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Abstract Abstract 
Sex-determining region Y (SRY) protein is the master switch in the initiation of male sex differentiation. 
Mutation in SRY gene results in ambiguous genitalia and abnormalities in reproductive organs. Its 
function is mainly controlled by its high mobility group (HMG) box. Damage to the HMG box may cause 
dysfunction of the SRY protein, which may, in turn, lead to sex reversal. This study was conducted to 
prioritize the deleterious effects of the non-synonymous single nucleotide polymorphisms (nsSNPs) on 
SRY protein. A series of computational tools were applied to predict nsSNPs with the most harmful 
effects on protein structure, function, and stability. Molecular docking experiments were performed to 
identify the possible role of these nsSNPs in altering protein binding potentials with receptors. Cumulative 
results indicated that three nsSNPs would have highly deleterious effects, namely I90M, F109S, and 
Y127F. Docking analyses revealed no participation of both I90M and Y127F in modulating the binding of 
SRY with its receptor DNA sequences, while F109S induced a noticeable alteration in SRY by inducing a 
conformational change in its HMG box. In conclusion, the predictive tools showed that I90M, F109S, and 
Y127F are the most drastic SNPs in the SRY, signifying possible destructive consequences of these SNPs 
on sex development. Both I90M and Y127F undergo such harmful effects on the structure, function, and 
stability without being involved in modulating SRY binding with its DNA receptor sequences. This study 
provides a comprehensive platform for assessing the pattern of damaging effects of nsSNPs on the SRY 
gene, which may be linked with the grade of sexual dysfunction syndromes. 
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1. Introduction

Sex determination is primarily controlled by a
dominant switch located on the Y-chromosome. This
switch is represented by the SRY (sex-determining re-
gion Y) gene, also referred to as the sex-determining
factor [1]. It has been recognized that this gene acts as
the main factor in gender determination, which is
expressed during the early onset of sexual develop-
ment. The SRY gene consists of only one exon within
its sequences, with an open reading frame encoding up
to 204 amino acids [2]. It is widely acknowledged that
SRY protein can act as a transcription factor due to the
presence of a highly conserved region known as HMG
(high mobility group) box. This box is made up of
60e128 amino acids, the domain of the SRY that
primarily responsible for binding with DNA [3]. Most
mutations causing sex reversal are located in the HMG
box and may, therefore, damage the specificity of DNA
binding, demonstrating the vital role played by the
HMG box in SRY activity [4]. Mutations within the
SRY gene that are reportedly confirmed to cause male-
to-female sex reversal in XY individuals are the main
reason for the failure of indifferent gonads develop-
ment into testes [5]. Several sex-reversal genetic syn-
dromes have been associated with mutations in the SRY
gene, such as 46, XY female sex reversal syndrome,
Turner syndrome, Wilms’ tumor 1, and Swyer syn-
drome [6e9]. Thus, the SNPs observed in the SRY
gene can account for susceptibility to various diseases.
However, the standard experimental methods of
prioritizing the most deleterious nsSNPs are time-
consuming and expensive [10]. Alternatively, the
recent innovations in structural biology have made it
possible to develop highly accurate in silico tools to
predict the effects of nonsynonymous single nucleotide
polymorphisms (nsSNPs) with high accuracy [11].
Although other variations may create alternative pro-
tein expression [12], these effects are not easily pre-
dicted [13]. So as the best-understood effects of protein
structure and activity are attributed to nsSNPs [14]. An
increasing number of prediction tools are being
developed to analyze the ultimate effects of each
nsSNP on protein structure, function, stability, and
interaction. Recent studies have begun to unravel the
destructiveness of nsSNPs by providing a cumulative
indication of the effects of missense variants on the
analyzed proteins [15e17]. However, the SRY gene has
not yet been comprehensively covered, and only

limited state-of-the-art in silico tools have been
employed to prioritize the effects of nsSNPs in this
crucial genetic locus. Taking these data into consider-
ation, the present study aims to provide extensive
predictions of the effects of all nsSNPs on the SRY
gene, with a particular emphasis on the mechanisms of
the most harmful nsSNPs in inducing their deleterious
effects on the SRY protein.

2. Materials and methods

2.1. Data sets

A total of 177 SNPs were retrieved from the NCBI-
dbSNP (build 150) (https://www.ncbi.nlm.nih.gov/snp/
) and ensemble browser, GRCh37 Release 101 (https://
asia.ensembl.org/index.html) database of the SRY gene
(Gene ID: 6736), including 9 in the mRNA 5ʹ UTR
(untranslated region), 39 missense mutations or
nsSNPs, 109 silent synonymous SNPs, 3 frameshift
mutations, 9 stop-gain mutations, and 8 in the mRNA
3ʹ UTR. All of the nsSNPs were selected for further
prediction analyses (Suppl. Table 1).

2.2. 3-Dimensional modeling

To predict the effects of the retrieved nsSNPs, a
highly qualified, full-length 3D structure of SRY pro-
tein must be generated. The UniProtKB accession
number for SRY is Q05066, and its NCBI reference
sequence is NP_003131.1. A partial 3-D structure is
available in online data deposited in the protein data
bank, ver. 3.3 (https://www.rcsb.org/). Only a small
portion of the 3-D structure for SRY is deposited under
the PDB (Protein Data Bank) number 1HRZ; it covers
only 74 out of the 204 amino acid residues constituting
the total 3-D structure. A full-length tertiary structure
of normal SRY was generated by using five different
protein structure prediction servers, including Rosetta
(https://robetta.bakerlab.org/) [18], Lomets (local
meta-threading-server) (https://zhanglab.ccmb.med.
umich.edu/LOMETS/) [19], RaptorX (http://raptorx.
uchicago.edu/) [20], PhryRe2 (protein homology/
analogY recognition engine) (http://www.sbg.bio.ic.ac.
uk/~phyre2/html/page.cgi?id¼index) [21], and I-
TASSER (iterative threading assembly Refinement)
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/)
[22]. The efficiency of each utilized tool to generate
3D structures of SRY was evaluated by qualitative
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model energy analysis (QMEAN) (https://swissmodel.
expasy.org/qmean/help) [23], and sideechain parame-
ters and Psi/Phi Ramachandran plot of PROCHECK
tool (https://www.ebi.ac.uk/thornton-srv/software/
PROCHECK/) [24]. Based on the comparative vali-
dations carried out for each method, the best modeler
of SRY protein was chosen to act as a favorite 3D
structure for further prediction analyses.

2.3. Sequence-function analysis

The possible deleterious effects of nsSNPs on pro-
tein structure and function were predicted using SIFT
(Sorting Intolerant From Tolerant) (http://sift.bii.a-star.
edu.sg/www/SIFT_seq_submit2.html) [25], PolyPhen
(Polymorphism Phenotyping)-2 (http://genetics.bwh.
harvard.edu/pph2/) [26], Panther (protein analysis
through evolutionary relationships) (http://www.
pantherdb.org/tools/) [27], Provean (protein variation
effect analyzer) (http://provean.jcvi.org/index.php)
[28], PhD-SNP (predictor of human deleterious single
nucleotide polymorphisms) (http://snps.biofold.org/
phd-snp/phd-snp.html) [29], SNPs&Go (predicting
disease associated variations using GO terms) (https://
snps-and-go.biocomp.unibo.it/snps-and-go/) [30],
SNAP2 (predicting functional effect of sequence vari-
ants) (https://www.predictprotein.org) [31], P-Mut
(http://mmb.irbbarcelona.org/PMut) [32], VEST
(variant effect scoring) (http://hg19.cravat.us/
CRAVAT/) [33], and SUSPect (disease-susceptibility-
based SAV phenotype prediction) (http://www.sbg.bio.
ic.ac.uk/~suspect/) [34]. The cumulative outcomes of
utilized tools were assessed for each analyzed nsSNP.

2.4. Stability analysis

The stability of the mutants SRY proteins was
assessed using different prediction tools, which they
also based on sequences, structure, or both, including I-
Mutant2 (http://folding.biofold.org/cgi-bin/i-mutant2.
0) [35], CUPSAT (Cologne University Protein Stabil-
ity Analysis Tool) (http://cupsat.uni-koeln.de) [36],
mCSM (http://biosig.unimelb.edu.au/mcsm/) [37],
SDM (http://marid.bioc.cam.ac.uk/sdm2/prediction)
[38], DUET (http://biosig.unimelb.edu.au/duet/) [39],
Mupro (http://mupro.proteomics.ics.uci.edu/) [40],
iStable (integrated predictor for protein stability
change upon single mutation) (http://predictor.nchu.
edu.tw/istable/) [41], and DynaMut (http://biosig.
unimelb.edu.au/dynamut/prediction) [42]. The cumu-
lative outputs for stability prediction tools were
measured and compared with structural-functional

predictions. Only entirely deleterious nsSNPs were
included in the further analyses.

2.5. Post-translational and evolutionary analyses

The potential effects of the most deleterious nsSNPs
were assessed using AWESOME software (http://
www.awesome-hust.com) [43]. Binding with ligand
and receptor was predicted using a variety of
proteineprotein and protein-ligand prediction tools,
including RaptorX [20], COACH (https://zhanglab.
ccmb.med.umich.edu/COACH/) [44], TM-SITE
(https://zhanglab.ccmb.med.umich.edu/TM-score/)
[45], COFACTOR (https://zhanglab.ccmb.med.umich.
edu/COFACTOR/) [46], FINDSITE (http://cssb.
biology.gatech.edu/findsite) [47], and ConCavity
(http://compbio.cs.princeton.edu/concavity/) [48].
Whereas conserved residues positioning was conduct-
ed using the ConSurf tool (http://consurf.tau.ac.il/
2016/) [49].

2.6. Superimposition of SRY with its high-risk nsSNPs

A site-specific amino acid substitution was con-
ducted by mutating the native SRY PDB file using the
Swiss model PDB viewer tool ver.4.1.0 [50]. Subse-
quently, energy minimization for the constructed ter-
tiary models of normal and mutants SRY was
conducted to remove overhaul distorted geometries
using the steepest descent energy minimization pro-
vided Gromacs parameter set [51]. The refined models
of normal of SRY protein and its detected risky mu-
tants' forms were superimposed with each other's using
YASARA (Yet Another Scientific Artificial Reality
Application) tool (http://yasara.org/servers.html) [52].

2.7. Docking

A suitable double-stranded DNA substrate for the
binding with SRY protein was created using Chimera
UCSF software ver. 1.13.1 [53]. The sequence gener-
ated for this binding was 5ʹ-[N9]ATAACAAAT [N9]-
3ʹ, which was known to be recognized from the HMB
box of SRY with the highest affinity [2]. The refined
PDB formats of normal SRY, as well as its most
dangerous mutant forms, were subjected to molecular
docking with DNA substrate using Hex 8.0.0 tool [54].
The default procedure of docking was used, in which
the maximum rotational increments for SRY receptor
and DNA ligand was enabled by setting the angle to
180�. The 3D expansion parameters were set at default
(N ¼ 25 for 3D expansion and N ¼ 18 for a steric
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scan). Out of 10 clusters, only the top 2000 orientations
were retained to obtain 10,000 the lowest ordered
docking energy score. The docking outputs were
visualized using PyMol software ver. 7.0.1 (The
PyMOL Molecular Graphics System, Schr€odinger,
LLC.) (www.shrodinger.com).

3. Results

3.1. Model quality and structure assessment

The 3D modeling of SRY was conducted by
comparing five (Rosetta, Lomets, RaptorX, PhyRe2,

and I-TASSER) 3D modeling prediction tools. Vali-
dation by QMEAN scores, PROCHECK tools, and
Ramachandran plot revealed a highly qualified 3D
SRY generated by Rosetta (Suppl. Table 2), while the
other four (Lomets, RaptorX, PhyRe2, and I-TASSER)
3D modeling tools, had given less qualified values
respectively (Suppl. Fig. 1).

3.2. Structure and function prediction

A total of ten (SIFT, PolyPhen-2, PANTHER, Pro-
vean, PhD SNP, SNPs&Go, SNAP2, P-Mut, VEST, and
SUSPect) different in silico tools were utilized.

Table 1

Cumulative predictions for the deleterious missense SNPs on SRY protein in terms of structure and function.

No. Variant ID mutation SIFT PolyPhen2 PANTHER PROVEAN PhD SNP SNPs&Go SNAP2 P-Mut VEST SUSPect

1. rs1271064684 A5V 0a 0.999 1 �0.730 4 4 �33 0.18 0.9557 45

2. rs104894971 S18N 0.30 0 1 �0.630 3 4 80 0.17 0.096 44

3. rs1262320780 N24I 0 0.843 1 ¡3.267 2 2 33 0.42 0.659 32

4. rs1206716616 R29W 0.01 0.998 1 �0.510 4 1 41 0.48 0.574 33

5. rs1556370576 R30I 0.01 0.904 1 ¡2.878 6 2 51 0.33 0.629 40

6. rs1459783583 F34L 0.76 0 1 �0.014 5 7 �8 0.23 0.981 30

7. rs767481926 E50K 0.21 0.945 1 �0.245 4 4 56 0.52 0.641 20

8. rs1223685980 S52G 0.97 0.002 1 1.076 8 9 �29 0.52 0.866 25

9. rs1325077544 S52N 0.44 0.791 1 �0.052 4 4 �35 0.52 0.889 26

10. rs762003265 Q57R 0.04 0.010 1 ¡2.764 1 3 �7 0.55 0.605 19

11. rs773764555 D58E 0.05 0.005 1 �2.381 1 2 �1 0.28 0.930 24

12. rs104894957 V60L 0 0.820 1 ¡2.771 5 4 93 0.74 0.140 97

13. rs764249635 V60A 0 0.997 1 ¡3.843 6 7 58 0.63 0.031 96

14. rs104894969 M64I 0 0.895 912 ¡3.615 7 8 93 0.82 0.049 97

15. rs1326404572 F67Y 0 0.999 912 ¡2.899 8 6 69 0.72 0.080 92

16. rs104894968 I68T 0 0.594 1 ¡2.700 6 5 97 0.72 0.201 99

17. rs763174397 V69L 0.03 0.256 912 ¡2.684 8 8 44 0.68 0.169 70

18. rs776339584 D73E 0.60 0.973 1 �2.087 0 3 15 0.72 0.708 69

19. rs1057519627 R76L 0 1.000 1 �6.612 9 8 60 0.78 0.090 89

20. rs770778716 R84T 0.01 0.000 1 �1.716 3 4 1 0.30 0.767 54

21. rs746931713 M85K 0 0.971 1 ¡5.536 8 6 75 0.78 0.066 96

22. rs1556370554 E89A 0 0.876 1 ¡5.828 9 5 49 0.71 0.026 87

23. rs104894959 I90M 0 0.999 912 ¡2.960 7 4 94 0.76 0.017 99

24. rs104894974 G95R 0 1.000 912 ¡7.919 7 8 97 0.62 0.040 98

25. rs104894972 G95E 0 1.000 912 ¡7.919 8 8 96 0.84 0.021 97

26. rs1166279862 K99N 0 0.998 1 ¡4.904 6 5 55 0.68 0.208 78

27. rs104894964 K106I 0 1.000 912 ¡7.914 6 8 94 0.84 0.010 99

28. rs104894956 F109S 0 1.000 912 ¡7.845 7 6 94 0.84 0.005 99

29. rs104894966 A113T 0 1.000 1 ¡3.966 7 5 95 0.82 0.006 99

30. rs771449441 E122K 0.67 0.202 1 ¡0.846 3 5 �27 0.68 0.812 40

31. rs104894973 Y127F 0 0.998 912 ¡3.764 6 6 87 0.76 0.024 97

32. rs375342012 K128R 0.03 0.771 1 ¡2.800 8 6 �2 0.72 0.265 65

33. rs104894976 R133W 0 1.000 1 ¡7.177 6 8 95 0.84 0.129 69

34. rs754623064 E156D 0.3 0.004 1 �0.956 5 6 10 0.64 0.895 25

35. rs748958243 Y164C 0 0.001 1 ¡5.225 5 4 45 0.12 0.949 63

36. rs1194771063 H182Y 1 0.399 1 0.226 8 7 9 0.46 0.745 30

37. rs1019354171 P184L 0.07 0.001 1 �2.024 6 6 52 0.55 0.547 34

38. rs780561417 N187S 0.31 0.070 1 �1.533 5 6 �1 0.58 0.899 19

39. rs756606002 R197C 0 0.003 1 �0.807 6 6 41 0.65 0.617 19

a The bold numbers refer to the deleterious/damaging effect, while the non-bold letters refer to the neutral/non-damaging effect of SNPs.
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Cumulative results concerned with the prediction of
structural-functional consequences indicated a
concordant deleterious effect for six nsSNPs, including
M64I, I90M, G95R, G95E, F109S, and Y127F, on the
SRY protein structure and function (Table 1).

3.3. Stability prediction

The effects of nsSNPs on protein stability were
analyzed using eight computational tools, including I-
Mutant2, CUPSAT, mCSM, SDM, DUET, Mupro,
iStable, and DynaMut. Cumulative results predicted
the effect of all the nsSNPs on protein stability and
indicated concordant deleterious effects of seven

nsSNPs, I68T, I90M, K99N, F109S, Y127F, E156D,
and N187S (Table 2).

Both structural-functional and stability prediction
analyses revealed concordant deleterious effects in
three nsSNPs, namely I90M, F109S, and Y127F.
Since this study was only concerned with the entirely
deleterious nsSNPs, the other deleterious SNPs that
did not exhibit a concordant deleterious effect were
eliminated from further analyses. Out of 39 nsSNPs,
three (I90M, F109S, and Y127F) damaging nsSNPs
reported from all tools were described in Fig. 1. Both
SNAP2 and iStable predicted the highest number of
deleterious SNPs in both sets of in silico tools,
respectively.

Table 2

Cumulative predictions for the deleterious missense SNPs on SRY protein in terms of stability.

No. Variant ID mutation I-Mutant2 CUPSAT mCSM SDM DUET Mupro iStable DynaMut

1. rs1271064684 A5V ¡0.42a ¡1.41 ¡0.16 0.45 0.287 0.819 0.505 1.098

2. rs104894971 S18N ¡0.65 ¡0.61 ¡0.904 ¡0.35 ¡0.62 ¡0.429 0.649 0.527

3. rs1262320780 N24I 0.79 0.45 0.314 1.35 0.887 0.580 0.802 1.484

4. rs1206716616 R29W ¡0.73 ¡7.46 ¡0.573 0.24 ¡0.527 ¡0.522 0.764 0.055

5. rs1556370576 R30I ¡0.37 ¡0.11 0.374 ¡0.27 0.493 ¡0.121 0.734 0.354

6. rs1459783583 F34L ¡1.52 0.73 ¡0.395 ¡0.2 ¡0.186 ¡0.480 0.777 0.292

7. rs767481926 E50K ¡1.45 0.31 0.49 ¡0.5 0.5999 ¡0.772 0.726 0.483

8. rs1223685980 S52G ¡2.14 0.35 ¡0.275 0.16 0.185 ¡0.819 0.877 ¡0.142

9. rs1325077544 S52N ¡0.15 0.50 ¡0.416 0.22 0.034 ¡0.008 0.591 0.088

10. rs762003265 Q57R ¡0.73 1.56 0.205 0.34 0.552 0.591 0.836 0.88

11. rs773764555 D58E ¡1.54 1.03 ¡0.194 0.53 0.22 ¡0.024 0.567 0.587

12. rs104894957 V60L ¡0.93 ¡1.68 ¡0.535 ¡0.66 ¡0.379 ¡1 0.889 0.367

13. rs764249635 V60A ¡2.15 ¡2.14 ¡1.193 ¡1.16 ¡1.215 ¡1 0.889 0.115

14. rs104894969 M64I ¡1.23 ¡2.5 ¡0.799 0.61 ¡0.277 ¡0.363 0.704 0.079

15. rs1326404572 F67Y ¡1.42 0.77 0.145 0.47 0.265 ¡1 0.852 0.897

16. rs104894968 I68T ¡2.65 ¡0.31 ¡1.452 ¡2.21 ¡1.914 ¡1 0.876 ¡2.309

17. rs763174397 V69L ¡0.38 ¡1.54 ¡0.453 0.68 0.074 ¡0.460 0.607 2.07

18. rs776339584 D73E ¡1.24 0.61 ¡0.707 1.37 ¡0.259 ¡0.163 0.533 0.379

19. rs1057519627 R76L ¡0.54 ¡0.73 0.407 0.3 0.438 0.555 0.693 0.231

20. rs770778716 R84T ¡0.85 ¡0.65 0.122 ¡0.96 ¡0.278 ¡1 0.861 ¡0.211

21. rs746931713 M85K ¡1.50 0.98 ¡0.672 ¡0.47 ¡0.625 ¡0.870 0.851 ¡0.149

22. rs1556370554 E89A 0.03 0.48 ¡0.936 ¡0.1 ¡0.266 ¡0.425 0.520 ¡0.181

23. rs104894959 I90M ¡0.87 ¡1.03 ¡1.089 ¡0.63 ¡1.115 ¡0.820 0.915 ¡0.181

24. rs104894974 G95R ¡0.79 ¡2.04 ¡0.664 1.24 ¡0.216 ¡0.067 0.813 2.001

25. rs104894972 G95E ¡0.09 ¡0.53 ¡0.97 1.86 0.176 ¡0.277 0.608 2.334

26. rs1166279862 K99N ¡0.28 ¡0.1 ¡0.197 ¡0.69 ¡0.26 ¡0.398 0.764 ¡0.307

27. rs104894964 K106I 1.19 ¡0.61 0.182 0.19 0.512 0.110 0.819 0.054

28. rs104894956 F109S ¡1.18 ¡1.72 ¡2.883 ¡0.53 ¡2.909 ¡0.915 0.848 ¡2.557

29. rs104894966 A113T ¡1.15 0.53 ¡1.626 ¡0.95 ¡1.656 ¡0.354 0.854 0.986

30. rs771449441 E122K ¡0.79 ¡0.16 0.323 ¡0.86 ¡0.056 ¡0.855 0.869 ¡0.19

31. rs104894973 Y127F ¡0.10 ¡2.33 ¡0.9 ¡0.25 ¡0.186 ¡0.570 0.562 ¡0.428

32. rs375342012 K128R 0.63 ¡0.68 ¡0.121 0.05 ¡0.314 ¡0.798 0.705 ¡0.652

33. rs104894976 R133W ¡0.64 0.92 ¡0.154 0.24 ¡0.266 ¡0.741 0.744 0.759

34. rs754623064 E156D ¡0.54 ¡2.79 ¡0.364 ¡0.34 ¡0.751 ¡0.102 0.732 ¡0.864

35. rs748958243 Y164C 0.41 3.33 0.201 ¡0.06 0.416 ¡1.266 0.575 0.582

36. rs1194771063 H182Y 0.94 ¡1.12 1.464 0.31 1.425 0.010 0.769 0.789

37. rs1019354171 P184L 0.40 ¡5.47 ¡0.292 2.37 0.363 0.263 0.674 0.186

38. rs780561417 N187S ¡0.63 ¡0.54 ¡0.058 ¡1.46 ¡0.013 ¡0.495 0.797 ¡0.411

39. rs756606002 R197C ¡0.80 0.75 ¡0.011 0.05 ¡0.064 ¡1 0.620 0.024

a The bold letters refer to the deleterious/damaging effect, while the non-bold letters refer to the neutral/non-damaging effect of SNPs.
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3.4. Positioning analyses

Further analyses were conducted on the most three
deleterious (I90M, F109S, and Y127F) nsSNPs to
explore the pattern of each one in inducing such drastic
alteration in the mutant SRY proteins. Analysis of
ConSurf revealed highly conserved positions for both
I90M and Y127F than F109S (Fig. 2, A). Meanwhile,
the secondary structure prediction by UGENE indi-
cated highly critical positions occupied by I90M and
F109S. This observation was made due to the posi-
tioning of each one within a particular a-helix region
(Fig. 2, B), whereas Y127F resided in a loop region
held between two a-helices. However, all these three
deleterious nsSNPs were positioned within the HMG
(60e128) region. In the predicted 3D structure of the

SRY protein, further details were provided for each
nsSNP before and upon mutation (Fig. 2, C).

3.5. Post-translational modification and ligand bind-
ing prediction

The post-translational effects of the I90M, F109S,
and Y127F predicted more participation of F109S in
phosphorylation and O-linked b-N-acetylglucosamine
dynamic protein modification. However, Y127F
participated only in modulating phosphorylation, while
M90I was not contributed in any of the measured post-
translational activities. The possibility of the three
highly risky nsSNPs to be positioned in the binding
activity sites with other proteins was analyzed by uti-
lizing seven prediction tools, namely RaptorX,

Fig. 1. The most deleterious nsSNPs of SRY gene as predicted by in silico tools in terms of structureefunction and stability consequences.
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Fig. 2. Primary, secondary, and three-dimensional structure of the most harmful missense SNPs in SRY protein, namely I90M, F109S, and Y127F.

Primary, secondary, and three-dimensional structures of the most harmful missense nsSNPs in SRY protein are shown in A, B, and C respectively.
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COACH, TM-SITE, S-SITE, COFACTOR, FIND-
SITE, and ConCavity. All the utilized tools revealed no
participation in any anticipated binding of the mutated
amino acid residues in the 190 M, F109S, and Y127F
mutant proteins with other protein receptors (Suppl.
Table 3).

3.6. Superimposition prediction

Higher RMSD scores indicate a greater variation
between native and mutant structures with a conse-
quent higher effect on protein function. The super-
imposing of 3 mutants and wild SRY models indicated
a close homology between template and targets by
RMSD score of less than 0.2 Å (Fig. 3).

This observation revealed a fair superimposition of
I90M, F109S, and Y127F mutant models over template
SRY structure. The total energy values for the native
SRY (�13909.753 kJ/mol) structure and the three
mutant modeled structures I90M (�13927.618 kJ/
mol), F109S (�13863.120 kJ/mol), and Y127F
(�13874.935 kJ/mol) revealed 0.128%, 0.335% and
0.251% of deviation in total energy values of I90M,
F109S, and Y127F respectively. Two out of three
mutant modeled structures, F109S, and Y127F showed
an increase in energy in comparison with the native
structure. These less favourable changes indicated a
more deleterious nature of both F109S and Y127F
models than the I90M.

3.7. Docking with consensus DNA sequences

The molecular docking between the normal SRY
and its three risky mutants was performed to identify
the variation in the overall SRY-DNA interaction en-
ergy before and upon mutation. A double-stranded

DNA molecule was created by introducing the SRY
recognition sequences in the middle of the created
DNA molecule surrounding by two flanking regions of
9 nucleic acid residues. However, the docking of this
specified DNA molecule with SRY protein indicated
no interaction of the I90M and Y127F in inducing any
remarkable change in the binding with DNA. Mean-
while, a noticeable change in the binding energy of
F109S with DNA (�627.6 kcal/mol) compared with
the DNA binding energy of the wild SRY
(�650.6 kcal/mol) was observed. This indicated
modulation was originated from an interesting tilt in
the a-helix fragment, in which the mutant 109Ser
residue resided (Fig. 4).

4. Discussion

Mutations in human SRYare associated with several
disorders of sex development, which may lead to sex
reversal in some cases [55]. However, until recently, it
is not known how the damaged SRY binds with its
cognate DNA sequences [56]. Therefore, it is neces-
sary to provide an insight into the putative mechanisms
through which these mutations can cause these drastic
effects on the SRY, with the possible subsequent
alteration in sex development [57].

Due to the straightforward effect of nsSNPs on the
protein function and activity compared with the other
variations, the current study highlighted nsSNPs using
a series of computational tools based on a variety of
algorithms to prioritize the most dangerous amino acid
substitutions on the SRY protein. The numbers of
coding SNPs of the SRY gene were found to be higher
than SNPs detected in the 5ʹ and 3ʹ untranslated re-
gions. This is due to the nature of the sequence vari-
ations to majorly acting on the structure of gene

Fig. 3. Root mean square deviation (RMSD) parameters for the most deleterious nsSNPs of the SRY gene. Green and red colors refer to native and

mutants, respectively.
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products rather than on regulating the expression of the
gene itself [58]. Accordingly, the retrieved nsSNPs
were comprehensively highlighted in terms of their
cumulative effects on structure, function, and stability.

This study observed three highly deleterious
nsSNPs, I90M, F109S, and Y127F, by utilizing 26
available structureefunction-stability prediction tools.
The high degree of evolutionary conservation for these
risky nsSNPs may justify some serious contribution of
these nsSNPs to damaging SRY.

Interestingly, the three risky nsSNPs resided within
the HMG domain. This domain, in turn, is being
occupied within a highly evolutionary conserved re-
gion extended from 60 to 128 residues [59]. Thus, it is
mandatory to investigate the role of these variations in
the possible interruption of HMG activity with respect
to its binding with the corresponding DNA consensus
sequence 5'-[AT]AACAA [AT]-3' [2]. To understand
the possible role of the observed nsSNPs in modulating
this binding, molecular docking was exploited. Dock-
ing was performed by interacting 3D structures of
normal SRY and its deleterious mutants with the same
DNA target. Though no significant contribution of
I90M and Y127F were observed in changing SRY
binding with DNA, a clear change was proven in the
case of F109F. This noticeable change in binding af-
finity with its corresponding DNA was attributed to a
conformational alteration in the F109S SRY, which
entails a series of undesired consequences for this
alteration due to the replacement of the aromatic
phenylalanine residue with a nonaromatic serine res-
idue. As is was inferred from this study, F109S induces
a remarkable bend in the SRY protein with subsequent
alteration in the SRY-DNA binding conformation. This
sort of deleterious substitution in SRY may unmask the
multi-faceted molecular functions of this specific

DNA-bending mechanism and its consequent effect on
SRY- related human sex development [60,61].

In contrast to I90M and Y127F, the amino acid
substitution of F109S occurred in the vicinity to the
binding site with DNA which may provide a dramatic
modification in the affinity of SRY-DNA interaction.
This finding is supported in this study by the apparent
ability of F109S to be involved in more post-
translational dynamic activities than Y127F and I90M,
respectively. In agreement with this finding, it is indi-
cated that F109S substitution leads to interruption of
the alpha-helical stretch that being extended from 99 to
128 amino acid residues [62]. However, it was found
that the wild type SRY protein binds to its specified
DNA sequence, whereas the mutant SRY carrying this
amino acid substitution fails to bind, or binds with
negligible activity [63,64].

Whatever the pattern nsSNPs take in the interrup-
tion of SRY activity, these three risky nsSNPs were
found to be associated with several sex reversal issues
[62,65,66]. However, I90M and Y127F undergo their
deleterious tasks by a straightforward effect on struc-
ture, function, and stability without being intervened in
the modulation of SRY binding with its DNA receptor.
Meanwhile, F109S follows another mechanism, in
which it rather induces a conformational change in the
3D structure of SRY to force it to alter its binding
nature with DNA sequences. This amino acid substi-
tution deserves more attention as male development is
sensitive to alterations in SRY-DNA architecture [60].
Therefore, F109S is involved in the conversion of the
tertiary structure of SRY in such a way it affects the
subsequent binding with DNA sequences. Therefore, it
can be stated that such altered binding between the
mutant F109S SRY and its corresponding DNA se-
quences would disrupt sexual development.

Fig. 4. Comparative docking parameters of SRY native and its mutant forms of I90M, F109S, and Y127F with DNA substrate A e D,

respectively. The red curved arrow refers to the effect of F109S in altering the conformation of SRY.
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5. Conclusions

This study predicted three (I90M, F109S, and
Y127F) highly deleterious nsSNPs, which was
revealed by all tools concerned with the prediction of
structureefunction, and stability. Although I90M and
Y127F were not found to be contributed in modulating
the binding activity of mutant SRY with its corre-
sponding receptor DNA, F109S exhibited a noticeable
reduction in this activity. This remarkable reduction
signifies a more dramatic role driven by F109S sub-
stitution in altering the binding of SRY with receptor
DNA. Consequently, the mechanism of the interven-
tion of F109S in changing the conformation of the
mutant SRY is revealed. This study provides in-depth
interpretation for clinicians to assess the severity of sex
reversal-linked syndromes by knowing the type of
drastic effect of each deposited nsSNP on SRY protein.
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