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Computational Study of Hydrolethalus
Syndrome: D211G Mutation Destabilizes the
Structural Stability of HYLS1 Leading to the

Formation of Nuclear Inclusions

Paul M. Morgan', Yun-Ju Chen’

Objectives: To computationally determine the molecular structure of Hydrolethalus Syndrome
1 protein and the potential effects of D211G mutation on structural stability of the protein.
Methods: The structure of HYLSI was predicted using two reputable algorithm servers: Robetta
and QUARK. Robetta employs a combination of comparative modeling and.de novo structure
prediction methods, while QUARK is a template-free protein prediction server relying only on de
novo structure prediction methods.

Results: Robetta predicted that 61% of the three dimensional structure of HYLSI is intrinsically
disordered, while 36% has well-defined secondary structural elements. The remaining 3%
comprises a region of low complexity. HYILSI is predicted to have 11 alpha helices and 2 beta
strands.

Conclusions: Helix 9 of HYLSI /s stabilized by inter-residue electrostatic interaction and
hydrogen bonding between Asp 211 and Arg 215. The stability is significantly disrupted by a
D211G point mutation which' causes Hydrolethalus Syndrome. This mutation may elicit random
coil transition of an alpha helix;, leading to the exposure of hydrophobic regions of the protein that
aggregate to form nuclear inclusion bodies.

Key words: missense mutation, force fields, helix-to-coil transition, inclusion bodies, intrinsic
disorder

ered in Finland during a 1981 nationwide study

Introduction on Meckel syndrome. Both of these syndromes
are primarily identified by severe central

ydrolethalus syndrome (HLS) is a lethal nervous system malformation and polydac-
malformation syndrome that was discov- tyly.® The incidence of HLS in the Finnish
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population is 1:20,000 and only few cases have
been reported outside of Finland.!-*

In HLS the cerebral hemispheres lie sepa-
rated from each other at the base of the skull.
As a consequence, the lateral ventricles open
medially into the fluid-filled space between
and on the top of the cerebral hemispheres.’
The upper midline structures, corpus callosum
and septum pellucidum are absent.® There is
also a midline deformity in the occipital bone
dorsal to the foramen magnum giving rise to
a keyhole-shape defect. A Hypoplastic mandi-
ble is commonly observed. Short extremities,
polydytaly and club foot are also common find-
ings.%’

Hydrolethalus syndrome in humans is
caused by a missense mutation in the Hydro-
lethalus Syndrome 1 gene (HYLSI) located on
chromosome 11g24.2."* This mutation results
in an amino acid substitution of aspartic acid
211 by glycine in a well-conserved region
of the protein with a function that is so far
unidentified.1,3 HYLSI is predicted to encode
a 299 amino acid polypeptide with a deduced
molecular weight of 34.4 kDa. The Asp 211 1s
strictly conserved across various’species. from
C. elegans to humans, suggesting that it is a
critical amino acid for the normal function of
the protein.!?

Herein, I computationally explore the
structure of HYLSI at atomic level using ab
initio de novo protein modeling. I also propose
an explanation for the formation of inclusion
bodies as a consequence of the A to G point
mutation which perturbs the structural stability
of the protein.

Materials and Methods

Ab Initio Folding

Predicting protein 3D structures from the
amino acid sequence remains one of the major
unsolved problems in computational biology.®®
This problem has baffled the scientific commu-

nity for decades and remains one of the top 125
outstanding issues in modern science.!”

Despite notable successes, we still have
very limited ability to fold proteins by ab initio
approaches, that is, to predict 3D structures
of protein sequences without using template
structures from other experimentally solved
proteins.®

The difficulty in ab initio protein struc-
ture prediction is twofold. The first is the lack
of decent force fields to accurately describe the
atomic interactions which can be used to guide
the protein folding simulations.® The second
lies in the challenge to efficiently identify the
global energy minimum which is supposed to
be the native state of the protein - governed by
the laws of thermodynamies.®

The structure off HYLSL was predicted
using two renowned  algerithms: Robetta,
developed by the University of Washington,
and QUARK, developed by the University of
Michigan Medical School. The Robetta server
parsed the 299 amino acid sequence of HYLSI
into putative domains and structural models
were genetrated after 720 hours of comput-
ing time.” Robetta employed a combination of
comparative modeling and de novo structure
prediction methods.’

QUARK is a template-free protein predic-
tion server and as such relies only on de novo
structure prediction methods.® The QUARK
algorithm assembles full length protein
models from fragments using replica-exchange
Monte Carlo simulations which are guided
by composite knowledge-based force fields.®
QUARK however, has a maximum capacity of
200 amino acids in any given protein. To over-
come this challenge HYLSI was parsed into
four distinct domains.” Only the fourth domain
was submitted for modeling. Domain four is
of great interest because it contains D211G
mutation in a highly conserved region of the
protein. QUARK generated several structural
models for the wild-type and mutant form of
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HYLSI after 96 hours of computing time.

CASP

CASP (Critical Assessment of Methods of
Protein Structure Prediction) biannual compe-
tition provides an independent mechanism for
the assessment of current methods in protein
structure modeling."! From April through July,
each year, structures about to be solved by
crystallography or NMR are identified, and
their sequences are made available to predic-
tors.

From July to December experimental
coordinates become available and tens of thou-
sands of models are submitted by approxi-
mately 200 research groups worldwide.®!
The main goal of the CASP experiments is to
obtain an in-depth and objective assessment
of current potentialities in the area of protein
structure prediction.

Robetta was the top-performing Homol-
ogy server at CASP 2016 (Template-Based
Modeling) and is one the most cited serv=
ers in Continuous Model Evaluation testing:"

ITASSER-QUARK was ranked as the number
one server in the world for template-free
modeling in CASP9 2012 and CASP10 2014
experiments.'!

Energy Force Fields
Energy force fields mathemati-
cal functions used to accurately describe all

atomic interactions in a protein during protein

arc

folding simulations (Table 1). The total energy
function of the QUARK force fieldwas derived
from the sum of the eleven terms (Equation 1).2

All the energy terms are highly accu-
rate and were derived from extensive statisti-
cal data of experimentally determined protein
structures currently present in the Protein Data
Bank.?

The models with the  highest C-score
from both servers were. selected for further
analysis «and' the PBD files were analyzed
using Schrodinger Maestro 10.'2 The multiple
sequence alignment and bioinformatics analy-
sis was performed using jalview.

Eio = Eprm + w Eprs + WaEey + w3 Enp + waEqa + ws Egn
: 2 W(-Edp 2 W7Erg + wyEpap + W‘)Ehp + WIOEhp

Equation. 1 The eleven energy terms were segregated into three levels with reference to protein structural
hierarchy. Level one, the atomic-level terms (Eprm, Eprs, and Eev); Level two, the residue-level terms
(Ehb, Esa, Edh, and Edp), and; Level three, the topology-level terms (Erg, Ebab, Ehp, and Ebp).8 The
variables wl 5 0.10, w2 5 0.03, w3 5 0.03, w4 5 4.00, w5 5 0.40, w6 5 0.60, w7 5 1.00, w8 5 1.00, w9 5 0.05,
and wl0 5 0.10 were used as weighting factors to balance the energy terms.’
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Table 1. Depiction of the mathematical functions for each of the eleven energy terms that govern atomic
interactions. All eleven mathematical functions were integrated into the QUARK and ROBETTA
algorithmic servers during the de novo protein folding simulation and prediction studies of HYLSI.*’

Energy Term Energy Function
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Results
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Fig. 1 (A) 3D structure prediction of HYLSI. Robetta predicts that 61% of the 3D structure of HYLSI is intrinsically
disordered, while 36% has well defined secondary structural elements, primarily alpha helices. The
remaining 3% comprises a region of low complexity. (B) Layout of the secondary structural elements of
HYLSI. Robetta predicts that HYLSI is composed of 11 alpha helices and 2 beta strands. The putative
domain 4 highlighted with a transparent mesh surface (4) at the C-terminus (202 - 282) is strictly conserved
across many species.

C D116

HIL31 Wild Type
HYLS1 MUTANT ¢

Fig. 2 (4) QUARK’s atomic level resolution model of wild-type HYLSI domain 4 (202 - 282) near the C-terminus.
Helix 9 appears to be stabilized by inter-residue electrostatic interaction and hydrogen bonding between
Asp 211 and Arg 215 (i + 4 residue). The average distance of 2.142 A is well in agreement with that in
reported studies. In the mutant form ((B) and (C)) the non-conservative point mutation Asp211Gly appears to
significantly perturb helix formation and stabilization, thereby disrupting the electrostatic interaction and
hydrogen bonding. Besides, glycine 211, being flexible and unable to form any favorable interactions with
Arginine 215, may account for an average inter-residue distance of 9.915 A that supports the helix disruption
postulate.
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Fig. 3 Predicted Ramachandran plot for HYLSI
suggesting intrinsic disorder in a significant
portion of HYLS1."”

Discussion

Etiology of HLS

The etiology of HLS is a missense muta-
tion in the HYLSI ‘gene located on chromo-
some 11q24.2.* HLS~ has no known cure."
Recent advances in genome editing technolo-
gies have substantially improved our ability
to make precise changes in the genomes of
eukaryotic cells. CRISPR-Cas9 is emerging as
a powerful tool in correcting genetic mutations
which cause genetic diseases such as Down
syndrome, spina bifida, anencephaly, and
hydrolethalus syndrome.”>'® CRISPRCas9, in
particular, has the potential to treat the millions
of patients who are impacted by a number of
very serious diseases.”” However, a cure for
hydrolethalus syndrome through CRISPR-Cas9
is yet to be achieved.

HYLSI1 Structure and Function
The function of the HYLSI protein is

still largely unknown and it lacks any known
functional domains except a low-complexity
region.* In addition, the protein is not homolo-
gous with any known protein family."* HYLS1
has orthologs among other species with a
conserved polypeptide domain where the muta-
tion site is located.*

The factors that drive the robustness
and evolvability of proteins are still largely
unknown."” Abrusan et al. suggests that that
different secondary structural elements of
proteins (helices and strands) differ in their
ability to tolerate mutations, and further
demonstrates that it is caused by differences
in the number of non-covalent residue inter-
actions within these " secondary structural
units.”'® Based on those-observations, human
missense mutations that perturb secondary
structure are mofte likely to.be pathogenic than
those that do not. The results of my computa-
tional study are in direct agreement.'*"”

Aspartic acid is bulky and negatively
charged, whereas Glycine is the smallest amino
acid with a neutral charge, facilitating turns in
the polypeptide backbone."

It is a well-studied phenomenon that
certain amino acids are found more frequently
in alpha helices (alanine, leucine, glutamic
acid) while others are much less frequent
(proline, glycine, aspartic acid).”” Alanine has
been shown to have the highest helix form-
ing propensity and glycine, the lowest.?
This strongly supports the findings that
the Asp211Gly mutation in HYLSI signifi-
cantly disrupts the formation and stabiliza-
tion of helix9. The destabilization of helix9
may trigger random coil transition of an alpha
helix. Glycine, with no side chain, is a helix-
breaker because backbone rotation is so uncon-
strained.?*?!

Alpha helices are primarily stabilized by
a favorable enthalpic contribution of 1 kcal/mol
per residue from the formation of the backbone
hydrogen bonds, van der Waals forces and side
chain interactions that are more favorable in
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the helix than the coil.*

The randomly coiled state is greatly
favored by conformational entropy.”?! The
entropic cost of fixing the backbone dihedral
angles in forming an alpha helix is in the range
of 1.5 — 2 kcal/mol at 25°C.?° If the alpha helix
is composed of alanine, the favorable inter-
actions prevail, and the helix is more stable
than the coil, but if the a-helix is composed of
glycine, the unfavorable interactions prevail
and the coil is more stable than the helix.*!

Missense Mutations, Inclusion Bodies, and
Genetic Diseases

A single mutation in the amino acid
sequence of a protein may also change the
interactions between the side chains that
affect the folding and stability of the protein.
This can lead to the exposure of hydrophobic
regions of the protein that aggregate with the
same misfolded protein, or even a different
protein, leading to the formation of inclusion
bodies.?* Mutations which cause diseases are
significantly more destabilizing (i.e., having
a larger effect on free energy of folding) than
neutral mutations.”” Mee et al. observed that
wild-type HYLSI-transfected. cells showed
characteristically intense staining in the cyto-
plasm, whereas the”mutant polypeptides are
localized to nuclear inclusions."!*

Inclusion bodies are often hallmarks of
genetic diseases such as Parkinson’s disease
and front temporal dementia."* Interestingly,
HYLSI expression can be observed in multiple
tissues being particularly high in the develop-
ing central nervous system (CNS)."* Expression
in the nervous system is evident in the spinal
cord and in the dorsal root ganglia.* In the
cephalic region of mouse embryo, HYLSI is
detected in the telencephalon, the midbrain, the
medulla, the choroid plexus and the ganglionic
eminence.'

When comparing the isoelectric point
(pI value) with Kozlowski IPC tool, wild-type
HYLSI is predicted to have a pl value of 6.69

versus 7.1 for the mutant protein.?> The pl is
the pH at which a protein carries no net elec-
trical charge in solution. As a consequence, the
solubility of the protein is significantly dimin-
ished, resulting in precipitation and forma-
tion of inclusion bodies (i.e., cytoplasmic and/
or nuclear) in the cell. The results suggest that
HYLS1 D211G mutant is significantly less
soluble at physiological pH (7.36) as compared
to its wild-type counterpart.’** Additionally,
wild-type HYLSI carries a net charge of -1.9,
while HYLSI mutant carries a net charge of
-0.9 in the cytoplasm.'®

HYLSI Intrinsic Disorder

Bioinformatics studies primarily based on
the Pfam database suggests that HYLSI has a
region of low complexity between amino acids
112 and 1204* Such regions are typical for
structurally less complex proteins. The conven-
tional protein  structure-function concept
suggests that an amino acid sequence speci-
fies a primarily fixed three-dimensional struc-
ture that is a prerequisite to protein function. In
contrast'to the dominant view, many proteins
are emerging today as functional proteins in
the disordered state.?*-**

For ordered proteins, the ensemble
members all have the same time-averaged
canonical set of Ramachandran angles along
their backbones. Nevertheless, for intrinsically
disordered proteins, the ensemble members
have different, typically dynamic, Ramachan-
dran angles.'>324

Intrinsically  disordered proteins

therefore difficult to characterize by current

arc

conventional biophysical techniques (i.e., x-ray
crystallography, NMR spectroscopy, circular
dichroism spectroscopy).”*** As such, computa-
tional methods may currently be the most prac-
tical method and perhaps the only option for
exploring the molecular structure of HYLSI
with atomic level resolution.

HLS and Computational Medicine
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In conclusion, many studies have put forth
evidence that HYLS] may be a transcription
factor involved in the developmental process.!”
Nevertheless, there are still many unanswered
questions about HYLSI that may require
computational and laboratory explorations.

For instance, can we validate the compu-
tationally predicted 3D structure with X-ray
crystallography and NRM spectroscopy in
the future? Will technology bring forth new
methods for studying the structure of intrinsi-
cally disordered proteins? How many partners
in the human proteome does HYLSI1 directly
interact with? How does the Asp211Gly muta-
tion perturb these physical interactions to bring
forth Hydrolethalus Syndrome?

In a subsequent study I hope to use
computational medicine and molecular dynam-
ics to develop a quantitative computer model in
an attempt to explain how the Asp211Gly muta-
tion disrupts the global structure of HYLSI
leading to Hydrolethalus Syndrome.
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