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ABSTRACT

Cryptochrome 2 (CRY2) is one of the four proteins of the cell-autonomous
molecular clock in mammals. Non-synonymous SNPs of the cry2 gene,
resulting in missense variants of CRY2, were correlated with metabolic
disorders, cancers, and autism spectrum disorders. This in silico analysis aimed
to investigate these missense SNPs having deleterious structural and functional
impacts on the human CRY2 protein. Multiple computational tools, homology
modeling, and molecular dynamic simulation reported an impact on protein
structural stability, function, and binding with PER2 and FBXL3. Our results
suggest that missense variants of hCRY2 with L74P, L274P, L309P, F315V,
and Y485H mutations were the most destabilizing. These were found to have
an overall altered structure, especially in the FAD binding pocket, which in turn
can impact the binding of CRY activating compounds, regulatory proteins
FBXL3 and PER2. These five missense variants warrant detailed in vitro and in
vivo investigations to solidify our findings.
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Introduction

The circadian rhythm, or in other words, our internal
body clock, keeps our body and its processes with
changes in time as well as various environmental
stimuli. Cryptochromes (CRYSs) are transcriptional
repressors  constituting  the  cell-autonomous
molecular clock of mammals. These 'peripheral’
clocks generate the circadian rhythms in cells
through two interlocked transcription-translation
feedback loops (TTFL) (Buhr and Takahashi, 2013;
Mohawk et al., 2012; Takahashi, 2016), whereas the
Suprachiasmatic Nucleus (SCN) in the anterior
hypothalamus mediates the circadian rhythm on a
macro scale. In the TTFL, the circadian locomotor
output cycles kaput (CLOCK), aryl hydrocarbon
receptor nuclear translocator-like protein 1 (ARNTL-
1) or referred to as BMALL, form a heterodimer to
bind E-box on DNA (CACGTG) causing
transcription of PERs and CRYs among other clock-
controlled genes (CCGs) in the morning (Gekakis et
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al., 1998; Hogenesch et al., 1998; King et al., 1997).
The proteins PERIODs (PER)s and CRYs then
constitute a trimeric complex with casein kinase I&/d
(CKI) in the cytoplasm to translocate into the nucleus
in the late afternoon or evening. The transcription of
CCGs is inhibited by the interaction of this trimeric
complex and BMAL1/CLOCK (Vielhaber et al.,
2001). Polyubiquitination and subsequent CRY1,
CRY2, PER1, and PER2 degradation occur by
specific E3 ligase complexes (FBXL3 and B-TrCP).
Eventually, their negative feedback repression is
lifted as these proteins decrease, and CLOCK-
BMAL1 transcription activity begins again,
completing one cycle of the TTFL (Buhr and
Takahashi, 2013).

CRYs (CRY1 and CRY2) are flavoproteins (Partch
and Sancar, 2005; Reppert and Weaver, 2002).
Mammalian cryptochromes, weighing 66.9kDa, are
composed of a highly conserved photolyase-homology

m This work is licensed under a Creative Commons Attribution 4.0 International License.


http://www.bas.org.bd/publications/jbas.html

Khan et al./J. Bangladesh Acad. Sci. 49(1); 57-72: June 2025

region (PHR) and a unique Cryptochrome C-terminal
(CCT) extension (CCE). This protein of 593 amino
acids has a FAD-binding pocket in this PHR (Xing et
al., 2013). Another secondary pocket is present, which
helps CRYs bind to CLOCK: BMAL1 complex
(Fribourgh et al., 2020; Rosensweig et al., 2018).
CRY1 and CRY2 have similar functions but distinct
roles, especially in determining the rhythm of the SCN
biological clock and its heterogeneous circadian
transcriptional outputs. Various enzymes regulate
CRY?2 activity, and it also undergoes PTM, including
phosphorylation and ubiquitylation, which affects its
stability (Reischl and Kramer, 2011; Stojkovic et al.,
2014). CRY2 has been demonstrated to cause the
degradation of c-MYC (Huber et al., 2016), TLK2
(Correia et al., 2019), E2F family members (Chan et
al., 2020) by its interaction with SCFFBXL3 (SKP1-
CUL1-F-box protein complex having the F-box
protein FBXL3) which ubiquitinates these proteins.
On the contrary, PER proteins protect CRY from
degradation by FBXL3 (Xing et al., 2013). More
importantly, PER2 is one of the most important
binding partners of CRY2. Their binding mediates the
TTFL in cellular circadian clocks, completing the
negative phases of the loop. Interruption of circadian
oscillations increases with the association of both Cryl
and Cry2 genes with several types of cancer. Genome
sequences from the Cancer Genome Atlas for six
global and eight subcontinental ancestries report that
among other CCGs, CRY?2 is resistant to mutation in
healthy somatic tissues making its cancer-associated
mutations functionally important (Chan et al., 2020).
Multiple studies have revealed the involvement of
single nucleotide polymorphisms (SNPs) in the human
Cry2 gene (hCry2) with prostate and breast cancer
(Zienolddiny et al., 2013) and Non-Hodgkin’s
lymphoma (Hoffman et al., 2009). Cry2 gene
polymorphism has also been shown to be associated
with bipolar disorder, depression (Lavebratt et al.,
2010a), attention-deficit/hyperactivity ~ disorder
(ADHD) (Wang et al., 2020), and dysthymia
(Kovanen et al., 2014). SNPs in hCry2 have also been
associated with metabolic disorders such as diabetes,
dyslipidemia (Dupuis et al., 2010; Kelly et al., 2012;
Salazar et al., 2021), cardiovascular disorders (Skrlec
et al., 2018), and the more obvious, sleep disorder
(Hirano et al., 2016) as well as osteoporosis (Li et al.,
2016), affective disorders (Kripke et al., 2009).
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SNPs are single-base nucleotide substitutions that are
prevalent in less than 99% of a population (Schork et
al., 2000). Among various types, nonsynonymous
SNPs (nsSNPs) result in missense mutations in the
coding region, causing aberrations of protein
structure, stability, and function as well as binding to
respective partners in cellular context (Chasman and
Adams, 2001; Kucukkal et al., 2015; Petukh et al.,
2015). These nsSNPs and resulting missense proteins
have been linked to hereditary diseases, metabolic
disorders, and diseases related to circadian rhythms,
as stated above. However, isolating the nsSNPs that
contribute to diseases is highly challenging since it
requires numerous experiments of thousands of SNPs
in a potential candidate gene. In contrast, the use of
bioinformatics to comprehend the potential impact of
nsSNPs has been reported (Kumar and Purohit, 2012;
Rajendran et al.,, 2018; Rajendran and
Sethumadhavan, 2014). This study, therefore, aims to
detect detrimental non-synonymous SNPs that have
pathogenic effects on the hCRY2 protein among the
copious number of missense variants. Several
computational tools were utilized to investigate the
impact of the nsSNPs on protein structure as well as
its binding to other protein partners- FBXL3 and
PER2. Apart from these calculative, descriptive, and
inferential analyses, molecular dynamics (MD)
simulation was applied to get insights into the impact
of damaging variations in the native tertiary structure
of the candidate protein.

Materials and Methods
Retrieving SNPs of human CRY2 protein (hCRY2)

Human CRY2 protein was looked up in dbSNP
(Sherry et al., 2001). About 13088 SNPs information
were available in the database, among which the 436
nonsynonymous SNPs were chosen and retrieved for
this study. The amino acid sequence of hCRY2 was
collected from the UniProt Knowledge Base
(UniProtKB) (Accession Number: NP_066940.3).
The following sections depict the series of analyses
to conclude the missense variants of hCRY2, which
are summarized in a flowchart (Fig.1).
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Retrieval of hCRY2 SNPs ]

Identification of pathogenic SNPs }

Prediction of protein stability of missense variants }

Prediction of evolutionary conservation sites }

Prediction of structural and functional effects of the missense variants }

Modelling of native, mutant and protein complex structures and structure validation ]

Analyzing protein-protein interactions of missense variants complexed with FBXL3 and PER2 }

—_— —— — — — — @ — —

Molecular Dynamic Simulation of hCRY2 and missense variants }

Fig. 1. Flowchart of the study design.

Identifying the most detrimental SNPs

Deleterious, pathogenic and disease-causing SNPs
were predicted using Polyphen-2 (Adzhubei et al.,
2013), SNAP2 (Hecht et al., 2015), PON-P2 (Niroula
et al., 2015), Rhapsody (Ponzoni et al., 2020), PMut
(Lépez-Ferrando et al., 2017) and SNPs&GO
(Calabrese et al., 2009). PolyPhen-2 (Polymorphism
Phenotyping version 2) investigates the damaging
missense variations to assess the structural and
functional impacts of single amino acid substitution
on human protein (Adzhubei et al., 2013). SNAP2
(Screening for non-acceptable polymorphisms)
anticipates the functional effects of an amino acid
alteration by using a neural network (Hecht et al.,
2015). To assess the pathogenicity of the variants,
PON-P2 was utilized to assort the variants into
unknown, neutral, and pathogenic classes based on a
random forest probability score (Niroula et al.,
2015). Using machine learning, Rhapsody predicts
the pathogenicity based on protein sequence,
structure, and dynamics and classifies them into
deleterious or neutral (Ponzoni et al., 2020). To
address the association of SNPs with disease or not,
PMut (Pathogenic Mutation prediction) exploits
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neural networks to predict evolutionary and
structural properties (Lopez-Ferrando et al., 2017).
SNPs&GO is based on the support vector machines
(SVM) method that predicts whether a given
mutation can cause a disease or not, utilizing gene
ontology (GO) annotation (Calabrese et al., 2009).

Predicting change in protein stability due to
missense variants
MUpro (Cheng et al., 2006), mCSM (Pires et al.,

2014), DeepDDG (Cao et al., 2019), INPS3D
(Savojardo et al., 2016) and PremPS (Chan et al.,
2020) were used to determine the effects of the
variants on the stability of hCRY2 protein structure.
MUpro utilizes sequence and structure information to
assess the effect of point mutations (Cheng et al.,
2006). mCSM considers the distance profiles
between atoms to predict whether mutations
destabilize the protein (Pires et al., 2014). Online
tools, DeepDDG, INPS3D, and PremPS, were
applied to estimate the impact of thermodynamic
changes (AAG) on the stability of the protein induced
by a missense mutation.
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Analyzing sites in

hCRY2

The ConSurf tool was used to analyze the evolutionary
pattern of the protein's amino acids to find functional
regions by studying the evolutionary dynamics of amino
acid substitution. The conservation score is calculated
from the Bayesian calculation method on a scale of 1 to
9; each amino acid is scored as variable, intermediate,
and conserved, showing its degree of conservation
(Ashkenazy et al., 2016).

Predicting structural and functional effects of the
missense variants

evolutionary conservation

The structural analyses web server Project HOPE
(http://www.cmbi.ru.nl/hope/home) was used for
this. Amino acid sequences of the native hCRY?2 and
those of the mutant variants were input in this server.
The three-dimensional tertiary structures of the
proteins deposited in the Distributed Annotation
system (DAS) servers and Uniprot database are used
by Project HOPE for evaluating the structural
impacts of substitution mutations on the native
protein (Venselaar et al., 2010).

Determination of native and mutant structures of
hCRY2 and structure validation

The native and mutant structures of the hCRY2 protein
were generated by SWISS-MODEL (Waterhouse et al.,
2018) through homology modeling using murine CRY2
(PDB ID: 4i6j.1.A) as a template. SWISS-MODEL is a
web-based server that relies on template-based modeling
to generate protein structures as well as homomeric and
heteromeric complexes. The structures were validated
using the ERRAT (Colovos and Yeates, 1993) and
PROCHECK (Laskowski et al., 1996) tools in the
SAVES 6.0 server.

Analyzing impacts on protein-protein interactions
in missense variants

The crystal structure of murine CRY2 in its FBXL3—
SKP1-complexed form (PDB ID: 4i6j.1) was found
in existing literature (Xing et al., 2013). Based on
this template, homology modeling was performed to
form a heterodimer complex of hCRY?2 and FBXL3
using SWISS MODEL (Waterhouse et al., 2018). A
similar method was followed to generate the hCRY?2
and PER2 complex, using a published (Nangle et al.,
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2014) crystal structure of murine CRY2 and PER2 in
complex (PDB ID: 4u8h.1). Then, the interactions of
hCRY2 with its binding partners FBXL3 and PER2
were analyzed to observe any changes in protein
interactions due to missense mutations. The
computational tools mCSM-PPI12 (Rodrigues et al.,
2019), MutaBind2 (Zhang et al., 2020), SAAMBE-
3D (Pahari et al., 2020) and BeAtMuSiC V1.0
(Dehouck et al., 2013) were applied to explore any
variation in protein interactions. MCSM-PPI2
utilizes optimized graph-based signatures to model
the effects of point mutations in protein-protein
binding affinity, focusing on the inter-residue non-
covalent interaction network (Rodrigues et al., 2019).
MutaBind2 predicts changes in binding affinity
between proteins in missense variants through
statistical potentials, molecular mechanics force
fields, and fast side-chain optimization algorithms
made via random forest (RF) formula to assess
alterations (Zhang et al., 2020). SAAMBE-3D
(Single Amino Acid Mutation Change of Binding
Energy) exploits machine learning to analyze
alterations in protein-protein interactions as an effect
of single amino acid mutation (Pahari et al., 2020).
BeAtMuSIC V1.0 calculates the changes in binding
free energy of the protein-protein interactions
through the combination of the effect of the mutation
on the strength of the interactions and the gross
stability of the complex (Dehouck et al., 2013).

Simulating the dynamics of hCRY2 and its selected
variants

CABS-flex 2.0, a coarse-grained protein model, was
used to study the structural flexibility of the wild-
type and mutant 3D models of hCRY2 (Kuriata et al.,
2018). Three-dimensional models of the hCRY2
missense variants were produced using template-
based modeling in SWISS MODEL. A few 50 cycles
between trajectory frames with a minimum time
length of 10 ns at a temperature of 1.4 °C were
applied to observe the protein motion. Other
additional distance restraint parameters were set to
default. Root Mean Square Fluctuation (RMSF)
value was utilized to assess the stability of the
protein during simulation.
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Results and Discussion

A total of 13088 SNPs data for hCRY2 protein were
retrieved from the NCBI dbSNP database. Out of
these, 10846 SNPs were found to be present in the
intron region (82.9%), 436 were nonsynonymous or
missense SNPs (3.3%), and 230 were synonymous
variants (1.8%). Only missense SNPs were
considered for further analysis. In detail, information
about all the missense variants is given in
Supplementary Table 1. Six in silico tools like
PolyPhen2, SNAP2, PONP2, Rhapsody, Pmut and
SNPs&GO were utilized to find out the deleterious,
pathogenic, and disease-causing SNPs. All prediction
tools identified 68 variants out of 436 nsSNPS as
disease-causing SNPs, which are listed in
Supplementary Table 2. These 68 variants were then
assessed for structural stability of hCRY2 upon
missense mutation using MUpro, mCSM, DeepDDG,
INPS-3D, and PremPS (Table 1). These tools showed
the predicted changes in folding Gibbs free energy
(AAG). For MUpro, mCSM, DeepDDG, and INPS-
3D, variants with AAG value < -1.0 kcal/mol, and for
PremPS AAG value > 1.0 kcal/mol were considered
to have significantly destabilized hCRY2 structure.
Overall, fifteen missense variants that showed
significant destabilization across four or more tools
were considered deleterious to hCRY?2 stability. In
certain cases, fifteen more variants that displayed
destabilization across three tools were labeled as
marginally deleterious to hCRY2 stability.

Project HOPE web server was used to predict the
effects of missense variants on protein by analyzing
the sequences of the 16 variants selected from the
previous analysis. The obtained results assessed the
changes in contacts between residues within the
protein, perturbation in the protein structure, impacts
of the functional domains of the protein, differences
of the protein, and differences in the properties of the
wild type and the substituted amino acid. The
analysis of each variant is displayed in Table 2. All
the amino acid residues of the variants analyzed by
Consurf were reported to be highly conserved. The
W371R, F4001, 2F429C, V380M, WT71R, A407T,
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F315V, I359M, L74P, L274P, Y169H, L115W,
L214Q, L288Q, L309P and C433R variants were
predicted to be conserved as buried and structural
while the conservation of other variants was
functional and exposed. The conservation profile of
the variants is represented in Supplementary File 1.
From the analysis, five variants, L74P, L274P,
L309P, F315V, and Y485, significantly affected
hCRY2 structure, stability, and binding to both
FBXL3 and PER2.

Hence, the three-dimensional structures of the native
and mutant CRY2 variants were generated using
homology by SWISS-MODEL (Fig.2). The structures
were also validated using SAVES 6.0 server (Table 3).
The PROCHECK results predicted the amino acid
residues of all the native and mutant models results in
the most favored regions were more than 83%,
indicating the good quality of the models in the
Ramachandran  plots of the 3D  models
(Supplementary Fig. 2). The ERRAT value analysis
demonstrated that the nonbonded interactions and
backbone confirmation of the predicted models fit
well within the range of a good quality model which
was above 91%.

Complexes of hCRY2 and PER2, and hCRY2 and
FBXL3 were generated via SWISS-MODEL (Fig.3).
This was done to assess binding free energy change
(AAG values) in protein-protein interactions upon
missense mutation that is crucial for instability of the
protein interactions, functions, and pathogenicity
(Jemimah and Gromiha, 2020). Four tools, mCSM-
PPI2, MutaBind2, SAAMBE3D, and BeAtMusSic
V1.0, were applied to predict changes in the binding
affinity of each complex (Table 4). For MutaBind2,
SAAMBE3D and BeAtMuSic V1.0 AAG values >
0.8 kcal/mol, and for mCSM-PPI2, AAG values < -
0.8 kcal/mol reflect a significant decrease in binding
affinity to the binding partners. Consequently,
variants that followed these criteria across three or
more tools were considered to have destabilized
binding with its partner protein. When bound to
FBXL3, fourteen variants, and in PER2 bound state,
nine variants of hCRY2 followed these criteria.
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Table 1. Impacts of missense variants on hCRY2 protein stability.

Variants MUpro mCSM DeepDDG INPS3D PremPS
W371R -1.081 -2.161 -1.965 -2.330 191
F400I -0.631 -0.428 -1.344 -2.537 1.67
P488S -1.463 -1.707 -0.851 -1.134 1.13
R239C -0.723 -1.946 -1.378 -1.085 111
F429C -1.579 -1.106 -0.482 -2.179 1.29
V380M -0.387 -0.666 -1.084 -1.709 1.18
R282H -1.506 -1.998 -2.728 -1.070 1.2
R377Q -1.357 -1.767 -1.087 -0.846 151
WT71R -1.667 0.3 -2.017 -2.387 1.16
A407T -0.529 -1.095 -1.972 0.028 1.2
G231R -1.517 -0.82 -2.103 -0.597 1.82
F315V -1.450 -0.253 -0.276 -2.030 121
R70P -0.754 -1.124 -1.488 -1.897 1.47
R312Q -0.183 -0.624 -0.629 -1.481 0.41
G370V -0.826 -1.428 -1.25 -1.192 1.15
1359M -2.079 -0.578 -4.405 -1.304 2.58
L74P -1.329 -0.93 -1.523 -3.368 0.94
L274P -2.432 -1.944 -4.182 -3.365 244
1337T -1.946 -0.328 -2.681 -2.539 1.94
Y464C -1.109 -2.353 -0.357 -2.039 214
Y485H -1.041 -2.239 -1.596 -1.272 212
R70G -1.270 -2.384 -2.235 -1.996 1.6
Y169H -1.356 -1.162 -2.818 -1.551 1.79
N37K -1.441 -0.594 -4.001 -0.767 1.64
L115W -1.788 0.078 -3.371 -2.238 0.79
Y152C -1.428 -2.189 -1.246 -1.695 231
L214Q -1.289 -1.133 -2.861 -2.035 1.96
L288Q -2.124 -1.268 -3.621 -2.406 1.83
L309P -1.064 -0.589 -5.336 -3.469 2.55
C433R -1.521 0.397 -0.811 -1.145 1.09

The bold letter indicates the significant destabilizing missense variants predicted by four or more tools.
Numerical values in the table show the expected changes in folding Gibbs free energy (AAG) in kcal/mol.
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Table 2. Structural and functional impacts of hCRY?2 missense variants

Variants

Variation in contact

Positional disturbance

Alteration in  amino  acid

properties

R282H

The variant doesn’t make the hydrogen
bond at Asn 147 and Thr 150 and
disturbs the ionic interaction.

Mutant residue might disturb the
core structure of this domain.

The mutant residue is smaller. This
causes charge differences and
Creates an empty space in the core of
the protein.

W71R

The mutation might cause a loss of
hydrophobic interactions with other
molecules on the protein's surface.

The mutated residue is located on the
surface of a domain, which can
disturb this domain and abolish its
function.

The mutant residue is smaller,
causing repulsion between
neighboring residues.

R70P

The variant doesn’t make the hydrogen
bond with Asp 401 and disturbs the ionic
interaction.

The mutated residue is located on the
surface of a domain, which can
disturb this domain and abolish its
function.

This mutation loses the charge of the
wild-type residue. This can cause
aloss of interactions with other
molecules.

L74P

Variant residue disrupts the a-helix and
can severely affect the structure of the
protein.

The residue is buried in the core of a
domain that might disturb the core
structure of this domain.

The mutant residue is smaller and
causes an empty space in the core of
the protein.

L274P

Variant residue disrupts the a-helix and
can severely affect the structure of the
protein.

The residue is buried in the core of a
domain that might disturb the core
structure of this domain.

The mutant residue is smaller,
causing a space in the core of the
protein.

1337T

The mutation might cause aloss of
hydrophabic interactions in the core of
the protein.

The residue is buried in the core of a
domain that might disturb the core
structure of this domain.

The mutant residue is smaller,
causing an empty space in the core
of the protein.

Y485H

The variant doesn't make the hydrogen
bond with Asp 360 and loss of
hydrophabic interactions in the core of
the protein.

The mutation is in a region required
for the inhibition of CLOCK-
BMAL1-mediated transcription. The
residue is buried in the core of a
domain that might disturb the core
structure.

The mutant residue is smaller,
causing an empty space in the core
of the protein.

R70G

The variant doesn't make the hydrogen
bond and salt bridge with 401, disturbs
ionic interactions, and causes a loss of
hydrophobic interactions in the core of
the protein. It also interferes with the
rigidity of the protein.

The mutated residue is located on the
surface of the
Photolyase/cryptochrome alpha/beta
domain, which can disturb this
domain and abolish its function.

The mutant residue is smaller.

Y169H

The variant doesn’t make the hydrogen
bond with GIn 173 and loss
of hydrophobic interactions on the
protein's surface.

The variant residue is located on the
surface of a domain  with
an unknown function.

The mutant residue is smaller.

Y152C

The mutation may cause a loss of
hydrogen bonds in the core of the protein
and, as a result, disturb correct folding.

The residue is buried in the core of a
domain located in a B-strand. The
variant  residue may slightly
destabilize local conformation.

The mutant residue is smaller than
the wild-type residue, causing an
empty space in the core of the
protein.

[214Q

The variant residue may cause a loss of
hydrophobic interactions in the core of
the protein.

The residue is buried in the core of a
domain that might disturb the core
structure of this domain.

The mutant residue is bigger.

1288Q

The variant residue may cause a loss of
hydrophobic interactions in the core of
the protein.

The residue is buried in the core of a
domain that might disturb the core
structure of this domain.

The mutant residue is bigger.

L309P

Variant residue disrupts the a-helix and
can severely affect the structure of the
protein and ligand contacts and
destabilize the stability.

The residue is buried in the core of a
domain that might disturb the core
structure, affect the local structure, and
consequently affect this binding site.

The mutant residue is smaller,
causing an empty space in the core
of the protein.

F315V

The variant residue may cause a loss of
interactions with ligands and interfere
with the protein's function.

The residue is buried in the core of a
domain that might disturb the core
structure of this domain.

The mutant residue is smaller,
causing an empty space in the core
of the protein.
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Fig. 2. 3D structure of native and mutant hCRY?2 variants a. native hCRY2 b. L74P c. L274P
d. L309P e. F315V f. Y485H.

Table 3. Validation scores of predicted models obtained from PROCHECK and ERRAT.

Variant PROCHECK (%)? ERRAT(%)P
Wild type (\CRY2) 85.6 91.111
L74P 86.9 93.915
L274P 87.1 94.118
L309P 85.6 91.111
F315V 85.6 91.111
Y485H 85.6 90.303

3residues in most allowed regions of Ramachandran plot ®Overall Quality Factor expressed as the
percentage of the protein for which the calculated error value falls below the 95% rejection limit with
structure resolutions (2.5 to 3A).
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PER2

Fig. 3. (a) Tertiary structure of PER2-hCRY?2 complex (b) 3D structure of FBXL3-hCRY2 complex.
hCRY2, PER2, and FBXL3 are denoted by the green, magenta-colored, and orange-colored ribbon

Table 4. Effects of missense SNPs on protein-protein interactions between hCRY2 and FBXL3 and
hCRY2 and PER2.

hCRY2 and FBXL3 complex hCRY2 and PER2 complex
Variants mCSM- MutaB SAAM BeAtMusi Variants mCSM- Muta SAAM  BeAtMu
PPI ind2 BE3D cV10 PPI Bind2 BE3D sicV1.0
R440H -0.416 1.44 1.09 0.82 R171C -0.687 1.88 0.86 131
R440C -0.895 1.16 0.8 152 W371R -0.202 112 14 0.81
F429C -1.95 2.98 2.29 2.38 F429C -0.923 0.89 0.92 0.87
R377Q -1.621 131 131 0.28 G370V -1.025 0.98 0.14 0.82
R377L -1.35 2.38 0.95 -0.29 L74P -0.931 0.68 0.81 121
F315Vv -1.574 1.05 0.81 0.71 L274P -0.567 0.91 0.97 1.25
R312Q -1.681 1.25 1.02 0.77 Y485H -1.168 0.75 0.98 0.93
G370V -0.847 121 0.14 1.05 wW416C -0.542 1.01 1.26 1.07
L74P -0.937 1.23 0.81 122 L309P -0.763 0.86 114 154
L274P -1.572 1.44 0.97 2.08
Y169H -1.326 0.84 0.94 1.27
H374P -1.429 11 0.77 81
W416C -0.842 111 151 1.19
L309P -1.405 1.08 141 1.89

The bold letter indicates the significant destabilizing missense variants predicted by four tools.
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These five variants, L74P, L274P, L309P, F315V,
and Y485H, were thus selected for protein dynamics
simulation to determine the protein flexibility by
calculating the RMSF of all amino acids and the
contact map between residues of the CRY2 protein.
The resulting residue fluctuation profiles (Fig.4)
show specific changes compared to the wild type.
The difference of1A in the RMSF value of wild-type
and that of mutant hCRY2 variants was residues that
may form unstable secondary and tertiary structures.
In all 5 variants, the residues showed prominent
fluctuations in the DNA photolyase region (22-176)
and the region that inhibits the CLOCK-ARNTL-
driven transcription (390-489) as compared to the
native protein. From the analysis, it can be observed
that Leu274 residue is placed in the FAD binding
domain. Upon alteration to a 5-membered proline
which resides in the buried area of the protein
destabilizes the structure by the
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disruption of a-helix and creating a space in the
protein. Previous experimental studies found that
point mutations at amino acid residues crucial for the
FAD binding domain (246-444) affect the repressor
activity of CRY2 (Czarna et al., 2013). Hirano et al.
(2016) identified a missense variant (A260T) in the
FAD binding domain of the human hCry2 gene that
leads to heritable Familial Advanced Sleep Phase
(FASP)-like phenotype. Moreover, conversion from
serine to aspartic acid at the 265th position of mouse
CRY2 (homologous to Ser266 in hCRY2) that
resides in the phosphorylation site declines CRY?2
repressor activity (Sanada et al.,, 2004). L274P
alteration also remarkably decreases the binding
affinity and interferes with the interactions of FBXL3
and PER2 complex that are essential for the
regulation of CRY2 stability and maintenance of the
sleep-wake cycle in humans (Hirano et al., 2016).
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Fig. 4. Residue fluctuation profiles of the native and five mutant structures of hCRY2. The variants
are (A) L74P, (B) L274P, (C) L309P, (D) F315V, (E)Y485H. All these variants were predicted to alter
the wild-type protein structure and reduce hCRY?2 stability.
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The Glu308 residue is considered the FAD binding
site in human CRY2 protein. The alteration of the
next residue, leucine to proline that is, evolutionarily
conserved residue, destabilizes protein structure by
alteration of a-helix, ligand-contacts, and binding
sites and makes a space in the core of the protein.
The present study found that mutation from leucine
to proline at 309th position significantly reduces the
binding affinity of FBXL3 to hCRY?2 protein. In the
case of mMCRY2, Trp428 residue of the C-terminal
tail of FBXL3 bhinds to the center of the FAD-binding
pocket of MCRY2 and occupies the cofactor site. The
tail of FBXL3 loads its Pro426 residue against
Trp310 of mCRY2 (homologous to Trp3ll in
hCRY2) and turns the side chain His373 with Thr427
of mCRY2, to enter the FAD-binding pocket. Inside
the pocket, the indole ring of Trp428 forms several
hydrophobic interactions with mCRY?2 and donates a
hydrogen bond to the carbonyl group of GIn307
(homologous to GIn308 in hCRY2) in mCRY2 (Xing
et al., 2013). FAD and FBXL3 competitively bind to
the same FAD binding pocket and promote
ubiquitylation of CRY proteins (Hirano et al., 2017).
So, it can be predicted that hydrogen and
hydrophobic interactions necessary for binding
FBXL3 to the core of the FAD binding pocket may
be hampered by substituting nonpolar amino acid
leucine for polar amino acid proline. MD simulation
study also suggests that the mutation alters the
position of amino acids at several points of
photolyase region (162-163,175-176) and CLOCK-
ARNTL-mediated transcription inhibition region
(433-435,454-458 and 478-83) that may lead to
perturbation of the circadian clock.

The FAD binding pocket comprises three different
sub-regions: hydrophobic region 1, affinity region,
and hydrophobic region 2. Residue W310, F314,
W417 and L418 is located in the hydrophobic region
1 of mCRY2 (homologous to W311, F315, W418,
and L418 in hCRY2) (Miller et al., 2021). Minimal
changes in the hydrophobic region significantly
hamper the binding modes of CRY activating
compounds, cyclopentyl group of TH301,
chlorobenzonitrile moiety of KL044, and the more
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flexible methane sulfonamide and furan groups of
KLO001 of mCRY?2 protein (Miller and Hirota, 2022).
The study reported that mutation from aromatic
amino acid phenylalanine to aliphatic amino acid
valine at the 315th position may cause loss of
interactions with ligands, destabilize the core
structure of the domain, and interfere with protein's
function. So, the alteration may cause the structural
differences of FAD binding pockets that change the
binding mode of other compounds as well as reduce
the binding affinity to FBXL3 and PER2 protein.
When simulated, the mutation fluctuates the
photolyase homology region (163-165) and CLOCK-
ARNTL-mediated transcription inhibition region
(454-462, 478-483), which may imbalance the CRY?2
degradation and stabilization.

The wild-type tyrosine residue lies in the region
required to inhibit CLOCK-ARNTL-mediated
transcription, which is the central negative feedback
loop of the circadian clock (Partch et al., 2014; Xing
et al.,, 2013). Alteration of tyrosine residues to
histidine at the 485th position may change hydrogen
and hydrophobic interactions in the core of the
protein and disturb the domain structure. The
variation also decreases the interactions of CRY2
protein with PER2 and FBXL3, which may hamper
the rhythm of the circadian clock.

The impacts of dysfunction of human CRY?2 protein
are associated with multiple abnormalities. The
pathophysiology of cardiovascular disease, of which
hypertension is a significant contributing element,
has been linked to circadian clock disruption (Skrlec
et al., 2018). It appears to impact not only the cycles
of metabolism and cell division but also mood and
behavior (Kovanen et al., 2014), depression
(particularly winter depression), bipolar type 1, and
seasonal affective disorder (Kovanen et al., 2013;
Lavebratt et al., 2010b). On the other hand,
tumorigenesis might be aided by the disturbance of
circadian rhythms. Thus, various features of
carcinogenesis, such as cell growth, angiogenesis,
metabolism, apoptosis, and DNA damage response,
may be linked to circadian negative feedback loop
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(CNFL) genes (Qu et al., 2016). Indeed, a variety of
human cancer types commonly exhibit altered
expression of the CNFL genes (CRY1, CRY2, PER1,
PER2, and PER3) (Grskovi¢ & Kora¢, 2023).

Conclusion

Dysfunction of the human CRY2 protein is
associated with multiple abnormalities. Non-
synonymous polymorphisms of the CRY2 gene
result in an altered protein that may interfere with the
morning/evening preference and may disturb
different metabolic regulation and circadian periods.
This study determined L74P, L274P, L309P, F315V,
and Y485H to be the most deleterious missense
mutants in the hCRY2 protein. These variants are
predicted to affect the binding of FAD cofactors,
change the binding pocket structure, and alter the
binding. mode of different CRY-activating
compounds. These mutants may destabilize circadian
period length regulation by reducing the binding
affinity to FBXL3 and PER2. The most deleterious
mutants found can undergo in vitro assays to
understand protein-protein interactions of these
mutants in cell culture, Xray crystallography, and
Mass Spectrometry to confirm the changes in
structures of these proteins produced in cell culture,
and many other experimental procedures. Further
experimental studies are needed to validate the
effects of these SNPs in animal models, like in
mutant and wild-type mice, by observing their
behavioral and genetic effects and protein expression
levels that may lead to establishing the real impacts
of SNPs on the circadian clock of mice.
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