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INTRODUCTION

The circadian clock is an endogenous biological system 
that generates 24-hour rhythmic changes in the phys-
iology and behavior of organisms according to envi-
ronmental factors such as light-dark and eating-fasting 
cycles or social interactions. The circadian clock mech-
anism is found in a wide variety of organisms from 
cyanobacteria to drosophila to mammals (1). The cir-
cadian clock determines the correct timing of various 
biochemical processes in mammals such as the sleep-
wake cycle, metabolism, body temperature, hormone 

secretion, detoxification, sexual functions, DNA repair 
and apoptosis (2-5). Factors such as the night-day cy-
cle, mealtime, social interaction, emotional mood, and 
temperature synchronize the circadian clock to exactly 
24 hours (6,7). Among those, light turned out to be the 
most dominant zeitgeber (time-giver) (8).

Throughout the body, each tissue has a clock known as 
the peripheral clock; however, the master clock locat-
ed in the suprachiasmatic nucleus synchronizes all pe-
ripheral clocks to generate a unified gene transcription 
oscillation around a day, 24 hours (9,10). At the cellular 
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ABSTRACT

Objective: A circadian rhythm in mammals controls the sleep-wake cycle, blood pressure, hormone secretion, metabolism 
and many other physiological processes. The circadian clock mechanism is regulated by four genes: Bmal1, Clock, Cry, and 
Per. Mutations in these regulatory genes are associated with sleep and mood disorders, obesity, and cancer. Several PER2 and 
CRY2 SNPs are associated with advanced sleep phase syndrome. It is, therefore, critical to understand the effect of clock genes’ 
SNPs on the circadian clock. In this study, we determined “pathogenic” BMAL1 and CLOCK SNPs in the Ensembl database for 
biochemical characterization. 

Materials and Methods: BMAL1 and CLOCK SNPs in the Ensemble database were filtered out for only missense mutations. 
Among the missense mutations, pathogenic ones were determined according to SIFT, PolyPhen, and CADD scores, REVEL, 
MetalR, Mutation Assessor, I-Mutant, PROVEAN, and FireDock programs. BMAL1 and CLOCK SNPs were visualized by using 
PyMol.

Results: Thousands of BMAL1 and CLOCK missense SNP mutations were reported in the Ensembl database. After the 
classification of those SNPs according to their SIFT, PolyPhen, and CADD pathogenicity, twelve SNPs for each protein 
remained as pathogenic. A further analysis with all in silico tools revealed that BMAL1 SNPs causing Ala154Val, Arg166Gln, 
and Val440Gly mutations; and CLOCK SNPs causing Gly120Val, Asp119Val, Gly120Ser, Ala117Val, and Cys371Gly mutations 
were predicted as the most “pathogenic” ones. 

Conclusion: Overall, by using in silico tools, we provided a starting point for experimental studies for determining the effect 
of pathogenic BMAL1 and CLOCK SNPs on the circadian clock mechanism.
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level, the circadian clock mechanism is regulated by intertwined 
transcriptional-translational feedback loops (TTFLs). In mam-
mals, the positive arm of the feedback loop is composed of two 
transcriptional factors Bmal1 (Brain-muscle-arnt-like protein 1) 
and Clock (Circadian Locomotor Output Cycles Kaput) (11-13). 
The negative feedback loop is generated by the Cry (Cry1, Cry2) 
and Per (Per1, Per2, Per3) genes in which their transcriptions 
are under the control of the BMAL1 and CLOCK activity (14-16). 
BMAL1 and CLOCK form a heterodimer and bind to E-box se-
quences found in the promoter regions of the target genes and 
initiate their transcription (17). After Cry and Per are translated, 
they form a heterodimer at the cytoplasm, then translocate to 
the nucleus and repress the BMAL1/CLOCK dependent tran-
scription (9,16). This mechanism controls nearly 40% of pro-
tein-coding genes in mice (18). Post-translational modifications 
play important roles to regulate the activity, stability, half-life, 
and subcellular localization of these core clock proteins (19). 
An auxiliary TTFL helps to maintain precise clock ticking. The 
retinoic acid receptor-related orphan receptors (RORs) and REV-
ERBs whose transcriptions are under the control of the circadian 
clock bind to the ROR enhancer element to initiate and repress 
the Bmal1 transcription, respectively (20,21). 

When the circadian clock mechanism is disturbed or misaligned 
with the light-dark cycle, organisms have difficulty coping with 
the changes in the environment. Organisms, therefore, become 
more prone to diseases or syndromes. For example, cancer, de-
pression, obesity, and some metabolic diseases are associated 
with the disrupted circadian clock function (5,22,23). More inter-
estingly, some single nucleotide polymorphisms (SNPs) found 
in the coding region of core clock genes that change the amino 
acid are linked to diseases. A PER2 SNP (p.Ser662Gly), located 
on a phosphorylation site, was detected in people suffering 
from advanced sleep phase syndrome (ASPS) (24). Another SNP, 
found in CRY2 (rs201220841) changing p.Ala260Thr, caused 
better interaction with CRY2’s E3 ligase that led to its rapid deg-
radation, was associated as well with ASPS (24). Two CRY1 exon 

skipping variants (CRY1 without exon 11 and exon 6) detected 
in the population were associated with familial delayed phase 
sleep syndrome and attention deficit hyperactivity disorder, re-
spectively (25,26). Molecular characterizations showed that the 
exon 6 of CRY1 encodes amino acids near the CLOCK binding 
region, hence the absence of amino acids around this region 
abolished CRY1-CLOCK interaction, and mutant CRY1 (without 
exon 6) could not rescue the circadian rhythm at the cellular 
level (26). Similar characterization for CRY1 without exon 11 
showed that mutant CRY1 had a higher affinity to CLOCK and 
BMAL1, and lengthened the period of the circadian rhythm (25). 
In addition to understanding the role of SNPs in human disor-
ders, their molecular characterization may contribute to the un-
derstanding of the circadian clock mechanism better. In one of 
our recent studies, the characterization of a rare CRY1 SNP (p.Ar-
g293His) showed that two pockets of CRY1 were allosterically 
regulated (27). Another recent study, that analyzed rare CRY2 
SNPs, showed that amino acids around the secondary pocket 
are important for nuclear localization and its stability (28). It is, 
therefore, essential to understand how SNPs have an impact on 
the molecular circadian clock mechanism. 

CLOCK and BMAL1 are composed of basic helix-loop-helix 
(bHLH) and PER-ARNT-SIM (PAS) domains. Co-crystal of BMAL1-
CLOCK showed that PAS-A and PAS-B domains of these pro-
teins interact with each other to form a heterodimer (29). PAS 
domains are mainly interacting with each other via hydropho-
bic amino acids. Leu159, Thr285, Tyr287, Val315 and Ile317 on 
PAS-A of BMAL1 interact with Phe104, Leu105 and Leu113 of 
CLOCK. PAS-B domains bind to each other in a parallel mode. 
Additionally, Phe423, Trp427 and Val 435 on PAS-B of BMAL1 
are found to be critical for interacting with CLOCK (29). In 
both the BMAL1 and CLOCK, two flexible linker loops connect 
PAS-A and PAS-B domains. Positively charged bHLH domains of 
BMAL1 and CLOCK interact with each other and then are bound 
to the negatively charged DNA backbone (Figure 1) (30). The 
bHLH domains have critical hydrophobic core amino acids. For 

Figure 1. Superimposed crystal structures of BMAL-CLOCK-E-Box complex (PDB id: 4f3l and 4h10). BMAL1 is shown in blue, CLOCK is 
shown in red. Backbone of DNA is shown in orange.
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example, Leu57, Leu74 of BMAL1 and Leu95, Leu115 of CLOCK 
were determined as critical hydrophobic amino acids in which 
mutating to glutamate diminished the transactivation property 
of BMAL1/CLOCK. In addition to the transactivation, these core 
hydrophobic amino acids are critical for heterodimer formation 
(29). 

BMAL1 and CLOCK are two main transcriptional factors driving 
the circadian clock, therefore, determining and understanding 
the effect of these two proteins’ SNPs in the population will 
advance the relationship between the circadian clock and dis-
ease; and help elucidate the molecular mechanism details of 
the circadian clock. While core clock genes have some paralogs 
(i.e., Cry1 and Cry2; Per1-Per2-Per3; Clock and Npas), Bmal1 has 
no such paralog. It is, therefore, expected that any disruption 
in the BMAL1 function or stability may disrupt the clock mech-
anism. So, the characterization of BMAL1 SNPs is of great im-
portance. In this report, we analyzed thousands of SNPs depos-
ited in the Ensembl database by using multiple computational 
tools. According to the pathogenicity criteria of various in silico 
analyses in the Ensembl, we ended up with twelve CLOCK and 
twelve BMAL1 SNPs. We expanded our calculations by using 
other computational tools and determined the most patho-
genic SNPs by giving them pathogenicity scores. Although in 
silico analyses, per se, are not enough to conclude the effect 
of SNPs on any biological system, they provide a rational per-
spective for choosing a manageable number of SNPs for wet-
lab experiments. By reporting pathogenic CLOCK and BMAL1 
SNPs, we provided a starting point for experimental studies to 
analyze the effect of deleterious CLOCK and BMAL1 SNPs on the 
circadian clock mechanism. 

MATERIALS AND METHODS

SNPs studied in this manuscript were retrieved from the En-
sembl databank. Explanation of various in silico methods used 
to determine the effect of SNPs on BMAL1, CLOCK or BMAL1/
CLOCK heterodimer are given below.

SIFT uses multiple sequence alignment approaches to deter-
mine the effect of mutations on a protein sequence (31). SIFT 
works in the following way: i) similar sequences are searched, 
ii) sequences that can show similar functions to the query se-
quence are selected, iii) multiple sequence alignments among 
selected sequences are determined, iv) normalized amino acid 
probability for each amino acid position is calculated. If the 
probability of normalized tolerability is less than 0.05, the muta-
tion is classified as “Deleterious”, if the probability is more than 
0.05, it is classified as “Benign.”

PolyPhen (version 2) predicts the effect of a mutation on the 
function of the protein by using empirical rules (32). Values larg-
er than 0.908 were evaluated as “Probably Damaging,” and val-
ues 0.446-0.908 were evaluated as “Possibly Damaging”.

CADD integrates multiple parameters to one by comparing nat-
urally selected variants and simulated mutations. The C-scores 
were related to the allelic variations, the pathogenicity of cod-

ing and non-coding variants, the regulating effects are deter-
mined experimentally, and a high level of pathogenic variants 
among individual genome sequences. CADD qualitatively pri-
oritize functional, benign, and deleterious mutations among 
various functional categories, and the impact and genetic ar-
chitectures (33). CADD scores larger than 30 are evaluated as 
“Deleterious”.

REVEL is an ensemble method used to predict the pathogenic-
ity of mutation that integrates MutPred, FATHMM, VEST, Poly-
Phen, SIFT, PROVEAN, MutationAssesor, MutationTaster, LRT, 
GERP, SiPhy, phyloP and phastCons (34). Values larger than 0.5 
are classified as “Likely Disease Causing.” 

MetalR predicts the pathogenicity of missense mutations by 
integrating nine independent pathogenic scores and allele 
frequency using the logistic regression method. Variants are 
scored between 0 and 1, and the higher scored ones have a 
higher risk of being deleterious (35).

Mutation Assesor predicts the functional effect of amino ac-
ids by using evolutionary conservation of amino acids among 
homologous proteins. The program scores mutations between 
0 and 1, then, classifies them as neutral, low, intermediate, or 
high. The higher the scores, the higher the risk of pathogenicity 
(36). Values greater than 0.93 are classified at high risk of patho-
genicity. 

I-Mutant is a neural network that calculates the protein stabili-
ty change upon a single mutation. A protein sequence is given 
to the program in the FASTA format. I-Mutant can calculate the 
free-energy change (ΔΔG) between mutant and wild-type pro-
teins with the help of the FoldX program (37). According to the 
program output, if ΔΔG < 0 then the mutation destabilizes the 
protein, and if ΔΔG > 0 then the mutation stabilizes the protein. 

PROVEAN predicts the effect of a single missense or indel mu-
tation on the function of a protein. The program uses a fast 
algorithm, that allows calculations of all possible mutations of 
amino acids in mouse and human proteins (38). If the score is < 
2.5, it destablizes the protein and its function. 

FoldX is an algorithm that qualitatively predicts the interaction 
and stability of proteins upon mutation(s). The program en-
ables a comparison between wild-type and mutant protein in 
the form of van der Waals interaction and reports a free energy 
change (ΔΔG) (39). If ΔΔG reported by the program > 0, the mu-
tation destabilizes the protein or interaction and if ΔΔG < 0, the 
mutation stabilizes the protein or interaction.

FireDock is a web server that allows a refinement of pro-
tein-protein interaction by calculating binding energies via the 
molecular docking approach (40). The program performs local 
and global minimization by letting side chains find the opti-
mum conformation and then calculates the binding energy of 
docked proteins. The more negative the binding energy, the 
more stable structure was. 
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Multiple sequence alignment was performed by using EMBL 
Multiple Sequence Comparison by the Log- Expectation (MUS-
CLE) server (41). Jalview software was used to visualize the se-
quence alignment results (42). 

Open source Pymol software was used to visualize and gener-
ate protein figures (43). 

RESULTS

Initially, all CLOCK and BMAL1 SNPs were searched through the 
Ensembl database. For this purpose, we searched “CLOCK” and 
“ARNTL” (BMAL1) genes, one by one, in the “Human” species. 
Then, CLOCK (Human Gene) or ARNTL (Human Gene) were se-
lected on the next page. “Variant table” on the left was select-
ed and the “Filters” option appears. The following criteria were 
used to select SNPs: Class=SNP; Consequences=missense vari-
ant; SIFT=0-0.05; PolyPhen=0.9-1; CADD>30. More options can 
be found under the “Filter Other Columns” option. As a result, 
71 variants for BMAL1 and 42 variants for CLOCK were obtained 
from the databank. Since BMAL1 is expressed in several iso-
forms, in the Ensembl database the same SNPs could be seen 
multiple times because the SNP was reported in different tran-
scripts. We, therefore, selected ENST00000389707.8 transcripts 
(NP_001025443.1) for the sake of unifying the amino acid num-
bers in SNPs. A similar approach was used for CLOCK SNPs and 
ENST00000309964.8 transcript (NP_001254772.1) was selected. 
After eliminating the variants reported multiple times, we end 
up with 12 variants for BMAL1 and 12 variants for CLOCK. Mul-
tiple sequence alignment of BMAL1 and CLOCK among some 
vertebrates (e.g. bovin, gorilla, and rat) and Drosophila melan-
ogaster which has a strong circadian clock system showed that 
almost all selected amino acids are conserved in these species 
(Figure 2). Since some in silico tools take advantage of available 
protein structures, we also classified variants as “structural” for 
those that are available on the crystal structures (PDB id: 4h10, 
4f3l) and “non-structural” for those that were not resolved on 
the crystal. To determine “structural” variants we superimposed 
two crystal structures. Functional PAS and bHLH domains, and 
E-Box (DNA) were labeled on the aligned structures (Figures 1 
and 3). Out of 12 BMAL1 variants, five of them were “structur-
al” and seven of them were “non-structural”. CLOCK had eight 
“structural,” and four “non-structural” variants (Table 1). 

The “Structural” SNPs of BMAL1 and CLOCK are shown on the 
BMAL1-CLOCK complex (Figure 3). Arg166 and Val440 are locat-
ed on the surface of BMAL1 and are exposed to solvent. Ala154 
and Arg238 are found on the BMAL1 PAS-A domain and both 
are interacting with CLOCK. Ala357 is found on the PAS-B do-
main and buried inside the BMAL1 (Figure 3A). Asp151, Ser171 
and Ser187 are located on the surface of CLOCK and the PAS-A 
domain. Ala117, Asp 119 and Gly120 are also found on the 
PAS-A domain, however, located inside the CLOCK and interact 
with BMAL1. Cys371 is found in the CLOCK PAS-B domain and is 
located in a hydrophobic region (Figure 3B). The SNPs found on 
the BMAL1-CLOCK interaction site are shown with an asterisk (*) 
in Tables 2 and 3.

All SNPs SIFT, Poly-Phen, CADD, REVEL, MetalR, Mutation As-
sessor, and PhD-SNP values were evaluated. In addition, I-Mu-
tant, PROVEAN, Dynamut, and FireDock software/web-servers 
were used for “structural” variants to evaluate the effect of mu-
tations on BMAL1-CLOCK binding or change in the stability of 
proteins. Results are shown in Tables 2 and 3 for CLOCK and 
BMAL SNPs. 

If the SIFT score is less than 0.05, it is classified as “Delete-
rious.” If the Poly-Phen value is larger than 0.908, then it is 
evaluated as “Probably Damaging.” If the CADD score is larger 
than 30, it is evaluated as “Deleterious”. At the beginning of 
the SNP selection from the Ensembl database we used these 
three scores to select “Deleterious” mutations. All BMAL1 and 
CLOCK mutations were deleterious according to SIFT, Po-
ly-Phen and CADD (Tables 2 and 3). Although there was no 
certain cut-off value for REVEL, scores larger than 0.5 are clas-
sified as “disease causing.” Three structural BMAL1 SNPs (Ar-
g166Gln, Val440Gly and Ala154Val) and six structural CLOCK 
SNPS (Cys371Gly, Ser171Phe, Gly120Val, Gly120Ser, Asp119Val 
and Ala117Val) were disease causing according to their REVEL 
values. The PhD-SNP probability score is calculated between 
0 and 1; scores more than 0.5 are evaluated as pathogenic. 
One non-structural BMAL1 SNP (Asp51Tyr), and four struc-
tural BMAL1 SNPs (Arg166Gln, Val440Gly, Ala357Thr and Ala-
154Val) were evaluated as pathogenic by PhD-SNP (Table 2). 
All CLOCK SNPs, non-structural Ser797Leu and structural As-
p151His, were classified as pathogenic by the same program 
(Table 3). I-Mutant calculated the free energy change (ΔΔG) 
upon mutation in which mutants causing ΔΔG < 0 are eval-
uated as destabilizing. All BMAL1 SNPs were determined as 
destabilizing by I-Mutant (Figure 4A). The same calculation 
for CLOCK SNPs showed that all except non-structural Tyr-
662Cys and structural Ser171Phe were destabilizing mutants 
(Table 3). PROVEAN is a useful tool to predict the effect of a 
single missense mutation on the stabilization and function 
of a protein. If the PROVEAN score is < 2.5, it can destabilize 
the protein and its function (38). All BMAL1 SNPs except two 
non-structural Glu501Lys and Gly41Arg SNPs turned out to 
be deleterious by the PROVEAN. The same analysis for CLOCK 
SNPs showed that all but one non-structural Ser797Leu and 
one structural Ser187Pro SNPs were deleterious. Finally, 
FireDock server was used to calculate the binding energy 
between wild-type BMAL1 and CLOCK, and between BMAL1-
CLOCK variants found in the interaction site. Since FireDock 
calculates physical binding energy, lower binding energy 
means a stronger interaction. We calculated ΔΔG binding en-
ergy by subtracting the binding energy of wild-type BMAL1-
CLOCK from the binding energy of SNPs (ΔΔGbinding energy = 
ΔGSNP- ΔGWT). ΔΔG < 0 means stabilized interaction between 
proteins. Interestingly, all SNPs found in the BMAL1-CLOCK 
interface stabilized the interaction. While both BMAL1 inter-
face SNPs showed a strong effect (> 1 kcal/mol) on BMAL1-
CLOCK binding energy, two out of four CLOCK interface SNPs 
showed a similar but less potent effect than BMAL1 SNPs on 
the binding energy (Figure 4B).
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Figure 2. Multiple sequence alignment of A) BMAL1, B) CLOCK from human, Drosophila melanogaster, gorilla, bovine, and rat.

B

A
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Figure 4. ΔΔG (kcal/mol) values calculated by A) I-Mutant for all 
SNPs, B) FireDock program for BMAL1-CLOCK interacting amino 
acids.Figure 3. Position of “structural” SNPs of A) BMAL1 and B) CLOCK. 

In A) BMAL1 is shown in blue cartoon, SNPs are shown in sticks, 
CLOCK is shown in red surface representations. In B) CLOCK is 
shown in red cartoon, SNPs are shown in sticks, BMAL1 is shown 
in blue surface representations.

Table 1. List of all single nucleotide polymorphisms (SNPs) selected from the Ensembl database

Structural Non-structural

SNP ID Amino acid  change SNP ID Amino acid  change

BMAL1

rs1226276621 Arg166Gln rs1163932326 Asp51Tyr

rs1450371323 Val440Gly rs757010873 Arg218Trp

rs746713814 Ala357Thr rs146679326 Glu501Lys

rs1434856001 Arg238GLn rs368050146 Arg216Gln

rs768337963 Ala154Val rs771438108 Gly41Arg

rs762595978 Ser511Leu

rs1316220783 Ser513Leu

CLOCK

rs1406765260 Cys371Gly rs953927923 Ser797Leu

rs1204057040 Ser187Pro rs1178386174 Phe703Cys

rs768013881 Ser171Phe rs763646149 Tyr662Cys

rs375936156 Asp151His rs752522729 Gln564Arg

rs767225278 Gly120Val

rs1445208701 Gly120Ser

rs1289814329 Asp119Val

rs999814126 Ala117Val
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Table 2. Brain and muscle ARNT-Like 1 (BMAL1) single nucleotide polymorphisms (SNPs) and scores of in silico prediction tools.

SNP ID
Amino acid  

change
SI FT Poly Phen CADD REVEL MetaLR

Mutation  
Assessor

PROVEAN

Non-
Structural

rs1163932326 Asp51Tyr 0 0.912 32 0.305 0.269 0.472 Disease -3.02

rs757010873 Arg218Trp 0 0.999 32 0.401 0.11 0.883 Neutral -6.79

rs146679326 Glu501Lys 0 0.991 32 0.25 0.24 0.819 Neutral -2.1

rs368050146 Arg216Gln 0 0.989 32 0.478 0.091 0.612 Neutral -3.83

rs771438108 Gly41Arg 0 0.999 30 0.379 0.179 0.535 Neutral -2.11

rs762595978 Ser511Leu 0.02 0.99 31 0.187 0.285 0.805 Neutral -2.92

rs1316220783 Ser513Leu 0.02 0.978 32 0.267 0.162 0.831 Neutral -2.72

Structural

rs1226276621 Arg166Gln 0 0.996 31 0.521 0.26 0.745 Disease -3.74

rs1450371323 Val440Gly 0 0.971 30 0.702 0.16 0.695 Disease -4.78

rs746713814 Ala357Thr 0.01 0.998 33 0.371 0.14 0.800 Disease -3.82

rs1434856001* Arg238GLn* 0.03 0.994 32 0.431 0.102 0.330 Neutral -2.83

rs768337963* Ala154Val* 0.04 0.997 32 0.576 0.377 0.869 Disease -3.11

Table 3. Circadian locomotor output cycles kaput (CLOCK) single nucleotide polymorphisms (SNPs) and scores of in silico 
prediction tools.

SNP ID
Amino acid  

change
SI FT Poly Phen CADD REVEL MetaLR

Mutation  
Assessor

PROVEAN

Non-
Stuctural

rs953927923 Ser797Leu 0 0.966 32 0.339 0.069 0.480 Neutral -1.83

rs1178386174 Phe703Cys 0 0.962 31 0.495 0.062 0.700 Disease -2.98

rs763646149 Tyr662Cys 0.02 0.96 31 0.205 0.055 0.700 Disease -3.31

rs752522729 Gln564Arg 0 0.999 33 0.373 0.118 0.753 Disease -2.703

Stuctural

rs1406765260 Cys371Gly 0 0.998 31 0.661 0.107 0.420 Disease -10.831

rs1204057040 Ser187Pro 0.02 0.932 32 0.142 0.043 0.385 Disease -2.362

rs768013881 Ser171Phe 0.01 0.969 31 0.639 0.163 0.906 Disease -3.984

rs375936156 Asp151His 0 0.976 31 0.431 0.088 0.237 Neutral -4.39

rs767225278* Gly120Val* 0 0.999 32 0.705 0.249 0.950 Disease -8.11

rs1445208701* Gly120Ser* 0 0.983 32 0.642 0.147 0.809 Disease -5.34

rs1289814329* Asp119Val* 0 0.996 33 0.762 0.217 0.934 Disease -8.24

rs999814126* Ala117Val* 0 0.99 32 0.678 0.107 0.898 Disease -3.74
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DISCUSSION

The SNP is a single nucleotide difference among gene sequenc-
es of the canonical population. SNPs causing missense muta-
tion to change an amino acid to a different one. Some SNPs 
and exon skipping mutations of core circadian clock genes are 
related to sleep and mood disorders (24-26,44,45). Specifically, 
a PER2 SNP (Ser662Gly) was detected in the population having 
ASPS (24). Similarly, a CRY2 SNP causing Ala260Thr mutation 
was also associated with ASPA (45). In common, both PER2 
and CRY2 mutations destabilized the protein and changed the 
timing of the circadian clock. In addition to understanding the 
disease mechanism, characterization of rare SNPs helps to un-
derstand the clock mechanism better. A recent study, analyzing 
the effect of CRY1 SNPs on the clock mechanism, showed that 

CRY1 is an allosterically regulated protein (27). Another study 
dealing with the effect of CRY2 SNPs showed that secondary 
pocket amino acids are important for nuclear localization and 
stability of CRY2 (28). Thus, understanding the effect of clock 
genes’ SNPs on the circadian clock is an active research field.

For this purpose, we identified pathogenic missense SNPs in 
the Ensembl database by using various in silico tools. Our initial 
analysis by using pathogenicity criteria of SIFT, PolyPhen, and 
CADD showed that there were 12 SNPs for both BMAL1 and 
CLOCK in the Ensembl database (Table 1). Since some software 
used protein structures for analysis, we classified SNPs as “struc-
tural” and “non-structural” according to the presence of amino 
acids available on crystal structures (pdb id: 4f3l, 4h10) (Table 
1). As a result, seven non-structural and five structural SNPs for 

Table 4. Pathogenic score of all single nucleotide polymorphisms (SNPs). Pathogenic predictions are highlighted.

SNP ID
Amino acid  

change
SI FT Poly Phen CADD REVEL

Mutation  
Assessor

PhD-
SNP

Provean I-Mutant
Pathogenicity  

Score

BMAL1 Non-
Stuctural

rs1163932326 Asp51Tyr 0 0.912 32 0.305 0.472 Disease Deleterious -0.59 6

rs757010873 Arg218Trp 0 0.999 32 0.401 0.883 Neutral Deleterious -1.00 5

rs146679326 Glu501Lys 0 0.991 32 0.25 0.819 Neutral Neutral -0.20 4

rs368050146 Arg216Gln 0 0.989 32 0.478 0.612 Neutral Deleterious -0.99 5

rs771438108 Gly41Arg 0 0.999 30 0.379 0.535 Neutral Neutral -0.78 4

rs762595978 Ser511Leu 0.02 0.99 31 0.187 0.805 Neutral Deleterious -0.33 5

rs1316220783 Ser513Leu 0.02 0.978 32 0.267 0.831 Neutral Deleterious -0.76 5

Stuctural rs1226276621 Arg166Gln 0 0.996 31 0.521 0.745 Disease Deleterious -0.99 7

rs1450371323 Val440Gly 0 0.971 30 0.702 0.695 Disease Deleterious -5.10 7

rs746713814 Ala357Thr 0.01 0.998 33 0.371 0.800 Disease Deleterious -2.37 6

rs1434856001* Arg238GLn* 0.03 0.994 32 0.431 0.330 Neutral Deleterious -1.54 5

rs768337963* Ala154Val* 0.04 0.997 32 0.576 0.869 Disease Deleterious -1.48 7

CLOCK Non-
Structural

rs953927923 Ser797Leu 0 0.966 32 0.339 0.480 Neutral Neutral -0.07 4

rs1178386174 Phe703Cys 0 0.962 31 0.495 0.700 Disease Deleterious -1.04 6

rs763646149 Tyr662Cys 0.02 0.96 31 0.205 0.700 Disease Deleterious 1.50 5

rs752522729 Gln564Arg 0 0.999 33 0.373 0.753 Disease Deleterious -0.57 6

Stuctural rs1406765260 Cys371Gly 0 0.998 31 0.661 0.420 Disease Deleterious -1.08 7

rs1204057040 Ser187Pro 0.02 0.932 32 0.142 0.385 Disease Neutral -0.22 5

rs768013881 Ser171Phe 0.01 0.969 31 0.639 0.906 Disease Deleterious 0.45 6

rs375936156 Asp151His 0 0.976 31 0.431 0.237 Neutral Deleterious -1.18 5

rs767225278* Gly120Val* 0 0.999 32 0.705 0.950 Disease Deleterious -0.23 8

rs1445208701* Gly120Ser* 0 0.983 32 0.642 0.809 Disease Deleterious -1.39 7

rs1289814329* Asp119Val* 0 0.996 33 0.762 0.934 Disease Deleterious -0.24 8

rs999814126* Ala117Val* 0 0.99 32 0.678 0.898 Disease Deleterious -0.09 7
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BMAL1; and four structural and eight non-structural SNPs for 
CLOCK were determined (Table1) (Figure 3). Multiple sequence 
alignment revealed that in vertebrates all analyzed amino acids 
of BMAL1 were conserved except Asp51 in rat (Figure 2A). In 
drosophila, Gly41 and Asp51 are replaced with isoleucine and 
serine, respectively. In addition to these two amino acids, Cy-
cle protein has a lack of C-terminal and only 413 amino acids; 
Glu501, Ser511, and Ser513 of human BMAL1 do not exist in the 
fly Cycle protein. Among CLOCK proteins analyzed in Figure 2B, 
all studied SNP amino acids are conserved in vertebrates. How-
ever, only Asp119, Gly120, Ser187, Cys371, and Gln564 amino 
acids are conserved in the Clock protein of Drosophila mela-
nogaster (Figure 2B). Other than Ala117 of fly Clock, all SNPs 
found on the BMAL1-CLOCK interaction interface are conserved 
among the analyzed species (Figure 2). 

The REVEL program predicted only three structural Arg166Gln, 
Val440Gly and Ala154Val BMAL1 SNPs, and six structural Cys-
371Gly, Ser171Phe, Gly120Val, Gly120Ser, Asp119Val and Ala-
117Val CLOCK SNPs as disease-causing. The PhD-SNP software 
predicted that one non-structural Asp51Tyr, and four struc-
tural Arg166Gln, Val440Gly, Ala357Thr and Ala154Val BMAL1 
SNPs as pathogenic (Table 2). The same program classified all 
CLOCK SNPs other than non-structural Ser797Leu and struc-
tural Asp151His as pathogenic (Table 3). The MetalR program 
uses multiple in silico prediction programs and scores the mu-
tation. Although there is no certain cut-off score to evaluate 
mutations as pathogenic by the MetalR program, a larger score 
means a higher risk of being pathogenic. PROVEAN predicts 
that all BMAL1 SNPs except two non-structural Glu501Lys and 
Gly41Arg were deleterious. The same program predicted all but 
one non-structural Ser797Leu and one structural Ser187Pro 
SNPs of CLOCK as deleterious. The mutation assessor classified 
only two structural CLOCK SNPs Asp119Val and Gly120Val as 
pathogenic.

According to I-Mutant, if the free energy change (ΔΔG) upon mu-
tation < 0, it is a destabilizing mutation. The I-Mutant predicted 
that all BMAL1 SNPs were destabilizing (Figure 4A). Similarly, all 
CLOCK SNPs, other than Ser171Phe and Tyr622Cys were desta-
bilizing mutants (Figure 4A). To better understand the I-Mutant 
results we analyzed proteins according to the hydrophobicity of 
amino acids. Ala357 and Val440 of BMAL1 are buried in a hydro-
phobic region. Since glycine and threonine are less hydrophobic 
than valine and alanine, respectively, disruption of these hydro-
phobic cores might destabilize the protein. Ala154 is remarkably 
close to a region rich in basic amino acids. Thus, the Ala154Val 
mutation that introduced a more hydrophobic amino acid may 
destabilize the protein. The side chains of Ala117 and Gly120 of 
CLOCK are located near a hydrophobic region. Therefore, Ala-
117Val and Gly120Val mutations which are also hydrophobic 
amino acids did not destabilize the protein. However, Gly120Ser 
mutation which introduced a polar amino acid destabilized the 
protein. When Asp151 is exposed to solvent and because of its 
negative charge, it can be found in H-bond interactions with sur-
rounding water molecules. Asp151His mutation may decrease 
the number and strength of H-bond interactions since histidine 

is mostly neutral around the physiological pH. Therefore, As-
p151His mutation is a destabilizing mutation. 

To predict the binding energy change in BMAL1-CLOCK inter-
action upon introducing SNPs, we used the FireDock server. 
The server calculates physical binding energy and if ΔΔG after 
mutation < 0, it means a stabilized energy (in contrast to I-Mu-
tant). FireDock predicted that all SNPs found on the interaction 
interface were stabilizing the BMAL1-CLOCK interaction (Figure 
4B). It showed that a gain of function mutation on BMAL1 and 
CLOCK caused a stronger interaction between them, but it did 
not affect the circadian rhythm in cell-based circadian assays. 
Similarly, the same mutations had a subtle effect on BMAL1-
CLOCK dependent transactivation (29). On the other hand, loss 
of function mutations that weakened the BMAL1-CLOCK bind-
ing significantly abolished the transactivation (29). Since the 
FireDock analysis predicted that all SNPs had a better binding 
energy than the wild-type, these mutants should not have a 
detrimental effect on the BMAL1-CLOCK transactivation. 

Finally, we generated a table that collectively gives a score for 
each analysis. If an SNP was predicted as pathogenic or destabi-
lizing by a program, the SNP gets a score of 1. A higher overall 
score means a higher risk of pathogenicity. For this, we used re-
sults from the SIFT, PolyPhen, CADD, REVEL, PhD-SNP, PROVEAN, 
Mutation Assessor and I-Mutant analysis. So, an SNP could get 
the highest score of 8. Our results showed that structural CLOCK 
SNPs: Gly120Val and Asp119Val got the highest score of 8; Cys-
371Gly, Gly120Ser, and Ala117Val got 7; BMAL1 structural SNPs 
Arg166Gln, Val440Gly, and Ala154Val also got 7 (Table 4). The 
highest scored SNPs can have a significant effect on the BMAL1-
CLOCK activity and may disrupt the robust ticking of the circa-
dian clock mechanism. 

Despite the fact that Gly41Arg SNP got a pathogenicity score 
of 4, the amino acid is at the end of the nuclear localization 
signal sequence which is important for nuclear translocation 
of BMAL1 and CLOCK (46). Since BMAL1 carries CLOCK to the 
nucleus, if BMAL1 cannot translocate to the nucleus neither can 
CLOCK. So, if this SNP interferes with BMAL1 translocation, it 
may disrupt the clock mechanism.

Cys371Gly obtained a pathogenicity score of 7 and should be 
analyzed in detail. Recently, it was found that the side chain of 
Cys195 (-SH) of CLOCK can be oxidized to sulfenic acid (-SOH) 
depending on the amount of H2O2 (47). As a result, oxidized 
Cys195 stabilized the CLOCK-BMAL1 interaction and enhanced 
the transactivation. Since all cysteine amino acids can be oxi-
dized, this possibility should be considered while experimental-
ly analyzing the effect of Cys371Gly. 

Heme can bind to CLOCK and may interfere with CLOCK bind-
ing to E-Box and regulate the circadian clock (48,49). His141 was 
critical for Heme binding. In the CLOCK amino acids we studied, 
Ala117, Asp119, Gly120, and Asp151 surrounded His141 in the 
crystal structure. These SNPs can affect the orientation of the 
His141 side chain and heme binding. 
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CONCLUSION

Among the thousands of SNPs in the Ensemble database, we 
filtered out only missense mutation with high pathogenic 
probability. After applying pathogenic criteria of SIFT, Poly-
Phen, and CADD, we studied 12 SNPs using various in silico 
tools. In spite of the fact that these in silico tool analysis were 
not adequate to make general conclusions about the effect of 
SNPs on biological systems, they are useful to narrow down 
the number of SNPs for experimental studies. Thus, the in sil-
ico analysis help to save time and budget. Researchers aim-
ing to experimentally analyze the effect of CLOCK and BMAL1 
SNPs on the clock mechanism should give priority to those 
highlighted in this study.
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