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Abstract
Neurexin1 gene is essential for formulating synaptic cell adhesion to establish synapses. In a previous work, 38 SNPs in 
Neurexin1 recoded in mental disorder patients have been collected. Five computational prediction tools have been used to 
predict the effect of SNPs on protein function and stability. Only four SNPs in Neurexin1α have deleterious prediction results 
from at least four tools. The current work aims to use molecular dynamic simulation (MD) to study the effects of the four 
mutations on Neurexin1α both on the whole protein as well as identifying affected domains by mutations. A protein model 
that consists of five domains out of six domains in the real protein was used; missing residues were added, and model was 
tested for quality. The MD experiment has last for 1.5 μs where four parameters have been used for studying the whole protein 
in addition to three more parameters for the domain analysis. The whole protein study has shown that two mutations E427I 
for Autism and R525C for non-syndromic intellectual disability (NSID) have distinctive behavior across the four used param-
eters. Domain study has confirmed the previous results where the five domains of R525C have acted differently from wild 
type (WT), while E427I has acted differently for four domains from wild type. The other two mutations D104H and G379E 
have three domains that only acted differently from wild type. The fourth domain of all mutations has an obvious distinctive 
behavior from wild type. Further study of E427I and R525C mutations can lead to better understanding of autism and NSID.
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Introduction

Neurexin1 is a member of the neurexins family, which con-
tains 3 members, and together they represent 0.1% of the 
human genome where Neurexin1 has the smallest length with 
112,039 bp (Rowen et al. 2002). The sequence of this group 
is producing more than 1000 gene isoforms due to alternative 
splicing technique (Ullrich et al. 1995). A common feature 
between these genes is the production of two forms of the 
same gene which are the shorter β form and the longer α 

form. Neurexin1 is the first member in this group where α 
form is consisting of 23 exons numbered 1–23, while β form 
has the last 6 exons of α form which are 18–23. Neurexin1α 
form has 5 splice sites SS1-SS5, while β form has the last 
two splice sites SS4 and SS5 (Rowen et al. 2002; Reissner 
et al. 2013). The promoter of the β form is found within the 
intron just by the end of α form (Missler et al. 1998a).

Neurexin1α protein consists of six 1–6 laminin neurexin 
sex (LNS) hormone binding domains, three 1–3 epidermal 
growth factor-like (EGF), signal peptide (SP), and trans-
membrane region (TM). The structure of the protein has 
three repeats; each repeat consists of two LNSs flanked by 
one EGF (Fig. 1) (Shen et al. 2008; Missler et al. 1998a).

Non-synonymous single nucleotide polymorphisms 
(nsSNP) of Neurexin1α and β forms have been reported in 
many studies especially those concerned with mental disor-
ders. nsSNPs found in autistics have been reported in Persico 
and Napolioni (2013), Tordjman et al. (2017), and Tromp 
et al. (2021) and high concentration of nsSNP in SP region 
of Neurexin1β (Feng et al. 2006). Also Neurexin1 nsSNPs 
have been reported as a possible risk gene for schizophrenia 
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(SCZ) (Rujescu et al. 2008; Gauthier et al. 2011; Tromp 
et al. 2021). Recently a study has investigated the relation 
between nsSNP in Neurexin1 as a possible risk for suicide 
death (William et al. 2021).

Molecular dynamics (MD) simulation is a technique that 
uses computer capabilities of high calculations to build a 
model for simulating molecules and atoms behavior under 
different conditions. MD has been used to study differ-
ent molecular systems covering a large area of interest 
(Ryckbosch et al. 2017; Perilla and Schulten 2017; Hunter 
et al. 2018; Nadvorny et al. 2018).

MD has been widely used in identifying the effect of muta-
tions on protein behavior and its association with diseases.  
The study of the two mutations in STN1 gene which are 
R135T and D157Y and their association with Coat Plus (CP) 
syndrome has been confirmed by running 100-ns all-atom MD 
(Amir et al. 2019). Shank3 protein binds to SAPAP protein, 
and this complex plays an important role in the formation of 
excitatory synapse and its plasticity. Mutations in both Shank3 
and SAPAP are associated with some neurological diseases. 
The study of the mutation’s effects on the binding of the two 
proteins was performed by MD experiment, which leads to 
better understanding of the basis on the molecular level of  
their binding (Piao et al. 2019). Another MD experiment was 
performed to study the effect of mutations in CA2 enzyme 
which lead to CA2-inherited enzyme deficiency disorder 
causing mental retardation and growth problems, among many 
other symptoms (Shaik et al. 2020). The appearance of Corona-
virus pandemic (COVID-19) has led to the use of MD to help in 
the rapid discovery of drugs for this disease (Padhi et al. 2021).  
It represents an important pillar in a chain of steps, including 
molecular docking (Hosseini and Amanlou 2020; Chikhale 
et al. 2020; Kumar et al. 2020). ACE2 enzyme is binding 
to RBD domain to start the infection of SARS-CoV-2. Five 
mutations in RBD domain have studied using MD for 150 ns 
in order to be able to develop SARS-CoV-2 drugs (Dehury 
et al. 2021). Further, one mutation in RBD domain which is 
N501Y has been studied by MD for understanding molecu-
lar causes of increased affinity to hACE2 enzyme associated 
with SARS-CoV-2 (Luan et al. 2021).

The current work aims to use MD to study the effects of 
Neurexin1α mutations on whole protein in order to compare 

the results with the previously used computational tools and 
also to determine which of the five domains are affected by 
the mutations since domains contain binding sites of partner 
proteins and significant changes in their behavior. Changes 
can be an indicator of a possible domain malfunction and 
could be a cause of symptoms of psychiatric and neurologi-
cal diseases such as autism and schizophrenia.

Methodology

Data Set

In a previous work (Hendam et al. 2020), a dataset consists 
of 38 nsSNPs in Neurexin1α and β forms that have been 
collected from different studies. Two groups of computa-
tional tools for predicting the effects of nsSNPs on protein 
have been applied. The first group includes PolyPhen-2 
(Adzhubei et  al.  2010), SIFT (Kumar et  al.  2009), and 
PROVEAN (Choi and Chan 2015) for predicting the effects 
on protein function, while second group includes MUpro 
(Cheng et al. 2005) and I-Mutant 2.0 (Capriotti et al. 2005) 
for predicting the effects on protein stability.

Among the 38 nsSNPs used in the study, a full agreement 
of deleterious results has been achieved in two nsSNPs which 
are Glu715Ile and Arg813Cys as shown in Table 1. Two addi-
tional nsSNPs which are Asp392His and Gly667Glu have a 
full agreement of deleterious results between tools predicting 
the effects on protein function in addition to deleterious results 
of MUpro from the tools predicting the effects on protein sta-
bility as shown in Table 1. All the four nsSNPs have been 
found in Neurexin1α with NCBI gene reference transcript id 
NM_004801.4 with a size of 9368 pb, and the protein refer-
ence transcript id was NP_004792.1 with a length of 1477AA.

The four nsSNPs in Neurexin1α have been reported in 
two different studies and will be subject to more computa-
tional study in the current work to explore more functional 
impacts on the protein. Information about SNPs, such as 
location, SNP ID, found observation in sequenced persons, 
deleterious prediction results of tools, and nsSNPs source of 
the four mutations, are shown in Table 1.

Fig. 1  Structure of Neurexin1α protein
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Method

As mentioned earlier, the four deleterious SNPs existed 
in the Neurexin1α. RCSB database contains PDB file for 
Neurexin1α which is 3poy.pdb and contains 1005 residues. 
Ten residues were missing from 3poy.pdb which are resi-
dues 292, 293, 551, 552, and from 810 to 815. To model 
the protein, including the missing residues SWISS-MODEL 
(Waterhouse et al. 2018) has been used, and the result was a 
model containing 1009 residues.

The resulted model contains five LNS domains starting 
from LNS2 to LNS6 in addition to two EGFs according 
to Swissprot Accession Q9ULB1 of Neurexin1α (Fig. 2). 

In order to map positions of the four SNPs in the model, a 
sequence alignment was conducted between NP_004792.1 
sequence and the model sequence.

The new locations of the SNPs according to the model 
file and SNP abbreviation are summarized in Table 2.

The model was validated using protein structure vali-
dation tool Prochek (Laskowski et al. 1993). Validation 
results have shown that residues in most favored regions 
are 85.6%, residues in additional allowed regions are 
11.6%, residues in generously allowed regions is 2.0%, and 
only 0.8% of the residues were in the disallowed regions 
as shown in Fig. 3A, while the secondary structure of the 
model is shown in Fig. 3B.

Table 1  SNPs information, deleterious prediction results, and SNP source

NSID non-syndromic intellectual disability, SCZ schizophrenia, NR not registered

SNP nucleotide 
position

SNP protein 
position

SNP ID Observation Functional tools Stability tools SNP source

PROVEAN SIFT PolyPhen-2 MUpro I-Mutant2.0

c.1174G > C p.Asp392His NR SCZ or control √ √ √ √ X Gauthier et al. 
(2011)

c.2000G > A p.Gly667Glu NR Autism √ √ √ √ X Gauthier et al. 
(2011)

c.2143G > A p.Glu715Ile NR Autism √ √ √ √ √ Yan et al. (2008)
c.2437C > T p.Arg813Cys rs201150987 NSID √ √ √ √ √ Gauthier et al. 

(2011)

Fig. 2  LNSs and EFGs of Neurexin1α model
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The mutated versions of the protein have been gener-
ated using SWISS PDB Viewer (Guex and Peitsch 1997). 
Figure 4 shows wild type (WT) protein and mutations.

The molecular dynamics simulation was conducted 
using Gromacs (Van Der Spoel et  al.  2005; Pronk 
et al. 2013; Abraham et al. 2015) version 5.1.2. The file 
containing topology parameters of proteins was created 
by the Gromacs program with OPLS-AA/L force field. 
WT and four mutations were sunken in a cubic box of 
water molecules using extended simple point charge model 
(SPCE) water molecule model. Ions of Na + and Cl − have 
replaced water molecules in order to gain neutral system. 
The energy minimization was carried out to make sure that 
there are no clashes in protein geometry with the steepest 
descent minimization algorithm. To keep a steady number 
of pressure at 1 bar and temperature at 300 K, periodic 
boundary condition (PBC) has been implemented. The 
production of MD for WT and mutations was conducted 
for 1.5 μs.

The analysis of the MD results was based on extract-
ing parameters from the MD trajectories. Four parameters 
will be common when conducting whole protein compari-
sons and domain comparisons which are root mean square 
deviation (RMSD), radius of gyration (Rg), number of 
hydrogen bonds (Hbond), and solvent accessible surface 
area (SASA), and three parameters will be used only in 
domain comparisons which are root mean square fluctua-
tion (RMSF), secondary structure prediction using DSSP 
(Dictionary of Secondary Structure for Proteins), and prin-
ciple component analysis (PCA).

The extraction of the parameters has been done by 
GROMACS commands. A consistent color scheme was 
used in the parameters where WT is black, D104H is 
magenta, G379E is green, E427I is red, and R525C is blue.

Results

Whole Protein Comparison

The analysis of the whole proteins was conducted using 
four extracted parameters which are RMSD, Rg, Hbond, 
and SASA.

RMSD

The individual comparison of the RMSD of the whole pro-
teins (Fig. 5) has shown that RMSD values of WT have 
equilibrated around 250 ns and started the production phase 
to the end of the simulation where the RMSD values con-
vergenced around 1.35 nm, while G379E has equilibrated 
faster than WT near 35 ns, and the production phase con-
tinues from this point to the end of the simulation where 
the RMSD values convergenced around 1.32 nm slightly 
lower than WT. D104H has a long equilibration time around 
800 ns and the production phase from this point to the end of 
the simulation and RMSD values convergenced also around 
1.4 nm slightly higher than WT and G379E. R525C tend 
to have higher RMSD values compared to WT with equili-
bration near 700 ns, and the convergence value was around 
1.75 nm, while E427I is having a lower RMSD values than 
WT and has equilibrated close to 1200 ns, and its conver-
gence value has been around 1.2 nm.

Rg

Rg is used to measure compactness of the protein. If the 
Rg values of a protein during MD are high, this implies 
that the protein is having a less compactness, while low Rg 
values are indicating high compactness of the protein. The 
Rg values of the whole proteins (Fig. 6) have shown that Rg 
values for WT have stabilized around 3.87 nm and D104H 
have stabilized near 3.90 nm, which is slightly higher than 
WT, while G379E is showing higher compactness than WT 
and D104H where it has stabilized around 3.77 nm. R525C 
is having higher Rg values indicating an evident of lower 
compactness than WT and stabilized after 700 ns around 
4.17 nm, while E427I is having higher Rg values until 
1150 ns; it converts its direction to be lower than WT and 
stabilized around 3.7 nm.

Hbond

The number of internal hydrogen bonds (Hbond) formed 
between protein residues is an indicator of protein sta-
bility. The Hbond of whole proteins, including WT, are 
shown in Fig. 7. WT is achieving the highest number of 
Hbond towards the end of the simulation compared to the 

Table 2  Mapping SNPs to 
model sequence

Protein SNP position Model SNP position SNP abbreviation Observation

Asp392His Asp104His D104H SCZ or control
Gly667Glu Gly379Glu G379E Autism
Glu715Ile Glu427Ile E427I Autism
Arg813Cys Arg525Cys R525C NSID
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Fig. 3  A Prochek results. B Secondary structure of protein
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four mutations, and the number of Hbond for stabilization 
is 740 bonds. The closest mutated protein to the WT is 
G379E towards the end of simulation where the highest 
achieved Hbond number is 775 bonds at 621.6 ns, and it 
has stabilized near 730 bonds, while D104H is achieving 
lower Hbond than both WT and G379E where the highest 
achieved Hbond number is 768 bonds at 854.79 ns. Both 
E427I and R525C are sharing the lowest achieved Hbond 
where both have stabilized around 700 bonds.

SASA

SASA values are an indicator of protein size where 
smaller SASA indicates a smaller size of the protein. WT 
has achieved the lowest SASA values most of the time of 
simulation compared to the four mutated proteins where 
the SASA values have stabilized near 430nm2 (Fig. 8). 
The nearest SASA values of mutated proteins to WT is 
D104H where the lowest achieved SASA value is 415.64 

Fig. 4  3D structure of the WT and mutations

Fig. 5  Comparison of back-
bone RMSD for WT and four 
mutated proteins
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nm2 at 584.99 ns, and it has stabilized around 435 nm2. 
G379E and E427I have closer SASA values from 1150 ns 
and towards the end of the simulation where both have 
stabilized around 440nm2, while R525C values have sta-
bilized near 435nm2.

Domain Comparison

Seven parameters have been used in order to compare 
between the behavior of the domains of the mutated proteins 
and WT domains.

Fig. 6  Rg analysis of WT and 4 mutated whole proteins for 1.5 μs at 300 K

Fig. 7  Hbond of WT and 4 whole mutated proteins
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RMSD

RMSD values of the five domains of WT and four mutated 
proteins have been shown in Fig. 9. The behavior of the 5 
domains of WT is different from each other where LNS4 
has acted uniquely. It equilibrated around 200 ns and starts 
the production phase after 200 ns to the end of the simula-
tion where the RMSD values have convergenced less than 
3.5 Å. LNS3 and LNS5 both have a shorter period to be 
equilibrated around 100 ns and continue with the production 
phase to the end of the simulation, and RMSD values have 
convergenced less than 2 Å, while LNS2 and LNS6 also 
equilibrated around 100 ns and RMSD values convergenced 
less than 1.5 Å.

LNS2 of D104H and G379E are acting very near to LNS2 
of WT, and RMSD values have also convergenced, lower 
than WT and less than 1.5 Å. On the other hand, LNS2 
of E427I and R525C are acting higher than LNS2 of WT 
and the other two proteins, but RMSD values of E427I have 
convergenced around 2 Å, while RMSD of LNS2 for R525C 
have convergenced higher than 1.5 Å.

RMSD of LNS3 for WT has convergenced around 1.75 Å 
which is the lowest achieved value compared to mutated 
proteins. R525C and E427I both have convergenced around 
2 Å, and R525C has the nearest value to WT. The highest 
values have been achieved by G379E and D104H where both 
have convergenced around 2.25 Å.

LNS4 of WT has acted differently from all mutations 
where its RMSD values have convergenced not only earlier 

than all mutations, but also higher with a value around 
3.5 Å. D104H, G379E, and E427I have convergenced around 
2.75 Å near the end of the simulation despite their fluctua-
tion across the simulation time. R525C values have fluctu-
ated and convergenced from 600 to 1400 ns, but near the end 
of the simulation, it drops to lower level.

The comparison of LNS5 has shown that WT, R525C, 
and D104H have convergenced around 1.75 Å, while G379E 
and E427I have convergenced in a higher level around 2 Å.

The RMSD values for LNS6 of WT and E427I have con-
vergenced around 1.25 Å, while mutations have a slight dif-
ference compared to WT. D104H has acted similar to WT, 
but near 1400 ns, it turn to be higher than WT. G379E and 
R525C have convergenced close to 1.5 Å which is higher 
than WT.

RMSF

RMSF is used to study the structure and dynamics of the 
protein through measuring the flexibility of the protein 
residues. The comparisons between RMSF values for the 
domains of the four mutated proteins and WT have shown 
higher and lower values as shown in Fig. 10.

LNS2 of D104H has higher values for residues 80–90, 
110–115, and 135–150 while lower values for residues 
20–30. Higher residue’s values for G379E are 80–90, 
135–145, and 160–170, while lower values are 15–30 and 
115–130. E427I has higher values for residues 70–90, 
105–115, and 135–150 which are the highest achieved 

Fig. 8  SASA of WT and 4 whole mutated proteins
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Fig. 9  Comparison of backbone RMSD for domains of WT and 4 mutations
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values between all mutated proteins, while lower values are 
for residues 20–30 and 116–130. R525C has higher values 
for residues 20–30, 80–90, 115–130, and 135–145 with 
almost no lower values.

RMSF values of LNS3 for D104H are higher values 
for residues 202–207, 210–220, 245–255, 322–327, and 
335–342, while lower values are for residues 240–245, 
272–277, 307–312, and 312–320. G379E has higher values 

Fig. 10  RMSF of Cα atoms for domains of WT and four mutations
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for residues 210–215, 288–292, and 370–385, while lower 
values are residues 202–207, 237–249, 272–275, 318–321, 
and 335–342. E427I has achieved higher values for resi-
dues 202–207 and the highest values among all mutated 
proteins for residues 245–255 and 377–382, while lower 
values are for residues 272–275, 315–321, and 335–342. 
Most of R525C residues have lower values than WT except 
for higher values for 212–215, 245–255, and 377–382.

Most of the RMSF residue values for LNS4 of D104H 
have higher values than WT. Residues 505–510, 535–543, 
and 567–580 are the highest among all mutated proteins, 
while lower values are for residues 465–468 and 518–525. 
G379E residues are acting close to WT residues except for 
residues 463–468, 500–515, 520–526, and 568–580 which 
are lower than WT. E427I is also closer to WT values 
except for residues 543–547 which are lower than WT, and 
568–580 are higher than WT. R525C residues are higher 
than WT especially residues 568–580, and lower values are 
for residues 435–445, 464–468, and 518–522.

D104H has a higher RMSF values for LNS5 except for 
residues 675–680, 735–740, and 770–798 which have lower 
values than WT. D104H has the highest achieved values for 
residues 660–670, 685–697, and 712–735 among all mutated 
proteins.

Secondary Structure

The secondary structure has been drawn using DSSP. The 
secondary structure of WT and the four mutations can be 
found in Fig. 11. Changes in secondary structure have been 
found in two domains which are LNS2 and LNS4, while 
LNS3, LNS5, and LNS6 have no changes. For LNS2 a beta 
sheet in residues 169–175 with yellow color has disappeared 
in mutation E428I, and it does exist in WT and the other 
mutations (Fig. 12). Another beta sheet within residues 
596–602 with cyan color in LNS4 has disappeared from 
mutation E428I, and it exists in WT and the other muta-
tions (Fig. 13).

Rg

Rg is used to measure compactness of the protein. If the Rg 
values of a protein during MD are high, this implies that the 
protein is having a less compactness and the low Rg values 
are indicating high compactness of the protein. The results 
of the domain comparisons (Fig. 14) have shown that Rg 
values of LNS2 for D104H, G379E, and R525C have stabi-
lized lower than WT around 1.50 nm, while E427I tend to 
stabilize higher than WT values near 1.51 nm. For LNS3 the 
Rg values of the four mutated proteins have stabilized near 
the stabilization value of WT.

The Rg values of WT for LNS4 are the lowest among 
all proteins where it has stabilized around 1.49 nm, while 

D104H, G379E, and E427I proteins have stabilized around 
1.52 nm, and R525C has stabilized higher than all near 
1.53 nm.

WT has stabilized near 1.49 nm, similar to D104H and 
G379E for LNS5. R525C has achieved the lowest stabilized 
value which is 1.48 nm, while E427I has stabilized little 
higher around 1.485 nm. D104H and R525C are having 
higher Rg values than WT to stabilize around 1.52 nm for 
LNS6, while G379E and E427I are slightly around WT to 
stabilize around 1.50 nm.

Hbond

The number of internal hydrogen bonds (Hbond) formed 
between protein residues is an indicator of protein stability. 
The Hbond of the five domains for WT and 4 mutations are 
shown in Fig. 15.

G379E is acting very close to WT for LNS2 and both 
stabilized around 128 bonds, while D104H is having a 
slightly lower stabilized value than around 127 bonds, and 
both E427I and R525C have the lowest stabilized values 
near 126 bonds.

In LNS3 WT has stabilized around 123 bonds, and the 
stabilized values of the four mutations have varied. The 
highest stabilized value was for R525C which is around 128 
bonds, and the lowest value was for E427I which is 118 
bonds. D104 has stabilized around 124 bonds, and G379E 
has stabilized around 126 bonds.

The Hbond values of WT and E427I for LNS4 have stabi-
lized close to each other near 126 bonds, while D104H and 
G379E have stabilized around 131 bonds, and R525C has 
stabilized very near to 122 bonds.

WT has stabilized near 123 bonds, which is the highest 
value achieved for LNS5 compared to mutations. The four 
mutations have stabilized close to each other between 116 
and 118 bonds.

The WT stabilization value is around 123 bond which 
matches G379E value for LNS6, while E427I has stabilized 
higher than WT near 125 bonds. D104H and R525C have 
lower values than the previous proteins and stabilized around 
116 bonds.

SASA

SASA values are an indicator of protein size, and hence 
smaller SASA indicates a smaller size of the protein. The 
SASA results of five domains of 4 mutations compared to 
WT are shown in Fig. 16. For LNS2 the highest SASA val-
ues are achieved by E427I which stabilized around 93nm2. 
WT and the other three mutations have stabilized close to 
each other around 90 nm2.

The SASA values for LNS3 have shown that R525C has 
the lowest values among all proteins and stabilized around 
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Fig. 11  Secondary structure of WT and 4 mutated whole proteins
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Fig. 12  LNS2 secondary structure changes in residues 169–175

Fig. 13  LNS4 secondary structure changes in residues 596–602
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Fig. 14  Rg analysis of WT and mutations domains for 1.5 μs at 300 K
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Fig. 15  Hbond of five domains for WT and 4 mutations
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Fig. 16  SASA for the five domains of WT and 4 mutations
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96nm2, while WT and the other three mutations have stabi-
lized at a closer level near 98nm2.

WT has the lowest values for LNS4 compared with all 
mutations and stabilized around 88nm2. The highest stabi-
lized values are for E427I and R525C around 92nm2, while 
D104H and G379E tend to act close to WT near 89nm2.

The values for LNS5 for WT and four mutations are 
close to each other. E427I and R525C have stabilized near 
86nm2, while WT, D104H, and G379E have stabilized close 
to 88nm2.

R525C and D104H have stabilized close to 91nm2 which 
is the highest value for LNS6, while WT and E427I have 
stabilized near 88nm2, and G379E has stabilized in an aver-
age value near 90nm2.

PCA

PCA is determining the important modes of the protein and 
then defines the system motion in the form of motion scales 
(eigenvalues) and motion planes (eigenvectors). The projec-
tion of the first two eigenvectors (PC1 vs PC2) which have 
the biggest eigenvalues can describe the necessary subspace 
where protein dynamics can happen.

The comparisons of the five domains are shown in 
Fig. 17. E427I and R525C are covering larger areas of phase 
space compared to WT especially on PC1 plane in LNS2. 
For LNS3 E427I is covering a larger region of phase space 
for both PC1 and PC2 planes. E427I and R525C have cov-
ered a larger area of phase space in PC1 for LNS4. The 
behavior of WT and the four mutations are having closer 
regions of phase space for both PC1 and PC2 planes in 
LNS5 and LNS6.

Discussion

Whole protein comparison has been done through calculat-
ing four parameters for WT and four mutated proteins. The 
four parameters are RMSD, Rg for measuring protein com-
pactness, Hbond for protein stability, and SASA for measur-
ing protein size. The purpose of this comparison was to seek 
agreement or disagreement with previously used computa-
tional prediction tools.

The MD results have confirmed the prediction of the 
computational tools for E427I with autism observation and 
R525C mutations with NSID observation. Both mutations 
have caused great differences in protein stability, compact-
ness, and size, but both are in the opposite direction of each 
other.

This different behavior could be the cause of different 
symptoms of each associated disease, since NSID causes 
mental retardation in persons with no abnormal physical 
appearance and has problems with adaptability, while autism 

is a spectrum of complicated symptoms related to problems 
in behavior, communication, and ability to learn.

D104H has the most similar behavior to WT, and its 
changes are minor. This mutation has been found in two 
persons, one with SCZ, and the other is control. Minor 
changes with different recorded observations, including con-
trol, may indicate that this mutation by itself cannot cause 
an effect but rather needs another factor.

Autism mutations G379E and E427I have different 
behavior from each other; while G379E tends to act close to 
WT, the other mutation E427I has acted differently, which 
confirms the previous results of Table 1 in determining the 
severity of mutations despite having the same observation.

The LNS  domains of Neurexin1α play an important 
role in interacting with other proteins to perform desired 
tasks. Neurexin1α interacts with dystroglycan which is a 
cell surface protein, through LNS2 and LNS6 to form cell 
adhesion in the intercellular region (Sugita et al. 2001). 
The interaction with dystroglycan occurs in the absence of 
insertion at splicing sites SS2 and SS4 (Reissner et al. 2014). 
Neurexophilin is interacting with Neurexin1α by binding 
to LNS2 domain (Missler et al. 1998b). Neuroligin proteins 
bind with Neurexin1α through LNS6 domain (Boucard 
et al. 2005) to form a complex that exists in the cleft between 
two neurons (Missler et al. 2012). The complex’s function is 
not only to connect post- and presynaptic neurons, but also 
to aid in synapse formation and plasticity (Thalhammer and 
Cingolani 2014).

Neurexin1 also plays an important role as an organizer 
of the synaptic where the absence of the protein will affect 
some phenotypes of the synaptic such as the number and 
distribution of synapses between excitatory and inhibitory 
synapses (Chen et al. 2017). A network of Neurexin1 partner 
proteins is shown in Fig. 18.

Comparisons of the five domains for WT and four muta-
tions have been done by calculating seven parameters, and 
a diversity of behaviors has been found for mutations. This 
will lead to a possible affected interaction with partner 
proteins.

D104H and G379E have similar behavior compared 
to WT confirmed by similarity in most residue flexibility for 
LNS2. The other two mutations have acted differently. Sig-
nificant changes in E427I have been related to protein size, 
compactness, and stability, confirmed by high residue flex-
ibility. R525C has acted differently from WT especially in 
higher residue flexibility, confirmed by low protein stability. 
Changes in E427I and R525C suggest that these mutations 
may have a major influence on the domain and can affect 
its function in binding with partner proteins dystroglycan 
and neurexophilin. Both proteins are competing with each 
other to bind with Neurexin1α (Reissner et al. 2014) which 
indicate that dystroglycan have been acting as synaptic cell 
adhesion (Jahncke and Wright 2022).
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Fig. 17  Projection of the first two principal eigenvectors of the protein in phase space at 300 K
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Mutations in the LNS3 domain have similar results as in 
the previous domain, where D104H and G379E have acted 
similarly to WT especially in protein compactness, stability, 
size, and PCA, while E427I and R525C have acted differ-
ently. E427I and R525C have distinctive behaviors according 
to changes in the calculated parameters, and again, both have 
acted differently from each other. E427I has the lowest pro-
tein stability and compactness, while R525C has the highest 
protein stability and smallest size.

The comparison of LNS4 has shown different behavior 
for all the four mutations compared to WT. D104H and 
G379E have acted similarly to each other with the highest 
protein stability, while D104H's residues have higher flex-
ibility opposite to G379E. E427I tends to have the same 
protein stability as WT, while R525C has the lowest protein 
stability.

LNS5 of D104H has acted close to WT, and the other 
three mutations have acted differently. G379E has a larger 
protein  size,  while E427I has higher compactness  and 
a smaller protein size. R525C has different harmonized val-
ues of the parameters where it has smaller size and high-
est compactness, and its residues have lower flexibility.

For  LNS6  domain,  D104H and R525C have acted 
similarly to each other for all the parameters, with differ-
ent behavior from WT and the other two mutations.

G379E has the same compactness and stability as 
E427I, higher stability, and the smallest protein size. A 
summary of the affected domains in each mutated protein 
is shown in Table 3. This domain contains the binding site 
of dystroglycan and neuroligins.

From Table 3, the only mutation in which all domains 
have been affected is R525C mutation. This mutation 
has NSID observation, which is a mental retardation dis-
order. For this mutation, all its bindings to partner pro-
teins, including dystroglycan which binds with LNS2 and 
LNS6 domains, neurexophilin which binds with LNS2 
domain, and neuroligins which binds with LNS6 could 
be affected. These bindings have functions related to the 
development of synapses for regions inside the brain, 
which affect many functions of the brain. The severity 
of this mutation may be due to its effect on binding of all 
protein partners since Neurexin1α genetic variations are 
widely associated with neuropsychiatric disorders (Hu 
et al. 2019).

Fig. 18  Neurexin1 partner protein network

Table 3  Summary of the 
affected domains for the four 
mutations

LNS2 LNS3 LNS4 LNS5 LNS6 Observation

D104H X X √ X √ SCZ or control
G379E X X √ √ X Autism
E427I √ √ √ √ X Autism
R525C √ √ √ √ √ NSID
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LNS6 is the domain that differentiates between the effects 
of E427I with autism observation and the effects of R525C 
with NSID since E427I causes no changes in this domain. 
Both mutations have affected the rod-shaped assembly of 
NRXN1α which consists of the four domains LNS2–LNS5.

In a recent study (Ishizuka et al. 2020), a hybrid method 
has been used that combines an in silico approach and 
in vitro confirmation method. Through in silico approach, 
three mutations T737M, D772G, and R856W associated 
with autism and SCZ have shown a significant predicted 
damaging effects on the protein. The three mutations exist 
in LNS4. Also, 3D structural modelling has shown that 
two mutations could affect the rod-shaped assembly of the 
four domains LNS2-LNS5. In vitro confirmation method 
has revealed a low interaction level between NRXN1α and 
Neuroligin1 for two mutations. These results comply with 
MD results of E427I and R525C where both have affected 
LNS2-LNS5 domains, which constitute the rod-shaped 
assembly of the protein. In addition R525C exists in LNS4 
and has affected LNS6. R525C could affect the formation of 
NRXN1α and Neuroligin1complex according to the previ-
ous study.

D104H and G379E have the lowest number of affected 
domains which are two domains.

The domain comparison has supported the whole pro-
tein comparison and gives an idea about the possible effect 
caused by mutations.

Conclusion

A simulation of WT and for mutated proteins has been 
conducted for a period of 1.5 μs in order to study the 
effect of the mutations on the whole protein and which 
domain(s) of the protein have been affected. Four param-
eters have been calculated for analyzing the whole protein 
results. E427I and R525C have shown distinctive behav-
iors across the four parameters, especially E427I which 
has the lowest RMSD and stability, while it has the highest 
compactness and largest size. D104H and G379E tend to 
act close to WT especially D104H where it has the same 
values as WT for RMSD, compactness, and size, while 
it has lower stability than WT. The study of the protein 
domains has been conducted using the previous four 
parameters on the domain level plus three new parameters. 
A common different behavior of LNS4 has been found 
for all mutations. R525C and E427I have different behav-
iors across domains, LNS2 to LNS5, while E427I tends to 
act similar to WT for LNS6 contrary to R525C which con-
tinues  to have different behavior. D104H and G379E 
have acted similarly to WT for LNS2 and LNS3. LNS5 
and LNS6 have differentiated between the two  muta-
tions, while D104H tends to act like WT for LNS5 G379E 

has acted differently. On the other hand, G379E behav-
ior for LNS6 tends to be similar to WT, while D104H has 
acted differently.

A real experiment is needed to confirm the results of 
R525C and E427I mutations on the binding partners of 
Neurexin1α which can lead to better understanding of autism 
and NSID.
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