is a general tendency to increase the average
execution time as the model complexity increases (number of chains and linkers to build),
and the execution times are more or less consistent during all the runs, with one
exception. In the model number 4, the times are spread from 13.79 all the way to 207.72
seconds. It seems that it would be very difficult to predict the time to produce this model,
and this is due to the random nature of the linker generation by RANCH. As can be seen
from the instructions to produce model 4, the structured domains were specified to be
fixed in their original coordinates to make two chains bound at three different points.
This forces RANCH to find, in each case, the conformation of the linker that will join the
two fixed ends, and since the generation of these conformations is random, this task can
take from a few seconds up to several minutes. Furthermore, when the construction of
this or a similar model (two chains interacting at more than one point) is attempted
without fixing the domains in appropriate positions with respect to each other, it may be
impossible, or at least extremely difficult, for RANCH to build the second chain after
randomly placing the dimeric domains on the first one. This is because, after modelling
the first chain, the domains to be connected in the second chain might end up too far apart
from each other to be joined by the specified linkers. For the rest of the example models
shown above, no domains are required to be fixed in their coordinates, and as a result,
RANCH only has to find the first feasible linker conformation that will avoid clashes
between the domains constituting the chains. This keeps the execution times more
consistent in these cases. There is also a bigger spread in execution times in the
symmetric models with respect to the non-symmetric ones, possibly because it might take
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a longer time to find two or more identical linker conformations that avoid clashes in a
symmetric model, as opposed to finding one feasible conformation at a time in a nonsymmetric model.

2.3.2 Quality of the produced models
In this area, we see that there is a price to pay for the remarkable speed of RANCH and
PULCHRA. By design, these two programs are not too concerned about the quality of the
produced models. Multiprot keeps the original structured domains untouched, (except for
the last two residues where the structured domain joins the linker, where the
conformation might change a little), so the quality of the structured regions remains the
same as in the original PDB files. Therefore, the following analysis was focused on the
linker regions, and 20 linkers with a length of 20 amino acids were extracted from models
produced by Multiprot, according to the instructions for the example 1 above. The linkers
were analyzed through the Molprobity web service (V. B. Chen et al., 2010) to assess allatom contacts and the bond geometries, and the results are summarized in Figure 11 and
Table 1.
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Figure 11. Model quality measurements for 20 disordered linkers produced by the Multiprot pipeline.

Table 1. Statistics and expected values (V. B. Chen et al., 2010) for the different quality
measurements of the disordered linkers.
Category

Minimum (%)

Maximum (%)

Average (%)

Goal

Clashes

0.00

0.00

0.00

-

Poor rotamers

0.00

30.00

10.00

<0.3%

Favored rotamers

50.00

100.00

81.00

>98%

Ramachandran outliers

0.00

27.78

11.39

<0.05%

Ramachandran favored

33.33

94.44

68.61

>98%

CB deviations

50.00

90.00

68.00

0%

Band bonds

2.75

15.60

9.68

0%

Bad angles

10.20

19.73

15.14

<0.1%

Cis nonProlines

0.00

5.26

0.79

<0.05%

We can see that RANCH and PULCHRA generate disordered linkers with Cα chains and
side chain conformations of highly varying quality, and the quality is bad in general,
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according to the MolProbity measurements. Although there are no clashes in any of the
analyzed linkers, the averages for all of the other categories are substantially worse than
the expected values. It may be possible to alleviate this situation by passing the models
through a subsequent optimization step, but at this point it might be more beneficial to
look for other more complete modelling tools to substitute RANCH and PULCHRA in
the pipeline. This will be discussed shortly.

2.4 Potential applications
The analysis of flexible macromolecular systems, such as multiple-domain proteins with
disordered linkers, is a difficult task, as the current high-resolution techniques are hardly
applicable. The analysis of such systems is then achieved mostly by computational
modelling methods that allow reconstructing disordered regions in proteins with
conformations that might approach the native form. The modelling of disordered regions
in polypeptide chains can range from the reconstruction of missing loops in crystal
structures to the design of linkers joining two or more structured domains, and their
complexity can grow rapidly if we consider multiple chains, and even symmetric
structures. There are now a few software tools able to perform such tasks, e.g. Rosetta
(Das & Baker, 2008; Kaufmann, Lemmon, Deluca, Sheehan, & Meiler, 2010), but the
drawback is that these tools are very specialized and their use requires a deep familiarity
with their protocols and methods, and in some cases even programming and
computational skills that the average structural or synthetic biologist cannot take the time
to learn. This is why currently there is a need for an easy-to-use software tool that allows
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us to build complexes combining rigid and disordered domains, either with the intent of
modelling a natural structure or to build a synthetic system. The types of models such as
the ones generated by the Multiprot pipeline would be useful to analyze the flexible range
of different complexes with interacting domains, or also as a pre-validation step to assess
the feasibility of synthetic constructs before their production and use in experimental
settings, including a wide range of applications in life sciences and synthetic biology.
They are also suitable for low-resolution methods like SAXS data fitting, and topology
recognition. The main goal of the Multiprot package is to allow non-experts to generate
feasible structural models for their constructs, no matter the complexity, the number of
chains or the amount of structured domains.

2.5 Future perspectives
Although very useful and relatively fast, the current version of Multiprot has some
shortcomings and can be improved in several ways. Some of the possible improvements
are easy to implement, like the ability for the user to request more than one model per
run, but most of the current shortcomings are intrinsic to the design of RANCH and
PULCHRA and are difficult to overcome without elaborate workarounds, like adding the
support for HETATMS so the user doesn’t have to manually remove them from every
PDB used, or the inclusion of another 3rd party software to improve the quality of the
linkers to acceptable levels. For these reasons, in the future Multiprot might substitute the
use of RANCH and PULCHRA altogether for a more complete protein modelling
software alternative such as a Rosetta protocol, with different algorithms for building
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disordered loops that might be faster for joining two fixed ends, and also including
broader sampling and scoring methods along with minimization steps to maintain an
optimal quality of the models.

41

Chapter 3
Mutation Analysis
Currently, over 8,000 genes have been identified with mutations that are closely
associated with human inherited disease (Stenson et al., 2017). An important application
of protein modelling techniques is the analysis of mutated proteins with potential
functional or structural alterations that might result in a disease phenotype in humans. It
is thought that the most common cause of monogenic disease is a single-base DNA
variant resulting in an amino acid substitution (Yue, Li, & Moult, 2005). These mutations
could affect protein function by different mechanisms, namely, alterations in
transcription, processing of RNA, expression, folding of the polypeptide chain, stability
of the folded conformation, posttranslational modifications, catalytic activity, ligand
binding, or interactions with binding partners. However, despite all the possible
mechanisms through which a mutation might result in loss of protein function, it has been
observed that a high fraction of the mutations in a studied set of disease causing SNPs has
an effect on protein stability (Wang & Moult, 2001).
Different groups have already attempted to identify and classify non-synonymous
mutations with deleterious effects on protein function. Some of the most commonly used
methods to achieve this goal include analyzing the effect of the mutation on protein
stability using structural information of its three-dimensional environment (Yue et al.,
2005) and the use of the level of conservation and the type of residues present at a
particular sequence position within a protein family (Yue & Moult, 2006), while others
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have proposed using a calculation of residue solvent accessibility to predict the
deleterious effect of mutations, since it is likely that hydrophobic core residues are sites
bound to present more severe mutations (H. Chen & Zhou, 2005). To apply these
methods different approaches have been implemented, including neural networks,
Bayesian statistics, multiple linear regression, decision tree or support vector machine (H.
Chen & Zhou, 2005; Yue & Moult, 2006).
During my Master’s studies I had the opportunity to collaborate in a few cases involving
the structural analysis of patient-derived mutated proteins, with the goal of formulating a
hypothesis for the mechanism of the disease phenotype from the altered protein.

3.1 Methods
Each case differed in complexity and severity, but a general workflow for the structural
analysis of mutated proteins as performed in the studied cases can be outlined as follows
(see Figure 12 for a schematic representation):
1. Identify the protein and obtain the amino acid sequence, along with the type of
mutation (e.g. missense, nonsense, insertion) and dominance.
2. Obtain a three-dimensional structure or model of the wild type and mutated proteins.
There are different alternatives to obtain such structures, and in order of accuracy and
reliability they are: a) a solved experimental structure of the protein of interest, b) model
obtained by comparative modelling (e.g. SWISS-MODEL) with a solved structure of a
close homolog as a template, and c) model obtained by a composite method making use
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of comparative modelling, threading and ab initio modelling for disordered regions (e.g.
I-TASSER, RaptorX), when there are no templates from close homologs available.
3. Literature search about the protein of interest, to find out about its structural features
(if known), the protein function in the organism and its mechanism of action, the
presence of any binding partners or ligands, and the presence of any regulatory regions.
4. Structural analysis of the protein, where we first try to determine the location of the
altered residue on the three-dimensional structure, and then study its environment asking
a few fundamental questions such as: is it buried in the protein structure or located in the
surface? Is it close to/part of an active site? Is it located in a ligand-binding or regulatory
region? Is the stretch of polypeptide chain harboring this residue ordered or disordered?
Are there any interactions between this residue and its neighboring residues (hydrogen
bonds, polar and non-polar interactions)?
5. Comparison between the wild type and mutated structures that will allow us to identify
any potential changes in the residue’s environment or the overall protein structure, based
on the answers to the questions in the previous step.
6. Formulate a hypothesis about the disease-causing mechanism, i.e. how the mutation
might disrupt the protein function/stability based on the previous observations. This
hypothesis will, of course, require further support with experimental results.
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Figure 12. Mutation analysis workflow. Schematic workflow for investigating the involvement of
patient-derived mutations in diseased phenotypes, by analyzing possible alterations in the protein
structure and function.
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3.2 Results (case studies)

3.2.1 Cytosolic Carboxypeptidase 1 (CCP1)
The case described below is part of the following published work, in which Professor
Stefan Arold and I provided the in silico structural analysis in support of the observations
linking human neurodegeneration to tubulin polyglutamylation:
Shashi, V., Magiera, M. M., Klein, D., Zaki, M., Schoch, K., Rudnik‐
Schöneborn, S., Arold, S. T., Guzmán-Vega, F. J., … Senderek, J. (2018). Loss of
tubulin deglutamylase CCP1 causes infantile-onset neurodegeneration. The
EMBO Journal, 37(23), e100540. https://doi.org/10.15252/embj.2018100540
Background
CCP1 is a metallocarboxypeptidase that mediates deglutamylation of target proteins such
as tubulins and controls the levels of tubulin polyglutamylation, a post-translational
modification that takes place on neuronal microtubules (Berezniuk et al., 2012; Shashi et
al., 2018).
In this study, damaging biallelic variants in the gene encoding CCP1 were found in 13
individuals from 10 unrelated families with infantile-onset neurodegeneration, and the
absence of functional CCP1 was confirmed along with dysregulated tubulin
polyglutamylation. Patients with protein-truncating variants usually had more severe
phenotypes compared to those with missense variants.
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Six missense mutations occurring in this protein in different patients were studied:
Y694D, R799C, T851M, R910C, R918W, and H990L. All of these mutations except for
Y694D occur in the metallocarboxypeptidase domain of CCP1. The 3D structure of this
domain was modelled by RaptorX (Källberg et al., 2012) (Figure 13) based on homology
to the cytosolic carboxypeptidase from Burkholderia cenocepacia (PDB ID 4B6ZA
(Rimsa, Eadsforth, Joosten, & Hunter, 2014)), with a sequence identity of 25% (p-value
6.92 e-12).

Figure 13. Predicted 3D structural mapping of the mutations onto the metallocarboxypeptidase
domain of CCP1, as modelled by RaptorX. Overall view of the domain with the altered residues
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highlighted as green sticks. Magenta and yellow spheres represent the zinc ion and acetate ion
(substrate mimic), respectively. The PTB domain predicted by ELM is highlighted in blue, and the
position of Y711 highlighted in yellow.

Predicted effect of the mutations.
Tyr694Asp. Tyr694 is located N-terminal to the metallocarboxypeptidase domain, in a
region predicted to be globally disordered (Figure 13). This region cannot be modelled
based on the template, and is only approximated as a flexible extension to the model.
However, it possesses a hydrophobic character and might be implicated in protein-protein
interactions, as Tyr694 lies adjacent to a predicted binding motif for phosphotyrosine
binding (PTB) domains (ELM p score 1.352e-4) (Dinkel et al., 2016), and in which
Tyr711 is likely to be phosphorylated (GPS score 13.2) (Xue et al., 2008). Thus, the
mutation from tyrosine to aspartic acid may affect potential interactions of this region, in
particular with PTB domains.
Arg799Cys. Arg799 is located close to the protein surface (Figure 14), but pointing
towards the protein core. It contributes to connecting the N-terminal lobe with the Cterminal domain of the protein by interacting with five other residues through hydrogen
bonds. The exchange by cysteine would erase these interactions, leaving a cavity that
would be strongly destabilizing.
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Figure 14. Zoom into the local environment of Arg799. Arg799 is represented by green sticks, and the
cysteine substitution with dark grey sticks. The clashes introduced by this mutation are shown as red
disks, and the hydrogen bonds sustained by the wild-type residue as yellow dashed lines.

Thr851Met. This residue is located within one of the P(F/Y)(S/T) motifs which are
conserved in all CCP members, and thought to be important for the correct folding of the
N-terminal domain and its positioning with respect to the CP domain (Rimsa et al.,
2014). This motif consists of P849, Y850 and T851, where the threonine also participates
in the capping of the adjacent helix (Figure 15). The substitution for the larger and
hydrophobic methionine would alter the stability of its environment and possibly the
folded state of the protein.
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Figure 15. Location of Thr851 (green sticks) and substitution by methionine (dark grey sticks).

Arg910Cys. Arg910 seals the end of a B-strand to the protein core (Figure 16), just
before the start of a longer loop region. The replacement by a cysteine will disrupt the
hydrogen bonds sustained by arginine, having a destabilizing effect.

Figure 16. Location of Arg910 (green) and substitution by cysteine (dark grey).

Arg918Trp. Arg918 is located on a loop containing two of the three residues required to
coordinate the zinc ion in the active site (Figure 17). The substitution by a bulkier
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tryptophan will disturb the structural frame next to the active site, and is expected to
severely hamper catalysis of this domain.

Figure 17. Location of Arg918 (green) and substitution by tryptophan (dark grey).

His990Leu. The histidine at this position may be important for stabilizing the loop and
helix structure adjacent to the active site, as suggested by the hydrogen bond network
involving five different residues (Figure 18). The substitution by the hydrophobic leucine
would severely impact this bonding network.
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Figure 18. Location of His990 (green) and substitution by leucine (dark grey).

Conclusion
Five out of six of the mutated residues affect the catalytic metallocarboxypeptidase
domain, and are expected to substantially destabilize the protein fold. Additionally, one
of the mutations (Arg918Trp) is predicted to directly affect cofactor binding, and another
one (Tyr694Asp) may affect ligand binding to the N-terminal arm.

3.2.2 V-type proton ATPase subunit B, brain isoform (ATP6V1B2)
The next case is part of a study in collaboration with Fowzan S. Alkuraya’s group, with a
forthcoming manuscript currently in preparation.
Background
This gene encodes a component of the vacuolar ATPase (V-ATPase), a multi-subunit
membrane protein complex involved in acidification of eukaryotic organelles. The V-
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ATPase is formed by a cytosolic V1 domain for ATP hydrolysis and a transmembrane V0
sector which carries out the motor and ion channel functions (Marshansky, Rubinstein, &
Grüber, 2014; Yuan et al., 2014). ATP6V1B2 is one of the two V1 domain B subunit
isoforms, and it is highly expressed in the cerebrum and lysosomes (Yuan et al., 2014).
The V1 domain is constituted by the catalytic A3B3 cylinder, a central stalk, and the
peripheral stalks (Cotter, Stransky, McGuire, & Forgac, 2015; Zhao, Benlekbir, &
Rubinstein, 2015) (Figure 19). The A3B3 catalytic core is built of alternating A and B
subunits, forming a hexamer that performs ATP hydrolysis. The three ATPase catalytic
sites are located at one of the two A/B interfaces, in which the A subunit provides the
majority of the residues to the site (Maher et al., 2009).
The B subunit in the catalytic core is formed by an N-terminal β-barrel domain, a central
α/β domain and the C-terminal domain (Maher et al., 2009). The overall structure of
ATP6V1B2 was constructed via homology modelling with SWISS-MODEL (Waterhouse
et al., 2018) and RaptorX (Källberg et al., 2012), which identified as best templates the
structures 5D80 (Oot, Kane, Berry, & Wilkens, 2016) and 3J9T (Zhao et al., 2015) from
the PDB, respectively (79.05% of identity for Swiss-Model with QMEAN=-2.45, 73% of
identity for RaptorX with P-value=6.10e-15) (Figure 19).
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Figure 19. Composition of the cytosolic V1 subcomplex of V-ATPase. The structure is taken from
PDB ID 5D80, where one of the B subunits was replaced by the homology model constructed with
RaptorX (cyan). The catalytic interface between B and A subunits is marked with a black triangle. The
location of Ile334 is signaled with a solid circle, and the region with both Arg485 and the truncated
residues starting with Arg506 is marked with a dashed circle.

Three mutations related to disease were studied for this gene:
-

Arg506X: Dominant, associated to deafness-onychodystrophy syndrome (Yuan et
al., 2014).

-

Arg485Pro: Dominant, associated to Zimmermann-Laband syndrome (Kortüm et
al., 2015).
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-

Ile334Thr: Recessive, associated to severe cutis laxa phenotype (newly identified
mutation).

Predicted effect of the mutations
Ile334Thr. This residue is located on a helix on the catalytic A-B interface, although not
very close to the region in the A subunit thought to be responsible for ATP hydrolysis
(Maher et al., 2009). Ile334 is pointing towards the core of the B subunit, and the
replacement for a smaller and polar threonine would create a cavity between three helices
in the central α/β domain, which could be sufficient to destabilize the tertiary structure of
the subunit and affect the assembly or the inter-conversion between the catalytic states of
the V1 subcomplex (Figure 20).

Figure 20. Location of Ile334 (green) and substitution by threonine (dark grey).

Arg506X. This mutation, which was studied previously by Yongyi et al. (Yuan et al.,
2014), inserts a premature stop codon and the product is a truncated protein.
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Conservation analysis also indicated that the last six amino acids (506-511) are highly
conserved (Yuan et al., 2014). Additionally, the crystal structure of the autoinhibited V1
domain from S. cerevisiae (Oot et al., 2016) shows that regulation by reversible
dissociation of V-ATPase involves a large movement of the C-terminal domain of the H
subunit towards the bottom of the A3B3 hexamer (Figure 19). It is possible that the
flexible segment truncated by Arg506X (Figure 21) is part of the interface for interaction
between subunits H and B, thus playing a role in the stabilization of the inhibited state of
V1. This segment is also close to the catalytic A-B interface, and could be important for
the stability of this region in the inter-conversion between the different conformations
existing during catalysis (Zhao et al., 2015).

Figure 21. Location of the truncated segment of six residues starting with Arg506 (green), nearby to
the position of Arg485 at the end of an α-helix.

Arg485Pro. Arg485 is located in an α-helical segment that is bound to be disrupted after
substitution by proline, perturbing interactions within the V1 subcomplex by

56

destabilizing the C-terminal segment of the B subunit (Kortüm et al., 2015) (Figure 21).
This segment is located in the same region as the one affected by the Arg506X mutation,
so it could also be potentially involved in the interaction between the B and H subunits,
and/or the stability of the nearby catalytic A-B interface.
Conclusion
Both dominant mutations localize in the same region of the protein, where they might
interact with regulatory factors. The dominant effect could therefore be explained by the
assembly of these mutants in to a V-ATPase complex that has lost its regulatory capacity.
Conversely, the recessive Ile334Thr mutation might result in an instable protein,
triggering its rapid degradation, or which might have lost sufficient binding affinity
towards the complex to avoid being assembled into V-ATPases.

3.2.3 Other cases
During my time as a Master’s student, I had the opportunity to collaborate in cases
requiring the structural analysis of a total of 22 mutations from 13 different proteins. The
characteristics and general observations from these mutations can be summarized as
follows:
Table 2. Summary of the structural features studied in 22 mutations from 13 different proteins related
to disease.
Dominant
Dominance type

Recessive
4

Ordered

18
Disordered

Inconclusive
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Local structure of mutated
region

15
Missense

Type of mutation

Nonsense

1
Insertion

18

2
Both

6

Protein surface
13
Possible

No

Buried
Location on the 3D structure

6

Yes

Del_ins
1

1
Inconclusive

2

1
Inconclusive

Located in/close to ligand
binding site

4

10

7

1

Located in/close to active site

5

-

16

1

11

3

7

1

9

-

12

1

Likely to destabilize protein
structure
Disrupts H-bonds or
electrostatic interactions
within the structure

The classification of each mutation into every category, and the hypotheses drawn from
the analyses come from the careful visual inspection of each mutation, taking into
account the known information about the protein mechanism of action and key structural
features, and the quality of the models produced in each case, which will tell us how
much we can rely on the observations made. These analyses were often complemented by
the corresponding authors with scores from web services that predict the deleteriousness
of missense mutations, such as PolyPhen (I. A. Adzhubei et al., 2010), SIFT (Vaser,
Adusumalli, Leng, Sikic, & Ng, 2016), CADD (Rentzsch, Witten, Cooper, Shendure, &
Kircher, 2019), among others. Although the sample size for these data is too small to
make any generalization, a few things can still be said about the studied cases. First, the
mutations that are the easiest to relate to loss of function and disease phenotypes are the
ones directly affecting the active site, or some ligand binding site. Then there are the
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mutations that might affect protein stability in one of several ways: loss of hydrogen
bonds or electrostatic interactions between side chains, loss of hydrophobic interactions
in buried regions, or introduction of buried charges or internal cavities, among others
(Wang & Moult, 2001; Yue et al., 2005). A clear difference in these types of mutations
can be seen in the studied cases, since the ones that were not predicted to affect protein
stability were likely to interfere instead with ligand binding, or alter the active site
configuration. However, and in accordance to the results obtained by Wang and Moult
(Wang & Moult, 2001), a higher fraction of the observed mutations are thought to affect
protein stability.
Another observation can be made about the difference between dominant and recessive
mutations in the cases analyzed. Dominance or recessiveness is determined by the allele
that gives rise to an observed phenotype, when there are two different alleles present at a
given locus. Furthermore, it is known that loss-of-function mutations are usually
recessive, while the ones causing a gain-of-function alteration are usually dominant
(Alberts, 2015). The mutations analyzed here were previously distinguished as dominant
or recessive by studying the inheritance pattern of the disease, and performing in each
case studies such as autozygome analysis and homozygosity mapping. In some cases, the
loss of function status of the gene products could also be determined based on
biochemical analyses. After the structural study of the mutations it could be observed
that, effectively, the four mutations associated with dominant phenotypes were predicted
as likely to interfere with regulatory regions and, as a result, increase the activity of the
molecule. On the other hand, the mutations identified as recessive had either destabilizing
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effects on the polypeptide chain or disturbed a ligand-binding or active site, thus reducing
the activity of the protein.

3.3 Future work
The prediction of the effect of mutations on the structure and activity of protein
molecules is an area of great interest not only in medicine, but also in synthetic biology
and life science research. This type of studies can help us increase our understanding of
the factors that influence the stability and correct functioning of enzymes, and even
discover new ways to improve and manipulate them.
Although there are many software tools already available to obtain a prediction of the
effect of a given mutation on the protein structure/function, e.g. PolyhPhen (I. A.
Adzhubei et al., 2010), SIFT (Vaser et al., 2016), or CADD (Rentzsch et al., 2019), these
tools tend to concentrate on sequence rather than structural features, taking into account
the sequence conservation with homologous sequences, available genomic annotations
and using various comparative evolutionary methods (I. Adzhubei, Jordan, & Sunyaev,
2013; Rentzsch et al., 2019; Vaser et al., 2016). Generally, only a few structural features
are considered to assess the severity of a given mutation (I. A. Adzhubei et al., 2010).
However, the high number of requests for protein structural analyses that arrive to
Professor Arold’s lab highlights the need of a more in-depth and structure-focused
analysis pipeline for this kind of studies, which would be complementary to the
sequence-based methods and could potentially provide further insight into the
mechanisms causing the disease phenotypes. Furthermore, it would be a useful tool for
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the generation of hypotheses and experimental designs to understand these mechanisms.
Such pipeline would need to integrate the classifications outlined in Table 2 in a
quantitative way, along with annotations concerning the different structural features of
each protein (e.g. active sites, ligand binding sites, posttranslational modifications) and
possibly energy functions to predict the stability of the mutated polypeptide. For these
reasons, and given the ever increasing amount of sequencing data and the growing
popularity of sequencing methods on clinical subjects to diagnose and treat disease, the
generation of a tool to perform such structural analyses in an automated fashion is of
great interest and will be a major focus during my future PhD studies in King Abdullah
University of Science and Technology.
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