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SUMMARY

Circadian clock is an internal autonomous 24-hour oscillating system that mainly
sustains the metabolic and genomic homeostasis of almost all living organisms. At the
molecular level, four main proteins manage the circadian rhythms via a transcriptional-
translational feedback loop mechanism. Two of these proteins (BMALL and CLOCK)
are the activators, contrarily CRYPTOCHROME and PERIOD, the product of these
activators, are the negative regulators of the oscillation. Disruption of the circadian
clock is considerably associated with genomic malfunctions and metabolic disorders.

To identify the molecular interaction between circadian clock protein
Cryptochrome 1 (CRY1) and DNA damage responses, the interactors of this protein
were aimed to be validated by the co-immunoprecipitation method. An HA-tag was
fused to the interactor candidates and the generated proteins were transfected into the
3XFLAG-CRY1 expressing stable HEK293T cell line for this purpose. After
production of the interactors at the protein level by the stable cells, the protein lysate
was loaded into the anti-FLAG antibody-coated magnetic beads. The presence of the
interactor was confirmed by western blot analysis performed with an anti-HA antibody
to detect the candidate proteins.

To conclude, the novel interactors of the CRY1 protein related to DNA damage
and repair pathways were identified. The results were demonstrated that CRY1 gene is
an important protector of cells from DNA damages offering this gene can be targeted

for drug therapies.

Key Words: Cryptochrome 1, DNA-Damage Response, Circadian Clock, Protein-

Protein Interaction (PPI), Interactor, Co-Immunoprecipitation (co-1P).



OZET

Sirkadiyen saat neredeyse biitiin canli organizmalarin metabolik ve genomik
dengelerini dulzenleyen, hiicre i¢inde otomatik olarak olusturulan 24 saatlik
salimimlardan olusan bir sistemdir. Molekiiler diizeyde dort ana protein tarafindan
transkripsiyonel- translasyonel geribildirim donguisi mekanizmasi ile kontrol edilir.
Bu proteinlerden iki tanesi (BMALL ve CLOCK) aktivator olarak gorev alirken bu
aktivatorlerin Grtnid olan CRYPTOCHROME ve PERIOD proteinleri bu salinimin
negatif diizenleyicileridir. Sirkadiyen saatteki bozulmalar genomik islev bozukluklari
ve metabolik hastaliklar ile 6nemli derecede iliskilidir.

Sirkadiyen saat proteini Cryptochrome 1 ve DNA hasar yaniti arasindaki
molekiiler etkilesimi tanimlamak i¢in bu proteinin interaktdrlerinin = ko-
immiinopresipitasyon metodu ile dogrulanmasi amaglanmistir. Bu amag
dogrultusunda aday olarak secilen interaktorler HA etiketi ile birlestirilip kalict olarak
3XFLAG-CRY1 eksprese eden HEK293T hiicre hattina transfekte edilmistir.
Interaktorlerin  stabil hiicre hatt1 tarafindan protein diizeyinde ekspresyonu
gergeklestikten sonra protein lizati anti-FLAG antikoru ile kaplanmis manyetik
boncuklara yuklenmistir. Aday interaktor proteinlerin varligi anti-HA antikoru
kullanilarak gergeklestirilen western blot analizi ile onaylanmistir.

Sonug olarak, CRY1 proteininin DNA hasar ve tamir yoklaklariyla iliskili olan
bilinmeyen interaktorleri belirlenmistir. Elde edilen sonuglar CRY 1’in hiicreleri DNA
hasarindan koruyan ve ilag¢ terapilerinde hedeflenebilecek 6nemli bir gen oldugunu

gostermistir.

Anahtar Kelimeler: Cryptochrome 1, DNA Hasar Yamti, Sirkadiyen Saat,
Protein-Protein Etkilesimi, Interaktor, Ko-Immiinopresipitasyon.
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1. INTRODUCTION

The subject of this thesis is to test of the interaction between CRY1 and its novel
interactors which was identified in our laboratory using proximity-dependent
biotinylation and identification by mass-spectrometry (Bio-ID) method. We
concentrated on the candidates which are involved in DNA damage pathway(s)
because circadian clock components were already associated with DNA damage. Even
though, we confirmed one interaction with CRY1 and novel interactor candidate,
further functional assays are required to validate the co-immunoprecipitation results.
In summary, we aimed to show that some of the novel interactors identified by Bio-1D
method can be confirmed with co-immunoprecipitation assay. Exploration of the
CRY1 interactors can give new aspect of view to protect cells from DNA damages,

pathological indications and disorders.

1.1. The Purpose, Contribution and Content of Thesis

The aim of this study is to validate new CRY1 interactors associated with DNA
damage and repair responses. All possible interactors of the CRY1 protein were
determined by a mass-spectrometry analysis in a previous study in our laboratory. The
candidates were specified and selected regarding the purpose and easy cloning
properties in the context of this thesis. The experimental design was as follows: 1) the
production of an HA-tag expressing interactors, 2) generation of a stable 3xFLAG-
CRY1 expressing human embryonic kidney 293T (HEK293T) cell line, 3) transfection
of the interactors into the stable cell line, 4) co-immunoprecipitation of the CRY1 and
interactor with an anti-FLAG antibody-coated magnetic beads, and 5) validation of the
interactor(s) by western blot analysis using an anti-HA antibody. The strategy of the
co-IP is the immunoprecipitation of FLAG-tag-expressing CRY1 and the interactor
protein (which is in the same complex with CRY 1 protein) with anti-FLAG antibody,
and then the confirmation of HA-tagged interactor in the precipitated complex by
immunoblotting using an anti-HA antibody. At the end of the study, we aimed to
identify novel CRY1 interactors and contribute new information about CRY1-related

pathways.



The literature data including circadian clock, core clock gene CRY1, CRY1-
photolyase, and DNA damage response relevance, and co-immunoprecipitation are
given in Chapter 2. The detailed experimental procedures are explained in Chapters 3
and 4. Chapter 5 demonstrates the results by figures and tables. Finally, the thesis is

accomplished by the conclusion and discussion part in Chapter 6.



2. LITERATURE REVIEW

2.1. Circadian clock

Most of living organisms, from bacteria to humans, arrange their metabolisms
according to environmental changes such as temperature, light availability mostly
because of earth’s rotation from itself. The day and night cycles regulate behaviors,
metabolisms, and even the gene expressions of an organism. Daily oscillations in
metabolism and physiology are controlled by an endogenous system called the
circadian clock (or biological clock in a general term) [Takahashi, 2016].

Literally, the circadian clock is a 24-hour endogenous oscillating rhythm. The
word “circadian” is derived from the Latin word circa diem meaning “about a day”.
These rhythms are essential for the balance of cellular pathways and the survival of
the organism. Even though, the circadian clock generated autonomously it can be
affected by external factors (called zeitgeber). The clock can be synchronized even in
the absence of visual photoreceptors. Lockey and his colleagues proved this by
experiments on blind people. They and other researchers demonstrated that half of the
blind people have a normal circadian rhythm even though these individuals cannot
sense the light by eyes [Parsch et al., 2014], [Lockey et al., 1997].

The pacemaker of the circadian rhythms is the suprachiasmatic nucleus (SCN)
in mammalians. The SCN is localized within the hypothalamus in brain [Reppert and
Weaver, 2002]. The light is sensed by the melanopsin receptor within the retina of the
eye, and the photic signal is transmitted to the SCN by neuronal pathways. Once the
circadian clock is reset in the SCN (which is called master clock), it in term

synchronizes the peripheral clocks in the organs [Allen, 2019].

2.2. Transcription Translation Feedback Loop (TTFL)

The circadian clock contributes to the regulation of physiological and
biochemical pathways in mammalians by altering the levels of gene expressions and
protein processing. Approximately, 10% of the transcriptome and %20 of the proteome

are under the control of the circadian clock. Daily circadian rhythms are generated at



molecular circadian clocks which are based on the transcription-translation feedback
loop (TTFL). The core of the TTFL is highly conserved through species including
fungi, bacteria, drosophila, and mammals by emphasizing the functional importance
of the regulation [Brown et al., 2012].

The TTFL has two opposite arms and four components of the arms generating
circadian oscillations. Brain and muscle ARNT-likel (BMALZ1; also known as MOP3,
ARNT3 and JAD3) is the master regulatory protein of the circadian synchronization
and composes the positive arm with its partner, the Circadian Locomotor Output
Cycles Protein Kaput (CLOCK). These proteins are basic-helix-loop-helix (bHLH)
and PER-ARNT-SIM (shortly PAS) domain containing transcription factors. BMAL1
and CLOCK proteins are activated and heterodimerized [Takahashi, 2016]. The
complex binds to the E-boxes in front of CRYPTOCHROME (CRY1, CRY2), PERIOD
(PER1, PER2, PER3J), and circadian clock-controlled genes (CCGs). CRY and PER
genes are the members of the negative arm and suppress the expressions of their
activators BMAL1 and CLOCK. CRY and PER have high transcript levels in the
afternoon, later on, the protein levels of these genes are increased in the evening
[Ozturk, 2009]. Shortly after the production of CRY and PER proteins, they
heterodimerize within the cytoplasm with the help of the casein kinase 16 and € (CK 16
and CKlg) proteins [Reppert and Weaver, 2002]. PER/CRY complex translocates
back to the nucleus, following the heterodimerization, and downregulates the
expression of their activators BMAL1 and CLOCK by binding their E-boxes at night.
The remaining CRY and PER proteins are degraded by E3 ubiquitin ligases during the
night. This feedback mechanism resets the circadian clock approximately every 24-h
[Takahashi, 2016].

The circadian rhythm also has a second feedback loop that controls the
expressions of the core clock genes BMAL1 and CLOCK. The BMAL1/CLOCK
complex binds to E-boxes of retinoic acid orphan nuclear receptors (REV-ERBa &
REV-ERBp) and retinoic acid-related orphan receptors a and p (RORa & RORp) by
activating their expressions in the SCN [Akashi and Takumi, 2005]. RORa & 3 are the
inducers of the BMAL1 oscillation and upregulates the BMALL expression by binding
RORE-ReVRE (shortly, “RER”) region. On the other hand, “REV-ERBa and REV-
ERBp” are suppressors of the BMAL1 gene. Even though REV-ERBs have a tissue-
specific expression, they compete with RORa for binding to the promoter region of
BMALL. REV-ERBa & B binding to BMAL1 downregulates BMAL1 expression and

4



also CLOCK gene in the morning, and helps accurate circadian clock synchronization
[Duez and Steal, 2009], [Everet and Lazzar, 2014].

Post-translational modification is another significant regulator of circadian
timing. Phosphorylation, ubiquitination, histone acetylation, and methylations
orchestrate circadian clock genes’ function, stability, and degradation. While BMAL1
and CLOCK genes’ histones should be acetylated for heterodimer activation, histone
H3 methylation leads to transcriptional repression [Brown et al., 2012]. CKle & &
contributes to the activation of BMALL1 by phosphorylation. Once BMALL is
phosphorylated, BMAL1/CLOCK complex turns into an active state. On the other
hand, phosphorylation of the BMAL1 on multiple regions by mitogen-activated
protein kinase (MAPK) decreases the BMAL1/CLOCK heterodimer activity [Gallego
and Virshup, 2007].

Phosphorylation is a crucial event for CRY/PER complex and allows their entry
to nucleus [Chaves, et al., 2006]. CK1e & & phosphorylate PER and generate a binding
affinity for B transducin-repeat containing protein 1 (B-TrCP1). B-TrCP1 is a member
of the E3 ubiquitin ligase family, which ubiquitinates hyperphosphorylated PER
proteins for their further degradation in 26S proteosomes [Akashi, 2002]. F-
box/leucine-rich-repeat (LRR) protein 3 (FBXL3) leads to the ubiquitination-
dependent degradation of CRY, whereas FBXL21, an E3 ubiquitin ligase, increases
the half-life of CRY within the cytoplasm [Y oo et al., 2013]. These ubiquitination and
degradation events have great importance for the synchronization of the circadian
timing every 24-h. Beyond the mutation in clock genes, the problems arising in the
phosphorylation may affect the circadian clock which may cause severe abnormalities

and diseases.



Cytoplasm

Nucleus

Figure 2.1: Transcription-Translation Feedback Loop (TTFL) control of the circadian
clock at molecular level. Induction and repression of the circadian proteins during
light and dark cycles are showed by arrows and crosses.

2.3. CRY1: A Member of Photolyase/Cryptochrome Family

CRY genes belong to the photolyase/cryptochrome (PHR/CRY) family.
Photolyases are the blue light sensitive DNA repair enzymes and use flavin adenine
dinucleotide (shortly, FAD) as a cofactor. The main role of the photolyases is to repair
of the ultraviolet (UV)-induced DNA damage [Ozturk, 2017]. Cyclobutane pyrimidine
dimer (Pry<>Pry) and pyrimidine-primidone products (6-4 photoproducts) are two
damages that can arise in the DNA upon exposure to UV radiation. PHRs have a high
affinity for UV-damaged DNA, uses blue light as an energy source to catalyze the
repair reactions. Primarily, the structural distortion caused by UV is recognized by a
photolyase independently to light. Energy derived from the light is transferred to the
pyrimidine dimer through FAD. Then, these bases are flipped out from the DNA
double helix. Pyrimidine nucleotides of the dimer are split from each other by broken
the bonds between them [Sancar, 2004]. PHRs show very low affinity to undamaged
DNA so that the enzyme dissociates from the DNA upon repair of the lesion [Sancar,
2004], [Ozturk, 2017].



CRYs exhibit high sequence similarities (25% to 50%) to the PHRs [Sancar,
2004]. The main structural difference of CRY that distinguishes from PHRs is the
extended C-terminal region [Ozturk, 2017]. CRYs are the photoreceptors of many
living organisms, such as Drosophila melanogaster and Arabidopsis thaliana. The
CRYs contribute to the blue light-dependent growth and development of some plants.
Some of the CRY genes are found to be involved magnetoreception of flies and birds.
[Mouritsen and Ritz, 2005]. Foley has suggested that the human CRYs also have
magnetoreception ability. Even though mammalian CRYs do not act as photoreceptors,
protein levels are found to be high in the inner section of the human retina [Mouritzen
and Ritz, 2005], [Foley et al., 2011], [Ozturk, 2017], [Wan et al., 2021].

Figure 2.2: 3-D Crystal structure of the CRY1 protein. A) Ribbon model of
human CRY1 (hCRY1), B) Surface structure of the hCRY1, C) Alignment of the
crystal structures of hCRY1 (blue) and Escherischia coli photolyase (green), D)

Alignment of the crystal structures of hCRY1 (blue) and Arabidopsis thaliana CRY'1
protein; blue represents hCRY 1, pink color shows Arabidopsis thaliana CRY1. The
images were created with The PyMOL Molecular Graphics System, Version
1.2r3pre, Schrédinger, LLC.

Two CRY genes, CRY1 and CRY2, are widely expressed in mammalians. The
C-terminal regions of the CRY genes are characteristic features for functional
determination. Mammalian CRY1 and CRY?2 proteins exhibit structural differences
(in terms of amino acid content and length) from Drosophila and plant CRY's, which
may prove that mammalian CRYs do not function as a photoreceptor. The human

7



CRY1 gene is 586 amino acids in length, while the CRY2 gene encodes a 593 amino
acid long protein [Sancar, 2004]. Functional modifications and protein-protein
interactions of the CRY1 gene is significantly carried out by the C-terminus. CRY1
interacts with the core clock components, BMAL1 and CLOCK transcription factors
and PER proteins, through the C-terminal to maintain circadian oscillation. Generation
of the PER/CRY heterodimer leads to nuclear localization, allowing association with
the BMAL/CLOCK complex for negative feedback control of the circadian timing.
Furthermore, the FBXL3 and FBXL21 ubiquitin ligases interact with the CRY1, which
influences the half-life of the protein [Chaves et al., 2006], [Gao et al., 2013].

The stability of the CRY protein is controlled by post-translational modification.
FBXL3 and FBXL21 are E3 ubiquitin ligases that have very similar sequences but
work antagonistically from each other. FBXL3 resides within the nucleus, and the
major role of CRY1 is the stimulation of proteasomal degradation. The C-terminus of
the FBXL3 protein has LRR and recognizes phosphorylated lysine residues of CRY 1.
Contrary to FBXL3, FBXL21 locates in the cytoplasm and ubiquitinates different
lysine residues of the CRY proteins. FBXL21 activity increases CRY1 stability
[Godinho et al., 2007], [Hirano et al., 2013].

The protein level of CRY1 is deterministic for circadian timing. CRY1 gene has
the highest mMRNA level in the afternoon whereas, the protein amount peaks in the
evening during 12 hours light-12 hours dark, LD12:12, period. Stabilization of the
CRY1 lengthens the circadian period, on the contrary, a reduction of the protein level
shortens rhythmicity. The synchronization of the circadian timing is not affected in
CRY1 knockout (Cry1”) mice under LD12:12 circumstances. On the contrary, it is
shown that Cryl” mice exhibit a slower period and lengthen timing in constant
darkness (DD) conditions [Vitaterna et al., 1999], [Gao et al., 2013].

2.4. CRY1 and DNA Damage Response (DDR)

CRY genes participate in UV-damaged DNA repair beyond circadian
synchronization. CRY levels affect the responses to DNA damages [Lee et al, 2012].
For example, CRY and XPA proteins are in opposite phases and XPA is involved in
the repair of UV-induced damages through nucleotide excision repair [Kang et al.,

2010]. These lesions stimulate the cell cycle checkpoint: Ataxia-and Rad-Related



(ATR), in humans. ATR phosphorylates and activates checkpoint kinase 1 (Chk1). The
downstream signaling promotes the nucleotide excision repair (NER) and p53
pathways. Downregulation of CRY1 in mouse embryonic fibroblasts with small
interfering RNA, abrogates clock-dependent ATR activation. [Zhao and Piwnica-
Worms, 2001], [Niida and Nakanishi, 2005], [Sancar et al., 2010], [Kang and Leem,
2014].

The nucleotide excision repair is the essential DNA repair mechanism that
mends UV lesions within the DNA helix in mammalians. Defects in the NER lead to
insensitivity against UV radiation, generation of Xeroderma pigmentosum (XP), and
even skin cancer. The current researches have indicated that the CRY1 gene is
correlated with the NER, respectively [Sancar et al., 2010]. Several proteins are
included in the NER system, but the most important one is XP group A (shortly, XPA).
XPA protein is phosphorylated by ATR kinase on serine 196 residue and activated in
response to UV-induced DNA damage. The activated form of XPA recognizes the
break and recruits other components of the NER to the damaged site. The level of the
XPA protein is under transcriptional control of the CRY1 gene. XPA expression peaks
at 5 pm, whereas CRY1 peaks at 5 am in mouse skin, manifesting XPA has an anti-
phase oscillation pattern with the CRY1 protein. Low levels of CRY1 expression give
rise to increased XPA protein, causing abnormal DNA repair responses. Accordingly,
CRY1 regulates the rhythmicity of the XPA protein and controls the repairing capacity
of the UV-damaged DNA [Sancar et al., 2010], [Gaddameedbhi et al., 2011], [Lee et
al., 2014], [Ozturk, 2017]. Additionally, Ozturk et. al. has been proved that p53 and
CRY double knockout (p537Cryl” Cry2”) cells are vulnerable to UV-induced
apoptosis compared with the p53” cells [Ozturk et al., 2009]. There are several
researches that suggest the CRY1 gene impresses the expression of p53 [Zhou et al.,
2018], [Jia et al., 2020].

CRY1 is also demonstrated to be stabilized after double-stranded DNA breaks,
which are repaired by homologous recombination mechanism (HR). RAD51, BRCAL,
BRCA2, CHEK1, and XRCC3 are the major components of the HR, and expressions
of these genes were shown to be downregulated upon the knock-down of CRY1 [Shafi
etal., 2021].



2.5. Co-Immunoprecipitation (co-1P)

Possible factors that are associated with the protein of interest can be determined
using a couple of assays such as yeast-two-hybrid assay, proximity-dependent
biotinylation and identification (Bio-1D), or co-immunoprecipitation. Among them,
the co-immunoprecipitation (co-1P) method is widely used for the identification of the
PPI. In this study, we actually used co-1P method to confirm some possible PPIs which
had been identified using Bio-1D technique from MiniTurbo hCRY1-U20S cells by
Senanur Olfaz [Olfaz, 2020] in our laboratory at Gebze Technical University. Co-IP
method allows the purification of the protein of interest in its natural physiology and
also it is a probe for the possible interactor in the complex with immunoblotting [Wang
and Liu, 2011].

The co-IP method is based on protein-antibody interaction. The protein of
interest (bait) is principally fused with a tag (the FLAG, HA, and GST tags commonly
used) and precipitated with an antibody specific to this tag. On the other hand, specific
antibodies can be used to immunoprecipitate the endogenous proteins without any tags.
The system exploits immobilized antibodies attached to magnetic or other kind of
beads. When cell lysate is loaded into these magnetic beads under non-denaturing
conditions, the target protein and its partner (known as an interactome or interactor)
through the target protein are linked to the antibodies. Other proteins cannot bind to
the magnetic beads, and are removed during washing steps. Only the target protein
remains attached to the beads, which is eventually used to elute or precipitate the
interactor. Precipitated complexes are then run on a SDS-PAGE, and analyzed with
immunoblotting using specific antibodies to probe the candidate interactors
[Maccarone et al., 2016].
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Figure 2.3: Steps of the co-immunoprecipitation method. 1) Cells are lysed with non-
ionic detergent; 2) Protein G-coupled magnetic beads and specific antibodies (anti-
FLAG antibody in our case) are incubated in a microcentrifuge tube for 1 hour to
bind the anti-FLAG antibody to magnetic beads via Protein G; 3) Cell lysate is
loaded into the antibody-coated magnetic bead containing tube to allow specific
antibodies to bind the protein of interest; 4) Then tubes are placed into magnetic rack
to precipitate the magnetic beads; 5) Tubes are washed three or four times with lysis
buffer to remove unbound proteins, except the protein of interest bound by the
specific antibody to magnetic bead and interactors that are bound to the protein of
interest; 6) After removing excess liquid, the complex is resuspended in SDS loading
dye; 7) Samples are loading onto SDS-PAGE and then analyzed with
immunoblotting to probe the protein of interest and interactors.
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3. MATERIALS

3.1. General Kits and Reagents

Table 3.1: List of the reagents and Kkits.

Nucleospin Plasmid Kit

740588.50 (Macherey-Nagel,

Germany)
PCR Clean-up Gel Extraction 740609.50 (Macherey-Nagel,
Kit Germany)
PureLink Genomic DNA Mini K1820-02 (Invitrogen, USA)
Kit
Protease Inhibitor Coctail S8830-2TAB (Sigma-Aldrich, USA)
Tablets
Protein Molecular Weight 26616 (Thermo Fisher Scientific,
Marker USA)

Q5® High-Fidelity Polymerase

MO0491S (New England Biolabs, NEB,
USA)

T4 DNA Ligase

1527-4017 (Invitrogen, USA)

Chemiluminescent HRP
Substrate

K-12043-D10 (Advansta, USA)

1 kb DNA Ladder

N3232S (New England Biolabs, NEB,
USA)

100 bp DNA Ladder

N3231S (New England Biolabs, NEB,
USA)

DNA Loading Dye (6X)

B7021S (New England Biolabs, NEB,
USA)

MagnaBind Protein G Beads

21349 (Thermo Fisher Scientific,
USA)
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3.2. Buffers and Solutions

Table 3.2: List of Buffers and Solutions.

125 mM Tris-Base (pH 8.3)

Ix TBS-T

5x SDS- PAGE Running Buffer 95 mM Glycine
1% SDS
: . 100 mM Tris-HCI (pH 7.6
5x Tris-Buffered-Saline (TBS) 750 mM Ngél (b )
1x TBS

0.1%Tween-20

1x Transfer Buffer

10% 10x SDS-PAGE Running
Buffer
20% Methanol

5% Blocking Solution

5% non-fat dry skim milk in 1x
TBS-T

20x Tris-Borate-EDTA (TBE)

216 g Tris-Base
110 g Boric Acid
80 ml 0.5M EDTA (pH 8.0)

4x Protein-Loading-Dye
(4x Laemmli Buffer)

0.25 M Tris-HCI (pH 6.8)
8% SDS

40% Glycerol

20% B-marcaptoethanol
0.008% Bromophenol Blue

NP-40 Lysis Buffer
(co-IP Lysis Buffer)

0.5 M Tris-HCI (pH 7.4)
0.25 M NaCl

5 mM EDTA (pH 8.0)
1% NP40 (IGEPAL)

Dulbecco’s Modified Eagle
Medium (DMEM)

41965-039 (Gibco-Invitrogen, USA)

0.05% Trypsin-EDTA

25300-054 (Gibco-Invitrogen, USA)

Fetal Bovine Serum

10270-076 (Gibco-Invitrogen, USA)

100x Penicillin/Streptomycin

15140-122 (Gibco-Invitrogen, USA)

LB Agar

LBPO4 (Caisson Lab, USA)

Restriction Endonucleases

#ER0975, #ER0675, #FD0644;
#R045S,  #R0552S,  #R0195S
(Thermo Fisher Scientific, USA;
New England Biolabs, USA)

Restriction Endonuclease Buffers

Thermo Fisher Scientific, USA
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Table 3.3: List of SDS-PAGE recipe.

12% Separating Gel 10 ml 15 ml 20 ml
Autoclaved ddH-0 4.3 ml 6.45 ml 8.6 ml
40% Acrylamide- 3ml 4.5 ml 6 ml
Bisacrylamide
1.5 M Tris-HCI, pH 8.8 2.5 ml 3.75ml 5mi
10% SDS 0.1 ml 0.15ml 0.2 mil
10% APS 0.1 mil 0.15ml 0.2 mil
TEMED 0.004 ml 0.006 ml 0.008 ml

5% Stacking Gel 2 mi 3ml 6 mi
Autoclaved ddH-20 1.46 ml 2.19 mi 4.38 ml
40% Acrylamide- 0.25 ml 0.375 ml 0.75 ml
Bisacrylamide
1.5 M Tris-HCI, pH 8.8 0.25 ml 0.375 ml 0.75 ml
10% SDS 0.02 ml 0.03 ml 0.06 ml
10% APS 0.02 ml 0.03 ml 0.06 ml
TEMED 0.002 ml 0.003 ml 0.006 ml

3.3. Antibodies

Table 3.4: List of antibodies.

Name Dilution Source, Catalog No

Anti-CRY1 1:1000 Bethyl Laboratories-, #A302-6164A
Anti-FLAG 1:2000 Sigma-Aldrich, #F1804

Anti-HA 1:1000 Cell Signalling Technology, #C29F4

Anti-mouse-HRP | 1:6000

Cell Signalling Technology, #7076S

Anti-rabbit-HRP | 1:5000

Thermo Fisher Scientific, #31460
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3.4.

Oligonucleotide Sequences

Table 3.5: List of PCR primer oligonucleotides.

Oligo Name

Oligo Sequence (5’ to 3°)

DDX24 Forward

GCAGCTAGCATGAAGTTGAAGGACACAAA

DDX24_Reverse

GTCGTCGACTTAATTTGCACTTGTACTTG

SNIP1 Forward

GCAGCTAGCATGAAGGCGGTGAAGAGCGA

SNIP1_Reverse

ATGCTCGAGCTAGCTGTCAGACACTTCTT

CBX3_Forward

GCAGCTAGCATGGCCTCCAACAAAACTAC

CBX3_Reverse

ATGCTCGAGTTATTGAGCTTCATCTTCTG

SF3B1_Forward

GCAGCTAGCATGGCGAAGATCGCCAAGAC

SF3B1_Reverse

ATGCTCGAGTCAAGCAGCAGAATAGAAGC

BUB3_Forward

GCAGCTAGCATGACCGGTTCTAACGAGTT

BUB3 _Reverse

ATGCTCGAGTTAGGTGGACTTGGGTTTTG

INCENP_Forward

GCAGCTAGCATGGGGACGACGGCCCCAGG

INCENP_Reverse

ATGCTCGAGTCAGTGCTTCTTCAGGCTGT

CDCAS8_Forward

GCAGCTAGCATGGCTCCTAGGAAGGGCAG

CDCAS8_Reverse

ATGCTCGAGTCATTTGTGGGTCCGTATGC

CENPC_Forward

GCAGCTAGCATGGCTGCGTCCGGTCTGGA

CENPC_Reverse

ATGCTCGAGTCATCTTTTTATCTGAGTAA

MCM2_Forward

GTCGTCGACTCAGAACTGCTGCAGGATCA

MCM2_Reverse

ATGCTCGAGTCAGAACTGCTGCAGGATCA

TTK_Forward

GCAGCTAGCATGGAATCCGAGGATTTAAG

TTK_Reverse

ATGCTCGAGTCATTTTTTTCCCCTTTTTTTTTC
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3.5. Equipment

Table 3.6: List of the equipment.

Agarose Gel Electrophoresis
Apparatus

1704406, Bio-Rad, USA

Centrifuges

521-1647 refrigerated, Micro Star
17R, VWR, USA

521-1646 Micro Star 17, VWR, USA
521-2844 Mini Star, VWR, USA
NF400-Nuve, 02-1827

Chemiluminescence Imaging

System

ChemiDoc™ XRS+ System, Bio-Rad,
USA

Electrophoresis System

Thermo Fisher Scientific, USA

Incubator (CO2)

1658004, Mini-PROTEAN® Bio-Rad,
USA

Inverted Microscope

Nikon, Eclipse, E100

Laminar Flow Cabinet

MN 09/120 Classll Cabinet, Thermo
Fisher Scientific, USA

Power Supply

Bio-Rad, USA

PCR Thermal Cycler

Bio-Rad, 41798

Transblot Transfer System

1704155, Bio-Rad, USA

Nanodrop 206-26300-48, Shimadzu Biotech
Shaker Standard Analog shaker, VWR, USA
Vortex Scientific Industries, USA
Waterbath Wisd, Germany

Magnetic Rack DynaMag™-2 Invitrogen
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4. METHODS

4.1. Molecular Cloning

4.1.1. PCR Amplifications of Constructs with Cloning Primers

The PCR reactions were performed to amplify the candidate interactor’s coding
sequences (called interactor) using Q5® High- Fidelity Polymerase (#M0491S, New
England Biolabs, NEB, USA). 500 ng of U20S cDNA was added into the
microcentrifuge tube containing a master mix: 5 pl 5x Q5 Reaction Buffer; 0.5 pl 10
mM dNTPs; 1.25 pl 10 uM Forward and Reverse Primers; 0.25 ul Q5 High-Fidelity
Polymerase and ddH-O final volume to 25 pl.

The PCR conditions were: initial denaturation at 98°C for 30 seconds;
denaturation at 98°C for 10 seconds, annealing at 58°C for 15 minutes, elongation at
72°C for 1,5 minutes for 35 cycles; and final elongation at 72°C for 2 minutes,

respectively.

Table 4.1: PCR reaction contents.

Stock Solutions’ Concentrations and i used for total 25 pl

Cat. No reaction

5x Q5 Reaction Buffer 5ul

10 mM dNTPs 0.5 ul

10 uM Forward and Reverse Primer 1.25 ul

Template DNA 0.5 ul (500 ng)

Q5 High-Fidelity DNA Polymerase 0.25 ul

Ampule Water 17.5 pl
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Table 4.2: PCR conditions of thermocycler.

Temperature Time Step Cycle

98°C 30 seconds Initial

Denaturation

98°C 10 seconds Denaturation

58°C 15 seconds Annealing 35 cycles
72°C 1.5 minutes Extension

72°C 2 minutes Final Elongation

4.1.2. Digestion of Plasmid and Oligos with Restriction Enzymes

The plasmid vector and the amplified oligo DNA were digested with Nhel
(#ERO0975) and Xhol (#ER0695) or Sall, (#FD0644, all enzymes were purchased from
Thermo Fisher Scientific, USA). Plasmid DNA or amplified products were incubated
in suitable restriction enzyme setup. The reaction mixture contained 2 pl of suitable
reaction buffer (final volume 1x in the reaction), 200 ng DNA (2 pl), 0.5 pl enzyme,
and ddH20 to 20 pl final volume in 1.5 ml microcentrifuge tubes. The interactor DNA
were digested at 37°C for 1 hour with Nhel and Xhol enzymes at 37°C for 4 hours.
The plasmid DNA was digested with Nhel and Xhol using the same conditions.

To generate a construct to express hCRY1, 3xFLAG coding sequence was
inserted into pcDNA4.Myc.HisA plasmid (Thermo Fischer Scientific). Then amplified
hCRY1 coding sequence was inserted to pcDNA4.3xFLAG-His (Myc was removed
during the insertion of 3XFLAG) using T4 DNA Ligase mediated ligation reaction.
The same enzymes, that were used for cloning, were used to analyze the candidate

clones after ligation products were transformed into E.coli strain DH5-q.
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4.1.3. Agarose Gel Electrophoresis

PCR amplified and double digested DNA samples were run on 1% agarose gel
containing Redsafe™ Nucleic Acid Staining Solution. For this, 0.4 gram agarose was
dissolved in 40 ml 1X TBE Buffer by boiling, and 2.3 pl of the staining solution was
added to the gel. Gel was poured into a horizontal electrophoresis tank. After agarose
gel was solidified, samples were mixed with 6X Loading Dye to a final volume 1X,
the tank was filled with 1X TBE Buffer, and the samples were loaded onto the wells.
1 kb and 100 bp DNA ladders were used for an accurate evaluation of the band sizes.
DNA was separated by gel electrophoresis at 120V for 45 minutes.

The interested fragments were visualized under black light (366 nm), and cut
from the gel using a scalpel, and transferred into a 1.5 ml microcentrifuge tube. The
DNA isolation was performed using Macherey-Nagel Nucleospin Gel and PCR Clean-
up Kit according to the manufacturer’s protocol. The DNA was eluted in 50 pl double-
distilled water. The concentration of eluted DNA was measured using Thermo
NanodropL.ite Spectrophotometer.

4.1.4. Ligation of Inserts into the Plasmid

The interactomes and the 3xHA-NLS_pcDNA3; the hCRY1-FLAG-Myc-
6xHis_pcDNA4 plasmid and the human CRY1 (HCRY1) DNA; and hCRY1-FLAG-
Myc-6xHis_pcDNA4 and 3xFLAG tag plasmid were ligated overnight at 4°C using
T4 DNA Ligase (#1522-4017, Invitrogen, USA). The reaction was set up as: 1X T4
Ligation Buffer, 1 unit of the T4 DNA Ligase, and 1:3 molar vector to insert ratio in
10 pl volume.

4.1.5. Transformation

Escherichia coli (E. Coli) DH5-a strain was used as a competent cell in this
study. The competent cells were prepared using a previously published protocol [Baldi
et al., 2008]. The competent cells were taken from a -80°C freezer and thawed on ice.
5 pl of ligation product was added into 100 pl of competent cells in a new

microcentrifuge tube and were incubated on ice for 20 minutes. Following this
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incubation, cells were exposed to /incubated at 42°C for 1 minute to generate a heat
shock, then the tubes were placed back on ice for 1 minute. Then, 950 ul Luria Broth
(LB) was added onto tubes and cells were cultured into a rotating shaker at 37°C for
50 minutes in order to properly express an antibiotic selection gene ampicillin. 120 pl
of the cells were spread on LB agar plates containing 100 pg/ul ampicillin. Plates were
kept at room temperature for 5 minutes, then placed at 37°C for overnight incubation
in an inverted state. After the generation of single colonies that express the ligation
products, colonies transferred into 3.5 ml liquid LB medium containing 100 pug/pl

ampicillin and incubated overnight at 37°C on a shaker for further plasmid isolation.

4.1.6. Plasmid Isolation

Macherey-Nagel Nucleospin Plasmid Isolation kit was used to isolate the
recombinant DNA from E. coli cells. Preliminarily, overnight bacterial cell culture was
centrifuged at 4000 rpm for 10 minutes. The pellet was thawed with resuspension
buffer, lysed, and transferred into a column. DNA was bounded to the column with the
help of the filter, washed, and eluted according to the kit’s protocol. The concentration
of the eluted plasmid DNA was quantified using a Thermo NanodropLite
Spectrophotometer.

Clones were confirmed by restriction enzyme digestion. Following, the single-
colonies derived from the transformation were picked up with micropipette and
transformed into 20 ml of LB medium containing 100 pg/pl ampicillin for the
requirement of a large amount of DNA. The amplified bacteria were collected and
plasmid DNA isolations were performed by Macharey-Nagel Nucleospin Plasmid

Isolation kit as explained previously in this section.

4.1.6. Confirmation of the Transformation

Isolated DNA from transformants were digested with Sall restriction enzyme in
order to confirm the accuracy of the transformation. 2 ul of 10x FastDigest Buffer, 2
pl of plasmid DNA, 0.5 ul of Sall FastDigest enzyme were mixed in 1.5 ml centrifuge
tubes to a final volume 20 pl. The volume was completed with distilled water. Tubes
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were incubated at 37°C for 20 minutes. After incubation, samples were run on 1%

agarose gel.

4.2. Cell Culture

4.2.1. Maintenance of the Cell Line

HEK293T, human embryonic kidney 293 cells, were grown and maintained in
Dulbecco’s Modified Eagle medium (DMEM) containing 4.5 g/L high glucose and
enriched with 10% Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin (P/S), and
1% non-essential amino acids (NEAA). Cells were incubated at a 37°C 5% CO.»-
containing humidified incubator.

HEK293T cells were passaged when their confluency reached 80%. The
medium was discarded, cells were washed with 1x PBS. Following, cells were
trypsinized with 0.05% trypsin-EDTA and incubated at 37°C for approximately 5
minutes. Detached cells were diluted by the addition of fresh medium, which is the
two-fold volume of the trypsin. Cells were seeded into a new 60-mm petri dish by
dilution 1:10 ratio and incubated at 37°C with 5% CO,.

4.2.2. Transfection

Chemical transfection with polyethylenimidine (PEI) was performed. PEI is a
positively charged transfection agent that surrounds and stabilizes the negative charges
of DNA (Baker et. al., 1997).

The interactor DNA amplified within the plasmid was transfected into a stable
3XFLAG- CRY1 expressing HEK293T cell line. Cells were seeded into 60-mm dishes
at 60-70% confluency and incubated overnight at 37°C incubator supplied with 5
%CO2. The next day, the confluency of the cells was screened. If the confluency was
about 80%, transfection was performed. 150 pl of transfection buffer [composed of 10
mM Tris-HCI (pH 7.5), 150 mM NaCl, and 1 mM EDTA (pH 8.0)] was mixed with a
3:1 ratio of PEI and plasmid DNA. 1 pg plasmid DNA was used for the transfection
of each interactome. The mixture was vortexed and spun, then incubated at room

temperature for 15 minutes. The old medium was removed from dishes, and 1 ml of

21



fresh medium was added into the dishes. 2 ml of fresh medium was mixed with the
transfection buffer solution, pipetting gently, and added into the 60-mm dishes as a
final step. The dishes containing transfected cells were incubated for 2 days at a 37°C
humidified incubator under 5% CO> conditions.

Transfection method as given conditions was also used to transfect plasmids for
stable FLAG-CRY'1 expressing HEK293T cell line.

4.2.3. Generation of a Stable Cell Line

Cells were seeded on 6-well culture plates approximately with 60% confluency
and incubated overnight. The next day, transformation of pcDNA4-FLAG-Myc-6xHis
and pcDNA4-3xFLAG-Myc-6xHis were performed as explained in the previous
chapter to generate a stable cell line. The recombinant cells (expressing the transfected
plasmid) were selected after 24 or 36 hours from transfection. After 2 days, cells were
detached from the culture plate by trypsinization and seeded into a 96-well plate by
serial dilutions. Following, cells were incubated at medium enriched with an addition
of convenient volumes of an antibiotic to select the stable clones. Stable clones derived
from single cells were picked from the old plate and were seeded into 6-, 12-well
culture dishes as a duplicate for expression screening by western blot using an anti-
FLAG antibody (#F1804, Sigma Aldrich).

4.3. Co-IP

4.3.1. Cell Collection

Transfected HEK293T cells were collected with their medium by a scraper. The
cells were scraped from the surface of the dishes and transferred into a new
microcentrifuge tube. The cells were pelleted by spinning in a centrifuge at 5000 rpm
for 3 minutes. The pellets were washed two times with ice-cold 1x PBS solution to
remove all possible remnants of the medium. The supernatant was discarded, and cells

were put on ice for the lysis step.
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4.3.2. Cell Lysis and Sample Preparation

The pellets were lysed using NP-40 Lysis Buffer (#FNN0021, Thermo Fisher
Scientific, USA) enriched with a 1x protease inhibitor (P1). The pellets were thawed
gently in 1 ml of the NP-40 lysis buffer supplemented with protease inhibitor cocktail,
then incubated on ice for 30 minutes. Lysates were vortexed every 5 minutes to
perform an effective lysis process. The lysates were centrifuged at 13300 rpm for 20
to 30 minutes at 4°C. The supernatants were transferred into new ice-cold 1.5 ml
microcentrifuge tubes.

45 pl of supernatant was taken into new microcentrifuge tubes to be used as a
positive control of transfection (also named as input). The lysate was mixed with an
adequate volume of the 4x-protein-loading-dye to obtain a final volume of 1x, and kept

at -20°C until loaded onto the SDS polyacrylamide gel.

4.3.3. Immunoprecipitation of Interactomes with Magnetic Beads

1.5 ml centrifuge tubes were placed into a magnetic rack and enriched with 10
pl of MagnaBind™ Protein G Beads (#88802, Thermo Fisher Scientific). The beads
were washed using 500 pl of NP-40 lysis buffer three times. 1 pg of anti-FLAG
antibody (#F1804, Sigma Aldrich) or IgG (as a control, #7076S, Cell Signalling
Technologies) per sample was added into the tubes. After the addition of 200 ul of
NP-40 lysis Buffer for each sample, tubes were incubated at 4°C for 1 hour. Following,
400 pl of cell lysate is loaded into the microcentrifuge tubes and incubated overnight

at 4°C for proper attachment of protein complex to the antibodies.

4.4. \Western Blot

4.4.1. SDS-PAGE Gel Preparation

SDS-PAGE glasses were cleaned using 70% ethanol and placed into a gel
cassette in an appropriate order. Gel cassette was put onto a gel apparatus. There were
two distinct gels namely separating gel (at the bottom) and stacking gel (on the top).

Firstly, separating gel was prepared into a falcon as explained in table 3.3. Ammonium
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persulfate (APS) and TEMED within the gel rapidly initiates the polymerization event
(Swamy at. al., 2006), so that gel was homogenized and poured expeditiously.
Promptly after the gel was poured between glasses, isopropanol is added onto the gel
to prevent air contact of the gel to remove bubbles and help to the generation of
properly frozen smooth gel surface. When the gel was frozen (approximately 20
minutes), isopropanol was discarded and the gel was washed with dH2O to remove
isopropanol remnants. Wet areas between glasses were dried using Whatman paper. A
1.5 mm comb was cleaned with 70% ethanol. 5% stacking gel was prepared in a falcon,
then poured onto the separating gel. A comb is gently placed onto the stacking gel and
allowed to polymerize. The gel was incubated for 10 minutes at 4°C to ensure that the

gel was completely polymerized.

4.4.2. Sample Preparation for SDS Polyacrylamide Gel

The samples were taken from -20°C and allowed for thawing at room
temperature. After thawing, the microcentrifuge tubes were put into a heat block which
is at 95°C, and heated for 10 minutes. The heating would help denaturation of the
proteins and turned the proteins into their primary structure. By means, proteins could

be separated according to their molecular weight in the SDS-PAGE system.

4.4.3. SDS-PAGE Gel Running

The comb is gently taken out and the wells were washed with dH20 to generate
a smooth surface. The gel was placed into a running cassette. Because the cassette
required two gel for running, a plastic glass was put on the other part of the cassette.
The cassette was placed into the running tank. The tank and the area between glasses
were filled with 1x Running Buffer (prepared by diluting 10x Running Buffer with
distilled water). PageRuler™ Prestained Protein Ladder (#26617, Thermo Fisher
Scientific, USA) and the samples were loaded in into the wells as equal protein
amount. The gel was run at 80V after the samples were entered into the separating gel,
then the voltage was increased to 120V for 2 hours. Samples were run until the
bromophenol blue dye within the 4x-protein-loading dye reached the end of the gel,
then the running was stopped.
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Glasses were taken out from the cassette, separated gently using a spatula. The
wells were cut off and the gel was taken into transfer buffer to prepare the gel for

transfer.

4.4.4. Transfer of Proteins from Gel to Membrane

Trans-blot Turbo Transfer System (Serial No: 690BR011760, Biorad) was used
to perform a semi-dry transfer of the protein from gel to nitrocellulose membrane. 4
Whatman paper and 1 membrane with the same size of SDS gel were incubated at 1x
transfer buffer for about 5 minutes. The glasses of the SDS gel were separated gently
then the gel was taken into 1x transfer buffer. A transfer sandwich was prepared in the
following order; 2 Whatman paper, membrane, gel, and 2 Whatman paper are put onto
a transfer cassette, respectively. After the gel was placed onto the membrane, the
bubbles were generated by the gap between membrane and the gel was removed using
a roller. The cassette was locked, placed into the transblot appliance as (-) electrode
(cathode) at the bottom and (+) electrode (anode) at the top. The transfer of proteins

from gel to nitrocellulose membrane was performed at 12V for 1 hour.

4.4.5. Blocking and Immunoblotting

5% skim milk containing blocking solution was prepared by dissolving the skim
milk in 1x TBS-T (composed of 10x TBS-T Buffer diluted with distilled water, and
0.1% Tween-20). After the transfer was accomplished, the membrane was taken into
a blocking case filled with blocking solution and blocked at room temperature on
shaker for 1 hour to avoid non-specific antibody attachment. Thereafter, the membrane
was incubated overnight at 4°C on shaker with a primary antibody (diluted to
recommended concentration in 5% blocking solution, %1 sodium azide was added to
prevent bacterial contamination and prolong the antibody’s half-life).

On the following day, the membrane was taken out from the primary antibody,
washed with 1x TBS-T for four times (with 5-15-5-5 minute time intervals) to remove
unbound antibodies. The membrane was incubated with specific secondary antibodies.
The membrane was incubated for 1 hour at room temperature on a shaker with an anti-
mouse secondary antibody (1:6000, #7076S, CST) against the anti-FLAG, and an anti-
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rabbit secondary antibody (1:5000, #31460, Thermo Fisher Scientific) for the anti-HA
primary antibody. When the incubation was completed, the membrane was washed

four times with 1x TBS-T as explained above.

4.4.6. Imaging

The membrane was placed into a black imaging paper, following the fourth
washing step, and dried well. The chemiluminescence substrate namely WesternBright
Sirius HRP substrate (Advansta Inc., CA, USA) was applied onto the membrane. HRP
molecules were conjugated to the secondary antibody. These molecules were
performed a chemical reaction with the HRP substrate and were generated
chemiluminescence signals. After 3 minutes of incubation, the excess amount of the
substrate was discarded. Chemidoc™ XRS+ System with ImageLab™ Software
(#1708265, Biorad) was used to capture the chemiluminescence signals of the

membrane.
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5. RESULTS

The major purpose of this thesis is to validate novel CRY1 interactomes
associated with DNA damage and repair pathways. Candidate CRY1 interactors were
identified in our laboratory previously [Olfaz, 2020]. For this aim, we developed an
experimental approach based on co-immunoprecipitation. We generated stable cell
line from HEK293T overexpressing human CRY1 with a 3xFLAG tag at the C-
terminus (HEK293T-CRY1-3xFLAG) and used this cell line to immunoprecipitate the
CRY1 complex. The interactor candidates which selected from mass-spectrometry
data, were cloned into mammalian expression vector to express them with a 3XxHA tag
at N-terminus. The interactors were transiently expressed in the stable HEK293T-
CRY1-3xXFLAG cell line and the presence of the candidate in the CRY1-3XxFLAG

complex were analyzed by immunoblotting.

5.1. Generation of Interactor Expression Constructs

5.1.1. Determination of the Candidates

The possible interactor proteins named as candidates were selected from CRY'1
mass-spectrometry analysis data that were described in a MSc thesis from our
laboratory [Olfaz, 2020]. In that study, CRY1 interactome was identified by BiolD
technique. The proteins where in close of CRY 1 were labeled with biotin and identified
by mass-spectrometry after isolation of biotinylated proteins using streptavidin-
magnetic beads [Go et al., 2021]. The candidates having higher Saint scores, 0.95to 1
were chosen using the Saint Express Analysis tool [Teo et al., 2014]. Then, due to the
close relation between DNA repair and circadian clock, we selected the candidates that
are related to DNA repair and DNA damage response pathways (DDR). The
significant interactors related directly to the DDR were classified with David
Bioinformatic Resources 6.8. Maps representing the interactors of CRY1 protein
associated directly or indirectly with DDR were created by Cytoscape 3.7.2

bioinformatic tool (Figure 5.1).

27



Figure 5.1: Interaction map of CRY1 and DNA repair and DNA damage response
(DDR) pathway proteins. A) Interactors directly associated with DDR, B) Indirect
interactors. The maps were generated using String App and Cytoscape 3.7.2
Bioinformatic tool.

5.1.2. Preparation of Plasmids for Cloning

3XHA-NLS-miniTurbo_pcDNA3 (#107172) plasmid purchased from Addgene
was used as a vector in order to clone the interactors. The HA tag is widely used for
tagging protein when specific antibodies are not available. This tag is a well-
characterized that can easily be detected with an anti-HA antibody from different
sources such as rabbit and mouse. Also, the HA tag can be inserted into the N or C
terminus of a protein and does not interfere with the bioactivity of the recombinant
protein. By means of these properties, the HA tag was decided to be fused with the
interactors. The 3xHA-NLS-miniTurbo_pcDNAS3 plasmid, shown in the Figure 5.2,

was chosen regarding its 3xHA tag and convenience of cloning.
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Figure 5.2: 3XHA-NLS-miniTurbo_pcDNAS3 (#107172) plasmid map. The map was
generated using SnapGene Viewer Program.

The cloning strategy for the interactors was as follow: The interactors were
amplified from U20S cDNA using high-fidelity polymerase using specific oligos with
suitable enzyme restriction site close to the 5’ ends (Figure 5.3). Amplified interactor
candidates were isolated from agarose gel and then digested with Nhel and Xhol
restriction enzymes. In parallel, 3xHA-NLS-miniTurbo_pcDNA3 plasmid were
digested with Nhel and Sall enzymes and large fragment were isolated from agarose
gel leaving miniTurbo expressing cassette out. The interactor candidates were ligated
into pcDNA3-3xHA part of pcDNA3-3xHA-miniTurbo-NLS through compatible
ends. Please note that Xhol and Sall generated overhangs are compatible and suitable

for cloning. The strategy was described in Figure 5.3.

29



3xHA-miniTurbo-NLS_pcDNA3 el 3*HA  Interactor

Figure 5.3: Illustration of the Cloning Strategy of the 3xHA- miniTurbo
NLS_pcDNA3 plasmid. 1) The strategy, 2) The protein that was expressed by the
generated plasmid.

5.1.3. Amplification of the Interactors

The interactor DNA sequences were amplified using convenient oligos (ordered
from Sentebiolab, Turkey) and Q5 High Fidelity Polymerase through human bone
osteosarcoma epithelial cell line (U20S) cDNA. Either Nhel and Xhol enzyme
recognition sites (6 bps) and another 3 bps to allow the restriction enzymes to bind
DNA were added to the 5’ ends of oligos. The reaction conditions were given in
chapter 4.1.1. The accuracy of the amplification was controlled by running the PCR
products on 1% agarose gel. Results were represented in Figure 5.4. The expected
bands for interactors from interactor 1 (Int 1) to interactor 10 (Int 10) were: 980, 551,
842, 2831, 2579, 2726, 434, 1190, 2570 base pairs (bp), respectively. Candidate
interactors were chosen according to base pairs compared to the 1 kb (N3232S, New
England Biolabs, NEB, England) and 100 bp (N3231S, New England Biolabs, NEB,
England) DNA ladders.
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1kb Intl Int2 Int3 Int4 Int5 Int6 Int7 Int8 Int9 Intl0 100bp

Figure 5.4: Accuracy of the PCR reaction of the candidate interactors. The lane
numbers represent the followings; 1: 1 kb DNA ladder, 2-12: Candidate interactors,
12: 100 bp DNA Ladder. 1% agarose gel was used. The red rectangles indicate
expected bands.

5.1.4. Ligation of the Interactors into the 3xHA-NLS_pcDNA3
Plasmid

The 3xHA-NLS pcDNA3 vector and the PCR amplified interactors were
digested with Nhel and Sall or Nhel and Xhol restriction enzymes, to generate
compatible sticky ends for ligation. The 3xHA-miniTurbo-NLS_pcDNA3 were
digested with Nhel and Sall which removes miniTurbo cassette, and the remaining
large fragment can be used for cloning the candidates which later can be used to
express candidate with a 3xHA tag in mammalian cells such as HEK293T. The
digestion products were loaded on 1% agarose gel to confirm the efficiency of the
digestion. The plasmid was screened under 366 nm black light and excised from the
gel. Then, the Macherey-Nagel Nucleospin Gel and PCR Clean-up kit was used in
order to elute DNA from agarose gel.

T4 DNA Ligase was used to clone candidate interactors into a digested into a
pcDNA3.3xHA-Nhel-Sall fragment of 3XHA-NLS_pcDNA3 plasmid. 5 ul of ligation
product was transformed into E.coli DH5-a strain. The next day, colonies were
screened, two single colonies from each interactor were plated out into 3 ml LB media
with ampicillin in 15-ml conical tubes. After overnight incubation, plasmid DNA was
isolated from the bacterial cultures with Macherey-Nagel Nucleospin Plasmid Kit. To

confirm the insertion of the interactomes into the plasmid, isolated plasmid DNA was
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digested with the Sall enzyme. The clones that gave the expected DNA bands were
chosen for further experiments (Figure 5.5).

Figure 5.5: Confirmation of the cloning of the interactors into the 3xHA-
NLS_pcDNAZ3 vector. The vector was cut with Sall enzyme. The lane numbers
represent followings; 1: 1 kb DNA ladder, 2-11: Interactor 1 to Interactor 9.2. The
samples were run on 1% agarose gel. The expected bands were shown with the red
rectangles.

5.2. Generation of HEK293T-CRY1-3xFLAG Stable Cell
Line

FLAG tag is commonly used for protein pull-down and purification experiments.
The tag is a small molecular weight protein, only 1 kDa (8 amino acid residue), and
has a hydrophilic nature. This hydrophilicity does not affect protein functions and
antigenicity. Therefore, a FLAG tag does not increase the charge of the protein
expression, besides it allows high purity yield [Zhao et al., 2013]. Because of these
advantages, the FLAG tag was chosen to pull-down to protein of interest, in our case
CRYL1.

We have tried first to use one FLAG tag to immunoprecipitate human CRY1
(hCRY1) with anti-FLAG antibody-coupled magnetic beads. pcDNA4.CRY1-FLAG-
MycHis plasmid (original name: pfmh-hCRY1, Addgene Plasmid #25843), obtained
from Prof. Dr. Aziz SANCAR (The University of North Carolina at Chapel Hill, NYC,
USA) and the map of the plasmid was shown in Figure 5.6. Because one FLAG did
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not give efficient immunoprecipitation of CRY1, the co-IP of CRY1-FLAG from
HEK?293T cells were not successful.

[g325) SgrDI

(6708 Sspl. M sy
) (5385) Scal_l \ | Mdel (484}
[6275) Pwul [ / SnaBI (580}

(6127) Fspl ', CMV promater

(5305) AhdI_ _\.T7 promater

© - Acc65I (s0E)
~— Kpnl (512}
~ BamHI (220}

— BstXI (535)

_EcoRV (555)
~-.. Kasl (1037}
.. NarI [1038)
. . ~. - Sfol [1039)
I:c;z] Pal . PluTI (1041}
(AP binding site.

. . BsmBI - Esp31 (1278)
lac promoter.. ™~ B

(4533) BtZ1TI—
SV40 poly{A) signal

~ Bsu36I (1323)
" EcoD1091 - PpuMI (2062}
— BbwCI (2373}

% T
™ —:@O,\; B otet ‘NJ.L’

Vo 3 ) flon
P e oy
LA Y

(4328) Eagl — — g —t ol _— Xbal (2717}

[4273) Fsel Foog B —

——= o 3ot FLAG

(4131) BmgBI — — )

[a111) SgrAl. .~ 7 - ESItBFIZ?-éEQ?\ﬂE}
[4033) BssHII - MauB1 | . Agel (2738
EM7 promoter BaxHis
(3858 AwrIl Pmel (2815)
[3857) Stul bGH poly(A) signal

hCRY1-FLAG-Myc-6xHis_pcDNA4
6EZE bp

Figure 5.6: hCRY1-FLAG-Myc-6xHis_pcDNA4 map. The map was created using
SnapGene Viewer Program.

5.3. Conformation of the Generation of a FLAG Expressing
Stable Cell Line

Anti-CRY1 and anti-FLAG antibodies were used to detect the presence of the
FLAG-CRY1 protein. The CRY1 band expressed with 1XFLAG could not be detected
from western blot analysis. The result in Figure 5.7 was given solely non-specific
bands arising from IgG attachment. The co-IP results were not significant until the
presence of the CRY1 has been proved by anti-FLAG antibody, the cloning strategy

was changed. A new plasmid construct was developed to express the 3XFLAG-CRY'1
protein.
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Figure 5.7: Western blot analysis of co-1P performed with anti-FLAG antibody to
confirm generation of the stable FLAG expressing HEK293T cell line. Anti-CRY1
and anti-FLAG antibodies were used to detect the presence of the FLAG-CRY1
protein. Input demonstrates the cell lysate (which does not immunoprecipitated),
bound shows the immunoprecipitated samples. IgG was used as a control, o-F
represents the anti-FLAG antibody. PageRuler™ Prestained Protein Ladder was used
as a marker. Samples were run on 12% SDS gel.

We decided to express human CRY1 with 3XFLAG tag, where the FLAG tags
are expressed in triplicate sequentially. For this, we first inserted 3xFLAG coding
sequence into Xbal and Agel site of the pcDNA4.CRY1-FLAG-MycHis plasmid
(Figure 5.8). Then, this construct was used to generate HEK293T-CRY 1-3xFLAG as
explained in Chapter 4.2.3. Endogenously expressed human CRY1 gene is 66.3 kDa
in molecular weight, after the fusion of the 3xFLAG tag, 70 kDa band was expected
in SDS polyacrylamide gel as demonstrated Figure 5.9.
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Figure 5.8: hCRY1-3XxFLAG-Myc-6xHis_pcDNA4 plasmid map. The plasmid was
developed from hCRY1-FLAG-Myc-6xHis_pcDNA4 plasmid by addition of
3XFLAG tag. The map was generated using SnapGene Viewer Program.
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Figure 5.9: Verification of the generation of a stable 3xFLAG-CRY'1 expressing
HEK293 T cell line. PageRuler™ Prestained Protein Ladder (#26617, Thermo Fisher
Scientific, USA) was used as a marker. Endogenous human CRY1 is a 66.3 kDa
protein. After the addition of the 3XFLAG tag, a 70 kDa band was expected. 12%
SDS polyacrylamide gel was used. The red rectangles demonstrate expected bands.
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5.4. Expression of the Interactors in the Stable Cell Line

Before performing the co-immunoprecipitation assay, the selected clones were
transfected into HEK293T-CRY1-3xFLAG cell line to ensure the interactors were
efficiently expressed in this cell line. The expected bands from interactor 1 to
interactor 9 were: 36, 20, 31, 104, 16, and 44, respectively (Figure 5.10).
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Figure 5.10: Validation of the expression of interactors in a stable HEK293T-CRY1-
3XFLAG cell line. PageRuler™ Prestained Protein Ladder was used as a marker.
Samples were run on 12% SDS gel. The expected bands were represented by the red
rectangles.

5.5. co-IP of Interactors from HEK293T-CRY1-3xFLAG
Cell Line

Co-immunoprecipitation was performed to verify the protein-protein
interactions of CRY1 and DNA damage repair response pathway-related interactors.
3XFLAG-CRY1 protein was immunoprecipitated using an anti-FLAG antibody, other
proteins within the cell lysates were removed by washing steps. The interactors were
expected to co-immunoprecipitate with the 3XxFLAG-CRY1 protein due to the protein-
protein interaction. Western blot analysis was implemented to confirm the presence of
the interactors. Anti-FLAG antibody was used to show CRY1 protein. Because the
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interactors were fused with an HA-tag, the anti-HA antibody was also used in western
blot experiments. It was expected to see FLAG and HA bands in both input lanes
(incubated with non-specific IgG and anti-FLAG antibodies), and anti-FLAG bound
lanes. In contrast, no band would be seen in the bound IgG lane, due to the absence of

specific protein-antibody interaction (Figure 5.11).
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Figure 5.11: Western blot analysis of co-IP sample of BUB3 and SNIP1 proteins.
Input represents the cell lysate (which does not immunoprecipitated), bound shows
the immunoprecipitated samples. IgG was used as a control, a-F represents the anti-
FLAG antibody. PageRuler™ Prestained Protein Ladder was used as a marker.
Samples were run on 8% SDS gel.

The expected interaction signal could not be detected when the
immunoprecipitated complex was blotted with an anti-HA antibody. To confirm the

accuracy of the CRY1 and its interactor BMALL, which is already known to interact
with CRY 1 protein, was chosen as a positive control. The samples were blotted using
an anti-BMAL1 antibody. The specific interaction was detected as shown in Figure
5.12.
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Figure 5.12: Western blot analysis of co-IP sample of BMAL1 and CBX3 proteins.
Input indicates the cell lysate (which does not immunoprecipitated), bound represents
the immunoprecipitated samples. IgG was used as a control, a-F represents the anti-

FLAG antibody. PageRuler™ Prestained Protein Ladder was used as a marker.

Samples were run on 8% SDS gel.
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6. DISCUSSION

Discovering the protein-protein interaction (PPI) is the predominant approach
for an interpretation of molecular pathways. The knowledge of the interaction has
made it enable to improve the efficiency of drug therapies by understanding the
function and cellular importance of a protein. Until a few years ago, yeast-two hybrid
assay and immunoprecipitation coupled to mass-spectrometry (IP-MS) analysis were
the two main techniques to discover novel PPIs [Maccarrone et al., 2016]. Actually,
with the availability of version of proximity-dependent labeling enzymes with
different kinetics such as BiolD, BiolD2, miniTurbo, TurbolD, and APEX2 we now
limit the labeling durations from minutes to 24 hours. In this way, we can now narrow
PPIs of for example CRY1 to 1 hour with TurbolD for example CRY1 is only in
nucleus. On the hand, using BiolD2 for example would allow to label CRY1 from its
synthesis to degradation, which means that this technique will record the history of
PPIs of CRYL1. In our laboratory, a graduate student discovered CRY1 PPIs in U20S
cell line using miniTurbo based BiolD technique [Olfaz, 2020].

In this thesis, we wanted to confirm some of the CRY1 PPIs from that previous
study. For this, we selected the interactor candidates that are involved in DNA damage
responses. Because, it is known that DNA damage response are controlled by the
circadian clock, and CRY protein are human homologs of bacterial photolyase
enzymes which repair UV-induced damages using the blue light as energy source. On
the other hand, BiolD method labels all proteins in the close proximity of the bait
protein which does not necessary bait and prey will interact. Therefore, the co-IP
would confirm physical interaction between bait and prey which help the interactors
to study further.

From several interactors from BiolD results, we identified only one strong
interaction. When we analyze the presence of BMAL1 in CRY1-3xFLAG precipitated
complex and actually observed a weak interaction. CRY1 and BMALL interactions are
essential for the core circadian clock mechanism, and it is supposed to be a strong
interaction. Therefore, considering that the weak BMALL1 signal in CRY1-3xFLAG
precipitated complex, we cannot say that other interactors do not interact with CRY1.
We can speculate that we can improve co-IP efficiency by applying some
modifications. For example, the precipitation of CRY1 from only nucleus would
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increase the possibility of the detecting interactors that are located in nucleus. This is
also true for co-IP from cytoplasm after cellular fractionation for the interactors which
are located in cytoplasm.

More importantly, we analyzed the PPIs of CRY1 under normal conditions,
however giving a DNA damage to cells may specifically cause the real interaction
between CRY1 and candidate interactor. This may explain why we failed to detect
most of the PPIs.

In summary, an optimization in the co-IP conditions such as cellular

fractionation before co-IP or activating DNA damage response pathway would
increase the possibility of detecting direct interactions using co-IP technique.
In case, we have to keep in mind that these interactions can be very weak and transient
and therefore could not be confirmed at all with co-1P method. In this case, functional
assay would clarify the question of why those interactors were in close proximity of
CRY1. These functional assays include that stability or activities of the interactors in
the presence or absence of CRY1 or vice versa.

This thesis was a model on how to discover the novel interactors of CRY1. At
the end we learnt that classical co-IP conditions should be optimize and may be more
importantly functional assay should be considered if no physical interaction is detected
with co-IP method. With the advances in BiolD and optimization of co-IP it looks like
that we will be able to discover more PPIs which were not possible so far due to
technical difficulties.

The discovery of novel PPIs will provide novel target for intervention using
different agents such as small molecular weight chemicals or gene-editing or RNA-
interference. In future, these interventions could open new therapeutic strategy for
either circadian clock or DNA damage response to exploit in the management of
diseases such as cancer.

All these associations of DNA-damage repair component and CRY1 genes
suggests that CRY1 is an important suppressor of abnormal cell neoplasms, and tumor
aggressiveness. Validation of the CRY1 interactions may open a new point of view for
the understanding of the relation between the circadian clock and DNA damage. The
exploration of the novel CRY1 interactomes helps the CRY1 targeted drug therapy and

better prognosis in cancer patients.
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APPENDICES

Appendix A: Protein and DNA Markers
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Appendix B: List of CRY1 interactors generated by Saintexpress
Analysis

Table A1.1: A list of CRY1 interactors associated with DNA damage and
response pathways was created using SAINTexpress software (saint score of

0.98 and above).

Uniprot Accesion Number Saint Score
Q13185 1.0
Q9GZR7 1.0
075533 1.0
Q8TADS 1.0
Q43684 0.99
Q53HL2 0.99
QINQS7 0.99
Q03188 0.98
P49736 0.98
P33981 0.98
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