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Abstract
Amyotrophic Lateral Sclerosis (ALS), a debilitating neurodegenerative disorder is related to mutations in a number
of genes, and certain genes of the Ribonuclease (RNASE) superfamily trigger ALS more frequently. Even though
missense mutations in Angiogenin (ANG) and Ribonuclease 4 (RNASE4) have been previously shown to cause
ALS through loss-of-function mechanisms, understanding the role of rare variants with a plausible explanation of
their functional loss mechanisms is an important mission. The study aims to understand if any of the rare ANG
and RNASE4 variants catalogued in Project MinE consortium caused ALS due to loss of ribonucleolytic or nuclear
translocation or both these activities. Several in silico analyses in combination with extensive molecular dynamics
(MD) simulations were performed on wild-type ANG and RNASE4, along with six rare variants (T11S-ANG,
R122H-ANG, D2E-RNASE4, N26K-RNASE4, T79A-RNASE4 and G119S-RNASE4) to study the structural and
dynamic changes in the catalytic triad and nuclear localization signal residues responsible for ribonucleolytic and
nuclear translocation activities respectively. Our comprehensive analyses comprising 1.2 μs simulations with a
focus on physicochemical, structural and dynamic properties reveal that T11S-ANG, N26K-RNASE4 and T79A-
RNASE4 variants would result in loss of ribonucleolytic activity due to conformational switching of catalytic
His114 and His116 respectively but none of the variants would lose their nuclear translocation activity. Our study
not only highlights the importance of rare variants but also demonstrates that elucidating the structure-function
relationship of mutant effectors is crucial to gain insights into ALS pathophysiology and in developing effective
therapeutics.
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Introduction

ALS is a debilitating terminal neurodegenerative disorder, and
yet there is no therapy to arrest its progression (Andersen and
Al-Chalabi 2011). Although substantive progress has been
achieved in determining the genetic basis of this disease
(Renton et al. 2011; Rosen et al. 1993; Sreedharan et al.
2008; Brown and Al-Chalabi 2017; Vance et al. 2009; Padhi
and Hazra 2019; Chow et al. 2009; DeJesus-Hernandez et al.
2011), it is not well understood how the genetic variations
mediate ALS onset and progression based on epidemiological
data. In the past decades, more than 100 genes involved in the
manifestation of ALS have been identified, though mutations
in SOD1 and hexanucleotide repeat expansion in the
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C9ORF72 are primarily associated with ALS (Abel et al.
2012; Vasaikar et al. 2013; Ferraiuolo et al. 2011; Hardiman
et al. 2019; DeJesus-Hernandez et al. 2011; Renton et al.
2011; Narain et al. 2017). Recent studies suggest that al-
though genetic factors may not be directly involved in
disease manifestation, they could significantly increase
the risk of ALS under the influence of environmental
and other related factors. These variations thereby play
an important role in ALS pathogenesis by acting as
disease modifiers or risks factors (Renton et al. 2014;
Krüger et al. 2016). Till date a notable fraction of ge-
netic variations contributing to ALS remain unknown
and pose a challenge in defining the genetic paradigm
of ALS. Recent studies have led to the identification of
a number of rare variants in both familial and sporadic
ALS, with an increased burden of these variants in
cases than controls (Marangi and Traynor 2015; Narain
et al. 2018). Further, these studies suggest that the miss-
ing genetic basis of ALS could lie in rare variants;
which act as susceptibility factors. Additionally, the un-
known heritability of many human traits can be attrib-
uted to common variants having low-frequency (MAF
1–5%) or having minor to modest consequence (MAF
<1%), or an amalgamation of both.

Although a number of reports have shed light on the in-
creased association of rare variants in ALS, finding out the
actual causal role of such variants is still in infancy. Large
scale genome wide association studies (GWAS) of ALS pa-
tients suggests that rare variants primarily define the genetic
architecture of ALS in contrast to other disease like
schizophrenia that have association with large number of
common variants (Hardiman et al. 2019). Additionally,
rare variants that are associated with the increased risk
of ALS are likely to be confined to specific individuals,
families and ancestral population (Hardiman et al. 2019).
Furthermore, not only the discovery of disease causing
rare variants but also understanding the functional conse-
quences and disease predisposition due to the variants

warrants detailed investigation. To address this critical
gap, we focused our study on the variants from
Project MinE consortium that aims to sequence whole
genome of >15,000 ALS patients and > 7,500 control in-
dividuals to provide a coherent genetic architecture of ALS
(Van Rheenen et al. 2018).

In this study, we mined the genetic variation data from
Project MinE Variant Browser for the two genes of ribonucle-
ase superfamily, namely ANG and RNASE4, and identified a
total of six novel and rare uncharacterized variants from dif-
ferent populations (Table 1, Fig. 1). The functional sites of
ANG and RNASE4 with a superposition between them show-
ing the high structural similarity is shown in Supplementary
Information Fig. 1. As missense mutations in ANG and
RNASE4 are frequently associated with ALS through loss
of either ribonucleolytic or nuclear translocation activity or
both these functions (Greenway et al. 2004; Greenway et al.
2006; Padhi et al. 2014a, b, 2019), we were intrigued if any of
the Project MinE derived rare ANG and RNASE4 variants
could also exhibit loss-of-function characteristics. In order to
understand their role in ALS development, we carried out
several in silico analyses and a total of 1.2 μs all-atom MD
simulations for wild-type and six rare variants (two fromANG
and four from RNASE4). Our comprehensive analyses from
MD simulations and related in silico approaches reveal
that certain structural and dynamic attributes might be
involved in loss of ribonucleolytic activity governed by
the catalytic triad residues (His13, Lys40, His114 in
ANG and His12, Lys40, His116 in RNASE4), thus pre-
disposing the individuals carrying these mutations to
ALS. As our recent reports employing MD simulations
and functional assays have effectively shown the molec-
ular mechanisms by which ANG and RNASE4 variants
leads to the loss of ribonucleolytic and nuclear transloca-
tion activity (Padhi et al. 2014a, b, 2018, 2012, 2013a, b,
2019), our inclusive analysis here showed that certain rare
variants cataloged in Project MinE are also loss-of-function
in nature, thereby causing ALS.

Table 1 Rare variants retrieved from ProjectMinE and analyzed in this study

ANG/RNASE4
variants with signal
peptide sequence

ANG/RNASE4 variants
after removal of signal
peptide sequence

Chromosomal
location

Nucleotide
change

Allele frequency
(cases)*

Allele frequency
(controls)*

Allele frequency
(all)*

T35S-ANG T11S-ANG chr14:21161827 C >G 0.00 0.000273 0.0000807

R146H-ANG R122H-ANG chr14:21162160 G >A 0.000115 0.00 0.0000807

D30E-RNASE4 D2E-RNASE4 chr14:21167620 T >A 0.00 0.000273 0.0000807

N54K-RNASE4 N26K-RNASE4 chr14:21167692 C >G 0.000115 0.00 0.0000807

T107A-RNASE4 T79A-RNASE4 chr14:21167849 A >G 0.00 0.000273 0.0000807

G147S-RNASE4 G119S-RNASE4 chr14:21167969 G >A 0.000115 0.00 0.0000807

*Allele frequency (cases): Allele Frequency among all Project MinE cases, Allele frequency (controls): Allele Frequency among all Project MinE
controls, Allele frequency (all): Allele Frequency among all Project MinE cases and controls
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Materials and methods

Retrieval of ANG and RNASE4 rare variants

Human ANG and RNASE4 variants were retrieved from
Project MinE using the data browser (http://databrowser.
projectmine.com/), which includes whole genome sequencing
data from 4,366 ALS cases and 1,832 controls. In the first step,
we retrieved the variant information of ANG and RNASE4 and
filtered with the following criteria available at Project MinE
Data browser: missense variants, disruptive and damaging,
rare variant burden 0.5%. The variants selected for analysis
were those for which the functional mechanism was not
known. The final list of variants included ANG (T35S,

R146H) and RNASE4 (D30E, N54K, T107A, G147S)
(Table 1). Additionally, the allele frequency data retrieved from
Project MinE cases and controls was used to classify the vari-
ants as rare variants (MAF < 0.05%). Next, human ANG
(Accession number: P03950) and human RNASE4
(Accession number: P34096) protein sequences were retrieved
from Uniprot to locate the rare variants of mutated residues.
After excluding the N-terminal 24 amino acids from ANG
and 28 amino acids from RNASE4 corresponding to the signal
peptide sequence (not part of the mature protein), the six
resulting rare variants (two in ANG and four in RNASE4) were
mapped and used subsequently (Table 1). The ANG and
RNASE4 rare variants along with their nucleotide change and
allele frequency information are presented in Table 1.

Fig. 1 Rare variants of ANG and RNASE4 identified from the ALS
patients. a Cartoon represented structure of Human Angiogenin (PDB
entry: 1B1I) showing the two rare variants T11S and R122H. Rare
variants are labelled and shown in stick models in grey color. b

Cartoon represented structure of Human Ribonuclease 4 (PDB
entry: 1RNF) showing the four rare variants D2E, N26K, T79A
and G119S. Rare variants are labelled and shown in stick models
in grey color

Fig. 2 Root mean square deviation (RMSD) profiles of ANG and
RNASE4 rare variants. Plots showing the backbone RMSD profiles
of wild-type ANG, wild-type RNASE4 and rare variants during the
course ofMD simulations. RMSD values of the backbone atoms obtained
from the respective equilibrated conformations of the variants are

computed and shown. RMSD profiles of wild-type ANG, T11S-ANG,
R122H-ANG, wild-type RNASE4, D2E-RNASE4, N26K-RNASE4,
T79A-RNASE4 and G119S-RNASE4 are shown with their respective
color legends
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Prediction of pathogenicity and physicochemical
properties from in silico tools

In recent years, several methods have been developed to de-
termine the effect of mutations on proteins and their function.
These approaches are mainly based on physical and chemical
properties of amino acids and their side chains (Mueller et al.
2014). In this study, we aimed at assessing the pathogenicity
of rare variants through a combination of different prediction
tools available at Variant Effect Predictor (VEP) webserver
(McLaren et al. 2010). We predicted the effect of the muta-
tions using the several widely used such as SIFT, PolyPhen
2.0, Mutation Assessor, Mutation Taster, Condel, LRT and
PROVEAN (Table 2) (Ng and Henikoff 2003; Adzhubei
et al. 2010; Reva et al. 2011; Schwarz et al. 2014; González-
Pérez and López-Bigas 2011; Chun and Fay 2009; Choi and
Chan 2015). Briefly, SIFT (sorting intolerant from tolerant)
uses sequence homology based on the conceivability value
(value<0.05; deleterious and value>0.05; tolerated) to predict
the effect of amino acid substitution on protein function
whereas PolyPhen 2.0 uses a combination of structural and
sequence features using naïve Bayesian classifier with posi-
tion specific independent count (PSIC) to differentiate a mu-
tation as likely damaging (PSIC 0.85–1), possibly damaging
(PSIC 0.02–0.85) and benign (PSIC 0–0.02). The LRT_pred
(Likelihood ratio test) identifies a subset of deleterious muta-
tions that disrupt highly conserved amino acids within
protein-coding sequences, where lower scores represent more
deleterious mutations. Mutation Assessor predicts the func-
tional impact of amino acid substitutions in proteins using
evolutionary conservation of the affected amino acid in pro-
tein homologs and gives a prediction as either ‘neutral’, ‘low’,
‘medium’ and ‘high’, where variants with higher scores are

more likely to be deleterious. Mutation Taster uses Bayes
Classifier to classify a mutation as deleterious or neutral,
where value close to 1 indicates a high ‘security’ of the pre-
diction. PROVEAN (Protein Variation Effect Analyzer) pre-
dicts whether an amino acid substitution or indel has an im-
pact on the biological function of a protein, where a
score ≤ −2.5 classifies a mutation to be “deleterious”
and score > −2.5 classifies it to be “neutral”. Condel
(Consensus deleteriousness score of missense mutations) uses
a weighted average of the normalized scores of the individual
methods (WAS), where the scores of different methods are
weighted using the complementary cumulative distributions
of approximately 20.000 missense single nucleotide polymor-
phisms (SNPs), both deleterious and neutral. VEP also pro-
vides the data for variants from dbNSFP and therefore, we
used the dbNSFP functional prediction tool on VEP for gen-
erating individual scores for each of the filtered variant for the
tools: Mutation Assesor, Mutation Taster, LRT and
PROVEAN. Finally, we generated a consensus score for the
listed variants using Condel tool at VEP web interface. For
understanding the physicochemical and structural properties
due to rare variants, the HOPE server, an automatic mutant
analysis server that accumulates and merges information from
a series of web-servers and databases was used to provide
further insights (Venselaar et al. 2010).

Modeling of mutant proteins and all-atom MD
simulations

The X-ray crystal structures of human ANG and human
RNASE4 with Protein Data Bank (PDB) entries 1B1I and
1RNF respectively were obtained and used as the starting
structures for MD simulations (Leonidas et al. 1999;

Table 2 Prediction of pathogenicity of ANG and RNASE4 rare variants using in silico tools

ANG/RNASE4 rare variant SIFT PolyPhen 2.0 LRT_pred Mutation Assessor Mutation Taster PROVEAN Condel

T11S-ANG T (0.76) B (0) U (0.28) M (2.6) N (1) N (−0.92) N (0)

R122H-ANG* D (0.02) B (0) U (0.04) N (0) N (1) N (−0.21) N (0.38)

D2E-RNASE4 T (1) B (0) N (0.59) N (−0.22) N (1) N (1.95) N (0)

N26K-RNASE4* D (0.02) D (0.9) D (0) M (2.98) N (0.71) D (−5.42) D (0.74)

T79A-RNASE4* D (0.01) D (0.63) D (0) H (3.96) D (0.99) D (−4.7) D (0.62)

G119S-RNASE4 T (0.07) B (0.04) N (0.91) N (0.48) N (1) N (0.49) N (0.32)

*Results suggesting pathogenicity are marked in bold

SIFT: D =Deleterious, T = Tolerated

PolyPhen 2.0: D = Possibly damaging, B=Benign

LRT: D =Deleterious, N=Neutral, U=Unknown

Mutation Assessor: H=High, M =Medium, N=Neutral

Mutation Taster: D =Disease causing, N = polymorphism

PROVEAN: D =Deleterious, N=Neutral

Condel: D =Deleterious, N=Neutral

Metab Brain Dis (2019) 34:1661–16771664



Terzyan et al. 1999). Disulphide bonds in ANG formed be-
tween residues Cys26-Cys81, Cys39-Cys91 and Cys57-
Cys107 and in RNASE4 formed between residues Cys57-
Cys107, Cys64-Cys71, Cys25-Cys81 and Cys39-Cys92 were
processed according to AMBER protocols. The N-terminal
signal peptide sequence that is not part of the mature protein
was removed fromANG and RNASE4 structures and in silico
mutagenesis was performed. The T11S and R122H-ANG, and
D2E, N26K, T79A and G119S-RNASE4 variant structures
were modelled by mutating the source residues with desired
amino acids while keeping the secondary structures intact.
The wild-type structures of ANG and RNAE4 along with
variant structures were subjected to addition of Hydrogen
atoms and subsequently solvated in an octahedral box of
TIP4P-Ew water model with ∼10 Å distance between the pro-
tein surface and box boundary (Horn et al. 2004). Following
solvation, each system was electrostatically neutralized by
adding Cl- counter ions. Simulations were carried out using
the SANDER module of AMBER 14 package with ff14SB
forcefield (Case et al. 2014;Maier et al. 2015). A standard step
comprising 2500 steps of steepest decent followed by 1000
steps of conjugate gradient energy minimization to eliminate
van der Waals contacts, followed by a gradual heating from 0
to 300 K in 200 ps and constant temperature equilibration at
300 K for 1000 ps was employed for all MD simulations.
Subsequently, 150 ns production run each for wild-type
ANG, wild-type RNASE4, T11S-ANG, R122H-ANG, and
D2E-RNASE4, N26K-RNASE4, T79A-RNASE4 and
G119S-RNASE4 variants were carried out for a total of
1.2 μs with periodic boundary conditions at 300 K with
Berendsen temperature coupling and a constant pressure of
1 atm with isotropic molecule-based scaling (Berendsen
et al. 1984). All covalent bonds containing hydrogen atoms
were fixed using SHAKE algorithm and long range electro-
static forces were calculated using particle-mesh Ewald
(PME) (Ryckaert et al. 1977; Essmann et al. 1995). The pro-
tonation states of the pH-sensitive residues were kept default
as described before and the stabilization of energy and the root
mean square deviations (RMSD) of the wild-type ANG, wild-
type RNASE4 with rare variants were analysed by sampling
the coordinates of the trajectory at every 1 ps. Structural and
dynamic analyses of the MD simulated trajectories was car-
ried out using CPPTRAJ module of AMBER 14 (Roe and
Cheatham 2013).

Molecular docking simulations

Molecular docking simulations were performed using
AutoDock 4.2 software suite (Morris et al. 1998; Huey et al.
2007). Snapshots from T11S-ANG, N26K-RNASE4 and
T79A-RNASE4 rare variants with native and altered His114
and His116 conformations respectively were extracted from
the MD trajectories and subsequently used for docking. The

R122H-ANG, D2E-RNASE4 and G119S-RNASE4 variants
which didn’t exhibit any conformational change of catalytic
His114 or His116 duringMD simulations were treated asWT-
ANG and WT-RNASE4 and snapshots with only native
His114 and His116 were extracted and used for docking.
Molecular docking of the extracted snapshots were carried
out with ligand molecule NCI-65828, retrieved from NCBI-
PubChem Compound database [PubChem: 5351857], which
is a known inhibitor of ribonucleolytic activity. A standard
docking protocol as described before was followed where
Hydrogen atoms were added to the extracted proteins for cor-
rect ionization and then tautomeric states of the amino acids
and non-polar hydrogens were merged. Charge assignment
and solvation parameters to the proteins and ligand were pre-
pared by Kollman united atom charges and Gasteiger charges
respectively and converted to PDBQT format afterwards. For
the docking simulations, Lamarckian Genetic Algorithm with
a population size of 150 dockings was used and 2.5 million
energy evaluations were carried out and remaining parameters
including crossover rate and mutation rate were kept default.
The grid size of 80 × 80 × 80 centered on the protein with a
default grid point spacing of 0.375 Å was used for search
space and next, pre-calculated grid maps that store the grids
of interaction energy were obtained using AutoGrid. The re-
sults were then clustered into bins of similar conformations
based on root mean square deviation and orientation, and
docking logs were analysed using the AutoDockTools
(ADT) 1.5.4 (Sanner 1999).

Solvent accessible surface area

The nuclear translocation activity of wild-type ANG, wild-
type RNASE4, T11S-ANG, R122H-ANG, and D2E-
RNASE4, N26K-RNASE4, T79A-RNASE4 and G119S-
RNASE4 variants was evaluated by computing the solvent
accessible surface area of 31RRR33 residues for ANG and
30QRR32 residues for RNASE4. The VolArea: a Visual
Molecular Dynamics (VMD) Plug-in was used to compute
the accessible surface areas from the MD trajectories of
wild-type and rare variants (Ribeiro et al. 2013; Humphrey
et al. 1996). A default probe radius of 1.4 Å was used for
the calculation of accessible surface areas.

Graphics and rendering

All relevant figures were rendered and generated using
PyMOL (http://www.pymol.org) and VMD. The HBonds
plugin of VMD was used for the calculation of Hydrogen
bonds (H-bond) and percentage H-bond occupancy.
Cytoscape was used to visualize the H-bond interactions and
networks (Shannon et al. 2003).

Metab Brain Dis (2019) 34:1661–1677 1665
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Results

In this study, we analysed the rare variants of ANG and
RNASE4 identified from ALS patients and catalogued in
Project MinE consortium, whose goal is to systematically se-
quence and map full DNA profiles of at least 15,000 ALS
patients and 7,500 control subjects to perform comparative
analyses. As most of the variants in ANG and RNASE4 cause
ALS through loss of ribonucleolytic or nuclear translocation
or both these activities, our goal here was to examine if any of
the Project MinE derived ANG and RNASE4 rare variants
would result in loss-of-functions and held responsible being
the causal mechanism for ALS. To achieve this, we first used a
series of in silico tools to predict the pathogenicity of the rare
variants and subsequently carried out 1.2 μs MD simulations
to examine the structural and dynamic changes of the catalytic
triad and nuclear localization signal residues accountable for
ribonucleolytic and nuclear translocation activity respectively.

Assessment of pathogenicity of rare variants
by in silico tools

Initial assessment of the pathogenicity of the rare variants was
carried out using a number of popular web-tools and servers.
Out of the six rare variants in total, while SIFT predicted
T79A-RNASE4, N26K-RNASE4 and R122H-ANG variants
as deleterious, PolyPhen 2.0 that uses sequence homology as
well as structural information, predicted only the N26K-
RNASE4 and T79A-RNASE4 variants as “possibly damag-
ing” and “probably damaging” respectively (Table 2). On the
other hand LRT_pred and PROVEAN both predicted the
N26K-RNASE4 and T79A-RNASE4 as the only rare variants
to be pathogenic. Interestingly, Condel which uses results
from both MutationAssessor and FATHMM predicted
N26K-RNASE4 and T79A-RNASE4 variants as deleterious
in agreement with most other methods. Overall, our collective
analyses of the rare variants by several in silico methods sug-
gested that N26K-RNASE4, T79A-RNASE4 and R122H-
ANG variants were possibly damaging by unfavourably af-
fecting the structure and function of ANG and RNASE4.

Impact of rare variants on physicochemical properties
of wild-type ANG and RNASE4

Next, the impact of missense variants on the structure and
physicochemical properties of ANG and RNASE4 has been
investigated using HOPE server. The following properties
were analysed after substitutions of the source residues with
the mutated ones to obtain a meaningful interpretation.

i. Contact made by the mutated residues: Analysis of the
residue-residue contact revealed that the D2E-RNASE4,
G119S-RNASE4 and R122H-ANG variants did not make

contact with the catalytic residues and residues important for
disulphide bond formation. However, the N26K-RNASE4
variant was found to be located very close to Cys25 residue
that forms disulphide bondwith Cys81, and hence theN26K
variant could affect bond formation. Further Asp26 formsH-
bondwith Tyr94 and thus a substitutionwith Lys26 inN26K
may obstruct the H-bond with Tyr94. The other important
mutant is T79A-RNASE4, where Thr79 forms H-bonds
with Gly20, His47 and His48, and its substitution with hy-
drophobic Ala79 is expected to affect H-bond with critical
residues in its vicinity. In the case of T11S-ANG, Ser11 is
unlikely to favour H-bond with Thr31 as Thr11 does.
Further, being a proximal residue to catalytic His13, substi-
tution of Thr11 in T11S may not facilitate the preferred
catalytic conformation of ANG, and thus affecting its
ribonucleolytic activity. Analysis of residue-residue contact
analyses suggest that N26K-RNASE4, T79A-RNASE4 and
T11S-ANG variants will disrupt the critical H-bonds, di-
sulphide bonds and catalytic residue conformations in their
respective mutant structures and could negatively affect their
ribonucleolytic activities.

ii. Conservation: Analysis of the conservation profile re-
vealed that in D2E and N26K and G119S-RNASE4 var-
iants, the mutant residues Asp2, Lys26 and Ser119 are
observed more often at these positions in other homolo-
gous sequences, suggesting that they are unlikely to alter
the structure and function of the proteins. However, in the
case of T79A-RNASE4, while Thr79 is highly conserved,
neither the mutated residue Ala79 nor another hydropho-
bic residue has been observed at this position in other
homologous sequences, suggesting this mutation will
probably have an adverse effect on its structure and func-
tion. In T11S-ANG, the wild-type residue is not con-
served at this position and another residue type not similar
to Ser11 was observed more often at this position in other
homologous sequences, suggesting this mutation to have
a detrimental role in its structure and function. However,
for R122H-ANG, it was found that along with
Arginine, certain other residues were found in this
position different from Histidine, suggesting this
mutation may be tolerated.

Overall, analysis of physicochemical properties for the rare
ANG and RNASE4 variants suggested that T11S-ANG,
N26K-RNASE4 and T79A-RNASE4 variants could affect
the physicochemical properties of the mutant proteins ulti-
mately affecting their structure and function.

MD simulation based structural, dynamic and stability
analysis

The structural and dynamic attributes fromMD simulations of
all the rare variants were investigated to examine if they

Metab Brain Dis (2019) 34:1661–16771666



exhibit loss of ribonucleolytic and nuclear translocation activ-
ities. Different computational control experiments were per-
formed to validate the time scale of the MD simulations and
the conformational switching of catalytic residue His114 and
His116 in ANG and RNASE4. As described in our recent
reports (Padhi et al. 2012, 2019), the 150 ns time period sim-
ulation for each variant was validated by rotating the catalytic
residue His114 in wild-type ANG and His116 in wild-type
RNASE4 and the altered structures when subjected to MD
simulations, it was found that His114 and His116 ac-
quire their native conformations and continued to be in
the native state thereafter indicating their most
favourable energetic conformation (Supplementary
Information Fig. 2). Next, the conformational switching
of His114 and His116 observed in T11S-ANG, N26K-
RNASE4 and T79A-RNASE4 variants was validated,
where snapshots of T11S, N26K and T79A variants
with altered His114 and His116 conformations respec-
tively were extracted from MD trajectories, the variant
sequence was then mutated back to wild-type and a fresh set
of MD simulations were carried out. Interestingly, we found
that catalytic His114 and His116 returned to their native con-
formations and maintained in those states afterwards. Our pre-
vious reports (Padhi et al. 2012, 2019), along with the present
control experiments demonstrating the reliability and time
frames of the MD simulations strongly indicate that our sim-
ulation models are accurate enough to carry out subsequent
prediction and analyses.

Next, the effect of missense variations on stability was
examined during the course of MD simulations. Backbone
RMSDs of the ANG and RNASE4 variants were determined
using CPPTRAJ and it was found that T79A-RNASE4 and
N26K-RNASE4 variants experienced higher deviations as
compared to other variants. The R122H-ANG variant exhib-
ited a dip in RMSD at about 95 ns but stabilized afterwards.
Overall, after 110 ns of MDs, RMSDs of all the variants con-
verged and exhibited nearly similar profile to wild-types
(Fig. 2).

Ribonucleolytic activity of ALS associated ANG
and RNASE4 rare variants

One of the critical functions of ANG and RNASE4 is the
ribonucleolytic activity that is governed by the catalytic triad
residues His13, Lys40 and His114 in ANG and by residues
His12, Lys40 and His116 in RNASE4 (Supplementary
Information Fig. 1). As the conformational fluctuations of
these catalytic residues are important for their ribonucleolytic
activity, we first visualized the structural and dynamic changes
of the catalytic residues for wild-type and all the rare variants
from each of the 150 ns MD simulated trajectories. Upon
examination, it was found that only the T11S-ANG and
N26K-RNASE4 and T79A-RNASE4 variants undergo a

characteristic conformational switching of His114 in ANG
and His116 in RNASE4 (Fig. 3). The other variants such as
D2E-RNASE4, G119S-RNASE4 and R122H-ANG did not
display any conformational alterations and behaved sim-
ilar to wild-types. Conformational alteration of the var-
iants at the start of the simulation and one during the
course of MD simulations are shown in Fig. 3. This
conformational alteration of His114 in ANG and
His116 in RNASE4 was quantified by computing the
HA-CA-CB-CG dihedral angle during the MD simula-
tions. It was observed that while the T11S-ANG, N26K-
RNASE4 and T79A-RNASE4 variants exhibited a
change in dihedral angle from the mean − 80° position
to −179° during the simulations, the remaining variants
D2E-RNASE4, G119S-RNASE4 and R122H-ANG be-
haved similar to wild-types, possibly retaining their
ribonucleolytic activities (Fig. 4). Interestingly, a nearly
similar shift in dihedral angle of His114 and His116
was observed for T11S-ANG and N26K-RNASE4,
T79A-RNASE4 variants indicating that they may exhibit
a partial loss of ribonucleolytic activity.

Molecular docking simulations to ascertain loss
of ribonucleolytic activity

Molecular docking experiments were carried out to ascertain
if the conformational switching of the catalytic residue His114
in T11S-ANG and His116 in N26K-RNASE4 and T79A-
RNASE4 are indeed responsible for loss of ribonucleolytic
activity. Our previous findings using computational and ex-
perimental characterization have effectively demonstrated that
the conformational switching of catalytic residue His114 or
His116 is responsible for the loss of ribonucleolytic activity in
ANG or RNASE4 variants respectively. In this study,
we were intrigued if the similar conformational changes
of His114 or His116 observed in T11S-ANG and N26K-
RNASE4, T79A-RNASE4 would play a role in loss of
ribonucleolytic activity. Our docking results from the
extracted snapshots of the variants with native and al-
tered His114 and His116 conformations docked against
NCI-65828, a potent inhibitor of ribonucleolytic activity,
revealed that in T11S-ANG and N26K-RNASE4 and
T79A-RNASE4, the HD1 atom of His114 and His116
failed to form salt bridge and hydrogen bond interac-
tions with azo-group of NCI-65828 as a result of con-
formational alteration of catalytic Histidine (Fig. 5).
This failed interaction resulted in significantly lower
binding energies compared to wild-type ANG and
RNASE4, and D2E-RNASE4, G119S-RNASE4 and
R122H-ANG variants (Table 3). Our docking results
suggested that the conformational switching of His114
and His116 is a molecular level determinant for loss of
ribonucleolytic activity in ANG and RNASE4.
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Nuclear translocation activity of ALS associated ANG
and RNASE4 rare variants

Ribonuclease family of proteins, specifically ANG and
RNASE4 undergo nuclear translocation using their nuclear
localization signal comprising residues 29IMRRRGL35 (in
ANG) and 28MMQRRKM34 (in RNASE4) respectively.
Among the nuclear localization signal residues, it has been
established that the 31RRR33 residues are extremely important
for the nuclear translocation in ANG. Through our earlier
studies, we have succinctly shown that the conformational
dynamics of 31RRR33 residues in ANG and 30QRR32 residues
in RNASE4 determine the fate of nuclear translocation
activity. Therefore, we analysed the structural and con-
formational dynamics of 31RRR33 and 30QRR32 residues
from our MD trajectories of the variants. We observed
that none of the variants displayed a local folding and

close packing of 31RRR33 and 30QRR32 residues unlike
some of the well-established ANG and RNASE4 vari-
ants exhibiting loss of nuclear translocation activity
(Fig. 6). We quantified the accessible surface area for
all the variants and found that these exhibited higher
accessible surface area profiles similar to wild-type pro-
teins. The open conformation and loose packing of
31RRR33 and 30QRR32 residues, suggest that none of
the rare variants would lose their nuclear translocation activity
(Fig. 7).

Discussion

Disease causing power of rare genetic variations cannot be
downplayed because of their increased burden on susceptibil-
ity of complex diseases such as ALS. One of the largest

Fig. 3 Conformational
switching of catalytic His114
and His116 in ANG and
RNASE4 rare variants. Two
snapshots of T11S-ANG, N26K-
RNASE4 and T79A-RNASE4
variants showing the native, sta-
ble His114 and His116 confor-
mations at the start of production
phase (left) and exhibiting a
characteristic conformational
switching of catalytic residue
His114 and His116 during the
simulations. Conformational
switching of catalytic His114 and
His116 is shown by black arrow
and highlighted in red dotted
circle
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GWAS study performed by Du et al. on 12,577 ALS cases and
23,475 controls revealed an important role of low-frequency
variants in increasing the overall risk of ALS (Du et al. 2018).
Till date the GWAS studies have primarily focused on com-
mon variations (MAF > 1%), thereby leaving the identified
rare and low frequency variants untested. To establish the
genetic basis of diseases like ALS, there is an exigent need
to analyze the rare variants in cases with and without a
family history. These rare variants could be tolerating
variants but when combined with other variants they
would be exerting synergistic deleterious effect (Cady et al.
2015; Pang et al. 2017).

Over the last decades, substantial efforts have been made
on the identification of novel genetic variants and gain mech-
anistic insights into their role in motor neuron degeneration.

Thanks to these discoveries, several reports have demonstrat-
ed that RNA processing pathway plays a vital role in ALS
pathophysiology (van Blitterswijk and Landers 2010). In the
loss-of-function category, ANG appears as one of the fre-
quently mutated genes associated with ALS (Greenway
et al. 2004, 2006; Wu et al. 2007; Thiyagarajan et al. 2012).
Missense mutations in ANG cause loss of either
ribonucleolytic activity or nuclear translocation activity or
both of these functions leading to the development of ALS
(Greenway et al. 2004, 2006; Padhi et al. 2014a, b, 2018,
2012, 2013a, b, 2019; Wu et al. 2007; Thiyagarajan et al.
2012). Our research and those carried out by Wu et al. have
shown that loss-of-function is a characteristic feature of ANG
and RNASE4 variants causal for ALS (Padhi et al. 2014a, b,
2018, 2012, 2013a, b, 2019; Wu et al. 2007; Thiyagarajan

Fig. 4 Computed HA-CA-CB-CG dihedral angle of His114 and
His116 in ANG and RNASE4 rare variants. Computed HA-CA-CB-
CG dihedral angles of catalytic residue His114 in ANG variants and
His116 in RNASE4 variants as a function of time are shown. Catalytic
residue His114 in (B) T11S-ANG and His116 in (F) N26K-RNASE4 and

(G) T79A-RNASE4 changed their conformation from −80° during the
simulations, resulting in dihedral angle shift, while the (C) R122H-ANG,
(E) D2E-RNASE4 and (H) G119S-RNASE4 variants retained their native,
stable His114, His116 conformation and behaved similar to (A) wild-type
ANG and (D) wild-type RNASE4 as seen from the simulated trajectories
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et al. 2012; Li et al. 2013). Although the loss-of-function
mechanisms of ALS causing variants of ANG and RNASE4
have been well studied (Padhi et al. 2014a, b, 2018), efforts to
understand the impact of rare variants of ANG and
RNASE4 are not considered markedly. This encouraged
us to investigate the loss-of-function mechanisms of yet
to be revealed rare variants of ANG and RNASE4
catalogued in Project MinE in order to have a clear
picture of functional loss mechanisms and ALS associ-
ation. Our comprehensive study employing physico-
chemical features and MD simulations for the six
uncharacterized ANG and RNASE4 rare variants
showed that three of the variants (T11S-ANG, N26K-
RNASE4 and T79A-RNASE4) would result in loss of
ribonucleolytic activity due to conformational fluctuation
of catalytic Histidine and being associated with ALS.
Specifically, the N26K-RNASE4 variant is present only
in patients and is absent in controls, thereby indicating a
pathogenic role of this variant in ALS. Furthermore, the
other two variants T11S-ANG and T79A-RNASE4 are
present at extremely low frequency in controls and are

predicted to be pathogenic by our analyses, suggesting
their role as risk factors in ALS manifestation.

Fig. 5 Lowest-energy
molecular docking poses of
ANG and RNASE4 rare
variants with NCI-65828. Stereo
views lowest-energy AutoDock
poses of T11S-ANG, N26K-
RNASE4 and T79A-RNASE4
variants with NCI-65828. The
backbone of ANG and RNASE4
is shown in blue colour along
with their catalytic His114 and
His116 residues shown as stick
model. The hydrogen bond be-
tween the azo-group of the inhib-
itor and His114/His116 is shown
in red dashed line. In T11S-ANG,
(a) the hydrogen bond can be ob-
served in the native His114 con-
formation while in (b) the altered
conformation of His114 resulted
in termination of hydrogen bond
interaction. In N26K-RNASE4
and T79A-RNASE4, (c and e) the
hydrogen bond formed can be
observed in the native conforma-
tion of His116 while in (d and f)
the hydrogen bond interaction
was found to be absent in the al-
tered conformation of His116

Table 3 Computed binding energies between wild-type ANG, wild-
type RNASE4 and rare ANG and RNASE4 variants docked against
NCI-65828

AutoDock binding energy scores

ANG/RNASE4 proteins Native His114/
His116 conformation

Altered His114/
His116 conformation

Wild-type ANG −8.78 kcal/mol

T11S-ANG* −7.73 kcal/mol −4.09 kcal/mol

R122H-ANG −7.78 kcal/mol

Wild-type RNASE4 −8.97 kcal/mol

D2E-RNASE4 −8.68 kcal/mol

N26K-RNASE4* −8.45 kcal/mol −5.33 kcal/mol

T79A-RNASE4* −8.63 kcal/mol −5.16 kcal/mol

G119S-RNASE4 −8.66 kcal/mol

*ANG and RNASE4 variants that exhibit conformational switching of
catalytic His114 and His116 respectively
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Fig. 6 Conformation of
31RRR33 and 30QRR32 residues
from MD simulations of ANG
and RNASE4 rare variants.
Observed loose packing and open
conformation of 31RRR33 and
30QRR32 residues during MD
simulations of ANG and
RNASE4 variants resulting in
higher solvent accessible surface
areas
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Ribonucleolytic activity of rare ANG and RNASE4
variants

As the catalytic triad residues His13, Lys40 and His114 in
ANG and His12, Lys40 and His116 are responsible for
ribonucleolytic activity in ANG and RNASE4 respectively,
we initially visualized their conformational dynamics from
MD simulated trajectories and observed that among the cata-
lytic triad residues in ANG and RNASE4, only His114 and
His116 undergoes a characteristic conformational switching
in ANG and RNASE4 during the simulations. This behaviour
was found in the T11S variant of ANG and N26K, T79A
variants of RNASE4 (Fig. 3). The remaining variants such
as D2E-RNASE4, G119S-RNASE4 and R122H-ANG be-
haved like the wild-type proteins. Our atomic level

quantification of the HA-CA-CB-CG dihedral angle of
His114 and His116 clearly reflected the conformational
switching where dihedral angle of His114 and His116 shifted
from the −80° to −179° for the T11S-ANG, N26K-RNASE4
and T79A-RNASE4 variants (Fig. 4). This gave us an initial
impression that probably these variants would retain on-
ly partial ribonucleolytic activity as certain ANG vari-
ants have been previously shown similar dihedral angle
profile resulting in partial loss of activity (Padhi et al.
2014a, b, 2018; Wu et al. 2007). A stable and wild-type
like behaviour of D2E-RNASE4, G119S-RNASE4 and
R122H-ANG variants however suggested that these sub-
stitutions are probably not strong enough to induce a
conformational change of catalytic Histidine and in loss
of ribonucleolytic activity.

Fig. 7 Solvent accessible surface areas for ANG and RNASE4 rare
variants. Computed solvent accessible surface areas of 31RRR33 and
30QRR32 residues from explicit-solvent MD simulations of ANG and
RNASE4 rare variants. All the ANG variants (B) T11S-ANG and (C)
R122H-ANG possessed solvent accessible surface areas comparable to
(A) wild-type ANG and the RNASE4 rare variants (E) D2E-RNASE4,

(F) N26K-RNASE4, (G) T79A-RNASE4 and (H) G119S-RNASE4 pos-
sessed accessible surface areas comparable to (D) wild-type RNASE4,
suggesting they would retain their nuclear translocation activities. Solvent
accessible surface areas of 31RRR33 and 30QRR32 residues are represent-
ed in black, red and blue colour respectively
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Our molecular docking results further supported these re-
sults where we observed that altered His114 or His116 confor-
mation resulted in failure of H-bond or salt bridge interactions
with the azo-group of NCI-65828 – a known inhibitor of
ribonucleolytic activity (Fig. 5). Further, the T11S-ANG,
N26K-RNASE4 and T79A-RNASE4 variants exhibited con-
siderably lower binding energy compared to wild-type and
other variants retaining the native His114 or His116 conforma-
tions (Table 3). A close inspection of the T11S-ANG, N26K-
RNASE4 and T79A-RNASE4 variants further revealed that
they possess conserved H-bond interaction paths Ser11-
Arg33-Ile29-Tyr25-Asp15-Ile46-His13-(Thr44|Leu115)-
Gln117-Asp116-His114, Lys26-Asp22-Arg95-Arg82-Asp80-
Thr44-Asp118-His116 and Ala79-Phe45-Asn43-Thr44-
Asp118-His116 that induce the His114 and His116 conforma-
tional switching in ANG and RNASE4 variants respectively
(Supplementary Information Fig. 3).

Nuclear translocation activity of rare ANG
and RNASE4 variants

Previous studies including recent reports from us have
shown that ANG and RNASE4 use their nuclear locali-
zation signal 29IMRRRGL35 and 28MMQRRKM34 for
translocation into nucleus in HUVEC and P19 cells (Wu
et al. 2007; Thiyagarajan et al. 2012; Li et al. 2013).
Biochemical and site directed mutagenesis experiments have
effectively shown that among 29IMRRRGL35, ANG typically
uses the three consecutive Arginine residues 31RRR33 for nu-
clear translocation, where R33 is essential for the activity and
31RR32 modulate it (Moroianu and Riordan 1994; Moroianu
and Riordan 2006). Similar to ANG’s 31RRR33, RNASE4 also
possesses a signal sequence 30QRR32, present on the protein
surface and largely accessible to solvent. Since our previous
studies have effectively shown that ALS associated ANG and
RNASE4 variants exhibit characteristic conformational
changes in 31RRR33 and 30QRR32 residues respectively, we
examined similar attributes for all the rare ANG and RNASE4
variants. We found that the six rare variant behaved similar to
wild-type proteins and retained an open, loosely packed con-
formation of 31RRR33 and 30QRR32 residues during the MD
simulations, resulting higher accessible surface area profiles
(Figs. 6 and 7). It has been documented in previous reports
that certain ANG variants although identified from ALS pa-
tients, do not lose their ribonucleolytic and nuclear transloca-
tion activities, thereby suggesting although they retain their
neuroprotective activities, they may still be able to cause
ALS due to the presence of different genetic mutations and
other aspects of gene expression such as mRNA processing
(Renton et al. 2014).

Further, we were curious to inspect how our MD simula-
tion based results correlated with the in silico predictions ob-
tained from the widely used methods for the pathogenicity of

the rare ANG and RNASE4 variants. Our collective analyses
from 8 different web-tools and algorithms based on sequence
and structure based features suggested that the N26K-
RNASE4 and T79A-RNASE4 variants could be possibly del-
eterious and may affect the structure and function (Table 2).
Analyses based on physicochemical properties also pointed
out the similar variants to be damaging to the ANG and
RNASE4 proteins. Our simulation results showed that the
not only N26K-RNASE4 and T79A-RNASE4, but the
T11S-ANG variant would also be pathogenic as a result of
loss of ribonucleolytic activity. Our MD simulation based
method presented a comprehensive picture of loss-of-
function mechanisms for ANG and RNASE4 rare variants
and their plausible association with ALS.

Reliability of the MD simulation in predicting
loss-of-function mechanisms of rare ANG and RNASE4
variants

In our previous studies along with a recent report based on
MD simulations and examination of certain structural and
dynamic attributes, we have effectively shown that ANG or
RNASE4 variants lose their ribonucleolytic activity due to a
characteristic conformational alteration of catalytic residue
His114 or His116 (Padhi et al. 2014a, b, 2018). These results
were later corroborated completely with functional assay ex-
periments and demonstrated the strength and reliability of our
MD simulation approach (Table 4). Here, our goal was to
investigate if any of the Project MinE documented rare
ANG and RNASE4 variants would lose their ribonucleolytic
or nuclear translocation activity. Our comprehensive analyses
of all the rare ANG and RNASE4 variants showed that T11S-
ANG, N26K-RNASE4 and T79A-RNASE4 variants would
lose their ribonucleolytic activity due to conformational
switching of catalytic His114 and His116 residue.
Interestingly, theMD simulation results are in good agreement
with the predictions from several widely used web-tools and
methods. In a nutshell, the close match between previously
reported MD simulations results corroborated with experi-
ments indicates that our method comprising physicochemical,
structural and dynamic characterization are reliable to be ac-
countable for loss of ribonucleolytic activity in ANG and
RNASE4 rare variants.

Conclusions

It is established that low-frequency rare variants play an im-
portant role in disease susceptibility such as ALS as a result of
rapid population growth and weak purifying selection.
Although the structure-function-disease relationship of the
rare variants needs to be established through a multidisciplin-
ary approach involving in vitro and in vivo studies, extensive
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in silico analyses and characterization by combining
biologically-relevant long time-scale simulations will be im-
mensely useful to shortlist potential rare variants for follow-up
experiments and clinical studies. The computational approach
presented here along with the one employed and tested in our
previous studies serves as a unified methodology for high-
throughput screening of novel variants from ribonuclease su-
perfamily, followed by their association with ALS susceptibil-
ity. Work is under way to expand the computational method-
ology to other important family of proteins associated with
ALS, which will be crucial in bridging the gap between var-
iant identification, characterization and ALS development
through an understanding of molecular mechanisms of disease
pathophysiology.
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