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MINING ALL ATOM SIMULATIONS FOR
DIAGNOSING AND TREATING DISEASE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of and claims the
benefit of and prionity to U.S. application Ser. No. 16/225,
789, filed Dec. 19, 2018, entitled “MINING ALL ATOM
SIMULATIONS FOR DIAGNOSING AND TREATING
DISEASE,” which claims the benefit of and prionty to U.S.
Provisional Patent Application No. 62/608,168, filed Dec.
20, 2017, entitled “PREDICTING THE SEVERITY OF
DISRUPTIONS TO MOLECULAR FUNCTION USING

ALL ATOM SIMULATIONS,” the disclosures of which are
incorporated herein by reference 1n their entireties.

GOVERNMENT SUPPORT

[0002] This invention was made with government support
under grant number RO1 HL105239 and number UO]
HI.116321 awarded by the National Institutes of Health. The

government has certain rights in the invention.

TECHNICAL FIELD

[0003] The present disclosure discloses the use of molecu-
lar dynamics simulation and machine learning for diagnos-
ing and treating disease.

BACKGROUND

[0004] Molecular dynamics (MD) simulation 1s a com-
puter method for studying the movements of atoms and
molecules. MD provides the time dependent behavior of
atoms and molecules 1 a system. MD simulation was
developed 1n the late 70s. With the development of high
performance computing, MD simulation has advanced from
simulating several hundred of atoms to simulating 500,000
atoms or more.

[0005] MD 1s the method of choice for studying large
molecules such as proteins and nucleic acids. Proteins were
once thought to have a rigid structure. It 1s now believed that
proteins are highly dynamic structures. The study of the
dynamics of macromolecules, such as protein and nucleic
acid, 1s complex and requires computers and the 1n silico
study of the macromolecular structure and macromolecular
dynamics 1n order to obtain accurate information.

[0006] Machine learning (ML) evolved from the study of
pattern recognition and computational learning theory in
artificial intelligence. ML provides systems with the ability
to automatically learn and improve from experience without
being explicitly programmed. Thus, ML focuses on the
development of computer programs that can access data and
use 1t to learn for themselves. In recent years, researchers
have shown that MD simulations and ML can be integrated
to create more accurate 1n silico computer prediction mod-
cls. As an example, these models can be used to quickly
predict new compounds that have potential as drug candi-
dates.

[0007] The Human Genome Project has enabled the ability
to sequence the human genome as well as genomes for other
species, which has 1n turn permitted the identification of
sequence variations in the human gene genome. These
sequence variations are caused by mutations which result 1n
diseases, diflerent reactions to drugs, and natural phenotypic
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variations in individuals in the population. It i1s essential
understand how these mutations alter protein function.

[0008] Recent studies using MD and ML have only pro-
vided limited insight into the role of these mutations in the
human and other species. There 1s a need to develop an
accurate method of using MD and ML, for example, for
predicting variants associated with a particular disease in
order to provide proper and optimal treatment or with a
particular trait that might be desirable for a crop or animal.

SUMMARY

[0009] The present disclosure describes novel computa-
tional methods that enable the characterization of the func-
tional consequences of mutations 1n the genome. The meth-
ods include the use of ML to identily and quantily features
of all atom MD simulations to obtain the effect and disrup-
tive severity of genetic variants on molecular function. The
basic steps of the methods integrate the technologies of MD
and ML and are as follows: (1) use molecular dynamics
simulations to create an ensemble of structures for a mac-
romolecule; (2) perform similar calculations of a collection
of mutations on the macromolecule; (3) obtain quantitative
measures on information about the structure and function of
the macromolecule, for example, size, shape, binding athin-
ity, torsion, and bending; (4) compare the information
obtained from the collection mutations with that of the
wildtype or naturally occurring macromolecule to determine
the deviation of each mutation from the wildtype macro-
molecule; and (5) use principle component analysis on this
quantitative information set to find the main measures
governing the mutations. By considering the principal com-
ponent that characterize the separation of wildtype and
variant structures, the amount of deviation between mutants
(variants) can be measured compared to wildtype.

[0010] This calculated amount of deviation characterizing
the mutant correlates with the amount of deviation from
normal function (the function of the wildtype macromol-
ecule) to provide information on the severity of a disease
that mutation can cause.

[0011] In embodiments, the macromolecule 1s a protein or
a nucleic acid of interest, and the mutation causes a disease.

BRIEF DESCRIPTION OF THE

DRAWINGS

[0012] The patent or application file contains at least one
drawing executed 1n color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Oflice upon request and payment of the
necessary iee.

[0013] FIGS. 1A and 1B show exemplary simulations
using CaM bound to a short peptide representing the I1Q)
domain from L-Type Ca>* channel. (A) The ribbon repre-
sentation of calmodulin bound to the L-type Ca** channel IQ
domain peptide (PDB: 2F3Y), shows the calcium binding
protein 1 a compact conformation where both the C-lobe
(blue) and N-lobe (orange) make contacts with the peptide
(vellow). The flexible linker region of calmodulin (red)
imparts a high degree of conformational flexibility. (B) The
results of molecular dynamics simulations produced consis-
tently compact structures, as measured by the end to end
distance of the linker region and the dihedral angle formed
by the center of mass of each calmodulin lobe and their
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respective intersections with the linker region. Variant tra-
jectories showed distinct vanation from the wildtype struc-
tures.

[0014] FIGS. 2A-2D show structural clustering of indi-
vidual variant trajectories. The ribbon backbone for a rep-
resentative structure from each distinct sub-populations of
variant structures observed during the simulated trajectories
show a wide range of local structural dynamics in the (A)
N-lobe, (B) C-lobe, and (C) linker regions of calmodulin. D.
The clustering of RMSD between representative structures
of variant sub-populations show no clear separation between
variants and wildtype structures.

[0015] FIGS. 3A-3B show the analysis of clustering of
individual variant trajectories. The varnant trajectories were
used to define several (A) structural and (B) energetic
features associated with the variant sub-populations. Variant
clusters take on a range of values when compared to other
sub-populations and show some overlapping similarities
between structures from alternate variant simulations.
[0016] FIGS. 4A-4C show distinct separation of certain
conformational sub-populations. (A) Principle component
analysis of the structural and energetic features show both
separation and overlap of variant sub-populations with those
derived from the wildtype simulations. When the (B) over-
lapping variant populations are removed and the variant
distributions are (C) collapsed into a weighted centroid, the
separation from the wildtype centroid correlates with the
observed functional impairment of calcium dynamics 1n
LQTS vanants (D130V>D96V>>F142L) [27]. The separa-
tion of the CPV'T variants from the LQTS mutation could
indicate alternate functional changes. The separation of the
CPV'T variants (N985>N541) also correlates with the sever-
ity of the defect [38].

DETAILED DESCRIPTION

[0017] MD simulations permit the study of the dynamic
processes that take place 1n biological systems, for example,
protein stability, protein folding, conformational changes of
protein and nucleic acids, and molecular binding including
receptor/ligand binding and protem/nucleic acid binding.
These studies provide useful information for designing
drugs for the treatment of various diseases including cancer
and genetic diseases. They also provide information for
predicting the severity of a disruption, such as a mutation, to
the function of a macromolecule, such as a protein.

[0018] To date, there 1sn’t a method that 1s able to differ-
entiate how different mutations in the same gene can result
in completely diflerent phenotypes or traits. Examples of
methods to predict how genetic variants can change function
include SIFT, PolyPhen2, PROVEAN, CLIMPS, Hot-
MAPS, SpacePAC, HotSpot3D, 3dHotspots, Mutation 3D,
and Mechismo. These current methods utilize information 1n
the sequence, such as conservation of homologous
sequences or similarity between wildtype and mutant
sequences, and information in the structure, such as mapping
and analyzing variant amino acids to the static interaction
interface of PDB crystal structures to obtain information
about the mutation or mutant. Proteins often perform more
than a single molecular function through interactions in the
cell. The methods only predict whether a mutation will or
will not disrupt a single, generalized function. They fail to
differentiate between divergent phenotypic changes to func-
tion, and they cannot predict the severity of a mutation
within multiple phenotypic contexts. As a result, these
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current prediction methods are severely limited 1n the type
of information they provide about how protein function
changes with a mutation.

[0019] The present disclosure describes methods for pre-
dicting the phenotype caused by a genomic variation, such
as a mutation, for providing an accurate diagnosis and
treatment and/or management of a disease. The methods
described herein are for determining the functional effects,
such as functional severity and functional disruptions,
caused by one or more variant macromolecules. As 1s
well-known, a variant macromolecule has a diflerent
sequence, amino acid sequence or nucleic acid sequence and
a change 1n the macromolecule’s sequence can aflects both
its physical and/or fTunctional properties. Sometimes a single
amino acid mutation 1n a protein can give rise to an inactive
protein, which 1s a huge change 1n functional activity and
can cause a fatal disease 1n a subject. The methods described
herein include mining features from an all atom molecular
dynamics (MD) simulation of the one or more variant
macromolecules, classifying the features using machine
learning algorithms, and ranking the functional effects of the
one or more variant macromolecules with respect to the
corresponding wildtype macromolecule. The information
obtained regarding the functional effects caused by the one
or more macromolecules can be ranked based functional
severity or functional disruption caused by the mutation
relative to the wildtype molecule.

[0020] The methods described herein use MD simulations
on wildtype and genetic variants to create ensembles of
structures and obtain mformation of how the population of
structures of a variant differs from that of the corresponding,
wildtype. The structures are clustered based on differences
in 3-dimensional (3D) organization of structural domains,
and features are extracted from these variant specific repre-
sentations for further analysis by various machine learning
methods. The methods described herein use ML to analyze
MD simulation data.

[0021] In embodiments, the methods described heren
include one or more of the following insteps: (1) generating
a conformational landscape for mutant protein structures; (2)
clustering the structures to identily variant specific popula-
tions of protein structure conformations; (3) obtaining and
quantifying structural and energetic features of individual
structures within each conformational population such as:
global structural features, dynamics of subdomains in the
structure, energetic interactions, and statistical characteris-
tics of overall collection of structures; (4) using unsuper-
vised clustering of multidimensional feature sets obtained in
(3) to i1dentily mutant conformational populations that
diverge from those found in the wildtype simulations; (5)
performing principle component analysis (PCA) on the
multidimensional feature set and collapse the distribution of
the wildtype and the divergent variant structures identified in
step 4 1nto a weighted centroid 1n the principle component
space; and (6) using coordinates of the variant centroids 1n
the PCA to obtain information for predicting the specific
phenotypic disruption and ranking the severity caused by the
mutations as compared to the wildtype.

[0022] In step (1), generating the conformational land-
scape for the wildtype protein and mutant protein using all
atom MD simulations includes using any software, any
parameter set or force field used to calculate the potential
energy, and any protemn/ligand interaction system. The
parameter sets mclude rule sets that govern the behavior of
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individual atoms in the system. The structures generated
through MD simulations can be characterized by several
metrics for comparing the impact of a mutation on confor-
mational dynamics, for example: global structural features,
dynamics of subdomains in the structure, energetic interac-
tions, and statistical characteristics of overall collection of
structures. In this step, each mutant or variant can generate
approximately 10,000 to 100,000 individual structures, and
trajectory refers to all of the structures of a given variant.

[0023] Examples of MD simulation soitware includes
Gromacs, NAMD, Amber, and CHARMM. Examples of
ligand 1n a protein/ligand interaction includes an 1on, a small
molecule, another protein, or a nucleic acid. Examples of
nucleic acid icludes RNA, DNA, and cDNA. The ligand
can also be a substrate, when the mutant protein 1s an
enzyme. The ligand can also be an agonist, an antagonist, an
cllector molecule, or an antibody.

[0024] In step (2), clustering structures obtained from MD
simulations to i1dentify variant specific populations of pro-
tein structure conformations can be performed based on
well-known algorithms, including root mean square devia-
tion (RMSD). For example, the hierarchal clustering based
on the pairwise RMSD measured between all structures
produced by the MD simulations for individual variant
trajectories. The structures generated 1n step (1) are sorted
into clusters based on structure trajectories. Clustering bins
the collection of structures of a given variant into multiple
groups based on their structural similarity. Therefore, each
cluster includes multiple structures, which make up a con-
formational population.

[0025] Instep (3), obtaining and quantifying structural and
energetic features of individual structures within each con-
formational population such as one or more of the following
feature categories: global structural features, dynamics of
subdomains 1n structure, energetic interactions, and statisti-
cal characteristics of overall collection of structures. The
structural and energetic features are defined for each indi-
vidual structure.

[0026] Structural features are uniquely defined per gene
per family. As an example, for calmodulin, structural fea-
tures include dihedral angles measured between the 4 points
making up the 1 center of mass of the C-lobe, center of mass
of the N-lobe, and the two points where each lobe attaches
to the linker region. The linker distance for calmodulin 1s
measured by the length between the linker attachment to the
C and N lobes. The distance from the center of mass form
the C and N lobes to the center of mass of the bound ligand
are also measured. Global structural features are measured
using the 3D coordinates of each protein structure.

[0027] Energetic features include Van der Waals forces,
clectrostatic forces, and non-bonded energies occurring
between the ligand and the protein structure.

[0028] The macromolecules can include subdomains, for
example, a protruding loop or strand, which may adopt
different local dynamics relative to the motion of the overall
structure. Thus, dynamics of subdomains 1n structure can be
obtained.

[0029] Energetic interactions which refer to the sum of all
atomic interactions between the protein and ligand can be
obtained.

[0030] The features described above are calculated for
cach of the structures 1n each of the varniant clusters using
equations from geometry and biophysics. In embodiments,
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Visual Molecular Dynamics (VMD) can be used, or a code
could be written to perform the calculations.

[0031] In step (4), using unsupervised clustering of the
multidimensional feature sets to 1dentily mutant structures
which diverge from those found in the wildtype simulations.
This includes using any unsupervised ML clustering algo-
rithms to define divergent variant structures based on simi-
larity or distance metrics. Examples of such algorithms
include hierarchical clustering, k-means, multivaniate nor-
mal distributions, DBSCAN, and others. The multifunc-
tional feature sets are based on the structural and energetic
features described 1n step (3).

[0032] In step (5), performing principle component analy-
si1s (PCA) on the multidimensional feature sets includes
mapping all structures to a multidimensional plot of the
principle components that define the features that charac-
terize and separate the different structures and collapsing the
distribution of the wildtype and the divergent variant struc-
tures 1dentified 1n step 4 into a weighted (variant) centroid in
the principle component space. PCA 1s a statistical proce-
dure that uses an orthogonal transformation to convert a set
of observations of possibly correlated variables ito a set of
values of linearly uncorrelated variables called principal
components. The number of principal components 1s less
than or equal to the number of original variables. In other
words, the PCA 1s a mathematical transformation of the
feature set, which results 1n a set of principle components (1n
FIG. 4A, PC1 and PC2). The feature set can include a
number of variables. As an example, 1n FIG. 3 the feature set
includes 7 variables. The principle components are deter-
mined by the ML from the feature set. There can be more
than one measure 1icluded in a component. The first com-
ponent 1s the group of measure that provides or explains the
trend 1n the data.

[0033] In step (6), the coordinates of the variant centroids
in the PCA plot are used to predict the specific phenotypic
(characteristic, trait, disease) disruption and rank relative
severity compared to the wildtype system. In this step,
regions of PCA plot correspond to unique phenotypic asso-
ciations and are defined by the coordinates of variants with
a known phenotypic consequence, for example, the vanants
of similar phenotype cluster together. Moreover, machine
learning classification algorithms can be applied to multi-
dimensional feature sets (from step 3) to build a predictive
classifier for each phenotype. The relative severity of a
phenotypic disruption correlates with the Euclidean distance
between the centroid of the wildtype and the centroid of the
mutant.

[0034] The methods described herein can be used with
various macromolecules for providing information for pre-
dicting, diagnosing, and treating various diseases. Macro-
molecules 1ncludes proteins, nucleic acids, and polymers.
Proteins 1nclude phosphoproteins and glycoproteins.
Examples of nucleic acids include DNA and RNA.
Examples of DNA include ¢cDNA. Examples of RNA
include IncRNA, microRNA, and sncRNA. Various diseases
include, for example, cancer, neurodegenerative diseases,
and genetic diseases. Examples of cancers include breast
cancer, ovarian cancer, lung cancer, brain cancer, leukemia,
prostate cancer, and pancreatic cancer. Examples of neuro-
degenerative diseases include Alzheimers, Parkingsons, and
Huntingtons.

[0035] Genetic diseases include diseases and disorders
that are caused by mutations in a single gene (monogenic
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disease) or i multiple genes (polygenic disease), by a
combination of mutations and environmental factors, or by
damage to chromosomes (changes 1n the number or structure
of entire chromosomes).

[0036] With monogenic diseases, the mutation may be
present on one or both chromosomes. Examples of mono-
genic diseases include Marfan syndrome, Tay-Sachs disease,
sickle cell anemia, cystic fibrosis, and polycystic kidney
disease. Polygenic diseases are caused by a combination of
small mherited variations in multiple genes. Examples of
polygenic diseases include cancers, heart diseases, diabetes,
and autoimmune diseases.

[0037] Chromosome disorders are caused by damages to
chromosomes which change the number or structure of the
entire chromosome. It could be an excess or deficiency of
the genes that are located on the chromosomes. As an
example, Down syndrome 1s caused by an extra copy of
chromosome 21 (trisomy 21), while Prader-Will1 syndrome
1s caused by the absence or non-expression of a group of
genes on chromosome 15. Chronic myeloid leukemia
(CML) may be caused by chromosomal translocation, in
which portions of two chromosomes, chromosomes 9 and
22, are exchanged. Although no chromosomal material 1s
gained or lost, a new abnormal gene 1s formed that leads to
the formation of cancer.

[0038] Long QT syndrome (LQTS) 1s a disorder of cardiac
repolarization characterized by a prolonged QT interval on
clectrocardiogram (ECG). In the past, LQTS was referred to
as a monogenic disorder, but it recently has been reported
that 1t can be a polygenic disorder as well.

[0039] Catecholaminergic  Polymorphic  Ventricular
Tachycardia (CPV'T) 1s an inherited disorder that 1s charac-
terized by an abnormal heart rhythm. When the heart rate 1s
increased in response to physical activity or emotional
stress, 1t can trigger an abnormally fast and irregular heart-
beat, ventricular tachycardia.

[0040] Although both LQTS and CPVT can cause sudden
death 1n young adults and children as a result of the sudden
cardiac arrhythmia, these disorders are sometimes treatable
if correct diagnosis are made.

[0041] Recently, mutations in calmodulin have been asso-
ciated with a number of disease-causing mutations. Calmo-
dulin 1s a multifunctional intermediate calcium-binding
messenger protein expressed 1n all eukaryotic cells. It 1s an
intracellular target of the secondary messenger Ca2+, and
the binding of Ca2+ 1s required for the activation of calmo-
dulin. Once bound to Ca2+, calmodulin acts as part of a
calcium signal transduction pathway by modifying its inter-
actions with various target proteins such as kinases or
phosphatases. Calmodulin (CaM) 1s a key protein involved
in many calcium regulatory processes in cells 1n many
different tissues throughout the body including heart and
brain. In particular, CaM variants have been found to give
rise to different potentially fatal cardiac arrhythmias CPVT
[19-32] and LQTS [29, 33]. Correct diagnosis 1s a key to

disease management.

[0042] CaM is a cytoplasmic protein that has 149 amino
acids and acts to regulate a number of calcium dependent
processes in the cell. Four Ca®* binding, EF-hand domains
are evenly distributed into two globular lobes joined by a
flexible linker helix, which allows for enormous conforma-
tional vaniability. Not only are the two lobes able to twist
with respect to each other, but the collapse of the central
linker allows the two lobes to come together and form a
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compact structure. The conformational dynamics 1s regu-
lated by binding calcium 10ns and interacting protein targets
and allows for a wide range of calcium dependent regulatory
functions. CaM 1s ubiquitous in eukaryotes and has a con-
served sequence across all vertebrates. With hundreds of
protein regulatory targets and cooperative calcium binding
affinities across a wide range of physiological Ca** concen-
trations, there are numerous mechanisms where CaM bind-
ing contributes to stabilizing functional conformations of
protein interaction partners [34].

[0043] In the cardiac myocyte, CaM plays a crucial role 1n
regulating the coupling of cell excitation to contraction
(ECC). This coupling occurs at the diad, a specialized
subcellular structure where L-type Ca** channels (Cavl.2)
on the cell membrane are physically located across from
arrays of calcium sensitive ryanodine receptor 2 (RYR2) on
the terminal cisterna of the sarcoplasmic reticulum. In
response to depolarization, voltage gated Cavl.2 opens to
allow the iflux of extracellular calctum into the small
volume of the diad subspace. The increase in local Ca**
concentration triggers the opening of RYR2 channels,
amplifving the calcium signal in a process known as cal-
cium-induced calcium release (CICR) thereby activating the
contractile machinery. The spike in Ca* also regulates the
CaM dependent 1nactivation (CDI) of Cavl.2, attenuating
Ca** entry as the cardiac myocyte resets for the next
excitation cycle. The functional impairment of proteins
involved in both ECC and CICR mechanisms will increase
the risk of arrhythmia, as 1s the case 1n Long QT Syndrome
(LQTS) and Catecholaminergic Polymorphic Ventricular
Tachycardia (CPVT). Novel, single missense mutations 1n
CaM have been associated with LQTS and CPVT pheno-
types, highlighting the sensitivity of CaM regulatory func-
tion to changes in the sequence.

[0044] Structurally, CaM binds to a cytoplasmic IQ)
domain Cavl.2 even at low concentrations. Upon Ca**
binding, conformational changes in CaM induce channel
closing at increased rates compared to thermodynamic or
transmembrane voltage processes. A leading mechanistic
hypothesis of CaM dependent inactivation ivolves disso-
ciation of the CaM N-lobe from the IQQ domain upon
increasing Ca”" concentrations and the subsequent binding
to the cytoplasmic Cavl.2 NSCaTE domain. Presumably,
the linking of these two domains by Ca** bound CaM
imparts a mechanistic force on the channel to promote a
closed conformation [35].

[0045] Recently, several missense mutations in the CaM
amino acid sequence have been 1dentified 1n patients with
cardiac arrhythmia [19-27]. Further investigation shows that
some variants disrupt calcium binding and alter CDI of the
L-Type Ca* channel, leading to the LQTS phenotype. Other
variants aflect CaM 1nteractions with other important pro-
teins 1nvolved i ECC, including binding to RYR2 and
sodium channels, the former resulting in altered cardiac
myocyte functions associated with CPV'T. Predicting the
potential for a specific variant to have a physiological
consequence 1s a major challenge in the age of hugh through-
put sequencing, especially 1in diseases that arise from subtle
changes to molecular interactions. Experimental evaluation
of all potential variants 1s intractable, but as the study shows,
advanced computational analysis enables the a priori pre-
diction of the functional 1impact of genomic variation.

[0046] As an example, the methods described herein used
variants associated with distinct arrhythmia mechanism
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(CPVT and LQTS) were selected that not only resolve
between the phenotypes, but also retlect the observed sever-
ity of the disease. Specifically, unsupervised clustering of
the vaniant features sets 1n principal component space 1den-
tified variant structures that overlap wildtype and other
structure that uniquely diverge from wildtype. PCA of the
simulation derived feature sets were then used to map the
variant structures to the feature space defined by PC1 and
PC2. Vanant structures overlapping with the wildtype con-
formations are removed and the remaining variant structures
were collapsed mto a weighted centroid. The centroids for
variants causing a specific phenotype separated into distinct
regions of the principle component feature space, and fur-
thermore, the Euclidean distance between the wildtype and
variant centroid correlate to the severity of the phenotype
observed through experiments.

[0047] In summary, modeling the conformational dynam-
ics 1n the folded structure of CaM variants provides insight
into the severity of functional disruption by comparing
changes 1n structural metrics and energetic interactions with
the wildtype structure. Using all atom molecular dynamic
simulations of CaM bound to the 1QQ domain of the L-Type
Ca** channel, features of variant specific conformational

diversity were used to measure the impact of three LQTS
associated variants (D96V, D130G, and F142L) and two
associated with CPVT phenotypes (N541, N98S) on CaM

structural interactions.

[0048] The methods described herein can be used to
identify the phenotype, trait, or disease caused by a genetic
variant. As an example, the methods can be used to obtain
information with respect to the interaction of an agent with
a macromolecule. An agent can be a drug, a chemical, a
pesticide, or an antibiotic. The method can be used to define
the mteraction of the agent with the macromolecule, whether
a protein or a nucleic acid variant, to determine drug
resistance or antibiotic resistance.

[0049] The methods described heremn can be used to
determine the phenotype of a nucleic acid variant based on
protein binding to the nucleic acid variant, such as transcrip-
tion factor binding. In this case, phenotype refers to how the
protein-nucleic interaction 1s measured. For example, pro-
tein binding to nucleic acid variant regulates expression of
genes that can difler depending on the protein variant which
results 1n certain phenotype or trait. Previous studies have
linked diseases such as pancreatic cancer, type 2 diabetes,
myelodysplastic syndrome, and 1diopathic pulmonary arte-
rial hypertension to mutations 1n promoter region DNA [45,
46].
[0050] Similarly, the methods described herein can also be
used to determine the phenotype of a protein variant based
on nucleic acid binding to the protein variant, such as
histone binding. The phenotype in this case, for example,
could be the regulation or expression of a gene 1.e. the
accessibility of the gene for transcription. The following are
examples of transcription factor protein mutation that are
associated with a disease: Pit-1 mutations have been asso-
ciated with pituitary hormone deficiency, Bm-4 have been
linked with X-linked deatness, PAX-3, PAX-2, and PAX-6
mutations have been linked with Waardenburg syndrome,
colobomas of the optic nerve and renal hypoplasia, and eye
defects, respectively [47, 48, 49].

[0051] The methods described herein can be used to obtain
information regarding the conformational changes, stability,
folding, unfolding of a macromolecule, for example a pro-
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tein. As an example, the obtained information could be used
for comparing a wildtype protein with a variant protein to
determine the eflfects of the vanant protein. The information
also could be used to determine a protein’s interaction with
a candidate drug or any other small molecule to provide
information for treatment or management of a disease that a
subject 1s sullering.

[0052] The present disclosure also describes a computer
system for implementing the methods described herein. A
computer system 1s an apparatus or device including one or
more processors, a memory, input/out iterface, and a net-
work 1nterface. The memory 1s communicatively coupled
with the one or more processors. The one or more processors
are configured to execute computer program instructions for
implementing the methods described herein. The computer
program 1nstructions are stored on and/or provided by the
memory. Examples of computers include personal comput-
ers, laptops, computer clusters, supercomputers, and any
other kind of computer.

[0053] The memory includes a plurality of components
including data structures and one or more program modules.
The data structures include structural data of macromol-
ecules and ligands stored in the memory. The one or more
program modules stored in the memory can include a
program for performing MD simulation to obtain a confor-
mational landscape for the wildtype and mutant macromol-
ecules, a program for clustering to 1dentify variant specific
populations, a program for obtaining and quantifying fea-
tures of the structures including structural and energetic
features, a program for clustering of multidimensional fea-
ture sets using ML to 1identily mutant conformational popu-
lations that diverge from the wildtype, a program for per-
forming PCA on the multidimensional feature set, and a
program for using the variant centroids in the PCA plot to
obtain the specific phenotypic disruption and rank them
relative to the wildtype.

[0054] Memory 1s an example of computer-readable
medium. It may include volatile storage devices 1n com-
puter-readable media, random access memory (RAM), and/
or non-volatile memory, such as read-only memory (ROM)
or flash memory (flash RAM). Computer-readable media
include permanent and non-permanent and removable and
non-removable media. Computer-readable commands, data
structures, program modules are examples of information
stored on the computer-readable media. Examples of com-
puter storage media include phase-change memory
(PRAM), static random access memory (SRAM), dynamic
random access memory (DRAM), other types of random
access memory (RAM), read-only memory (ROM), flash
memory, compact disk read-only memory(CD-ROM), digit
multifunction disc (DVD), and magnetic tape. Computer-
readable media does not include temporary or transitory
computer-readable media, such as modulated data signals
and carrier waves.

[0055] The computer processors include a plurality of
components including, multicore CPUs, multi-CPU com-
puters and computer clusters, many-core CPUs, general
purpose graphical processor units (gpGPUs), and other
computer processors.

[0056] In embodiments, the methods described herein are
performed using computer processors of suilicient compu-
tational power to perform the simulations and analysis.
Currently molecular simulation and machine learming are
done on parallel architectures such as multi-core CPU,
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multi-CPU systems, and general-purpose GPUs. In embodi-
ments, the computer system for performing the methods
described herein includes memory suflicient for the calcu-
lations and storage such as disks, disk arrays, solid state
drives (SSDs) with speed sutlicient for the simulations and
analysis.

[0057] Varniants and mutants are used interchangeably to
mean genes or proteins with mutations. For examples, genes
that have a nucleic acid sequence that differs from the
corresponding wildtype gene 1s a variant or mutant gene.
Proteins that have an amino acid sequence that differs from
the corresponding wildtype protein i1s a variant or mutant
protein.

[0058] Methods described herein include predicting, diag-
nosing, and treating subjects (humans, veterinary animals
(dogs, cats, reptiles, birds, etc.), livestock (horses, cattle,
goats, pigs, chickens, etc.), and research animals (monkeys,
rats, mice, fish, etc.). Subjects 1n need of a treatment or
diagnosis (1n need thereof) are subjects that are suflering
from a disease, are experiencing symptoms of a disease, or
at high risk of developing the disease.

[0059] Methods described herein are also useful for 1den-
tifying traits in agriculture such as plants and livestock.

[0060] As will be understood by one of ordinary skill 1n
the art, each embodiment disclosed herein can comprise,
consist essentially of or consist of 1ts particular stated
clement, step, mgredient or component. Thus, the terms
“include” or “including” should be imterpreted to recite:
“comprise, consist of, or consist essentially of.” The tran-
sition term “comprise” or “comprises’ means ncludes, but
1s not limited to, and allows for the 1inclusion of unspecified
clements, steps, ingredients, or components, even 1n major
amounts. The transitional phrase “consisting of” excludes
any element, step, mgredient or component not specified.
The transition phrase “consisting essentially of” limits the
scope of the embodiment to the specified elements, steps,
ingredients or components and to those that do not materi-
ally affect the embodiment.

[0061] Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as molecular
weight, reaction conditions, and so forth used 1n the speci-
fication and claims are to be understood as being modified
in all mstances by the term “about.” Accordingly, unless
indicated to the contrary, the numerical parameters set forth
in the specification and attached claims are approximations
that may vary depending upon the desired properties sought
to be obtained by the present disclosure. At the very least,
cach numerical parameter should at least be construed 1n
light of the number of reported significant digits and by
applying ordinary rounding techniques. When further clarity
1s required, the term “about” has the meaning reasonably
ascribed to 1t by a person skilled in the art when used 1n
conjunction with a stated numerical value or range, 1.e.
denoting somewhat more or somewhat less than the stated
value or range, to within a range of £20% of the stated value;
+19% of the stated value; +18% of the stated value; +17%
of the stated value; =16% of the stated value; +15% of the
stated value; +14% of the stated value; £13% of the stated
value; +12% of the stated value; £11% of the stated value;
+10% of the stated value; +9% of the stated value; 8% of
the stated value; £7% of the stated value; +6% of the stated
value; +5% of the stated value; +4% of the stated value; 3%
of the stated value; 2% of the stated value; or 1% of the
stated value.
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[0062] Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth 1n the specific
examples are reported as precisely as possible. Any numeri-
cal value, however, mherently contains certain errors nec-
essarily resulting from the standard deviation found in their
respective testing measurements.

[0063] The terms “a,” “an,” *“the” and similar referents
used in the context of describing the invention (especially in
the context of the following claims) are to be construed to
cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. Recita-
tion of ranges of values herein 1s merely intended to serve as
a shorthand method of referring individually to each sepa-
rate value falling within the range. Unless otherwise indi-
cated herein, each individual value 1s incorporated into the
specification as if it were individually recited herein. All
methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as™) provided herein 1is
intended merely to better 1lluminate the invention and does
not pose a limitation on the scope of the mnvention otherwise
claiamed. No language in the specification should be con-
strued as indicating any non-claimed element essential to the
practice of the mvention.

[0064] Groupings of alternative elements or embodiments
ol the invention disclosed herein are not to be construed as
limitations. Each group member may be referred to and
claimed individually or in any combination with other
members of the group or other elements found herein. It 1s
anticipated that one or more members of a group may be
included 1n, or deleted from, a group for reasons of conve-
nience and/or patentability. When any such inclusion or
deletion occurs, the specification 1s deemed to contain the
group as modified thus fulfilling the written description of
all Markush groups used 1n the appended claims.

[0065] The following exemplary embodiments and
examples 1llustrate exemplary methods provided herein.
These exemplary embodiments and examples are not
intended, nor are they to be construed, as limiting the scope
of the disclosure. It will be clear that the methods can be
practiced otherwise than as particularly described herein.
Numerous modifications and variations are possible 1n view
of the teachings herein and, therefore, are within the scope
of the disclosure.

Exemplary Embodiments

10066]

1. A method for determining the functional effects of one or
more variant macromolecules, wherein the method com-
prises mining features from all atom molecular dynamics
(MD) simulations of the one or more variant macromol-
ecules, classitying the features using machine learning algo-
rithms, and ranking the functional effects of the one or more
variant macromolecules with respect to the corresponding,
wildtype macromolecule.

2. The method of embodiment 1, wherein the one or more
variant macromolecules are variant proteins.

The following are exemplary embodiments:

3. The method of embodiment 1 or 2, wherein the one or
more variant macromolecules cause a disease.

4. The method of any one of embodiments 1-3, wherein the
one or more variant macromolecules cause a genetic disease.
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5. The method of any one of embodiments 1-4, wherein the
genetic disease 1s Long QT Syndrome or Polymorphic
Ventricular Tachycardia.

6. The method of any one of embodiments 1-5, wherein the
method includes generating a conformational landscape for
the one or more variant proteins and the corresponding
wildtype protein using all atom MD simulations.

7. The method of any one of embodiments 1-6, wherein the
method 1ncludes clustering structures to identify variant
specific populations of protein structure conformation.

8. The method of any one of embodiments 1-7, wherein the
method includes using root mean square deviation to cluster
structures.

9. The method of any one of embodiments 1-8, wherein the
method includes quantifying structural and energetic fea-
tures of individual structures within each conformational
population.

10. The method of any one of embodiments 1-9, wherein the
method includes using unsupervised clustering of multidi-
mensional feature sets (consisting of structural and energetic
features) to 1dentily mutant conformational populations
which diverge from those found in the wildtype simulations,
thereby 1dentifying divergent variant structures.

11. The method of any one of embodiments 1-10, wherein
the method includes performing principle component analy-
s1s (PCA) on the multidimensional feature sets.

12. The method of any one of embodiments 1-11, wherein
the results of PCA for the individual distributions of wild-
type and divergent variant structures are collapsed into a
welghted variant centroid 1n the principle component space.

13. The method of any one of embodiments 1-12, wherein
the method includes using the weighted centroid 1in the PCA
plot to determine the specific phenotypic disruption and rank
relative Tunctional eflect of the one or more variant proteins
with respect to that of the corresponding wildtype protein.

14. The method of any one of embodiments 1-13, wherein
the ranking of the functional effect of the one or more variant
proteins provides information for distinguishing disease
phenotypes caused by the one or more variant proteins.

15. The method of any one of embodiments 1-14, wherein
the functional effect 1s functional severity caused by the one
or more variant macromolecules.

16. The method of any one of embodiments 1-135, wherein
the method 1includes determining the functional effects of the
one or more variant macromolecules with respect to binding
to a ligand.

1’7. The method of embodiment 16, wherein the ligand 1s an
ion, a small molecule, a protein, or a nucleic acid.

18. The method of embodiment 16 or 17, wherein the one or
more variant macromolecules are variants of an enzyme and
the ligand 1s a substrate.

19. The method of any one or embodiments 16-18, wherein
the variant macromolecules are nucleic acids and the ligand
1s a nucleic acid binding protein.

20. The method of any one or embodiments 16-19, wherein
the method provides information for designing a drug for
treatment of a disease.

21. The method of any one of embodiments 1-20, wherein
the method 1s a computer implemented method.
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EXAMPLES

Introduction

[0067] Vanation in genomic sequences are thought to
confer traits or underlie genetic diseases through subtle
changes to the protein conformational dynamics and subse-
quent molecular interactions that drive complex biological
systems. Breakthroughs in sequencing technology has made
the 1dentification of variants faster and more cost-effective
and have resulted 1n the discovery of many new variants [1].
Rare variants underlie many complex diseases, are abundant
in the population, and are geographically localized [2].
However, many more variants remain unclassified. More-
over, due to their rarity, large sample size or improved
methods will be required to associate these variants with
complex traits and disease [3]. As a result, one of the largest
unsolved challenges 1n biology 1s the prediction of the effect
of genomic variation on altering the phenotype 1.e., the traits
of an organism or the role of vanants 1n disease [4-8].
[0068] This represents a challenge facing the genomics
community at large: accurately predicting the specific func-
tional impact of a given variant has enormous implication on
genomic analysis and therapeutic decisions. Although pre-
vious molecular simulation studies have shown that genetic
variants have structures diflerent from wild-type proteins
and combined molecular simulation and docking studies
predict that variants have different drug binding afhnities
[9-11], the analysis methods fall short of predicting/ranking
a variants relative functional impact.

[0069] To address this pressing need, a method that lever-
ages machine learning to identity and quantify features of all
atom simulations to predict the specific effect and disruptive
severity ol genetic variants on molecular function. All atom
simulations are widely used in to understand the function of
proteins and how variation can impact structure [12-16].
However, their transformative impact on clinical transla-
tional has yet to be demonstrated. Machine learming
approaches has garmered much attention recently by its
ability to differentiate between inputs [17, 18]. By mining
features from these simulations and using machine learning
to classity them, this method can differentiate between
different diseases caused by genomic variation in a particu-
lar protein and predict rank the disease severity of multiple
variants resulting in the same disease phenotype.

[0070] In this study, it 1s shown that features extracted
from all atom simulations of LQTS and CPVT associated
variants 1n CaM can distinguish the nature and severity of
functional disruption. Metrics describing the global struc-
tural conformations and energetic contributions to molecular
interactions can identiy a varnant specific divergence from
the wildtype dynamics, which correlate with severity of
functional disruption 1n CaM dependent processes regulat-
ing calcium dynamics 1n cardiac myocytes [27]. More
broadly, the results highlight the potential for extracting
structural and energetic features from molecular dynamics
simulations as features for more advanced machine learning
classification algorithms.

[0071] Methods. For all the molecular dynamics (MD)
simulations, the structure of wildtype Ca** CaM bound to
the IQ domain of the L-Type Ca** channel (PDB: 2F3Y)
was used. Since the LQTS (D96V, D130G, F142L) muta-
tions disrupt calcium binding in regions of their respective
EF-hand domains 1n the C-lobe, the corresponding 10n was
removed from the variant structure [36]. The Mutator plug-
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in for Visual Molecular Dynamics (VMD) [40] was used to
mutate the appropriate residue. All Ca** ions were left in the
CPVT (N541, N98S) variant, since those residues do not
directly interact with Ca**. The five variants and wildtype
structures were solvated 1n a water box and the system was
neutralized using the Solvate and Autoionize plugins for
VMD [40]. The MD simulations were carried out using the
GPU-enabled implementation of Nanoscale Molecular
Dynamics (NAMD) [41] employing CHARMM?36 force
field and producing for each variant of CaM three 200 ns
trajectories at 310 K [42]. Periodic boundary conditions
were used, and structures were saved every 10 ps. The
results were processed m VMD, first using the pcbtools
plug-in to unwrap the structure trajectories [40].
[0072] The structures generated through the MD simula-
tions were characterized by several metrics to compare the
impact of the mutations on the conformational dynamics.
The end-to-end distance between the linker termini provides
a measure of the distance between CaM lobes. A measure of
the relative orientation of the N-lobe and C-lobe 1s obtained
by measuring the dihedral angle formed by the end points of
the linker region and the centers of mass of each CAM lobe.
Additionally, a crude measure of the tightness of binding
was determined by measuring the distance from the center of
cach lobe to the center of the IQ peptide. The non-bonded
energies between CaM and the 1Q peptide were calculated
with the NAMD Energy plugin in VMD [40].

[0073] To identify vanant specific structural populations,
clustering was performed based on the root mean squared
deviation (RMSD) of the CaM structures when aligned by
the 1Q peptide. Hierarchal clustering of the pairwise struc-
tural similarity produced distinct populations through selec-
tion of a clustering threshold which maximized the number
of clusters which contain at least 10% of the overall trajec-
tory, where the sum of populated clusters must exceed 50%.
[0074] Visualization of conformational features, and PCA
was carried out using R [43, 44]. Variant centroids were
calculated by first removing sub-populations most similar to
wildtype, as defined through hierarchal clustering. The
remaining variant clusters were combined i the PC feature
space, where centroids of sub-population clusters where
merged to an overall vanant centroid, weighted according to
its proportion of the overall trajectory conformations. The
distance between centroids was calculated as a Euclidean
distance.

Example 1

[0075] The simulations were mitiated using the experi-
mentally determined structure of wildtype CaM bound to a
short peptide representing the 1QQ domain from the L-Type
Ca** channel [36] (FIG. 1A). In this initial structure, a
compact CaM 1s wrapped around the a-helical 1Q peptide
with both the N-lobe and C-lobe forming intermolecular
interactions. Three 200 ns simulation trajectories were used
to sample the conformational landscape. In the course of
simulations, neither CaM lobe dissociated from the IQ
peptide, nor RMSD has deviated by more than 5 A from the
wild-type structure (not shown).

[0076] The subtle structural vanation induced by CaM
mutations 1s captured by metrics relating the relative posi-
tions of the N- and C-lobes, which include the linker
distance and the relative twist of the N- and C-lobes (see
Methods for their definitions). These metrics have been used
in previous molecular dynamics simulations to characterize
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variant induced changes to CaM conformational dynamics
[37]. FIG. 1B shows the conformational distribution of CaM
variants overlap, revealing their uniquely distributed con-
formational profiles. In the case of the LQTS mutations, the
divergence of a particular variant from the wildtype distri-
bution approximates the severity of functional disruption of
CDI observed single cell experiments, where functional

impairment of F142L being less severe than D130G or
D96V [27].

Example 2

[0077] The conformational distributions captured by the
two measures are not always suflicient to distinguish
between functional differences, as illustrated by the overlap

of the LQTS variant D130G with CPV'T variant N341. While
all variants show a decreased athnity for RYR2 [27, 38], the
N541 variant does not impair CDI [27]. The distribution of
the N98S variant shows significant overlap with other vari-
ants, but how the unique population level profile translates
to a more severe CPV'T phenotype than the other variants 1s
unclear [38]. Molecular scale structural comparisons alone
are not enough to discriminate between the subtle functional
differences, but structural clustering of individual variant
trajectories revealed sub-populations with distinct changes
to local structure (FIG. 2). The analysis of these clusters
through the definition of several distinct population features
(FIG. 3) reveals large vanation within individual variant
clusters and between the overall distributions of 1individual
variants.

Example 3

[0078] The complexity of the conformational profiles
lends 1tself to multivanate analysis and plotting the first two
principle components of the varniant trajectory structures
shows distinct separation of certain conformational sub-
populations (FIG. 4A). Clearly, the distributions more fully
distinguish between the variant specific conformational pro-
files than molecular scale structural attributes alone. Fur-
thermore, 1f variant clusters which share similar features to
the wildtype are removed (FIG. 4B), the centroids of the
remaining variant structures collapse 1mnto distinct and infor-
mative regions of the principle component feature space
(F1G. 4C). The Euclidean distance of each centroid for the
LQTS and CPVT mutants are separate and each follows the
relative impact on Ca®* transient dynamics in cardiac myo-
cytes [27, 38]. It should be noted that while the distribution
multivariate feature space 1s capturing interactions with the
L-Type Ca>* channel peptide, the distribution of variant
centroids may also contain information related to similar
CaM i1nteractions, such as the CDI of voltage gated Na™
channels which maintain 1onic homeostasis and contribute to
arrhythmogenic mechanisms [39].

[0079] An additional feature of the principle component
analysis 1s a measure of individual feature contributions to
the first two principle components. This insight into the
nature of functional disruption can be used to further the
understanding of divergent systematic impacts of variation.
For example, D130G and F142L both lose calctum binding
at the same EF hand, but divergence from the wildtype
conformational distribution shows the underlying driven by
differences 1 the van der Waals interactions. Another
example 1s the difference 1n the distance of the N-lobe to the
IQ domain, which characterizes wildtype divergent struc-
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tural populations 1n most variants, which 1s notable since all
sequence mutations occur in the C-lobe and highlight the
intricate iternal dynamics of CaM which propagates the
structural change to more distance regions of the interacting
complex.

CONCLUSION

[0080] Leveraging machine learning to analyze molecular
dynamics simulation trajectories distinguishes between
changes in conformational populations of variant structures
by increasing the number and source of descriptive features
and using more advanced classification methods. It makes
the prediction of the functional severity of genomic variants
possible 1n silico with the ability to differentiate between
different disease phenotypes, as demonstrated above. This
method has applications outside of this specific protein and
physiological system. Whether investigating underlying
mechanisms for other complex genomic diseases, or opti-
mizing therapeutic approaches to drug resistant somatic
variation, leveraging the power of advanced computational
analysis 1s necessary to deconvolute the complexity of the
underlying molecular interactions. Extracting structural and
energetic features from molecular dynamics simulations and
applying a machine learning approach to characterize the
difference from the wildtype conformational landscape, can
address challenges facing both basic and translational inves-
tigators.

[0081] Certain embodiments of this 1nvention are
described herein, including the best mode known to the
inventors for carrying out the mvention. Of course, varia-
tions on these described embodiments will become apparent
to those of ordinary skill in the art upon reading the
foregoing description. The inventor expects skilled artisans
to employ such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than
specifically described herein. Accordingly, this mvention
includes all modifications and equivalents of the subject
matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-
described elements in all possible variations thereof 1is
encompassed by the mmvention unless otherwise indicated
herein or otherwise clearly contradicted by context.

[0082] The subject matter described above 1s provided by
way of 1illustration only and should not be construed as
limiting. Various modifications and changes may be made to
the subject matter described herein without following the
example embodiments and applications 1llustrated and
described, and without departing from the true spirit and
scope ol the present disclosure, which 1s set forth 1n the
tollowing claims.

[0083] All publications, patents and patent applications
cited 1n this specification are incorporated herein by refer-
ence 1n their entireties as 1f each individual publication,
patent or patent application were specifically and 1individu-
ally indicated to be incorporated by reference. While the
foregoing has been described in terms of various embodi-
ments, the skilled artisan will appreciate that various modi-
fications, substitutions, omissions, and changes may be
made without departing from the spirit thereof.
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What 1s claimed 1s:
1. A method comprising:

identifying at least one structure of a wildtype macromol-
ecule;

seeding and executing a plurality of all atom molecular
dynamics (MD) simulations using the at least one
structure to generate a conformational landscape of the
wildtype macromolecule and a plurality of vanants of
the wildtype macromolecule, wherein generating the
conformational landscape comprises generating, via
the plurality of all atom MD simulations, a plurality of
variant structures corresponding to each of the plurality
of variants of the wildtype macromolecule;
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generating a first dataset by determining, from the con-
formational landscape, structural features and energetic
features of the at least one structure and the plurality of
variant structures;

processing the first dataset via a first clustering algorithm
to generate a wildtype cluster of the at least one
structure and a plurality of variant clusters, wherein
cach of the plurality of vanant clusters defines a
respective conformational population comprising a dif-
ferent subset of the plurality of variant structures;

generating a second dataset by quantifying structural and
energetic features of the wildtype cluster and the
respective conformational population defined by each
of the plurality of varniant clusters; and

performing principal component analysis on the second
dataset to generate a principal component feature space
of the wildtype macromolecule and the plurality of
variants of the wildtype macromolecule.

2. The method of claim 1, wherein the structural features
and energetic features comprise global structural features
and dynamics of structure subdomains.

3. The method of claim 1, wherein the structural features
and energetic features comprise energetic interactions and
overall statistical characteristics of structures.

4. The method of claim 1, wherein the plurality of variants
of the wildtype macromolecule are variant proteins.

5. The method of claim 4, wherein the variant proteins
cause a disease.

6. The method of claim 5, wherein the disease 1s a genetic
disease.

7. The method of claim 6, wherein the genetic disease 1s

Long QT Syndrome or Polymorphic Ventricular Tachycar-
dia.

8. A system comprising:
memory comprising structural data of at least one wild-
type macromolecule; and

at least one computing device in commumcation with the
memory and configured to:

identify at least one structure of the at least one
wildtype macromolecule based on the structural
data;

seed and execute a plurality of all atom molecular
dynamics (MD) simulations using the at least one
structure to generate a conformational landscape of
the at least one wildtype macromolecule and a plu-
rality of varnants of the at least one wildtype mac-
romolecule, wherein the step of generating the con-
formational landscape comprises the at least one
computing device being configured to generate, via
the plurality of all atom MD simulations, a plurality
of variant structures corresponding to each of the
plurality of vanants of the at least one wildtype
macromolecule;

generate a first dataset by determining, from the con-
formational landscape, structural features and ener-
getic features of the at least one structure and the
plurality of vanant structures;

process the first dataset via a first clustering algorithm
to generate a wildtype cluster of the at least one
structure and a plurality of variant clusters, wherein
cach of the plurality of vanant clusters defines a
respective conformational population comprising a
different subset of the plurality of variant structures;
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generate a second dataset by quantifying structural and
energetic features of the wildtype cluster and the
respective conformational population defined by
cach of the plurality of variant clusters; and

perform principal component analysis on the second
dataset to generate a principal component feature
space of the at least one wildtype macromolecule and
the plurality of variants of the at least one wildtype
macromolecule.

9. The system of claim 8, wherein the structural features
and energetic features comprise global structural features
and dynamics of structure subdomains.

10. The system of claim 8, wherein the structural features
and energetic features comprise energetic interactions and
overall statistical characteristics of structures.

11. The system of claim 8, wheremn the plurality of
variants of the wildtype macromolecule are variant proteins.

12. The system of claim 11, wherein the variant proteins
cause a disease.

13. The system of claim 12, wherein the disease 1s a
genetic disease.

14. The system of claim 13, wherein the genetic disease
1s Long QT Syndrome or Polymorphic Ventricular Tachy-
cardia.

15. A non-transitory, computer-readable medium
embodying a program that, when executed by at least one
computing device, causes the at least one computing device
to:

identily at least one structure of a wildtype macromol-
ecule;

seed and execute a plurality of all atom molecular dynam-
ics (MD) simulations using the at least one structure to
generate a conformational landscape of the wildtype
macromolecule and a plurality of variants of the wild-
type macromolecule, wherein the step of generating the
conformational landscape comprises the program,
when executed by the at least one computing device,
causing the at least one computing device to generate,
via the plurality of all atom MD simulations, a plurality
of variant structures corresponding to each of the
plurality of vaniants of the wildtype macromolecule;

generate a first dataset by determining, from the confor-
mational landscape, structural features and energetic
features of the at least one structure and the plurality of
variant structures;

process the first dataset via a first clustering algorithm to
generate a wildtype cluster of the at least one structure
and a plurality of variant clusters, wherein each of the
plurality of variant clusters defines a respective con-
formational population comprising a diflerent subset of
the plurality of variant structures;

generate a second dataset by quantifying structural and
energetic features of the wildtype cluster and the
respective conformational population defined by each
of the plurality of vanant clusters; and

perform principal component analysis on the second
dataset to generate a principal component feature space
of the wildtype macromolecule and the plurality of
variants of the wildtype macromolecule.

16. The non-transitory, computer-readable medium of
claam 15, wherein the structural features and energetic
teatures comprise global structural features and dynamics of
structure subdomains.
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17. The non-transitory, computer-readable medium of
claam 135, wherein the structural features and energetic
features comprise energetic interactions and overall statis-
tical characteristics of structures.

18. The non-transitory, computer-readable medium of
claim 15, wherein the plurality of variants of the wildtype
macromolecule are variant proteins.

19. The non-transitory, computer-readable medium of
claim 18, wherein the variant proteins cause a disease.

20. The non-transitory, computer-readable medium of
claim 19, wherein the disease 1s a genetic disease.
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