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SUMMARY

Circadian clock is a time length of approximately 24 hours that is driven
endogenously without affecting environmental changes. Transcriptome analysis studies
revealed that ~10% of genes are regulated by circadian rhythm and considering second-
order genes and posttranslational modifications, it could be accepted that 20-40% of
signaling mechanisms are under the control of the circadian clock. The mammalian
molecular clock is regulated by the transcription-translation feedback loop (TTFL)
mechanism which consists of a positive arm and a negative arm. Heterodimeric
transcription factor CLOCK/BMAL1 is in the positive arm of the TTFL mechanism and
activates up to 10% of expressed genes by binding to E-box-containing promoters. PER
and CRY proteins are among clock-controlled genes (CCGs) and play role in the negative
arm of the TTFL mechanism. Building detailed protein interactome maps is important for
identifying molecular mechanisms and understanding cell function. Conventional
interaction techniques have been used to analyze protein interactions for years, but they
fall short of detecting dynamic and weak interactions. Proximity-dependent labeling
technique allows the detection of weak and transient interactions and thus the detection
of new interaction candidates that could not be detected by conventional techniques.
We have adapted the novel technique to detect weak and transient interactions of PER2
and BMAL1 in two separate phases (to mimic day and night) in strongly resettable
osteosarcoma (U20S) cells. In addition to known interactions, we have identified several
new interaction candidates of PER2 and BMAL1 and verified some PER2 interactions by
the conventional co-immunoprecipitation technique. Our results showed that the
proximity-dependent labeling technique enables the discovery of new protein

interactions in the circadian clock mechanism.

Key Words: Circadian Clock; Proximity-Dependent Labeling, BiolD2, Mini Turbo, PPI,
PER2, BMAL1.



OZET

Sirkadiyen saat, ¢evresel degisikliklerden etkilemeden endojen olarak siirdiriilen
yaklasik 24 saatlik bir siiregtir. Transkriptom analizi ¢alismalari, genlerin yaklasik %
10'unun sirkadiyen ritim tarafindan dizenlendigini ve ikinci dereceden genler ve
translasyon sonrasi modifikasyonlar dikkate alindiginda, sinyal mekanizmalarinin %20-
40'inin sirkadiyen saatin kontroll altinda oldugu kabul edilmektedir. Memeli molekiler
saati, pozitif kol ve negatif koldan olusan transkripsiyon - translasyon geribildirim
donglisii (TTFL) mekanizmasi ile dizenlenir. Heterodimerik transkripsiyon faktori
CLOCK/BMAL1, TTFL mekanizmasinin pozitif kolundadir ve E-box iceren promoterlere
baglanarak eksprese edilen genlerin % 10'una kadarini aktif hale getirir. PER ve CRY
proteinleri saat kontrolli genler (ccgs) arasindadir ve TTFL mekanizmasinin negatif
kolunda rol alir. Ayrintih protein interaktom haritalari olusturmak, molekiler
mekanizmalari tanimlamak ve hiicre fonksiyonunu anlamak igin énemlidir. Yillardir
protein etkilesimlerini analiz etmek icin geleneksel etkilesim teknikleri kullaniimistir,
ancak bunlar dinamik ve zayif etkilesimleri saptamada yetersiz kalmaktadir. Yakinhga
bagli etiketleme teknigi, zayif ve gegici etkilesimlerin saptanmasina ve boylece geleneksel
tekniklerle saptanamayan yeni etkilesim adaylarinin tespit edilmesine olanak tanir. PER2
ve BMAL1 proteinlerinin zayif ve gecici etkilesimlerini tespit etmek icin iyi resetlendigi
bilinen osteosarkom (U20S) hiicrelerinde iki ayri fazda (glindiiz ve geceyi taklit etmek
icin) yakinhga bagli etiketleme teknigini kullandik. Bilinen etkilesimlere ek olarak, PER2
ve BMAL1 igin birkag yeni etkilesim adayi belirledik ve bazi PER2 etkilesimlerini
geleneksel koimiinopresipitasyon teknigi ile dogruladik. Sonuglarimiz, yakinhga bagli
etiketleme tekniginin sirkadiyen saat mekanizmasinda yeni protein etkilesimlerinin

kesfedilmesi icin uygun gosterdi.

Key Words: Sirkadian Saat; Yakinhiga Bagh Etiketleme, BiolD2, Mini Turbo, PPI, PER2,
BMALL1.
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1. INTRODUCTION

Circadian rhythm is a time length of approximately 24 hours that is driven
endogenously without affecting environmental changes. Nearly every aspect of human
physiology is affected by circadian rhythms including the sleep-wake cycle, daily rhythms
in body temperature, hormone production, cell regeneration, and other biological
activities. Transcriptome analysis studies revealed that ~10% of genes are regulated by
circadian rhythm and considering the second-order genes and posttranslational
modifications, it could be accepted that 20-40% of signaling mechanisms are under the
control of the circadian clock [Partch et al, 2014]. In mammals, most cells in the brain
and peripheral tissues contain a molecular clock consisting of at least 12 specific clock
genes and the circadian clock is generated by a cell-autonomous transcriptional
autoregulatory feedback loop (TTFL). While BMAL1/CLOCK heterodimer act in the
positive arm of the loop, PER/CRY heterodimer negatively regulates the TTFL mechanism.
Among the 12 specific circadian clock genes, Per2 and Bmall play a central role in the
maintaining of circadian phenotypes. [Fu and Lee, 2003]

To understand the role of the circadian clock on human physiology, behavior, and
illness, we should elucidate the molecular background of the circadian mechanisms both
on the genomic and proteomic levels. Genetic technologies have offered a lot of
opportunities to understand the nature of circadian rhythm by doing genome-wide
analysis [Reddy, 2013]. In contrast, until the last few years, proteomics approaches in
this field have dropped behind due to the limitations in proteomic technologies and
techniques. Last developments in technology and new techniques in protein studies have
enabled posttranslational analysis (i.e.; protein-protein interaction, PPI) of the circadian
clock in a high-throughput manner. Large-scale protein analysis techniques are mainly
MS-based. Especially with further improvements, MS-based proteomics techniques
allow rapid and high-accuracy analysis of proteomics data [Matthiesen and Bunkenborg,

2020]. Considering the proteomics techniques in circadian clock studies, MS technology



is the main platform of the process. Over the last few years, MS-based techniques in
protein interaction studies have displayed increasing progress. Various methods have
been established for the purpose of identifying and characterizing protein-protein
interactions. This diverse toolbox provides researchers with options to overcome
challenges specific to the nature of the proteins under investigation. Among these
techniques is a category based on proximity-dependent labeling of proteins in living cells.
Discovered in 2012, the BiolD technique is an example of a protein interaction technique
based on proximity-dependent labeling [Roux et al, 2012]. Compared with the previous
PPI techniques like co-IP, BioID allows the detection of transient and weak interactions
in living cells. The BiolD technique utilizes a mutant form of biotin ligase enzyme (*BirA)
derived from E.coli to promiscuously biotinylate proximal proteins in the same complex
[Roux et al., 2012]. An updated version of the BiolD technique, BiolD2 was discovered in
2016 by Kim et al. In this method, a different form of biotin ligase enzyme, derived from
Aquifex aeolicus, is used for proximal biotinylation. Because this enzyme is smaller than
E.coli *BirA, hybridization of target proteins with A. aeolicus BirA has a less adverse effect
on protein function and there is a fewer need for extrinsic biotin for the enzyme activity
[Kim et al, 2016]. In addition to the BiolD2 technique, a mutant version of BirA protein
called miniTurbo was generated by Branon et al in 2018. The main advantage of
miniTurbo is that it is more rapid than BiolD and BiolD2 with a 10 min biotinylation speed.

In this study, we aimed to discover new protein interaction partners of both PER2
and BMAL1 by using a proximity-dependent labeling strategy. Unlike previous PPI
techniques like co-IP, proximity labeling provide an opportunity to detect transient and
weak interactions of the target protein. Therefore we have identified large-scale PPI
candidates for both proteins by expressing PER2-BiolD2 and miniTurbo-Bmall fusion
proteins (separately) in the U20S osteosarcoma cell line. At the final stage of the study,
we also validated some of the PER2 interactions using the classical co-IP technique. Our
study has clearly indicated that our PPI list for PER2 and BMAL1 serves as high

throughput data in circadian proteomics studies.



2. LITERATURE REVIEW

2.1. Mammalian Circadian Clock

The circadian clock is a temporal program that regulates the organisms' cycle of
daily rhythms at all levels from gene expression to behavior. It is a time length of
approximately 24 hours that is driven endogenously without affecting environmental
changes. The day and night cycle causes changes in light-dark and temperature
conditions and this affects life in all aspects. Human physiology and behavior like sleep-
wake cycles, food intake, digestion, etc. are directly affected by this cycle. At the
molecular level, transcriptome analysis studies revealed that ~10% of genes are
regulated by circadian rhythm, and considering second-order genes and
posttranslational modifications, it could be accepted that 20-40% of signaling
mechanisms are under the control of the circadian clock [Hughes et al, 2009].

The mammalian circadian clock consists of two basic components; the Master clock and
the peripheral clock. The master clock is located in the SCN and is involved in resetting
the clock in peripheral tissues by the day-night cycle. The peripheral clock is the sum of
molecular clocks in many organs synchronized by the master clock. The mammalian
molecular clock is regulated by a transcription-translation feedback loop (TTFL) (Figure
2.1) [Reppert and Weaver, 2002]. TTFL mechanism consists of a positive arm and the
negative arm. Heterodimeric transcription factor CLOCK/BMAL1 is in the positive arm of
the TTFL mechanism and activates up to 10% of expressed genes by binding to E-box-
containing promoters [Rey et al., 2011]. PER and CRY proteins are among clock-
controlled genes (CCGs) and act in the negative arm of the TTFL mechanism. The
accumulation of PER and CRY protein in the cytoplasm is controlled by E3-ubiquitin
ligases BTRCP1 and FBXL21 [Hirano et al., 2013; Reischl et al., 2007]. When a sufficient
amount of protein accumulates in the cytoplasm, protein kinase CK16/¢ induces the

translocation of PER/CRY heterodimers into the nucleus. PER/CRY dimers inhibit the



transcription themselves and other CCGs through CLOCK/BMAL1 in the nucleus [Ko and
Takahashi, 2006]. This cause a decrease in PER/CRY level in the cytoplasm and once the
CRY proteins are ubiquitinated by FBXL3 E3-ligases, a new cycle is started [Siepka et al.,
2007]. An additional feedback mechanism is conducted by nuclear receptor proteins
RORs and REV-ERBs through the transcriptional regulation of BMAL1 [Guillaumond et al.,
2005]. RORs and REV-ERBs regulate BMAL1 transcription antagonistically by binding to
-ERBs/ ROR-binding element (RRE) in the promoter region of BMAL1. One TTFL cycle
takes approximately 24h and is the main regulatory mechanism of the mammalian
molecular clock in a wide variety of cell types. In addition to TTFL regulation, post-

translational modifications and protein-protein interactions are involved in the control

of the molecular clock mechanism.
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Figure 2.1: TTFL mechanism of the mammalian circadian clock.



Although the TTFL mechanism has been well studied, further studies are needed
to understand the post-translational modifications and protein-protein interactions in
molecular clock regulation and to elucidate the relationship between the circadian clock

and other molecular mechanisms.

2.2. Clock-Controlled Genes

Clock-controlled genes (CCGs) are genes that exhibit 24-hour rhythmic
expression and are regulated by circadian clock proteins. CCGs are controlled by the
utilization of the three different types of regulatory elements present in their promoters;
E-box motifs, RORE motifs, and D-elements [Ueda et al., 2005]. The expression of E-box
controlled genes, including Per and Cry genes, are regulated by CLOCK- NPAS2:BMAL1
heterodimer in a circadian manner. RORE-containing promoters such as the Bmall
promoter, are the binding site for ROR and REV-ERB family members. Bmall
transcription is activated by RORa, RORB, or RORy [Akashi and Takumi, 2005;
Guillaumond et al., 2005; Sato et al., 2004] and repressed by REV-ERBa or REV-ERBJ
[Guillaumond et al., 2005; Preitner et al., 2002; Triqueneaux et al., 2004]. D-elements are
the binding sites for PAR bZip family members. For example, the D site albumin promoter
binding protein (DBP) is a member of the PAR bZip family and activates Perl gene
expression by directly binding the Perl promoter together with the CLOCK-BMAL1
heterodimer [Yamaguchi et al., 2000].

Circadian gene expression is also affected at the epigenetic level. The dynamic
modification of chromatin architecture is necessary to facilitate the accession of
transcription factors to activate gene expression. The modification of chromatin
structure is commonly mediated by the acetylation of histones by histone
acetyltransferases (HATs) and the opposing histone deacetylases (HDACs). Histone
acetylation results in relaxation of chromatin condensation thereby facilitating gene

transcription. Rhythmic gene expression of CCGs is regulated through the rhythmic



histone acetylation at promotor regions of CCGs [Etchegaray et al., 2003, Partch et al.,
2014]. Indeed, H3K4mel, H3K4me3, H3K9ac, H3K27ac, and H3K36me3 acetylation show
diurnal variation [Vollmers et al., 2012]. Considering the role of CLOCK-BMAL1 in the
transcription activation of CCGs, it is not surprising that CLOCK-BMALL1 is associated with
HATs or HDACs. For example, CREB-binding protein (CBP), a histone acetyltransferase, is
recruited to BMAL1 to control the induction of Perl gene transcription [Kalkhoven,
2014]. Another HAT member p300 is associated with CLOCK-BMAL1 heterodimer and
activates rhythmic histone acetylation of Per and Cry promoters [Etchegaray et al., 2003].
Additionally, SIRT1 has rhythmic gene expression and enzyme activity [Asher et al. 2008;
Nakahata et al. 2008] and is recruited to the CLOCK/BMAL1 complex in the clock gene
promoter via interacting with CLOCK [Nakahata et al. 2008].

As stated above, some CCGs are transcription factors such as DPB, RORa, and
REV-ERBa and they also regulate some other genes’ transcription in a circadian manner
including Per1 and Bmal1. Additionally, chromatin modification is necessary to facilitate
the transcription of CCGs. HAT and HDAC proteins are responsible for chromatin
reorganization by histone acetylation and deacetylation respectively. Therefore,
transcription factors responsible for CCGs expression, like BMAL1 interact with HAT and

HDAC proteins.

2.3. The Significance of Period 2 (PER2) in Circadian Cycles

The Per gene was first discovered by Jeffery C. Hall and Michael Rosbash in 1984
through genetic studies on drosophila melanogaster [Reddy et al., 1984; Zehring et al.,
1984]. The mammalian Per2 gene which is a member of the Period gene family was
discovered in 1997 by researching cDNA homologous to the Perl gene [Shearman et al.,
1997]. As described above, PER2 is the main component of the negative arm in the TTFL
mechanism, so it is expressed in a variety of tissues, including the SCN, where the master

clock is located. Mutation analysis of PER2 revealed the role of PER2 in resetting the



circadian clock and regulating the length of the circadian period [Albrecht et al., 2001;
Vanselow et al., 2006]. Transfection and mutation studies have shown that PER2 has
both nuclear import and export signals (CLD, NLS, and NES1-3), therefore it can be
localized in the nucleus and cytoplasm [Yagita et al. 2000, 2002]. PER2 localization is
regulated by interaction with cytoplasmic PML proteins [Miki et al. 2016] and PER2
interaction with CRY proteins prevents its ubiquitylation to prolong their presence in the
cell [Yagita et al. 2002]. PER2 function is also regulated by phosphorylations. It has been
identified that PER2 has more than 20 potential phosphorylation sites [Schlosser et al.,
2005; Vanselow et al. 2006]. In fact, regulation of circadian clock by post-translational
modification and protein -protein interactions are a common theme in chronobiology
[Albrecht et al., 2007]. PER and CRY proteins are translated in the cytoplasm and
phosphorylated by various kinases for their nuclear localizations to repress CLOCK-
BMAL1 activity [Takahashi, 2015].

PER proteins have an extensive interactome with interactor functions ranging
from the immune response to metabolic regulation. A proteome analysis study in human
endothelia reveals that PER2 has a role in various metabolic pathways including
cholesterol biosynthesis, phagosome maturation, TriCarboxylic Acid (TCA)-cycle, RNA
signaling, and tRNA charging [Oyama et al., 2019]. Another interactome study showed
that, mouse PER2 protein is in complexes with both polypyrimidine tract binding protein-
associated splicing factor (PSF) and SIN3A which are responsible for the gathering of
HDACs to the Per2 promoter region [Duong et al., 2011]. Additionally, PER2 interacts
with methyl transferases such as Suv39h1, Suv39h2, HP1ly, and Kapl involved in the
methylation of H3K9 [Duong and Weitz, 2014]. It is also shown that PER2 has a role in
transcription regulation by interacting with various RNA helicases DDX5, DHX9, and SETX,
as well as RNA Polymerase Il [Padmanabhan et al., 2012]. In addition to the negative
feedback role of PER2, it has been reported that PER2 interacts with nuclear receptors
including, PPARa and REV-ERBa, which indicates that PER2 plays a coregulatory role in
nuclear receptor-mediated transcriptional regulation via its binding to the Bmall

promoter and other nuclear-receptor target genes. [Schmutz et al., 2010].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8830082/#R42
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8830082/#R119
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8830082/#R138

In general, PER2 appears to be involved in the transcription regulation of genes
in the positive arm and other CCGs. Furthermore, the extent of proteins involved in
negative arm macromolecular complexes suggests that PER2 has many yet unexplored
functions that lead to the proper timing of circadian rhythms. The results obtained with
this project contributed to the understanding of the function of PER2 as it revealed new

PER2 interactions and offered new approaches to the undiscovered functions of PER2.

2.4. The Significance of Brain and Muscle ARNT-Like 1 (BMAL1) in
Circadian Cycles

Aryl hydrocarbon receptor nuclear translocator-like protein 1 (ARNTL) or Brain
and Muscle ARNT-Like 1 (BMAL1) protein was first discovered in 1997 by John B.
Hogenesch under the name Mop3 [Hogenesch et al., 1997]. BMAL1 protein, which is
located in the positive arm of the TTFL mechanism, belongs to the transcription factor
family that contains the structural domain bHLH-PAS, and forms a heterodimer with the
CLOCK protein to control the expression of genes involved in circadian clock such as Per,
Cry and Rev-Erba [Ko and Takahashi 2006]. In mammalian cells, BMAL1 is one of the most
critical proteins in maintaining the normal circadian rhythm. In fact, it is the only single
circadian clock protein that is essential for rhythmic gene expression in the mammalian
circadian timing system. BMAL1 damaged mice studies showed that among the clock
genes, only the BMAL1 protein affected all rhythmic behavior. [Bunger et al. 2000]. In
addition to disturbances in circadian rhythm, some additional problems have also been
reported in Bmall null mice such as reproductive problems [Boden and Kennaway 2006],
shortening in height, rapid aging [Kondratov 2007] and persistent joint disorders
(artopathy) [Bunger et al. 2005].

In addition to its role in circadian rhythm, BMAL1 plays a role in many cancerous
pathways, such as cell division, apoptotic resistance mechanism, invasion and metastasis
activation, and rearrangement of energy metabolism [Tang et al.2017]. It is also

described that BMAL1 may play a role in hypertension, diabetes, and obesity [Pappa et



al., 2013]. Using a yeast-two-hybrid approach to detect the direct BMAL1 interactions,
BMAL1 has been found to have 150 possible targets, including proteins involved in
chromatin modification, regulation of proliferation, DNA repair, and many other
pathways [Wallach et al., 2013]. It has also been discovered that 6% of more than 3000
proteins detected by the Stable Isotope Labeling by Amino acids in Cell culture (SILAC)
study in mouse liver are rhythmic. Interestingly, many of the rhythmic proteins are
encoded by non-rhythmic mRNAs [Robles et al., 2014].

BMAL1 has been reported to present in macromolecular complexes containing
many pieces of translational machinery in cytoplasm [R. P. Aryal et al., 2017]. Some of
the interactors in these macromolecular complexes are shown that they are the
phosphorylation targets of mTOR-effector kinase ribosomal S6 protein kinase 1 (S6K1)
[Lipton et al., 2015]. Furthermore, circadian oscillations mediated by BMAL1 were
detected in translation which indicates the direct role of BMALL in the protein translation
process [Lipton et al., 2015]. In addition to the role of BMAL1 in macromolecular
complexes in the cytoplasm, it also interacts with various proteins in the nucleus. NOP58,
a member of the nucleolar ribonucleoprotein complex that aids in the processing of pre-
rRNA has been found to interact with BMAL1 in the nucleus to regulate the U8 small
nucleolar RNA level required for the biogenesis of ribosomal RNAs [Cervantes et al.,
2020; Boisvert et al., 2007].

Generally, BMAL1 is an important component of the positive arm of the TTFL
mechanism with its nuclear and cytoplasmic roles. Besides its circadian clock function,
BMAL1 has also roles in various molecular processes from cancerous pathways to rRNA
processing. Since it is a transcription activator, BMAL1 regulates the expression of a wide
range of genes in a circadian manner. Moreover, its presence in macromolecular
complexes in the cytoplasm suggests that BMAL1 has different roles beyond its
transcription activator function. Since this study provides high-throughput interactome

data, it offers new approaches to the circadian and non-circadian role of BMAL1.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8830082/#R150

2.5. Proxymity Dependent Labeling

Building detailed protein interactome maps is important for understanding cell
function and identifying new drug targets. Interactome mapping studies especially in the
circadian clock, need to elucidate dynamic and weak interactions in molecular processes.
However, previous methods like co-immunoprecipitation (co-IP) and pull-down can only
detect strong interactions in living cells. Because these conventional methods require
the isolation of intact protein complexes, it is hard to detect weak and transient protein
interactions by these methods. Additionally, these conventional approaches use
stringent extraction conditions to remove contaminants and this disrupts protein
interactions and results in data loss. These limitations have been overcome by the
discovery of proximity-dependent labeling methods.

Proximity-dependent labeling offers a new approach to PPl studies. The protein
'fishing' method in the identification of protein interactions has recently been reported
[Roux et al., 2012]. This approach, called BiolD, utilizes a mutant biotin ligase (BirA*) of
Escherichia coli, capable of promiscuous biotinylation [Cronan, 2005; Roux et al., 2012].
Biotin ligase enzymes are highly conserved between species and they act as an important
role in the biotinylation processes of target proteins [Chapman-Smith and Cronan, 1999].
When expressed in cells, the BirA*fusion protein facilitates the attachment of biotin to
its targets, and this attached label permits selective isolation of target proteins with
streptavidin binding (Figure 2.2). These proteins are then isolated and subjected to mass
spectrometer analysis. MS analysis produces a high-throughput result that needs to be

analyzed and validated by statistical and experimental studies.
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Figure 2.2: lllustration of proximity-dependent labeling technique.

BiolD has several key advantages compared with conventional protein
interaction methods [Roux et al., 2012]. First, not only interacted proteins but also non-
interacting but proximal proteins can be biotinylated by biotin ligase enzyme and this
provides more detailed information about the proteomic structure around the fusion
(Figure 2.2). Second, dynamic interactions or temporarily proximal proteins can be
biotinylated, and the biotin label will not be removed even if the interaction has been
interrupted (Figure 2.2). Therefore, BiolD is useful for the identification of undetected
interactions by previous methods and for performing kinetic studies. Third, the
purification of biotinylated proteins from cell lysate by using streptavidin binding does
not have a significant effect on experimental efficiency. Hence, BiolD proves to be
particularly useful in the study of insoluble proteins such as membrane proteins or
nuclear lamina. Finally, BiolD only requires the expression of an appropriately fused

BirA* and target protein. All these advantages have made the BiolD technique the most

utilized technique in protein interaction studies since its discovery.
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Nevertheless, BiolD is not without its drawbacks and limitations [Kim et al., 2016;
Branon et al., 2018]. The expression level of the fusion protein must be above the
threshold level where there is a sufficient amount of labeled protein. Additionally, since
the BirA* enzyme expands the size of the fusion protein, it might inhibit the activation
or targeting of the fusion protein. As a result of the biotinylation process, irreversible
covalent modifications may disrupt the function of labeled proteins by preventing
required modifications like phosphorylation or ubiquitination. Another limitation related
to the evaluation of results come from MS analysis. Results will include false negatives
because there could be naturally biotinylated proteins in the cell. Positive candidates
also are not proof of direct interaction with the fusion protein, they could be in the same
complex but not in physical interaction as the result of promiscuous biotinylation activity
of BiolD enzyme.

All limitations that are mentioned above are fundamental problems faced in
proximity-dependent labeling methods and they need time to solve. In addition to these
fundamental problems, the BiolD technique itself has secondary limitations such as the
excessive labeling time (24h) of the BiolD enzyme and the relatively high biotin
requirement (50uM). However, these limitations could have been overcome by the
various BiolD forms discovered in the last few years. The discovery of mutant BirA*
(BiolD2) protein in 2016 was the first step toward improvements in the BiolD system
[Kim et al., 2016]. Different from BiolD, the BiolD2 technique utilizes the mutant form of
the Aquifex aeolicus biotin ligase. It appears that the biotinylation efficiency of BiolD2 is
enhanced and it requires significantly less biotin (0.1uM) than BiolD. This enables the
detection of proteins that are difficult to biotinylated with biotin ligases [Kim et al.,
2016]. Additionally, with its smaller size (Figure 2.3), BiolD2 has a smaller effect on the

function and targeting of the fusion protein.
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Biotin ligase (E. coli) Biotin ligase (A. aeolicus)

Figure 2.3: The dimensions of E. coli (left; PDB ID 1BIA) and A. aeolicus (right; PDB ID
2EAY) biotin ligases based on prior structural analyses.

Although BiolD2 has many advantages over BiolD, the biotinylation rate of
mutant BirA* is just under 24 hours (16h). In order to reduce the biotinylation time of
the BiolD enzyme, new mutations in wt BirA was created and two mutant biotin ligase,
MiniTurbo, and TurbolD were produced by Branon et. al in 2018 [Branon et al., 2018].
Both enzymes have a significantly less biotinylation time (10-minute) compared to BiolD
and BiolD2 enzymes [Branon et al., 2018].

PPI studies are important to draw interactome mapping of molecular pathways
and to highlight the working mechanisms of new drug candidates. Conventional PPI
methods include an isolation step that utilizes stringent extraction conditions which only
enable the purification of strong interactions. This limits the use of conventional
methods in kinetic studies. Proximity-dependent protein labeling methods emerged with
the discovery of BiolD technique and eliminated various limitations faced in conventional
methods. Considering the current developments in proximity-dependent labeling
techniques, detecting dynamic and weak interactions, and obtaining high-throughput
results have facilitated protein interaction studies. In this context, we used two different
proximity-dependent labeling technique (BiolD2 and Mini-Turbo) for two circadian clock
proteins (PER2 and BMAL1) to identify weak and transient interaction candidates.
Although we planned to use MiniTurbo technique for both proteins to analyze the

interactions in sub-circadian times (because MiniTurbo has 10-min biotinylation time) ,
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we faced some limitations in cloning step of PER2 protein because of its big size
(~190kd). Therefore we designed PER2-BiolD2 and MiniTurbo-BMAL1 fusion proteins for
our study. Although BiolD2 and MiniTurbo have various advantages over conventional
PPI techniques, the results obtained with these techniques still need to be validated. We
analyzed our PER2-BiolD2 and MiniTurboBMAL1 interaction candidates by using

statistical tools and validated several PER2-BiolD2 interaction candidates by co-IP assay.
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3. MATERIALS

3.1. Kits

All parental and subclone lines used in the thesis were tested for mycoplasma
Contamination using the e-Myco plus Mycoplasma PCR Detection Kit (BocaScientific Inc.,
USA). Plasmid isolation and gel extraction were performed using Nucleospin Plasmid Kit
and PCR clean-up Gel extraction Kit (Macherey Nagel, Germany) respectively. PCR
products were column purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel). Total DNA was isolated by using Nucleospin tissue kit (Macherey Nagel,
Germany). All transfections were done using PEl Transfection Reagent (Sigma-Aldrich,
USA). Lentivirus infections were done using Polybrene Infection Reagent (Sigma-Aldrich,
USA). Protease Inhibitor Cocktail Tablets (Sigma-Aldrich, USA) were utilized to inhibit
general degradation of proteins in cell extracts by endogenous proteases. In order to
determine protein concentration, Bradford Protein Assay Dye (Bio-Rad, USA) and
Pierce™ BCA Protein Assay Kit (Thermo Scientific, US) were used. Protein Molecular
Weight Marker (New England Biolabs, USA) was used to monitor the progress of
electrophoretic run and analysis conditions of proteins. For DNA analysis, DNA Ladder
and DNA Loading Dye (New England Biolabs, USA) were used. NucleoSpin RNA
Purification Kit (Macherey Nagel, Germany, cat no: REF 740962) was used for total mRNA
isolation. Isolated mRNAs were converted to cDNA using ProtoScript First Strand cDNA
Synthesis kit (NEB, Ipswich, MA, cat no: E6300S). RT-gPCR assay was performed using
Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fischer Scientific, Cat no: K0222).
Imaging and detection of proteins by Western Blotting was succeed by using
Chemiluminescent HRP Substrate (Advansta, USA) and SuperSignal™ West Femto

Chemiluminescent Substrate (Thermo Scientific, US).
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3.2. Enzymes

Restriction enzymes (New England Biolabs, USA), Tag DNA Polymerase (M0320S,
NEB), T4 DNA ligase (1U/ul) Invitrogen (15224017) and Q5 DNA polymerase (NEB,
Ipswich, MA).

3.3. Antibodies

Primary antibodies; Anti-HA tag Ab (1:10000, Abcam, ab13834,), Anti-Flag tag Ab
(1:2000, Sigma, F1804), Anti-Myc tag (Abcam,Cat: Ab9106), Anti Actin Ab (1:5000, CST,
4967) , Anti Bmall Ab (1:2000, Bethyl labs, A302-616A), Anti Per2 Ab (1:2000, Bethyl
labs, A303-109A), Anti Calnexin Ab (1:10000, Santa Cruz, sc11397) and secondary
antibodies; Anti-mouse HRP (1:3000, CST, 7076), Anti-Rabbit HRP (1:3000,CST, 7074),
Alexa Fluor 555 conjugated-anti-Rabbit IgG (H + L), F(ab’)2 Fragment (Cell Signal ing
Technology, cat no: 4413S), anti-GAPDH Ab (Cell Signaling Technology, cat no: 2118S)
and anti-Histone-H3 Ab (Abcam, UK, cat no: ab1791) were commercially obtained and

used in this study.

3.4. Chemicals

Methanol (947.046, Sigma), ethanol (920.026,Sigma), Agarose (351010, Peqlab),
HEPES (P05-01100, PAN), LB Broth Medium (LBP0O3, Caisson Labs), LB Agar (LBPO4,
Caisson Labs), 40% Ac-BisAcrilamide (161-0146, Biorad), 2-Propanol (1.00995, Merck),
Skim milk (non fat powder, SKI400, Biochop), TRIS (AC228030051, Fisher Scientific),
Dimethyl Sulfoxide (BP231, Fisher Scientific), Glycine (G45, Fisher Scientific), NaCl (5271,
Fisher Scientific), Sodium Dodecyl Sulfate (BP166, Fisher Scientific), Tween 20 (BP337,
fisher Scientific), TEMED (Tetramethylethylenediamine, A1148, Applichem), 2-
Mercaptoethanol (A1108, Applichem), Sodium Hydroxide (106498, Merck), Hydrochloric
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acid (A144, Fisher Scientific), IGEPAL CA-630 (18896, Sigma), Puromycin dihydrochloride
(P8833, Sigma), Amphicilin (59349, Sigma), Polybrene (134220, Santa Cruz
Biotechnology), Bromophenol Blue (BP115, Fisher Scientific), Boric Acid (B7901, Sigma),
Bovine Serum Albumin (A2153, Sigma), Ethylene diamine tetra acetic acid (EDTA, BP118,
Fisher Scientific), NP 40 Cell Lysis Buffer (FNN0021, Thermo Fisher), 1x NEB buffer 2
solution (New England Biolabs,U.K.), Biotin (BB0O078, Bio Basic Inc.), Dexamethasone
(Sigma), HRP-conjugated streptavidin (Abcam, Cat: ab7403), NP40 lysis buffer (Thermo
Fisher Scientific,Cat: FNN0021), protease and phosphatase inhibitor cocktail (Sigma, Cat:
S$8830), MagnaBind Goat Anti-Mouse IgG magnetic beads (Thermo Fisher
Scientific,Cat:21354), streptavidin-coated magnetic beads (New England Biolabs, Cat:
$1420S), G418 (Corning, USA, Cat: 61-234-RF), BSA (Sigma, cat no: A2153), DAPI (Thermo
Fisher Scientific, Hoechst 33342 cat no: 62249) and Mowiol mounting solution (Sigma-
Aldrich, cat no: 81381) were used in this study.

3.5. Cell Culture Supplements and Solutions

Dulbecco’s Modified Eagle Medium (DMEM, 41965-039, Gibco, Invitrogen), 100X
Penicillin/Streptomycin (15140-122,Gibco, Invitrogen), Fetal Bovine Serum (FBS, 10270-
076, Gibco, Invitrogen), 0.05% Trypsin-EDTA (25300-054, Gibco Invitrogen), 10X
Phosphate Buffered Saline Liquid Concentrate (6505-OP, Calbiochem), 100 X MEM Non-
Essential Amino Acids Solution (11140050, Gibco).

3.6. Buffers and Solutions

Buffers and solutions used in this study are 10X TBE (108g Tris base, 55g Boric acid,
40 ml 0.5M EDTA (pH 8.0), 10X SDS Running Buffer (250mM Tris-Base (pH: 8.3), 1.90 M
Glycine, 1% SDS), 10X TBS (20 mM Tris-Cl (pH: 7.6), 1.5 M NaCl), 1X Transfer Buffer (10%
10X SDS Running Buffer, 20% Methanol), 1X TBST (1X TBS, 0.1% Tween-20), 5% Blocking
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Solution (5% non-fat dry milk in 1X TBS-T), 1X PBS (137mM NacCl 2.7mM KCl, 4.3mM
NazHPO4,1.47mM KH2PO4), 1X PBST (1X TBS, 0.1% Tween-20), 5% bovine serum albumin
in 1x PBST, 4X Protein Loading Dye (250mM Tris-Cl (pH: 6.8), 8% SDS, 40% Glycerol, 20%
B-mercaptoethanol, 0.008% Bromophenol Blue), Cell Lysis Buffer RIPA (750mM NacCl,
250mM Tris (pH: 8.0), 0.1% SDS, 1.0% NP-40), cell freezing solution (10% FBS, 10%DMSO,
80% growth media).

SDS-PAGE Gels were prepared by following the instructions at Table 3.1.

Table 3.1: Stacking and resolving gel recipe in different concentrations.

8 ml 8% 8ml 6% 8 ml 5% 2ml
10% Resolving Gel Resolving Gel I Stacking Gel
Resolving Gel
3.8 ml ddH,0 4.2 ml ddH,0 4.6 ml ddH,0 1.46 ml
ddH,0
2ml 40% Acryl:Bis 1.6 ml 40% Acryl:Bis 1.2 ml | 40% Acryl:Bis 250 ul
40% Acryl:Bis
2 ml 1.5 M Tris 2 ml 1.5 M Tris 2 ml 1M Tris 250 pl
1.5 M Tris pH8.8 pH8.8 pH 6.8
pH8.8
80 pl 10% SDS 80 pl 10% SDS 80 pl 10% SDS 20 ul
10% SDS
80 pl 10% APS 80 pl 10% APS 80 ul 10% APS 20 pl
10% APS
8 ul TEMED g ul TEMED 8 ul TEMED 2 u
TEMED

3.7. Equipments

Agarose Gel Electrophoresis (1704406, Bio-Rad, USA), Centrifuges (521-1647
refrigerated, Micro Star 17R, VWR; 521-1646 Micro Star 17, VWR; 521-2844 Mini Star,
VWR; NF400-Nuve, 02-1827), Chemiluminescence Imaging System (ChemiDoc XRS+
System, Bio-Rad), Incubator (CO;) (Thermo-Scientific), Electrophoresis System (1658004,
Mini-PROTEAN® Bio-Rad), Laminar Flow Cabinet(Hera-Safe Class Il Cabinet, Thermo
Scientific), Microplate Reader (Varioskan Flash, Thermo Scientific), Power Supply

(1645050, Bio-Rad), PCR Thermal Cycler (41798,Bio-Rad), Trans-Blot Transfer System
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(1704155, Bio-Rad), NanoDrop (206-26300- 8, Shimadzu Biotech) Standard Shaker (VWR)
Vortex (Scientific Industries), Water Bath (Wisd), Synergy H1 microplate reader (BioTek
Instruments, Inc. USA,) DynaMagTM-2 magnetic rack (Thermo Fisher Scientific, Cat:
12321D), confocal microscopy (Carl Zeiss LSM 880 Airyscan) and ZOE fluorescence cell

imager (Bio-Rad) were used in this thesis.

3.8. Cell Lines and Growth Media

U20S and HEK293T cell lines were from American Type Culture Collection (ATCC;
Rockville, MD), and maintained in a humidified incubator at 37°C under 5% CO2. For
growth and experimental procedures of U20S and HEK293T, DMEM supplemented with
10% FBS, 100U/mL penicillin, 100 pg/mL streptomycin, and 1% non-essential amino acids

were used (all from Thermo Fisher Scientific).

3.9. Bacteria

E. coli DH5a cells for transformation step needed for obtaining HEK293T KO cell
lines and E. coli Stb13 cells for transformation step needed for obtaining U20S

recombinant cell lines were used in this study.

3.10. Vectors

To obtain MCS-hPER2-13xLinker-BiolD-HA plasmid (Figure 3.1), PER2 coding
sequence was cloned into MCS-13XLinker-BiolD2-HA (Addgene Plasmid #80899) from
pCS-hPER2 plasmid [Partch et al.,, 2006] which were kindly provided by Carrie Partch
(University of California Santa Cruz, CA, USA). MycBiolD2-13X Linker-MCS, which
expresses BiolD2 with a Myc tag at the N-terminus and 13x Linker at the C-terminus

(Addgene Plasmid #92308) was used a mock control in our experiments because MCS-
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13X Linker-BiolD2-HA required a start codon from the interest of protein (PER2 in our
case). pENTER-FLAG-PER2-FLAG-His was generated by inserting FLAG-PER2 coding
sequence into Nhel-Xhol sites of pENTER plasmid (Vigene Biosciences, Rockville, MD).
The interactome candidates (CRY1, CRY2, HK1, MCM3, and IMPDH2) were amplified
from U20S cDNA and cloned into Nhel-Xhol site of 3xHA-MiniTurbo-NLS-pcDNA3
plasmid by removing MiniTurbo-NLS cassette to express the candidates with a 3xHA tag
at the N-terminus.

To obtain plLentilll-p(Bmall)-3xHA-MiniTurbo-13xLinker-mBmall and pLentilll-
CMV-3xHA-MiniTurbo-13xLinker plasmids, we used plentilll-HA (Applied Biological
Materials Inc., USA) vector. MiniTurbo sequence was amplified from 3xHA-miniTurbo-
NLS_pCDNA3 (107172, Addgene) vector. pLentilll-p(Bmall)-3xHA-MiniTurbo-13xLinker

and pLentilll-CMV-3xHA-MiniTurbo-13xLinker plasmids were used as mock control in

BMAL1 experiments.
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Figure 3.1: MCS-hPER2-13xLinker-BiolD2-HA vector map.
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(166) SgrAl
(11,047) Pacl BerGL (171)
\ Hpal (453}
I-Ceul (476)
PVul (505)

LAy 5' TR (truncated)

HIV-1 W
Nrul* (1094)

o R B~
e 3o | Ads e
wv, w m A\ ks;,‘!

QD?’;w”F! i ""’%,

(5779) BsaBI*
(9736) Xem1

EcoNI (1425)

(9455) AclL

Alel (1831)

Scal (2453)
SPaBI (2459}

(8085) PI-Scel — ||

Sall (2204)

. Ascl (4115)
EcoRV (4159)

(6568) BStEID
(6490) BSIWI
(6385) SAT /|
(6120) Pmel |
(6069) Xbal

Figure 3.3: pLentilll-p(Bmal1)-3xHA-MiniTurbo-13xLinker-mBmall vector map.
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3.11. Oligonucleotides

Table 3.2: Primers used in gPCR analysis and for the design of expression vectors.

. Relevant
Primer Name | Sequence (5'=3’) Purpose v
Sequence
HK1 F GCAGCTAGCATGATCGCCGCGCAGCTCCT ; ;
= To amplify HK1 coding NM_001079525.2
HK1_R ATGCTCGAGTTAGCTGCTTGCCTCTGTGC sequence
MCM3_F GCAGCTAGCATGGCGGGTACCGTGGTGCTG | 1o amplify MCM3 | NM_002388.6
MCM3_R ATGCTCGAGTCAGATGAGGAAGATGATGC coding sequence
IMPDH2_F GCAGCTAGCATGGCCGACTACCTGATTAGT .
To ‘ amplify IMPDH2 NM_000884.3
IMPDH2_R ATGCTCGAGTCAGAAAAGCCGCTTCTCAT coding sequence
GCAGGTACCGCTAGCGCCACCATGGATTATA
AGGATGACGACGATAAAAATGGATACGCGG
PerZCI_l_F AATTTC To ampllﬂ/ FLAG-PER2
) NM_02817.3
for pENTER cloning
per2cl 5 R CGTACCGGTGTCGACCGTCTGCTCTTCGATCC
—— TGTGA
CAAGCTAGCGCCACCATGAATGGATACGCGG i
Nhel-Per2_F P To famp.llfy PER2 for
cloning into MCS-13X | NM_022817.3
Agel-Per2_R TTTACCGGTTCGTCTGCTCTTCGATCCTGTGA | Linker-BiolD2-HA
hPER2_F ATGACGTACCAGCTGCCTTC ) ,
= g-PCR a'naly5|s of PER2 NM_022817.3
hPER2_R CCTGCTTCTGACTCTCCGTG expression
hDBP_F GAGGAACTTAAGCCCCAGCC -PCR lvsis of DBP
q-PCR analysis o NM_001352.5
hDBP_F CCTCGTTGTTCTTGTACC expression
hGAPDH_F TGCACCACCAACTGCTTAGC g-PCR  analysis  of
. NM_001357943.2
hGAPDH_R ACAGTCTTCTGGGTGGCAGTG GAPDH expression
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4. METHODS

4.1. Cell Culture

U20S and HEK293T cells were cultured at 37°C under 5% CO2 in a Dulbecco’s
Modified Eagle Medium (DMEM)-based medium supplemented with 1% nonessential
amino acids, 100 U/mL penicillin, 100 pug/mL streptomycin, and 10% fetal bovine serum
(all from Thermo Fisher Scientific, Waltham, MA, USA). Cells were passaged when they
reached 80% confluence and their medium was changed every 3-4 days.

The frozen cells were thawed rapidly in a 37°C water bath. Using a pre-warmed
growth medium, the thawed cells were diluted in a laminar flow hood. By aspiration of
medium following centrifugation at 2500 rpm for 5 minutes, DMSO was removed. Cells
were suspended in the appropriate fresh medium required for each cell type and plated
in an appropriate cell culture dish at high density to optimize recovery.

For cell passage, the medium was removed in a laminar flow hood, the cells were
rinsed once by gently adding 1X PBS to the side of the cell culture dish carefully not to
dislodge the cells. Using 0.05% trypsin-EDTA solution, and incubating for 5 min at 37 °C,
the adherent cells detached from the dish. By adding warm DMEM, trypsin activity was
inactivated, and the cells were transferred to a 15-ml Falcon tube. After centrifuging at
2500 rpm for 5 min., cells were dissociated by pipetting up and down gently in a fresh
medium, the cell suspension was obtained and then cells were reseeded into a new dish
in an appropriate ratio.

For cell freezing, cell suspension at a high concentration and at as low a passage
number as possible, 800ul of cell suspension was dispensed into storage vials. 100 ul of
FBS and 100 ul of DMSO were added respectively to storage vials. After a few hours of

storage at —20°C, storage vials were transferred to —80°C or to liquid nitrogen.
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4.2. Establishment of Stable Cell Lines

4.2.1. Stable Transfection of U20S Cells

U20S cells were seeded in 60-mm tissue culture dishes at 40-50% confluence and
transfected with the plasmids after overnight incubation. For the transfection procedure
of the PER2 study, 3ug of MCS-PER2-13XLinker-BiolD2-HA or Myc-BiolD2-13xLinker
plasmids were dissolved in the 75 ul of transfection buffer (100mM NaCl, 10mM Tris-HCI
pH 7.5, and 1mM EDTA) and mixed with pipetting several times. Then, 9 ul of 1 mg/ml
PEI (polyethyleneimine from Sigma, USA) were added to this solution, mixed well by
pipetting, and incubated for 15 minutes at room temperature. The transfection mixture
was mixed with the 3 ml of complete medium and transferred onto the cells. After 16
hours following transfection, the medium was replaced. After 2 days following
transfection, cells were seeded into 96 well-plates by serial dilution and, once cells were
attached, transfected cells were selected with G418 (Corning, USA, Cat: 61-234-RF) at
400ug/mL concentration for 15 days by changing the medium containing G418 at every
3 days. Single cell-derived clones were picked up and finally screened by immunoblotting
using anti-HA tag (Abcam cat: ab137838) or anti-Myc tag (Abcam cat: ab9106)
antibodies.

To generate a HEK293T cell line overexpressing FLAG-tagged human PER2 protein,
HEK293T cells in a 12-well plate were transfected with 0.5ug of pENTER-FLAG-PER2-
FLAG-His using the PEIl transfection reagent as described above. The cells were
trypsinized/ re-suspended and seeded into 96-well plates by serial dilutions and
candidates were selected with puromycin (Sigma cat no: P8833) at 0.5ug/ml
concentration for 2 weeks. Single cell-derived colonies were picked up and screened with
Western blotting using an anti-FLAG tag antibody (Sigma cat no: F1804). A HEK293T
stable cell line was used for co-IP experiments after it was transiently transfected with

HA-tagged interactors
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4.2.2. Transient Transfection of Hek-293T Cells

Hek-293T cells were seeded in 60-mm tissue culture dishes at 60-70% confluence
and transfected with the plasmids after overnight incubation. 3ug of plasmids harboring
the target gene were dissolved in the 75 pl of transfection buffer (100mM NaCl, 10mM
Tris-HCl pH 7.5, and 1mM EDTA) and mixed with pipetting several times. Then, 9 ul of 1
mg/ml PEI (polyethyleneimine from Sigma, USA) were added to this solution, mixed well
by pipetting, and incubated for 15 minutes at room temperature. The transfection
mixture was mixed with the 3 ml of complete medium and transferred onto the cells.
After 16 hours following transfection, the medium was replaced with a fresh one. 24h

later cells were harvested and cell pellets were kept at -20°C for further analysis.

4.2.3. Lentiviral Infection of U20S Cells

For the production of lentivirus packages, Hek-293T cells were seeded in 60-mm
tissue culture dishes at 60-70% confluence in high-glucose complete DMEM and
incubated overnight. Cells should be at 80% confluence at the time of transfection.
Packaging plasmids at a total of 4ug (P2A/P2B 2:1), 4ug of plasmid harboring the target
gene (pLentilll-p(Bmall)-3xHA-MiniTurbo-13xLinker-mBmall or plLentilll-CMV-3xHA-
MiniTurbo-13xLinker) and 24pul PEI (3:1 PEl: Total DNA ratio) were mixed into 300pl
transfection buffer and incubated at room temperature for 15 min. Mix was transferred
into 3ml fresh DMEM and the medium of cells was changed with DMEM containing
transfection mix. Cells were then incubated at 37°C for 6 hours and the medium was
changed with complete DMEM. After 72-hour incubation following the transfection time
point, the culture medium was collected and spun down for 3-min at 3000 rpm. The
medium was filtered by using a 0.2 syringe filter and aliquots of virus-containing medium

were kept at -80°C until infection.
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U20S cells were seeded in 60-mm tissue culture dishes at 40-50% confluence and
incubated at 37°C overnight. Cells were incubated in 3ml of complete medium containing
1.5ul polybrene (100mg/ml) and virus solution (in the determined amount by virus
titration) for 24 hours. Cells were then incubated in fresh medium for 48 hours and
selected with puromycin at 1pg /ml for 15 days by changing medium containing
puromycin (Sigma Cat:P8833) at every 3 days. Single cell-derived clones were picked up

and finally screened by immunoblotting using an anti-HA tag (Abcam cat: ab137838).

4.3. Preparation of Cells for Large Scale Mass Analysis

Stable  U20S-PER2-13xLinker-BiolD2-HA, U20S-pLentilll-p(Bmall)-3xHA-
MiniTurbo-Bmal1, U20S-Myc-BiolD2-13xLinker or U20S-pLentilll-CMV-3xHA-
MiniTurbo-13xLinker cells were seeded in fifteen of 100-mm plates at 40% confluence
and the circadian rhythms of the cells were synchronized after 24 hours of seeding by
treating cells with 100nM of Dexamethasone (Sigma Cat No: D4902) for 1 hour. Biotin
(Bio Basic Inc. Cat: BBO078) was added to cells and incubated for a total of 12 hours for
BiolD2 and 8 hours for MiniTurbo. Time points 36-48h for BiolD2 and 32-44h for
MiniTurbo represent the middle time points of biotin application. At the end of the
labeling process, cells were collected by scraping from plates, pelleted at low speed,
washed with ice-cold PBS and frozen at -80°C until the preparation of the samples for

MS analysis.

4.4. Streptavidin Bead Enrichment

Cells were harvested from 15 100mm plates. Cell pellets were lysed in 750ul RIPA
lysis buffer (50mM Tris pH:8.0, 150mM NaCl, 0.1% SDS, 0.5% Sodium deoxycholate , 1%
Triton X-100, 1X PI, 1mM DTT) by gentle pipetting and incubated for 10 min at 4°C. Cell

lysates were transferred to 15 mL conical tube and then sonicated for 6 sessions with 10
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pulses using a Branson Sonifier 250 at 30% duty cycle and an output level of 3. The tube
was sat on ice for 20 sec between each session to prevent overheating. Lysates were
clarified by centrifugation at 13,300 rpm for 15 min at 4°C. 10ul of lysates were removed
for BCA assay. For enrichment of biotinylated material, 250 plL streptavidin-coated
magnetic beads (NEB S1420S) were washed twice with 1ml RIPA lysis buffer on
DynaMag™-2 magnetic rack (Invitrogen). Beads were incubated with clarified lysates
(750ul) with rotation overnight at 4°C. The beads were subsequently washed; once with
1mL of Ripa lysis buffer, once with 1mL of 1M KCl, once with 1 mL of 0.1 M Na2CO3, and
once with 1 mL of 2 M urea in 10mM Tris-HCI (pH 8.0), twice with 1 mL RIPA lysis buffer,
once with 1mL of 10mM Tris-HCl (pH 7.4). The beads were then shipped to Kog

University on ice for Mass-Spec analysis.

4.5. Mass Spectrometry Analysis of BiolD Samples

To identify the biotinylated proteins by mass spectrometry, on-bead tryptic
digestion was performed for each sample at the Kog¢ University Proteomics Facility,
Istanbul, Turkey. Briefly, protein-beads complexes were washed with 50 mMNH4HCO3
once, and then reduced with 100 mM DTT in 50 mM NH4HCO3 at 56°C for 45 minutes,
and alkylated with 100 mM iodoacetamide at room temperature in darkness for 30
minutes. Mass spectrometry grade Trypsin Protease (Pierce) was added to the beads for
overnight digestion at 37°C (1:100 enzyme/protein ratio). Peptides were analyzed by
online C18 nanoflow reversed-phase HPLC (2D nanolC; Eksigent) linked to a Q-Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific). The data sets were searched
against the human SWISS-PROT database version 2014 _08. Proteome Discoverer

(version 1.4; Thermo FisherScientific) was used to identify proteins.
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4.6. Co-immunoprecipitation

HEK293T cells expressing mPer2-Flag or hPER2-13xLinker-BiolD2-HA were
seeded in two 60-mm plates and transfected with plasmids that express candidate
interactome with either HA, FLAG tags. Appropriately either Per2 or interactome was
precipitated with Anti-FLAG antibodies and the interactions were analyzed with anti-HA
tag immunoblotting of precipitated complexes. After 2 days of transfections, cells were
rinsed in 1x PBS and subsequently lysed in NP40 lysis buffer (Thermo Fisher Scientific,Cat:
FNNO0021) supplemented with protease and phosphatase inhibitor cocktail (Sigma, Cat:
$8830) for 15 minutes on ice with several pipetting at every 5 minutes. Lysates were
centrifuged at 16,000g for 10 minutes and supernatants were transferred to new tubes.
Meanwhile 25ulof slurry MagnaBind Goat Anti-Mouse 1gG magnetic beads (Thermo
Fisher Scientific,Cat:21354) per sample were equilibrated with 200 pl of NP40 lysis buffer
containing 1x protease inhibitor, and 1 ug of Anti-Flag antibody was added into this for
a 1-hr incubation by rotation at 4°C. After taking 25 ul of input sample, 750ul of cleared
lysates were incubated with Anti-FLAG/MagnaBind complexes at 4°C by a rotation
overnight. For the analysis of interactions, beads were collected on a magnetic stand and
were washed 4 times with NP40 lysis buffer supplemented with phosphatase inhibitor
cocktail. After removing excess liquid, beads were dissolved in 50 ul of 2x Laemmli-SDS
loading buffer. Input samples were also prepared for SDS-PAGE by adding 25 ul of 2x
Laemmli-SDS loading buffer. For each analysis, 10 ul of input and 20 ul of complexes were
separated with the appropriate SDS-PAGE according to sizes of proteins and analyzed

with immunoblotting.

4.7. Western-Blot Analysis

Cells were harvested with 0.05% trypsin-EDTA solution, transferred into 1,5ml

tube and centrifuged at 3000rpm 5min to obtain cell pellet. 4 volume 1x lysis buffer was
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added on cell pellet and incubated on ice during 20 min. After incubation cell lysate was
centrifuged at 13000rpm 15 min and supernatant was transferred to new 1,5ml tube.
Then 1/3 volume 4x Laemmli buffer which contain 10% B-mercaptoethanol, was added
on supernatant and stored at -20 °C.

Samples were incubated at 95°C for 10 minutes, and then they were shortly spun
down. Samples were loaded each well of the gel respectively. 1X SDS Running Buffer was
used for electrophoresis. The gel run at 80 V until proteins reach separating gel, then the
voltage might be increased up to 120-150V.

Trans-blot Turbo Transfer System (Bio-Rad Trans-blot Turbo Transfer System,
Serial No: 690BR011760) was used for semi-dry transfer. 4 blotting papers and 1
nitrocellulose membrane with the same dimensions of SDS PAGE gel were cut. The
blotting paper and the nitrocellulose membrane were incubated with 1X transfer buffer
and then a transfer sandwich was created.

Assembling the Blotting Sandwich: The components were assembled on the
cassette in the order as follow: Top (-) Cassette electrode (cathode)-Two Blotting papers
-Gel-Blotting Membrane-Two blotting papers-Bottom (+) cassette electrode (Anode). A
roller was used to remove any air trapped between the layers. Transfer was occurred at
12V constant voltage for 60 min at Trans-blot transfer system.

Membrane was taken into a case filled with blocking solution (5% dry-milk in TBS-
T) for 1 hour at room temperature after transfer was completed. The primary antibody
was diluted in 5% blocking solution as recommended in its datasheet and the membrane
was incubated with it over-night at 4°C. The membrane was washed for four times (5-
15-5-5 min. respectively) with 1X TBS-T and was then incubated in horseradish
peroxidase (HRP) conjugated secondary antibody (diluted in TBST as recommended in it
datasheet) for 1 hour at room temperature.

By the end of the secondary antibody incubation, the membrane was washed for
four times with TBS-T. The chemiluminescent substrate was applied to the membrane
according to the manufacturer’s recommendation. (In our laboratory, Western Blotting

Detection Kit Advansta Cat: K-12043-D10 and Signal Fire ™ ECL Reagent, Cell Signaling
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Cat: 6883S substrates are used. Western Blotting Detection Kit Advansta includes
Western Bright Peroxide (Component 1) and Western Bright Sirius (Component 2).
Working solution mix is prepared with equal aliquot of component 1 and 2. The
membrane is exposed to the mix for 2 minutes. Chemiluminescent signals were captured
by using an imager (BIORAD Molecular Imager ChemiDoc™ XRS+with Image Lab™
Software, Universal Hood I, Serial No 721BR04545).

4.7.1. Analysis of Biotinylation Activity by Western-Blot

SDS-PAGE running of BiolD samples were performed as mentioned above.
Membrane was taken into BSA blocking solution (5% BSA in PBS-T) for overnight at 4°C
after transfer was completed. HRP-conjugated streptavidin was diluted in 5% BSA
blocking solution as recommended in its datasheet and the membrane was incubated
for 1 hour at room temperature. The membrane was washed for four times (5-15-5-5

min. respectively) with 1X PBS-T and was then analyzed as mentioned above.

4.8. Immunofluorescence Staining

U20S-BiolD2 or U20S-PER2-BiolD2 cells were seeded onto coverslips in 24-well
plates. Next day, cells were fixed with -20°C-cold methanol in a freezer for 10 min, and
were blocked with the blocking solution that contained 2% BSA in 1X PBS with 0.1%
Triton X-100 (PBS-T) for 1 h. After blocking, the cells were incubated with anti-HA
antibody (Cell Signaling Technology, Danvers, MA, cat no: C29F4, 1:800 dilution) in PBS-
T for 1 h. Following washing three times with PBS-T, the cells were incubated with Alexa
Fluor 555 conjugated-anti-Rabbit 1gG (H + L), F(ab’)2 Fragment (Cell Signaling
Technology, cat no: 4413S) in PBS-T for 45 min. Then the coverslips were washed three
times with PBS-T and stained with 0.1% DAPI (Thermo Fisher Scientific, Hoechst 33342

cat no: 62249) for 15 min in the dark at room temperature. Finally, the cells were washed
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with PBS-T twice and with distilled water once. Coverslips were closed with 5ul of Mowiol
mounting solution (Sigma-Aldrich, cat no: 81381) and observed under confocal
microscopy (Carl Zeiss LSM 880 Airyscan) at X63 magnification. The cellular and nuclear

localizations were manually counted under ZOE fluorescence cell imager (Bio-Rad).

4.9. Cytosol-Nuclear Fractionation

U20S-PER2-BiolD cells were used to analyze cytosolic and nuclear fractions of
PER2-BiolD2-HA recombinant protein using a protocol published previously [Doruk et al.,
2020]. Fractionation efficiency was checked with Western blotting using anti-GAPDH
antibody (Cell Signaling Technology, cat no: 2118S) as cytosolic marker, anti-Histone-H3
antibody (Abcam, UK, cat no: ab1791) as nuclear marker, and anti-HA antibody for
detecting PER2-BiolD2-HA protein.

4.10. mRNA Analysis With qPCR

U20S-BiolD2 or U20S-PER2-BiolD2 cells were seeded on 60 mm dishes as
described previously [Emisoglu-Kulahli et al., 2021]. Briefly, after harvesting the cells,
mMRNAs were isolated using NucleoSpin RNA Purification Kit (Macherey Nagel, Germany,
cat no: REF 740962) and converted to cDNA using ProtoScript First Strand cDNA Synthesis
kit (NEB, Ipswich, MA, cat no: E6300S) with oligo dT option. Finally, cDNAs were
subjected to SYBR Green-based RT-qPCR assay using Maxima SYBR Green/ROX gPCR
Master Mix (Thermo Fischer Scientific, Cat no: K0222). GAPDH was used as an internal

control. The primers used in RT-gPCR are listed in Table 3.2.
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4.11. Analysis of Mass Spectrometry Results

SAINTexpress version 3.6.3 [Teo et al.,, 2014] was used as a statistical tool to

calculate the probability of each potential PPl using default parameters and background
contaminants. Proteins with Saint Score >0.5 were mapped into an interactome network
using Cytoscape [Shannon et al., 2003] (in PER2 interactome analysis) and web-based
visual analytics platform NetworkAnalyst 3.0 (in BMAL1 interactome analysis) [Zhou et
al., 2019]. STRING database was used to retrieve PPIs by using interaction data only
obtained from experiments with a confidence score of 0.4 or higher.
The cellular location and functional analysis of PER2 CT36 and CT48 interactome was
designed using proteins which have SAINT express score >0.5 by finding a relative
subnetwork in high confidence using Omics Integrator, with the optimized parameters
of y=0.07, B=150, w=3, D=1. K-means clustering was applied on the predicted
subnetwork, using clusterMaker in Cytoscape program (https://cytoscape.org/)
[Shannon et al., 2003]. Additionally, cellular components of the proteins in each cluster
were determined using the Uniprot website (www.uniprot.org/). Lastly, the highest
statistically significant biological process (BP) terms were indicated for each cluster.

Functional enrichment analysis was performed using DAVID Bioinformatics
Resources version 2021 [Thompson et al., 2005; Huang et al., 2009]. Proteins in BiolD2
only and MiniTurbo only results were excluded from PER2 and BMALL lists respectively
and proteins with Saint Score >0.5 were analyzed for characteristics of biological process,
cellular component and molecular function and the graphs were drawn using the Python
Matplotlib library.

KEGG pathway analysis were performed using DAVID Bioinformatics Resources
version 2021 and visualized by the algorithm designed by us. The font size of each
pathway was determined by their —log10 (p-value) scores using the algorithm that gives

the path with the highest —log10 (p-value) the highest font size.
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4.12. Statistical Analysis

All data were expressed as means * standard error of the means (SEM) for each
studied variable unless stated otherwise. Statistical analyses were performed using
GraphPad Prism for Windows (GraphPad Software, San Diego, CA). The statistical
significance of differences between groups was validated with paired t-test for

immunoblotting and qPCR results. P values were indicated in the 33hosph legends.
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5. RESULTS

The main purpose of the thesis was to discover new interaction partners of PER2
and BMAL1 proteins. To this end, we adapted proximity-dependent techniques suitable
for detecting weak and transient interactions, to our study. As described above,
proximity-dependent labeling relies on the biotinylation of proteins at a distance by a
biotin ligase. Efficiency and the timing of the biotinylation process depend on the source
of the biotin ligase. In our study, we used two different biotin ligases; A. Aeolicus BirA*
(BiolD2) and MiniTurbo, a mutant form of wt E.coli BirA, to discover PER2 and BMAL1
interactions respectively.

We firstly expressed the Per2 gene with the BiolD2 enzyme on the C-terminal
domain under the CMV promoter in U20S cells. We collected high-throughput MS data
at subjective day and night and validated several PER2 interactions using classical co-IP
technique. Having obtained a promising list of interaction candidates for PER2, we then
analyzed BMAL1 interaction partners. Since MiniTurbo has 10 min biotinylation time
(BiolD is 16h), it would be more useful to detect the difference of interaction partners at
subjective day and night. Therefore we expressed the BMAL1 gene with the MiniTurbo
enzyme in U20S cells. We cloned the MiniTurbo gene into the N-terminal region of
BMAL1 because the transactivation domain (TAD) is located in C-terminal. TAD is a
regulatory hub for transcriptional coactivators and repressors and has a role in the period
determination of the mammalian circadian clock [Gustafson et al., 2017], so we cloned
MiniTurbo to the N-terminal region of the Bmall to avoid disruption of the binding of
TAD interactors. We firstly expressed MiniTurbo-Bmall under the CMV promoter in
U20S cells to test and optimize the MiniTurbo technique for the BMAL1 interactome.
Once we obtained a solid interactome map from MT-BMAL1 data, we then cloned
MiniTurbo-Bmall under the native Bmall promoter to compare the results with CMV-

MiniTurbo-BMAL1 and to check if there is a difference between opposite circadian
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phases. Per2 and Bmall results were given under separate headings in this section to

avoid confusion and to facilitate interpretation.

5.1. PER2 Interactome Analysis

5.1.1. Stable Expression of PER2-BiolD2 and Myc-BiolD2 in U20S Cell Line

As described above, we aimed to identify PER2 interactome partners using a proximity-
dependent labeling technique. 35hosphor purpose, BiolD2-HA was tagged to the C-terminal part
of PER2 and stably expressed in U20S cells which have a high 35hosphor35 of the circadian
rhythm. We also established a stable U20S cell line expressing BiolD2 only (Myc-BiolD2) to use it
as a control cell 35hospho subtract nonspecific proteins that were randomly tagged by BiolD2. We
expressed Myc-BiolD2 in the control cell line instead of BiolD2-HA because it did not contain a start
codon. Stable expressions of PER2-BiolD2-HA and Myc-BiolD2 proteins were analyzed by Western
Blot using appropriate antibodies (Figure 5.1A left and middle). In figures and 35hosph legends,
U20S-PER2-BiolD2 and U20S-BiolD2 cell lines were shortly named PER2-BiolD2 and BiolD2,
respectively. Here Myc-BiolD2 and PER2-BiolD2-HA protein expressions were confirmed and
demonstrated with mock control (un-transfected U20S cells). PER2-BiolD2 and endogenous PER2
MRNA levels were relatively compared using quantitative polymerase chain reaction (QPCR). Since
total PER2 mRNAs collected from U20S-PER2-BiolD2 contain both endogenous and PER2-BiolD2
mMRNAs, but mRNAs from U20S-BiolD2 cells only contain endogenous PER2, we compared the
amounts of these total MRNAs and we detected approximately 8-fold greater PER2 mRNA
expression in U20S-PER2-BiolD2 cells than in U20S-BiolD2 cells (Figure 5.1A right). Because we
aimed to identify PER2 interaction partners at opposite time periods, we selected a clone with
relatively low expression of PER2-BiolD2 since the overexpression of PER2 effect circadian
oscillation. To reset the circadian rhythm of U20S-PER2-BiolD2 and U20S- BiolD2 expressing cell
lines, we used dexamethasone as a clock-resetting agent and collected protein lysates at CT

(circadian time) of 30- and 42-h (CT30 and CT42) after reset (Figure 5.1B). Because the first 16—24
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h time slot is not preferred 36hospho analysis of circadian oscillation [Balsalobre et al., 1998] we
choose CT30 and CT42. These time points correspond to the middle of the 12-h biotinylation
incubations, which will be covered in more depth later in the text. Briefly, CT30 and CT42 samples
are representative samples to investigate the oscillation of PER2 stability for CT36 and CT48
biotinylation samples, respectively. We analyzed PER2-BiolD2 expression at CT30 and CT42 by
Western Blotting using an anti-HA antibody to check if there is an oscillation in recombinant PER2-
BiolD2 level (Figure 5.1B). Results showed a significant difference in PER2-BiolD2 protein level at
two different time points (Figure 5.1B, right side—the quantitation graph). Total mRNA analysis of
PER2-BiolD2 and endogenous PER2 in U20S-PER2-BiolD2 cell line and endogenous PER2 in U20S-
BiolD2 cell line at CT30 and CT42 was also consistent with Western Blotting results (Figure 5.1C).
Total PER2-BiolD2 and endogenous PER2 mRNAs in the U20S-PER2-BiolD2 cell line showed a 3-
fold difference between CT30 and CT42. Considering a 3-fold difference in protein level between
time points in the U20S-PER2-BiolD2 cell line (Figure 5.1B, right) and 8-fold higher Per2 mRNA level
in U20S-PER2-BiolD2 compared with U20S-BiolD2 cell line (Figure 5.1A, right), endogenous PER2
mMRNA level was negligible relative to PER2-BiolD2 mRNA level. To check the circadian rhythm in
the U20S-PER2-BiolD2 cell line with a clock-controlled gene, we analyzed circadian clock-regulated
36hospho D site-binding protein (DBP) mRNA level at CT30 and CT42 time points (Figure 1C, right
side). DPB results also proved that CT30 and CT42 were suitable time points to analyze PER2
interactions present at opposite time points. However, since BiolD2 has a 12h biotinylation rate (in
our study), we started the biotin treatment 6 hours before at CT24 and CT36, covering 30 and 42
hours respectively, and collected samples 6 hours later at CT36 and CT48. In theory, we expected
to obtain different PER2 interaction partners at opposite time points even if there were several
common proteins, however, most of the interactors were shared by CT36 and CT48 data because
the 12-h labeling process was not appropriate to distinguish between the individual circadian
phases. When we noticed this situation we continued with MiniTurbo which has a 6h biotinylation

rate, to analyze the BMAL1 interactome.
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Figure 5.1: Characterization of the stable U20S cell line expressing U20S-PER2-
BiolD2. (A) Western blot analysis of recombinant protein expressions in stable U20S
cell lines. Actin protein was used as loading control. Mock control is un-transfected
U20S cell line. Mean difference at PER2 transcript levels between U20S-PER2-BiolD2
and U20S-BiolD2 was 7.658 (p-value = 0.0019). (B) Differential expression of PER2-

BiolD2 protein after dexamethasone treatment at CT30 and CT42. Recombinant PER2
level difference between CT30 and CT42 was significant (p-value = 0.0307) in PER2-
BiolD2 cells while Myc-BiolD2 level different between CT30 and CT42 was not
significant (p-value = .8940) as anti-Myc or anti-HA signals were normalized to actin
levels. MW (molecular weight) are given in kDa. CT, circadian time (in hours). Data
were expressed as mean + SEM. (C) gPCR analysis of circadian clock-regulated genes
after dexamethasone treatment at CT30 and CT42. PER2 expression differences
between CT30 and CT42 samples were significantly different between U20S-BiolD2 (p-
value = 0.0088) and U20S-PER2-BiolD2 (p-value = 0.0456) cells. DBP expression
differences between CT30 and CT42 samples were significantly different in both U20S-
BiolD2 (p-value = 0.0235) and U20S-PER2-BiolD2 (p-value = 0.0236) cells. Similar fold
inductions (CT42 over CT30) for both DBP and PER2 transcripts were observed in both
cell lines.
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Figure 5.2: Analysis of cellular localization of PER2-BiolD2. (a) Representative images of
PER2-BiolD2 probed with anti-HA antibody in immunofluorescence assay show that
PER2-BiolD2 can be found in cytoplasm or nucleus. Quantitation from three assays as
shown on the right panel indicates that PER2-BiolD2 can be found in both cytoplasmic
and nuclear subcellular locations. Data were expressed as mean + SEM. (b)
Determination of cytoplasmic and nuclear fractions of U20S-PER2-BiolD2 using
subcellular fractionation. Quantitation of two independent experiments reveals that
the recombinant PER2-BiolD2 can be found in both fractions (Right panel).

We also analyzed the cellular localization of PER2-BiolD2 by immunofluorescence
staining (Figure 5.2A) and subcellular fraction assay (Figure 5.2B). PER2-BiolD2 stained
by anti-HA antibody in immunofluorescence assay showed that PER2-BiolD2 can be
localized in cytoplasm or nucleus. Cytoplasmic and nuclear fractions of U20S-PER2-
BiolD2 cells probed with anti-HA antibody (for PER2-BiolD2), anti-H3 antibody (as a

nuclear marker), and anti-GAPDH antibody (as a cytoplasmic marker) also indicated that

PER2-BiolD2 can be found in both.
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5.1.2. Optimization of Biotinylation Time and Sample Preparation for MS
Analysis

As stated in the introduction section, BiolD2 has a 16 hours biotinylation rate, but
since we aimed to analyze PER2 interaction partners in individual circadian periods, we
tested different biotinylation times and observed a clear pattern of biotinylation with a
12-hour incubation with 50uM biotin (Figure 5.3A). After optimizing the biotinylation
time to 12 hours, which is suitable for analyzing lower circadian phases, we tested the
specificity of the biotin labeling using un-transfected U20S cells as mock control and
found a specific biotinylation pattern in PER2-BiolD2 samples compared with mock
control and BiolD2 control (Figure 5.3B). To analyze the biotinylation pattern at
individual circadian times (CT36 and CT48) we incubated U20S-Per2-BiolD2 cells with
50uM biotin for 36h and 48h after dexamethasone treatment. Although some protein
bands showed distinct band patterns in opposite CT phases (Figure 5.3C, blue arrows),
the overall biotinylation profile at the two phases was evidence of a strong biotinylation
pattern rather than an oscillation. We then prepared large-scale biotinylation set for MS
analysis and isolated biotinylated proteins by pull-down using streptavidin-magnetic
beads. We then analyzed the purified samples by Western Blotting to check the yield (if
the beads had some biotinylated proteins) before sending them for MS analysis (Figure
5.3D). To identify biotinylated proteins by mass spectrometry, an on-bead tryptic
digestion protocol was performed with two technical replicates for each sample as
described in the Methods section. The statistical significance of PER2-BiolD2 interactions
after subtraction of interactions of BiolD2 (indicating non-specific interactions) was

analyzed using a statistical analysis algorithm as described as follows.

5.1.3. Identification of High Confidence Protein Interactors Using SAINT
Express Analysis

We used a label-free quantitation method, the SAINT express algorithm which

determines the likelihood of each protein interacting with the bait protein [Teo et al.,

39



2014]. We identified 46 and 72 proteins for CT36 and CT48, respectively, with a SAINT
express score = 1. These candidates were considered to be high-confidence PER2-protein
interactors. Additionally, the number of interactome candidates with Saint express score
>0.5 and BFDR value <0.05 were clearly higher at CT48 (215) than at CT36 (112) (Figure
5.4A). Interactome candidates of CT36 and CT48 with Saint express score >0.5 and BFDR
value <0.05 were listed in Table D1.1 and Table D1.2 respectively.

b < d

PER2-BiolD2 BiolD2 ww U208 PER2-BiolD2 BiolD2 BiolD2 PER2-BiolD2 PER2-BiolD2 BiolD2
(koa) . - -+ Bioftm) p, 36 48 36 48(CT) mMw 36 48 36 48 (CT)
170 E <— (kDa)

25+

g

Streptavidin-HRP (8% gel) Streptavidin-HRP (10% gel) Streptavidin-HRP (10% gel) Streptavidin-HRP (8% gel)

Figure 5.3: Determination of biotinylation conditions and preparation of the cell
lines for mass spectrometry analysis. (a) Cells were incubated for different time slots to
see whether a biotinylation shorter than 16-h would produce a significant biotinylation

pattern. (b) Testing the septicity of the biotin labeling in U20S-Per2-BiolD2 cells
comparing with un-transfected U20S cells (c) Analysis of biotinylation pattern at
opposite circadian phases, CT36 and CT48. (d) Confirmation of biotinylated samples on
beads before mass spectrometry analysis.
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5.1.4. Functional Annotation Clustering of Identified Protein Candidates

We clustered interactome candidates with Saint Scores >0.5 for characteristics of
biological process, cellular component, and molecular function (Figure 5.4B-D,
respectively and Figure 5.5). We grouped the interactive candidates using the DAVID
2021 bioinformatics resources and the clusterMaker program, and visualized them using
the Python Matplotlib library (Figure 5.4B-D) and Cytoscape (Figure 5.5), respectively.
We also analyzed the KEGG pathways of PER2-BiolD2 interaction partners with Saint
Scores >0.5 for both CT phases using DAVID 2021 bioinformatics resources (Figure
5.4E,F). The font size of each pathway was determined by their —log10 (p-value) scores
using an algorithm that gives the path with the highest —log10 (p-value) the highest font
size. Considering overall data, CT48 had more interactions compared to CT36 and both
CT phases share many interaction candidates (Figure 5.4A) which means that 12-h
labeling does not allow to separate sub-circadian phases of the interactome. However,
they can be considered as biological replicates of each other, possibly with different

sample sizes.
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Figure 5.4: Schematic illustration, functional clustering and KEGG pathway
analysis of PER2 interaction candidates. Only interaction candidates with Saint express
score >0.5 and BFDR value <0.05 in individual CT phases were taken. (A) Common and

uncommon interaction numbers at CT36 and CT48 were illustrated using the web-

based Interactivenn tool [Heberle et al., 2015]. CT36 and CT48 interactome were
analyzed for (B) biological process, (C) cellular component, and (D) molecular function

and visualized using Python Matplotlib library. Annotation of the proteins obtained

from SAINT express analysis was performed. The representative highest statistically
significant terms using a p-value cutoff of 0.1 were demonstrated in the horizontal bar
plot for both CT36 and C48 conditions. KEGG pathway analysis of PER2 CT36 | and CT48
(F) interactome was performed using DAVID 2021 bioinformatics resources and
visualized using an algorithm created by us. The font size of each pathway was
determined by giving the path with the highest —log10 (p-value) the highest font size.
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Figure 5.5: The cellular location and functional analysis of PER2 CT36 and CT48
interactome. An interaction network of the proteins which have SAINT express score
>0.5 and BFDR value less than 0.05 was predicted by finding a relative subnetwork in

high confidence using Omics Integrator, with the optimized parameters of y=0.07,
=150, w=3, D=1. K-means clustering was applied on the predicted subnetwork, using
clusterMaker in Cytoscape program (https://cytoscape.org/). Additionally, cellular
components of the proteins in each cluster were determined using the Uniprot website
(www.uniprot.org/). Lastly, the highest statistically significant biological process (BP)
terms were indicated for each cluster.
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5.1.5. Network Analysis of Identified Protein Candidates

We analyzed PER2 interaction partners with Saint express score >0.5 and BFDR
value <0.05 to draw PER2 interactome network (Figure 5.6). STRING database [Szklarczyk
et al.,, 2014] was used to retrieve PPls by using interaction data only obtained from
experiments with a confidence score of 0.4 or higher. Maximum of 50 additional
interactors per protein were allowed while constructing the network. Cytoscape was
used to visualize and analyze networks. yFiles Organic Layout algorithm was used to
cluster genes. Proteins were visualized as ellipse nodes, and interactors were connected
via lines (edges). The height and width of the nodes were calculated according to
betweenness centrality and degree, respectively. Proteins identified in our proteomics
analysis were shown in blue nodes, however, green nodes are additional proteins added
by STRING to construct networks. The highest betweenness values of nodes were used
to determine the top bottleneck proteins. Since the interaction of ribosome binding and
proteasome binding proteins were highly identified, they occupy most of the PPI
network. They were, therefore, excluded from network analysis to show other
interacting proteins clearly. Network analysis showed an obvious difference in the node
numbers between CT36 and CT48 networks. CT36 network was clearly smaller than
CT48; this indicates that the numbers of proteins that are labeled with higher PER2-
BiolD2 amount in CT48 compared to CT36. However, it was also seen that both CT maps
share most of the networks because 12-h labeling did not allow to differentiate circadian
phases. Even though HSP90AA1 protein is shared in the top bottleneck proteins of CT36
and CT48 and others are unique to either CT36 or CT48, a few members of
heterogeneous nuclear ribonucleoproteins (HNRN) are shared in the top bottleneck
proteins of CT36 and CT48. Therefore, it is recommended that PER2 interaction partners
in individual circadian phases can be analyzed with another proximity-dependent

labeling technique with a shorter biotinylation time, such as MiniTurbo.
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Figure 5.6: Network analysis of PER2 interactome. PER2 interaction partners with Saint
express score >0.5 and BFDR value <0.05 were used to draw PER2 interactome
network. Proteins were visualized as ellipse nodes, and interactors were connected via
lines (edges). The highest betweenness value of nodes were used to determine the top
bottleneck proteins. Ribosome binding and proteasome binding proteins were
excluded from the network since they were highly identified and occupy most of the
PPI network. Proteins identified in our proteomics analysis were shown in blue nodes,
and green nodes are additional proteins added by STRING to construct networks.
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5.1.6. Experimental Confirmation of Selected Protein Candidates

We have identified novel PER2 interactors with a SAINT express score = 1 based
on SAINT express analysis. We selected five candidates from SAINT express analysis to
confirm the interactions using co-IP. Two core circadian clock proteins, CRY1 and CRY2
had a Saint Score = 1. Therefore, we first co-Iped these two proteins to see if we can also
confirm these interactions in our experimental conditions. For co-IP studies, we
preferred HEK293T cell line over U20S cell line, because of the higher transfection
efficiency and protein yield. Therefore, we immunoprecipitated FLAG-PER2-FLAG from a
HEK293T stable cell line using an anti-FLAG antibody and checked the presence of
endogenous CRY1 and CRY2 proteins (Figure 5.7A,B). The proteome analysis revealed
the core clock components CRY1 and CRY2 as interactors of PER2 but failed to catch
BMAL1 as an interactor. Therefore, BMAL1 was probed to find out whether our assay
missed some known strong interactors. (Figure 5.7C). This suggested that BiolD and
classical co-IP coupled to MS analysis could give the best results when they are used as
complementary assays. We then transiently expressed the selected novel interactor
candidates in the HEK293T-FLAG-PER2-FLAG stable cell line. After immunoprecipitation
of PER2 with anti-FLAG antibody, HA-tagged interactors such as HK1 (Hexokinase-1),
MCM3 (Minichromosome Maintenance Complex Component 3), and IMPDH2 (Inosine-
50 — monophosphate dehydrogenase 2) were probed with anti-HA tag antibody (Figure
5.7D—F). Here, we especially selected candidates with different functions (which is
discussed later). These findings were important, especially for the BiolD experiment,
because co-IP results verified that BiolD2 tagging of PER2 at the C-terminus does not
significantly interfere with PER2 protein activity. On the other hand, BMAL1 was not in
the range of the BiolD2 or it was masked by abundant proteins of the interactome that

were biotinylated by BiolD.
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Figure 5.7: Confirmation of selected interactions using the co-immunoprecipitation
method. Five proteins from the interactome were selected for validation using the co-
immunoprecipitation assay. HEK293T cells expressing FLAG tagged-PER2 (F-PER2-F) was
used to 47hosphor4747ipitated PER2 from cell lysates. (A) CRY1 and (B) CRY2 were
already known to interact with PER2 strongly and this was confirmed with specific
antibodies in the precipitated complex. (C) BMAL1 was not found in BiolD2 analysis, but
it is known to be found in the PER2 complex. (D—F) Confirmation of selected novel
interactors by Western blot analysis. (D) HK1, | MCM3, and (F) IMPDH2 could be
detected in FLAG-PER2 precipitated complex as blotted with anti-HA tag antibody. F,
Anti-FLAG precipitated complex; 1gG, control IgG precipitated complex. Between input
and bound samples, one lane was loaded with 1X Laemmli loading dye in order to
prevent the masking of signal of bound samples from strong input samples. MW
(molecular weight) marker bars represent the protein sizes in kDa.
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5.2. (CMV)-MiniTurbo-BMAL1 Interactome Analysis

5.2.1. Stable Expression of (CMV)-MiniTurbo-BMAL1 and HA-MiniTurbo in
U20S Cell Line

After getting promising results from the PER2 interactome obtained by the MS-based
proximity-dependent labeling technique, we analyzed the BMAL1 interactome with MiniTurbo
labeling, an upgraded version of the BiolD technique. 48hosphor purpose, HA-MiniTurbo (HA-MT)
was tagged to the N-terminal region of BMAL1 and stably expressed in U20S cells which have a
high 48hosphor48 of the circadian rhythm. We also established a stable U20S cell line expressing
MiniTurbo only to use it as a control cell 48 hospho subtract nonspecific proteins that were
randomly tagged by MiniTurbo. Stable expressions of HA-MT-BMAL1 and HA-MT proteins were
analyzed by Western Blot using appropriate antibodies (Figure 5.8A). In figures and 48 hosph
legends, U20S-HA-MT-BMAL1 and U20S-HA-MT cell lines were shortly named MT-BMAL1 and
HA-MT, respectively. Here HA-MT and MT-BMAL1 protein expressions were confirmed and
demonstrated with mock control (un-transfected U20S cells). To reset the circadian rhythm of
U20S-HA-MT-BMAL1 and U20S-HA-MT expressing cell lines, we used dexamethasone as a clock-
resetting agent and collected protein lysates at CT (circadian time) of 24- and 36-h (CT24 and CT36)
after reset (Figure 5.8B). We analyzed MT-BMAL1 expression at CT24 and CT36 by Western
Blotting using an anti-BMAL1 antibody to check if there is an oscillation in recombinant MT-BMAL1
level (Figure 5.8B). Results showed there was no difference in MT-BMAL1 protein level at two
different time points although there was a relative difference in endogenous BMAL1 expression
level in U20S-HA-MT cell lines (Figure 5.8B, the quantitation graph). In this step, our main purpose
was not to analyze BMALL interaction partners in their individual circadian phases but to detect
new BMAL1 interactome candidates and test MiniTurbo, an upgraded version of the BiolD

technique, therefore we continued without considering circadian times.
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Figure 5.8: Characterization of the stable U20S cell line expressing U20S-MT-BMAL1.
(A) Western blot analysis of recombinant protein expressions in stable U20S cell lines.
Ponceau S staining was used as a loading control. Mock control is an un-transfected
U20S cell line. (B) Differential expression of MT-BMAL1 protein after dexamethasone
treatment at CT24 and CT36. Recombinant BMALL1 level was not different at CT24 and
CT36 in U20S-HA-MT-BMAL1 cells while endogenous BMALL1 level was relatively
different between CT24 and CT36 in U20S-HA-MT cell lines. Anti-BMAL1 signals were
normalized to actin levels. MW (molecular weight) is given in kDa. CT, circadian time (in
hours).

5.2.2. Optimization of Biotinylation Time and Sample Preparation for MS
Analysis

As stated in the introduction section, it is known that MiniTurbo has 10 min
biotinylation rate, but we wanted to test its speed in different biotinylation times
because it can serve the difference in the stable U20S lines. We tested 4 different
biotinylation times from Oh (10min) to 6 hours with 800uM biotin and identify a good
biotinylation pattern 6 hours after biotin treatment in U20S-HA-MT-BMAL1 cell lines
(Figure 5.9A). Although MiniTurbo had a 6h biotinylation speed in U20S-HA-MT-BMAL1
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cell lines rather than 10 min [Branon et al., 2018], it was still two times lower than the
speed of BiolD2. After optimizing the biotinylation time to 6 hours, we tested the
specificity of the biotin labeling using un-transfected U20S cells as mock control and
found a specific biotinylation pattern in MT-BMAL1 samples compared with mock
control and HA-MT control (Figure 5.9B). We prepared two set of large-scale
biotinylation for MS analysis (Figure 5.9C). We isolated biotinylated proteins by pull-
down using streptavidin-magnetic beads. To identify biotinylated proteins by mass
spectrometry, an on-bead tryptic digestion protocol was performed with two technical
replicates for each sample as described in Methods section. The statistical significance
of MT-BMAL1 interactions after subtraction of interactions of MT (indicating non-specific

interactions) was analyzed using a statistical analysis algorithm as described as follows.
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Figure 5.9: Determination of biotinylation conditions and preparation of the cell lines
for mass spectrometry analysis. (a) Cells were incubated with 800uM biotin for
different time slots from Oh (10min) to 6h to test the biotinylation rate of MiniTurbo in
U20S-HA-MT-BMALL1 cell lines. (b) Testing the septicity of the biotin labeling in U20S-
HA-MT-BMAL1 cells compared with un-transfected U20S cells (c) Screening the
biotinylation pattern of two large-scale MT-BMAL1 samples (input samples) before
mass spectrometry analysis.
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5.2.3. Identification of High Confidence Protein Interactors Using SAINT
Express Analysis

We used the SAINT express algorithm as we did for PER2 interactome analysis, to
determine the likelihood of each protein interacting with the bait protein. We couldn’t
identify any interaction partner in Setl with SAINT express score = 1 and did identify only
5 interactors in Set2. Although most interaction candidates have SAINT express scores
lower than 1, we identified BMAL1 itself in Set2 indicating the specificity of the labeling.
Interactome candidates of Setl and Set2 with Saint express score >0.5 were listed in
Table D1.3 and Table D1.4 respectively. Here, only top bottleneck proteins identified in
network analysis were listed. The rest of the list is planned to be submitted in a later

publication.

5.2.4. Functional Annotation Clustering of Identified Protein Candidates

We clustered interactome candidates with Saint Scores >0.5 for characteristics of
biological process, cellular component, and molecular function (Figure 5.10A-C,
respectively). We merged interactome candidates with Saint Scores >0.5 in two different
sets (104 interactions) and grouped them using DAVID 2021 bioinformatics resources
and visualized them in excel (Figure 5.10A-C). We also analyzed the KEGG pathways of
MT-BMAL1 interaction partners with a Saint score >0.5 using DAVID 2021 bioinformatics
resources (Figure 5.10D). The font size of each pathway was determined by their —log10
(p-value) scores using an algorithm that gives the path with the highest —log10 (p-value)

the highest font size.
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Figure 5.10: Functional clustering and KEGG pathway analysis of BMAL1 interactome
candidates. Only interaction candidates with Saint express score >0.5 and BFDR value
<0.05 were taken. Merged Set1 and Set2 interactome were analyzed for (a) biological

process, (b) cellular component, and (c) molecular function using DAVID 2021
bioinformatics resources and visualized in excel. KEGG pathway analysis of MT-BMAL1
interactome (D). KEGG pathway analysis was performed using DAVID 2021
bioinformatics resources and visualized using an algorithm created by us. The font size
of each pathway was determined by giving the path with the highest —log10 (p-value)
the highest font size.

5.2.5. Network Analysis of Identified Protein Candidates

We analyzed BMAL1 interaction partners with Saint express score >0.5 to draw a
network map by Network Analyst web tool [Zhou et al., 2019] using STRING database
[Szklarczyk et al., 2014] to retrieve PPIs by using interaction data only obtained from
experiments with a confidence score of 0.4 or higher. Proteins were visualized as ellipse
nodes, and interactors were connected via lines (edges). The size of the nodes and length
of the edges were calculated according to degree and betweenness respectively.
Proteins identified in our proteomics analysis were shown in blue nodes, however, green
nodes are additional proteins added by STRING to construct a solid network. Minimum

Network management tool that keeps seed genes as well as non-seed genes that
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maintain network connection (suitable for simplifying dense networks) was selected
with the degree filter 3.0 to construct the network (Figure 5.10). Top bottleneck proteins
were determined by the highest betweenness and degree values of nodes. There were
many proteins (green) added by STRING to construct networks because BMAL1 data had
only 73 interactors with Saint score >0.5 and BFDR value <0.05. Although we identified a
relatively low number of interaction candidates with a Saint score of >0.5 and a BFDR
value of <0.05 in the BMAL1 interactome compared with PER2, we were able to obtain
a robust interactome network. Considering the top bottle neck proteins, HSP90AA1
protein is shared in the top bottleneck proteins of BMAL1 and PER2 network.
Additionally, a few members of eukaryotic translation initiation factor family are shared

in the top bottleneck proteins of BMAL1 (EIF4A) and PER2 (EIF3E, EIF3K).
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Figure 5.11: Network analysis of MT-BMAL1 interactome. BMAL1 interaction partners
with Saint express score >0.5 and BFDR value <0.05 were used to draw BMAL1
interactome network. Proteins were visualized as ellipse nodes, and interactors were
connected via lines (edges). The highest betweenness and degree values of nodes were
used to determine the top bottleneck proteins. Proteins identified in our proteomics
analysis were shown in blue nodes, and green nodes are additional proteins added by
STRING to construct the network.
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5.3. (P BMAI1)-MiniTurbo-BMAL1 Interactome Analysis

5.3.1. Stable Expression of (pBMAI1)-MiniTurbo-BMAL1 and HA-
MiniTurbo in U20S Cell Line

After testing MiniTurbo efficacy in BMAL1 interactome analysis, we expressed MT-BMAL1
protein under endogenous Bmall promoter to obtain a U20S cell line expressing oscillating MT-
BMAL1 and to check if there is a clear difference between individual circadian interactors of
BMALL. We also established a stable U20S cell line expressing HA-MiniTurbo under
endogenous Bmall promoter to use it as control cell line to subtract nonspecific proteins
that were randomly tagged by MiniTurbo. Stable expressions of MT-BMAL1 and HA-MT
proteins were analyzed by Western Blot using appropriate antibodies (Figure 5.12A). In
figures and figure legends, U20S-p(Bmall)-MT-BMAL1 and U20S-p(Bmall)-HA-MT cell
lines were shortly named as p(Bmall)-MT-BMAL1 and p(Bmall)-HA-MT, respectively.
Here p(Bmall)-HA-MT and p(Bmall)-MT-BMAL1 protein expressions were confirmed
and demonstrated with mock control (un-transfected U20S cells). To reset the circadian
rhythm of U20S-p(Bmall)-MT-BMAL1 and U20S-p(Bmall)-HA-MT expressing cell lines,
we used dexamethasone as a clock-resetting agent and collected protein lysates at CT28
and CT42 after reset (Figure 5.12B). We analyzed p(Bmall)-MT-BMAL1 expression at
CT28 and CT42 by Western Blotting using anti-BMAL1 antibody to check if there is an
oscillation in recombinant MT-BMAL1 level (Figure 5.1B- red arrow). Results showed
there was a significant difference in p(Bmall)-MT-BMAL1 protein level at two different
time points normalizing with actin levels (Figure 5.12B, the quantitation graph). In this
experimental setup, our priority was to analyze BMAL1 interaction partners in their
individual circadian phases, so the oscillation pattern of recombinant p(Bmall)-MT-
BMAL1 protein was clearly enough for our purpose. Additionally, the correlation of
oscillation profile of recombinant p(Bmal1)-MT-BMAL1 with endogenous BMAL1 protein
(Figure 5.1B- green arrow) was a cross control of the regulation of cloned Bmall

promoter.
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Figure 5.12: Characterization of the stable U20S cell line expressing U20S-p(Bmal1)-
MT-BMAL1. (A) Western blot analysis of recombinant protein expressions in stable
U20S cell lines. Actin protein was used as a loading control. Mock control is an un-

transfected U20S cell line. (B) Differential expression of MT-BMAL1 protein after
dexamethasone treatment at CT28 and CT40. Recombinant BMAL1 level difference
between CT28 and CT40 was significant (p-value = 0.0191) in U20S- p(Bmal1)-MT-

BMAL1 cells while recombinant HA-MT level difference between CT28 and CT40 was

not significant (p-value = 0.1199) as anti-BMAL1 or anti-HA signals were normalized to
actin levels. MW (molecular weight) is given in kDa. CT, circadian time (in hours).
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5.3.2. Determination of CT Points and Sample Preparation for MS Analysis

As we optimized the biotinylation rate of BMALL in stable U20S cell lines in the
previous part, we continued with the same biotinylation time and biotin concentration.
Firstly we tested the specificity of the biotin labeling using un-transfected U20S cells as
mock control and found a specific biotinylation pattern in p(Bmall)-MT-BMAL1 samples
compared with mock control and p(Bmall)-HA-MT control (Figure 5.13A). At the same
time, we also analyzed the biotinylation pattern at individual circadian times (CT28 and
CT40) with 800uM. Although we obtained a clear oscillation profile of recombinant
p(Bmall)-MT-BMAL1, we didn’t detect a clear difference between biotinylation patterns
at CT28 and CT40 (Figure 5.13A). Additionally, the biotinylation level of p(Bmall)-MT-
BMAL1 was poor compared with PER2 and previous BMAL1 data. This was expected
because both recombinant PER2-BiolD2 and MT-BMAL1 were expressed under a strong
promoter (CMV) but p(Bmall)-MT-BMAL1 was under the endogenous promoter.
Although this relatively poor biotinylation pattern was sufficient to test the specificity of
biotinylation and determine the CT phases, we needed a longer biotinylation time (8h)
to obtain sufficient protein amount after streptavidin pull-down in large-scale samples
preparation for MS analysis. We prepared the large-scale biotinylation set in two
different circadian phases, CT32 and CT44 (Figure 5.13B). Since we identified BMAL1
oscillation phases as CT28 and CT40, we began biotin treatment 4 hours before the
identified CT phases and collected samples 4 hours later (at CT32 and CT44). We then
isolated biotinylated proteins by pull-down using streptavidin-magnetic beads. To
identify biotinylated proteins by mass spectrometry, an on-bead tryptic digestion
protocol was performed with two technical replicates for each sample as described in
Methods section. The statistical significance of p(Bmall)-MT-BMAL1 interactions after
subtraction of interactions of p(Bmall)-HA-MT (indicating non-specific interactions) was

analyzed using a statistical analysis algorithm as described as follows.
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Figure 5.13: Determination of biotinylation conditions and preparation of the cell lines
for mass spectrometry analysis. (a) Testing the septicity of the biotin labeling and
analysis of biotinylation pattern at opposite circadian phases, CT28 and CT40 in U20S-
p(Bmall)-MT-BMAL1 cells comparing with un-transfected U20S cells (b) Confirmation
of biotinylated samples on beads before mass spectrometry analysis. Cells were treated
with Biotin for 8h at CT28 and CT40 after the reset by dexamethasone to prepare large-
scale samples.

6.2.3. Identification of High Confidence Protein Interactors Using SAINT
Express Analysis

We used the SAINT express algorithm as we did for PER2 and MT-BMAL1
interactome analysis, to determine the likelihood of each protein interacting with the
bait protein. However, we couldn’t identify any interactor with Saint express score=1 in
CT32 data and only 3 interactors in CT44. Furthermore, there were only 9 interactors
with Saint express score >0.5 and only 2 interactors with BFDR <0.05 at CT32. Therefore
we didn’'t perform functional annotation clustering for p(Bmall)-MT-BMAL1
interactome. Although we were able to identify only several interactome candidates with

Saint express score>0.5 in CT32, we constructed the interactome network to compare
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individual CT32 and CT44 networks. Interactome candidates of CT32 and CT44 with Saint

express score >0.5 were listed in Table D1.5 and Table D1.6 respectively.

5.3.3. Network Analysis of Identified Protein Candidates

We constructed an interactome network for BMALL interaction partners with a
Saint express score >0.5 obtained from p(Bmall)-MT-BMAL1 data as described in the
MT-BMAL1 section (Figure 5.14). Top bottleneck proteins for CT44 were determined by
the highest betweenness and degree values of nodes. We didn’t show the top bottleneck
proteins for CT32 because it wouldn’t be meaningful as it had only several interactions.
Network analysis showed an obvious difference in the node numbers between CT32 and
CT44 networks. CT32 network was clearly smaller than CT44; this indicates that the
numbers of proteins that are labeled with higher MT-BMAL1 amount in CT44 compared
to CT32. Compared to the PER2 interactome analysis, the difference in the recombinant
p(Bmall)-MT-BMAL1 level between individual CT phases (Figure 5.12B) was much higher
than with recombinant PER2-BiolD2 (Figure 5.1B). This was normal because p(Bmall)-
MT-BMAL1 was expressed under the native promoter but PER2-BiolD was under CMV.
Therefore we saw a remarkable difference between individual CT networks in this study.
However, a slight expression of p(Bmall)-MT-BMAL1 in CT28 (Figure 5.12B) made it
difficult to obtain a sufficient amount of labeled protein from large-scale samples, so only
several interactions were included in the CT32 network (Figure 5.14-top). Moreover,
compared with previous MT-BMAL1 interactome analysis, we were able to identify a
relatively low amount of interaction candidates as the endogen Bmall promoter was

weaker than CMV.
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Figure 5.14: Network analysis of p(Bmal1l)-MT-BMAL1 interactome. BMAL1 interaction
partners with Saint express score >0.5 and BFDR value <0.05 were used to draw BMAL1
interactome network. Proteins were visualized as ellipse nodes, and interactors were
connected via lines (edges). The highest betweenness and degree values of nodes were
used to determine the top bottleneck proteins. Proteins identified in our proteomics
analysis were shown in blue nodes, and green nodes are additional proteins added by
STRING to construct networks.
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6. CONCLUSION

Since the first discovery of proteins by Dutch chemist Gerardus Johannes Mulder
in the 1830s, great strides have been taken to elucidate the functionality of individual
proteins in a biomolecular process. This progress also showed us that proteins do not act
alone but work with other proteins in a macromolecular complex to fulfill the needs of a
cell (Chautard et al., 2009; Miryala et al., 2018). Learning how these protein complexes
work together and how a single protein contributes to this complex is crucial to
understanding a molecular mechanism and its connection with other molecular
processes. Therefore, protein interaction studies, or in other words, proteome analysis
studies, have become a leading research area to elucidate molecular mechanisms and
functional changes in a living organism. As described in the introduction section, the
circadian clock is a vital biological process since it directly affects 10% of gene regulations
and 20-40% of signaling mechanisms through post-translational modifications. To this
end, interactome analyses of PER2 and BMAL1 proteins in this study made a significant

contribution to the understanding of the circadian clock mechanism.

6.1. Conclusion of PER2-BiolD2 Interactome

An excellent experimental setup for identifying the interactome(s) of any core
circadian clock protein would be to express a fast biotinylating enzyme in the genome
next to the clock protein-coding sequence using CRISPR-mediated gene editing, or to
express the biotinylating enzyme and clock protein fusion under that clock gene’s native
promoter. However, there are some technical issues with the expression of recombinant
fusion proteins under their corresponding gene’s native promoter. For example, some
clock genes require intron sequences for their circadian oscillations when overexpressed.
Before moving on to inserting the BiolD coding sequence into the genome via CRISPR,

we thought that it is important to assess whether BiolD enzyme would be functional
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when fused to PER2 (or BMAL1 for next part) protein as in the simplest settings.
Therefore, we started with the simplest design, at least to determine the interactome of
the PER2 protein and whether this is possible in different circadian phases. To this end,
we stably overexpressed the circadian core protein PER2 in fusion with BiolD2 enzyme
from a strong promoter (CMV) in human U20S osteosarcoma cell line and selected a
suitable candidate that expressed PER2-BiolD2 at a relatively low level. Here, we
observed differential expression in PER2 (both at the protein level as PER2-BiolD and at
the mRNA level as the sum of recombinant PER2-BiolD2 and endogenous PER2) and at
the circadian-regulated DBP mRNA level between CT36 and CT48 samples following
dexamethasone treatment. Endogenous PER2 and DBP mRNA levels in U20S-BiolD2 cells
followed a similar trend (Figure 5.1C). The higher expression of PER2-BiolD2 at CT42
compared to CT30 is accompanied by a higher expression of mRNAs for PER2-BiolD2 and
endogenous PER2 (Figure 5.1B, right side). This differential expression of PER2-BiolD2
looks like a specific pattern because Myc-BiolD2 levels were not changed at CT36 and
CT48 (Figure 5.1B, left side). Even though BiolD2 tags were different in PER2 or mock cell
lines (HA and Myc tags, respectively; Figure 5.1A), the biotinylation pattern as shown in
Figure 5.3 showed that Myc-BiolD2 had a higher activity compared to PER2-BiolD2
(Figure 5.3A,B). In fact, this increases the reliability of the assay because the proteins that
were randomly labeled were subsequently removed from the PER2-BiolD?2 list.

In agreement with a higher PER2 stability/expression profile (Figure 5.1B, right
side), we observed that the size of the interactome at CT48 was larger than that of CT36
(Figure 5.4A). When we analyzed interactome for biological process, cellular component,
and molecular function properties (Figure 5.4B-D), we observed a common profile with
the exception that CT48 terms were larger than CT36 terms. The common profile
between two time points (as if biological replicates) also supported the idea that labeling
in the phases of 24-36 h (CT36) and 36—48 h (CT48) were largely merged and 12-h
labeling should have been reduced to select the differential interactions at opposite
circadian time phases. From the top terms, we focused on the significantly enriched

representative ones for two different time points that might help us to understand the
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function of the PER2 interactome. For the biological processes (Figure 5.4B), it is not
surprising to see the involvement of PER2 in DNA/RNA biosynthetic process and
metabolic processes. However, a role of PER2 in telomere maintenance is a novel
observation. Although transcriptional regulation of telomerase by CLOCK/BMAL1 has
been demonstrated [Chen et al., 2014], PER2 interactions might also directly be involved
in telomerase maintenance. On the other hand, the terms related to immune system and
circadian clock are also expected. However, the role of PER proteins in the immune
system is complex, as PER1 is associated with anti-inflammatory effects, while PER2 is
suggested to work as a positive regulator of proinflammatory cytokines [Hergenhan et
al., 2020]. This differential function of PER proteins might be explained by the differential
interaction networks of PER1 and PER2 even though both function in the negative arm
of the TTFL. The last two terms (establishment of localization in cell and cellular
localization) can be a reflection of the dynamic subcellular localization of PER2. Once
PER2 is synthesized it stays in the cytoplasm but finally translocates into the nucleusin a
circadian manner to inhibit BMAL1/CLOCK activity with the help of CRY proteins. During
this journey, it is expected that PER2 will interact with the proteins involved in the
establishment localization or cellular localization of PER2. For the cellular components
terms (Figure 5.4C), the movement of PER2 from the cytoplasm to the nucleus results in
the interactions that are shared between two major cellular compartments. In the
cytoplasm, it makes complex with CRY proteins and also interacts with the proteins that
interact with CRY directly or indirectly in the cytoplasm. In the nucleus, PER2, this time,
makes interactions either directly or indirectly through CLOCK/BMAL1 or CRY proteins.
It is not surprising that some of the interactors will be enriched in some organelles where
PER2 is not located at all because the interactors will continue their movement once they
are found around PER2 sometime during a 12-h labeling process. In this respect, an
interactor labeled by PER2-BiolD2 can be found in an organelle that has nothing with
PER2-related signaling network because the biotin label will stay on those interactors
even though that interactor was modified by another signaling pathway to direct the

interactor to an organelle which has nothing to do with the PER2 function. In this respect,
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shorter incubation periods using, for example, MiniTurbo, TurbolD or APEX2 enzymes
instead of BiolD2 would help to define solely PER2-related terms. For molecular function
properties of the interactome (Figure 5.4D), actin binding and cytoskeletal binding
properties are not surprising. For example, it is known that circadian actin dynamics drive
rhythmic fibroblast mobilization during wound healing [Hoyle et al., 2017]. Protein
folding chaperone function might reflect the fact that during the folding of
overexpressed PER2, fused BiolD2 can label proteins around as soon as it folds. Because
many of the interactors are involved in DNA/RNA biosynthesis, it is normal to see
proteins with binding properties to nucleic acid, ATP, purine nucleotide, ribonucleotide,
nucleoside phosphate, nucleotide, and RNA.

Network analysis to find interactions between interactome components or
between PER2 and interactome clearly showed that the CT48 interactome was larger
(Figure 5.6) and this can be explained by the higher expression of PER2-BiolD2 in CT42
(the middle point of CT48 labeling). One of the top bottleneck proteins, HSP90AA1, was
shared between CT 36 and CT48 (Figure 5.6). To interpret our STRING data, we have
concentrated on top bottleneck proteins in either CT36 or CT48 (Figure 5.6). If we first
examine the top bottleneck proteins at CT36, for example, CSNK1D (and CSNKI1E)
phosphorylates PER2 at two key regions that control a 63hosphor-switch mechanism
regulating PER2 stability [Narasimamurthy et al., 2018]. While EIF3A is required for
several steps in the initiation of protein synthesis, interestingly knockdown of EIF3A in
U20S cells lead to arrhythmicity according to the Bmall promoter-driven luciferase
reporter assay [Lee et al,. 2011]. On the other hand, heterogeneous nuclear
ribonucleoproteins (such as HNRNPA2B1 and HNRNPA1L2) function in a wide range of
nuclear processes, including DNA replication and repair, telomere maintenance,
transcription, pre-mRNA splicing, and mRNA nucleocytoplasmic export [He and Smith,
2009]. Considering that all these events are also regulated by or associated with the
circadian clock, our findings suggest that PER2 interacts with these proteins and
HNRNPH3 which is also involved in RNA metabolism. Karyopherin Subunit Beta 1 (KPNB1)

functions in nuclear protein import [Chook and Blobel, 2001], and it is possible that PER2-
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BiolD2 labeled this protein with biotin while it goes into the nucleus (Figure 5.2A, B).
RablA is a member of the Ras oncogene superfamily and plays an important role in
vesicle transport and in mediating dynamic membrane trafficking from the endoplasmic
reticulum (ER) to the Golgi [Mukhopadhyay et al., 2011] and recent studies have shown
that the RablA proteins are also involved in regulating signal transduction and
autophagy [Bucci et al., 2014].

Actin-related protein 2/3 complex subunit 4 (ARPC4) gene encodes one of seven
subunits of the human Arp2/3 protein complex which controls actin polymerization
[Welch et al., 1996]. Cell adhesion also depends on the actin cytoskeleton and that
BMAL1/PER/CRY dependent circadian regulation of actin dynamics affects cell adhesion,
which is detected directly by the measurement of cellular impedance [Atienza et al.,
2005]. Heat shock protein 90a (Hsp90a), encoded by the HSP90OAA1 gene, is the stress-
inducible isoform of the molecular chaperone HSP90 [Blagg and Kerr, 2006] and the main
cytoplasmic HSP9O0 isoform is required for the stabilization of BMAL1 [Schneider et al.,
2014]. Here, we can speculate that the stability of cytoplasmic BMAL1 can be regulated
through PER2 stability in a circadian manner through PPIs. Super killer viralicidic activity
2-like 2 (SKIV2L2) and RNA helicase, and plays crucial roles in several RNA degradation
pathways [Kilchert et al., 2016]. It is difficult to speculate on just one PPI, but here PER2
may involve in the RNA degradation pathway indirectly.

Considering the top bottleneck proteins of CT48, HSP9OAA1l was shared with
CT36 and discussed already above. Chaperonin containing TCP1 subunit 5 (CCT5) is a
molecular chaperone that is a member of the chaperonin containing TCP1 complex (CCT),
also known as the TCP1 ring complex (TriC) which is a molecular chaperone complex that
assists the folding of proteins upon ATP hydrolysis [Freund et al., 2014]. Neuroblast
differentiation-associated protein (AHNAK), also known as desmoyokin is essential for
pseudopod protrusion and cell migration [Shankar et al., 2010]. This can be a link from
the circadian clock to cell migration through PER2 or the cellular movement can be
sensed by the circadian clock through PER2. HNRNPA1 was already mentioned in CT36.

EZRIN (EZR) is a protein-tyrosine kinase substrate in microvilli, and is required for the
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formation of microvilli and membrane ruffles on the apical pole in epithelial cells
[Sauvanet et al., 2015]. Ezrin regulates focal adhesion and invadopodia dynamics by
altering calpain activity to promote breast cancer cell invasion [Hoskinet al., 2015]. On
the other hand, heterogeneous nuclear ribonucleoprotein D (HNRNPD) may play a role
in the regulation of the rhythmic expression of circadian clock core genes and directly
binds to the 3’ -untranslated region of CRY1 mRNA and induces CRY1l rhythmic
translation [Woo et al., 2010]. In this way, PER2 stability indirectly may help CRY1
rhythmic translation. Actin-Related Protein 2 (ACTR2) is not associated with a specific
function, but it is a major constituent of the ARP2/3 complex [Welch et al., 1996].
Chaperonin Containing TCP1 Subunit 2 (CCT2) is a member of the chaperonin containing
TCP1 complex (CCT), also known as the TCP1 ring complex (TriC) which is a molecular
chaperone complex that assists the folding of proteins [Spiess et al., 2004]. The presence
of CCT5 (CT36) and CCT2 (CT48) actually indicates that they are involved in the folding of
the overexpressed PER2 or in reverse PER2 may help to regulate folding through these
proteins. U2AF2 (Splicing factor U2AF 65 kDa subunit) plays a role in pre-mRNA splicing
and 3’ -end processing [Glasser et al., 2017]. PER2 can be a part of a complex that is
involved in the circadian control of splicing. Prolyl 4-hydroxylase subunit beta (P4HB) is
multifunctional and acts as an oxidoreductase for disulfide formation, breakage, and
isomerization [Lumb and Bulleid, 2002]. Interaction of circadian clock proteins CRY1 and
PER2 is modulated by zinc binding and disulfide bond formation [Schmalen wt al., 2014],
and it actually could be in close proximity of PER2 due to this post-translational
modification. Overall, the examination of top bottleneck proteins for both CT36 and CT48
are in agreement with the groping of interactors for characteristics of biological process,
cellular component, and molecular function as shown in Figure 5.4B-D and Figure 5.5.
Additionally, the presence of interactors with very divergent functions in the
interactome of PER2 suggests that either PER2 has some non-circadian functions or the
circadian clock orchestrates such divergent pathways through the PPIs of PER2.

The confirmation of CRY1 and CRY2 in the PER2 complex by a classical method

such as co-IP confirmed the validity of our assay in which CRY1 and CRY2 were identified
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as interactors of PER2 (Figure 5.7A,B). Here, we tagged the PER2 with FLAG at both sites
because in some interactions one end might be blocked by heavy interactions and, if it
were the case, we hoped that the FLAG tag at the other end would be available for anti-
FLAG antibody on magnetic beads. The presence of BMAL1 (which could not be identified
with BiolD method) in FLAG immunoprecipitated PER2 complex suggests that BMAL1
might be masked by other strong interactors in our MS analysis (Figure 5.7C). While the
circadian clock regulates many metabolic and physiological events in a very dynamic
manner, its core components are also regulated in a circadian manner. Moreover, the
clock proteins, as most of the proteins transiently do, interact with many proteins during
their journey from translation/post-translational modification to degradation finally.
Changes in subcellular localization, such as delayed migration of PER and CRY into the
nucleus, contribute to the diversification and enrichment of these dynamic interactions.
This further indicates that those interactions can be very transient or unstable on a time
scale or even there might be more than one pool of some interactome at the same time.
Even though many PPIs have been recognized by a variety of different approaches, novel
or more efficient methods are always needed to reveal new interactors which are
refractory to be caught by the classical methods.

Although the BiolD method is very sensitive to detect weak/transient
interactions, it may not cover all interactions due to technical limitations, such as some
strong interactors or some abundant proteins nearby may prevent low-abundant ones
from detection during identification. For example, CAVIN3 was detected as a cytoplasmic
PER2-interacting protein influencing circadian clock properties in NIH3T3 fibroblast cells
after pull-down of carboxy-terminally tagged murine PER2 [Schneider et al., 2012] but
not in our interactome data. Either because of technical limitations or the use of a
different cell line (NIH3T3 vs. U20S) we could not get CAVIN3 interaction which suggests
that multiple approaches should be used in complementation to detect more
interactions. As another example of this, we could not get BMAL1 in either CT36 or CT48
interactome with BiolD method, however, it coimmunoprecipitated with FLAG-PER2 in

HEK293T cells (Figure 5.7C). We cloned HK1, MCM3, and IMPDH2 coding sequences from
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the U20S cell line cDNA to express them in HEK293T-F-PER2-F cell line so we could test
their interactions using the co-IP. In three independent experiments, the specific
presence of the HA-tagged recombinant interactor proteins on anti-FLAG antibody-
coated magnetic beads confirmed that they physically interacted with PER2 (Figure
5.7D-F). HK1 phosphorylates glucose to produce glucose6-phosphate which is the first
rate-limiting glycolytic reaction and it is the most abundant and ubiquitously expressed
isoform of hexokinases [Wilson, 2003]. MCM3 is involved in the initiation of eukaryotic
genome replication and, as a part of CMG (Cdc45-Mcm2-7-GINS) helicase, is also
involved in unwinding DNA throughout the entire process of chromosomal DNA
replication [Tye and Sawyer, 2000]. On the other hand, IMPDH2 gene encodes the rate-
limiting enzyme in the de novo guanine nucleotide biosynthesis and is upregulated in
some neoplasms, which suggests a role in malignant transformation [Ruiz-Agudo et al.,
2008]. The interactions between PER2 and identified interactome based on the ratio of
the input and the bound fractions suggest that the physical interactions indeed varied in
strength, even though all these interactions had a SAINT express score = 1 (Figure 5.7D—
F). For example, HK1 is expected to interact with only the cytosolic fraction of PER2,
moreover, only a certain form of HK1 such as a specific phosphorylated form might be
interacting with PER2 or vice versa. Therefore, it is not surprising to see weak interactions
between PER2 and novel interactors. On the other hand, PER2 and CRY1/CRY2 co-exist
in the molecular core clock in both cytoplasm and nucleus while PER2 is expected to bind
BMAL1/CLOCK in nucleus at a certain circadian time point. In this respect, the interaction
between PER2 and BMAL1 is expected to be weaker (as seen in Figure 5.7C) compared
to that of between PER2 and CRY1/CRY (as seen in Figure 5.7A, B).

Circadian clock might regulate the other pathways through interactions with the
critical proteins/enzymes. For example, CRY1 has posttranslational functions out of the
context of the core clock mechanism and binds to G-proteins and cysteine beta-synthase
and regulates their activity and, in turn, regulates cellular metabolism [Cal-Kayitmazbatir
et al., 2021; Zhang et al., 2019]. In a similar way, the circadian clock might regulate HK1

activity by PER2-HK1 interaction to regulate glycolysis, which is needed to be shown
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experimentally. Considering just interactors which were here used to confirm the validity
of our interactome, it is possible that PER2, in addition to being a main component of
the core circadian clock, might be interacting or functioning in very diverse pathways
such as metabolism and replication. Moreover, the network analysis suggests a more
comprehensive involvement of PER2 in various metabolic processes and different

cellular locations.

6.2. Conclusion of MT-BMAL1 Interactome

As discussed in the PER2 interactome analysis section, there are some technical
issues with the expression of recombinant fusion proteins under their corresponding
gene’s native promoter. Therefore we firstly designed a simple strategy for BMAL1
interactome analysis by expressing recombinant MT-BMAL1 under the constitutive CMV
promoter in U20S cells. In this study, our main purpose was to test the MiniTurbo
technique for BMAL1 interactome analysis and optimize the biotinylation time of
recombinant MT BMAL1 protein. Although HA-MT showed a 10 min biotinylation rate in
HEK-293 cells [Branon et al., 2018], we were able to detect a proper biotinylation rate
for MT-BMAL1 after 6h of biotinylation in U20S cells (Figure 5.9A). Considering 12h
BiolD2 biotinylation time, 6h was half of this time and it would be useful for the analysis
of sub-circadian interactions. However, overexpressed recombinant MT-BMAL1 protein
level was not different between CT24 and CT36 (Figure 5.8B) unlike the overexpressed
PER2-BiolD2. Moreover, it can be concluded that recombinant MT-BMAL1
overexpression disrupts the endogenous BMAL1 oscillation (Figure 5.8B) even more
repeats are needed to draw a significant graph. Therefore, we only focused on
identifying the BMAL1 interactome using the MiniTurbo technique, without considering
the circadian phases. Here, we observed that the biotinylation pattern in HA-MT was

higher compared to MT-BMAL1 (Figure 5.9A,B). In fact, this increases the reliability of
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the assay because the proteins that were randomly labeled were subsequently removed
from the MT-BMALL1 list.

We prepared two sets of large-scale samples for MS analysis (Figure 5.9C) and
analyzed the interactome, obtained from MS data, for biological process, cellular
components, and molecular function properties (Figure 5.10A-C). For the biological
processes (Figure 5.10A), it is not surprising to see the involvement of BMAL1 in the
translation regulation process because it is known that BMAL1 regulates translation in
response to S6K1-mediated phosphorylation and interacts with eukaryotic initiation
factors family members, elF4E, elF4A, elFAG and elF3B [Lipton et al., 2015]. Our
interactome list also included some members of the eukaryotic initiation factors family
such as elF2B3 with Saint score=0.6 and elF4A2 with saint score=1 which was also one of
the bottleneck proteins (Figure 5.11). Although the circadian clock is known to be
involved in the regulation of the ion transport via rhythmic transcription of the SLC12A2
(Na-K-Cl cotransporter) [Milicevic et al., 2019], the role of BMALL in potassium transport,
sodium transport or ion transport at PPl level is a novel observation. Additionally, the
role of BMALL protein in the differentiation process is not surprising. BMAL1 deletion in
embryonic stem cells (ESCs) causes the deregulation of genes from the three germ layers
(i.e., ectoderm, mesoderm, and endoderm) and the absence of BMAL1 affects embryoid
body formation and gastrulation [Ameneiro et al., 2020]. Moreover, it has been reported
that BMAL1 deletion leads to impairment of cartilage development through the
overexpression of vascular endothelial growth factor (VEFG) and hypoxia-inducible
factors a (HIFa) genes resulting in Runx2 enhancement[Ma et al., 2019]. Therefore, the
identification of BMALL interaction partners involved in differentiation processes offers
a mechanistic perspective on the role of BMALL. For the cellular component analysis of
BMAL1 interactions (Figure 5.10B), it is expected to see cytosolic and nuclear localization
because BMALL is firstly localized in the cytoplasm and then moved to the nucleus to
activate gene expression by binding E-box response elements in dimer with
CLOCK/NPAS?2. In fact, this analysis doesn’t mention the subcellular localization of the

BMAL1 protein but its interaction partners. As mentioned above, biotinylated proteins
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continue their movement once they are found around BMAL1 sometime during a 6-h
labeling process of MiniTurbo. Although the 6-h biotinylation time of MiniTurbo is 2
times lower than BiolD2, still it is possible to see subcellular compartments where BMAL1
interactions are located but BMALL1 itself is not. Therefore shorter incubation periods
would help to define solely BMAL1-related terms. This can be achieved using again
MiniTurbo but in Hek293 cells by ignoring sub-circadian interactions. Additionally,
TurbolD or Apex might also serve a shorter biotinylation time even in U20S cells but they
need to be tested to be sure. Going back to the biomolecular enrichment analysis of PER2
interactions, the telomere maintenance role of PER2 was a novel observation. Here we
also observed telomere term in the cellular component analysis of BMAL1 interactions.
Both individual results indicate the role of circadian proteins in a molecular mechanism
involved in telomere (maintenance) and this is worthy of further investigation in future
studies. For molecular function properties of the interactome (Figure 5.10C), it is
expected to see DNA binding or chromatin regulator properties because of the
transcription factor role of BMALL. Serine/threonine kinase or tyrosine kinase is also not
surprising because BMAL1 undergoes extensive posttranslational modification in cells,
including phosphorylation. For example, phosphorylation of BMAL1 on Ser17 and Thr21
residues by GSK3[ targets BMAL1 for ubiquitination and subsequent degradation [Sahar
et al., 2010] or phosphorylation on Ser90 by Casein kinase 2a (CK2a) induce nuclear
localization of BMALL [Tamaru et al., 2009]. Additionally, tyrosine phosphorylation of
BMAL1 such as Thr534 phosphorylation by mitogen-activated protein kinase (MAPK)
negatively regulates the transactivation potential of the CLOCK/BMAL1 complex at E-
boxes [Sanada et al., 2002]. Detecting RNA-binding or initiation factor properties may
also be considered normal because recombinant MT-BMAL1 may have biotinylated
proximal RNA-binding proteins or eukaryotic initiation factors immediately after
translation.

Although we couldn’t detect core clock proteins except BMAL1 itself in our
interaction list, we were able to build a solid interactome network including proteins in

our data and proteins retrieved from the STRING database to construct the network
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(Figure 5.11). Considering the top bottleneck proteins, It is not surprising to see BMAL1
itself on this list. HSP9OAA1 which is also a member of the top bottleneck proteins of
PER2 interactome encodes the Heat shock protein 90a (Hsp90a) required for the
stabilization of BMAL1 [Schneider et al., 2014] and it is consistent to see it among BMAL1
upper bottleneck proteins. As stated above, BMAL1 undergoes extensive
posttranslational modification in cells for its functional regulation and subcellular
localization. Therefore, several serine/threonine kinase or tyrosine kinase proteins are
the members of top bottleneck proteins; glycogen synthase kinase-3 beta (GSK3p),
proto-oncogene tyrosine-protein kinase FYN, RAC (Rho family)-alpha serine/threonine-
protein kinase AKT1, leucine-rich repeat kinase 2 (LRRK2), and tyrosine-protein kinase 6
(PTK6). As discussed above, GSK3B induces proteolytic degradation of BMAL1 by
phosphorylating its Serl7 and Thr21 residues [Sahar et al., 2010]. In fact, GSK3p can be
considered a hub protein in the regulation of the circadian clock mechanism. It has a role
not only in BMAL1 regulation but also in PER2 nuclear localization [litaka et al., 2005],
CLOCK, and CRY2 degradations [Spengler et al., 2009; Harada et al., 2005]. However,
GSK3p activation is negatively regulated by AKT serine/threonine kinase which is another
member of top bottleneck proteins (AKT1). It is reported that BMAL1 stability is
enhanced by CA-Akt (a constitutively active form of AKT) treatment, which causes an
increase in GSK3B phosphorylation and consequent inactivation [Sahar et al., 2010].
BMAL1 phosphorylation by mammalian target of rapamycin (mTOR) serine/threonine
kinase is also known to regulate BMAL1 degradation. [Dadon-Freiberg et al., 2021]. FYN
tyrosine kinase is reported that binds to mTOR and activates the mTOR/S6K pathway
regulating dopaminergic neuronal apoptosis in animal and cell models [Tan et al., 2021].
Although we could not identify mTOR in our interactome analysis, the presence of FYN
in the top bottleneck list indicates that BMAL1, FYN, and mTOR may be in the same
complex. LRRK2 protein shows encased kinase activity in Parkinson’s disease and
Gly2019Ser mutations in LRRK2 are the most common cause of autosomal-dominant
Parkinson’s disease [Gilks et al., 2005]. Although the molecular mechanism is not clear,

the circadian clock is disrupted in Parkinson’s disease and the inactivation of BMAL1 in
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1-methyl-4-phenyl-1,2,4,5-tetrahydropyridine (MPTP)-treated mice causes various
neurologic defects including loss of dopaminergic neurons [Liu et al., 2020]. Additionally,
as described above, BMAL1 deletion leads to overexpression of HIFa genes and causes
impairment of cartilage development [Ma et al., 2019]. HIFa stabilization is reported to
be increased with phosphorylation at Tyr565 and Ser797 by PTK6 and LRRK2 respectively
[Lin et al., 2016]. These reported findings and the presence of both PTK6 and LRRK2
proteins in the BMAL1 top bottleneck interaction list suggest that BMAL1-mediated PTK6
and LRRK2 signaling in cartilage development and/or Parkinson’s disease is worthy of
further investigation. Serine/threonine-protein phosphatase PP1-alpha catalytic subunit
(PPP1CA) is one of the three catalytic subunits of protein phosphatase 1 (PP1). PP1 has
been co-immunoprecipitated with PER2 in HEK293 cells and shown to have a role in the
dephosphorylation and stabilization of PER2 protein. [Gallego et al., 2006]. Moreover,
PP1 increases the cytoplasmic localization of PER2 in neuroblastoma cells expressing PP1
inhibitors [Schmutz et al., 2011]. Although we couldn’t obtain a PP1 protein subunit in
our PER2 interactome data, we detected protein phosphatase 2 (PP2) subunits, PPP2R2B
and PPP2R1A with saint scores =0.97 and 0.98 respectively. PP2 has not been shown to
directly interact with PER2 but is speculated to regulate the stability of PP1 [Piggins,
2006]. Therefore, it can be assumed that BMAL1, PER2, PP1, and PP2 are present in the
same complex (even for a moment) and PP1 regulates BMAL1 stability or subcellular
localization besides PER2. Since BMAL1 has been reported to interact with DEAD-box
RNA helicase MVH in the chromatoid body, a cytoplasmic organelle plays an important
role in RNA post-transcriptional and translation regulation [Peruquetti et al., 2021], it is
not surprising to see probable ATP-dependent RNA helicase DHX36 on top bottleneck
proteins. Furthermore, considering the PER2 top bottleneck member SKIV2L2 RNA
helicase, our data provide consistent output on the regulation of RNA processing by the
circadian clock mechanism. Eukaryotic initiation factor 4A2 (EIF4A2) is required for
several steps in the initiation of protein synthesis and is already known to be rhythmically
associated with BMAL1 as discussed above [Lipton et al., 2015]. Guanine nucleotide-

binding protein G(i), alpha-2 subunit (GNAI2) is associated with RGS16 protein in SCN,
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and the Rgs16 gene is known to regulate by BMAL1 through its E-Box regulatory element
[Ishida et al., 2011]. As GNAI2 is a member of top bottleneck proteins, we speculate that
BMAL1 may also regulate GNAI2 function/localization directly or indirectly at the post-
translational level. Cell division control protein 42 homolog (CDC42) is a small GTPase of
the Rho family. Microarray analysis of clock-regulated gene expressions has shown the
oscillation of Cdc42 in rat-1 fibroblasts [Duffield et al., 2002]. Similar to GNAI2, CDC42
can be directly or indirectly regulated by BMAL1 protein at the post-translational level.
Overall, the examination of top bottleneck proteins for BMALL interactome is in
agreement with the groping of interactors for characteristics of biological process,
cellular component, and molecular function as shown in Figure 5.10A-C. Additionally, the
presence of interactors with very divergent functions in the interactome of BMAL1
suggests that either BMAL1 has some non-circadian functions or the circadian clock

orchestrates such divergent pathways through the PPIs of BMALL.

6.3. Conclusion of p(Bmall)-MT-BMAL1 Interactome

Once we obtained a solid interactome network from MT-BMAL1 data then we
intended to identify sub-circadian interactions for BMAL1 expressing recombinant MT-
BMAL1 protein under the native Bmall promoter. Here, we observed differential
expression in p(Bmall)-MT-BMAL1 protein level between CT28 and CT40 samples
following dexamethasone treatment (Figure 5.12B) in contrast to the protein level of
CMV-controlled recombinant MT-BMAL1 (Figure 5.8B). Since our main purpose in this
step was to detect BMAL1 interaction partners in individual circadian phases we analyzed
the individual CT phases to detect the exact oscillation pattern of BMAL1 protein. We
observed a more precise difference in BMAL1 protein levels between CT28-CT40 than
between CT24-CT36 and we continue with 28- and 40-h circadian times. On the other
hand, since the p(Bmall) promoter is weaker than CMV, we were able to obtain a proper

biotinylation profile after 8 hours of biotinylation instead of 6 hours (Figure 13A).
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Therefore we collected large-scale samples in CT32 and CT44 after the resetting as the
lowest and highest amplitude of the BMALL1 circadian oscillation was obtained at 28- and
40-h respectively. Consistent with recombinant MT-BMAL1 protein levels at opposite
circadian phases, the CT40 interaction number was higher than CT28 (Figure 5.14) and
this can be explained by the higher expression of MT-BMALL1 in CT40. Although the total
number of interactions in MT-BMAL1 and p(Bmal)-MT-BMAL1 are almost the same
(about 1300 and 1000 interactions respectively), only a small amount of interaction
candidates were obtained with Saint express score=1 in this study. This is because
p(Bmall) is weaker than CMV and therefore the number of biotinylated proteins is not
sufficient to obtain a significant readout in MS analysis. However, we wanted to
construct interactome networks for both CT phases to show the difference between the
sizes of the networks of the individual phases (Figure 5.14). Since the CT32 network was
very small, it wouldn’t be meaningful to determine the top bottleneck proteins for this
network so we only showed that of CT44. Here we determined the member of heat shock
proteins Heat shock 70 kDa protein 1 (HSPA1A) and heat shock protein beta-1 (HSPB1)
in the top bottleneck proteins of CT48 as in the top bottleneck proteins of MT-BMAL1
(HSP90AA1). We didn’t determine any translation initiation factor in the previous top
bottleneck list of the BMAL1 network but different members of the EIF3 family were
shared with PER2-BiolD2 (EIF3E and EIF3K) and p(Bmall)-MT-BMAL1 (EIF3B) analysis.
Different from previous top bottleneck proteins, we determined a histone protein
(H2AZ1), an RNA binding protein (PA2G4), and a mitochondrial transcription factor
protein (TFAM). Histone H2A.Z protein is expressed by the H2AZ1 gene and works with
chromatin remodelers in chromatin remodeling [Jin et al., 2009]. H2A.Z ChIP analysis
from mouse liver chromatin has revealed a rhythmic expression of H2A.Z protein and
CLOCK-BMAL1 DNA binding promotes rhythmic chromatin remodeling incorporation of
the histone variant H2A.Z [Menet et al.,, 2014]. Proliferation-associated protein 2G4
(PA2G4) is an RNA-binding protein that is involved in growth regulation. We couldn’t find
information about the direct/indirect regulation of PA2G4 gene expression or protein

function in the literature but our molecular function clustering analysis showed RNA
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binding in the MT-BMAL1 interactome (Figure 5.10C) which increase the consistency of
the network analysis. Furthermore, as discussed above BMAL1L is known to physically
interact with ATP-dependent DEAD-box RNA helicase MVH protein and is involved in RNA
metabolism in chromatid bodies [Peruquetti et al., 2021]. Mitochondrial transcription
factor A (TFAM) is a key activator of mitochondrial transcription and is also involved in
mitochondrial DNA replication [Picca and Lezza, 2015] and TFAM expression level is
reported to change with the expression level of PGC-1a regulated by BMAL1 in renal IRI
[Ye et al., 2022].

6.4. General Conclusion

Overall, in this study, we obtained high-throughput data for PER2 and BMAL1
interaction candidates using a novel approach, proximity-dependent labeling, which
allows the identification of weak and transient interactions. For this purpose, we tested
two different types of this technique; BiolD2 for PER2 interactome analysis and
MiniTurbo for BMAL1 interactome analysis. Firstly we analyzed the PER2 interactome
using BiolD2 and obtained a robust interactome network. Although the identification of
CRY1 and CRY2 proteins in this study improved the reliability of our data, other core clock
proteins BMAL1, CLOCK, and PER?2 itself couldn’t be detected in our interactome list.
Similarly, we couldn’t detect core circadian clock proteins in BMAL1 interactome analysis
except for BMALL itself in MT-BMALL interactome. This may be because other
interacting proteins mask the labeling of these core clock proteins or even themselves.

The classical methods have also already identified many proteins as the
interactors of PER2 and BMAL1 (Figure 6.1). For example; B-TrCP (B-transducin repeat-
containing protein), a ubiquitin adapter protein, that binds CKle phosphorylated PER2
and it was identified as PER2 interactors using cell culture-based biochemical assays [Eide
et al., 2005]. The ubiquitin-protein ligase UBE3A (as well as casein kinase 1 delta) is

recognized as a light-induced protein in SCN by the AutoProteome method which is an
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automatic sample processing step followed by LC-MS/MS with two stages of peptide
separation [Tian et al., 2011]. NONO (SAINT express score = 0.99 at CT48 and 0.49 at
CT36, in this study) was identified as an interactome of PER1 (which makes heterodimers
with PER2) using rat cell lines stably expressing exogenous tagged PER1 protein [Brown
et al., 2005]. It is possible that NONO was in close proximity to PER2 in this study because
of PER1. The presence of ubiquitin-specific protease 7 (USP7) in CT48 interactome (SAINT
express score = 0.98, in this study) indicates that BiolD2 also labels the proteins that are
in the interaction with PER2 through CRY2 (SAINT express score = 1 in both CT36 and
CT48) because it was shown that USP7 directly interacts with CRY2 [Hirano et al., 2016].
On the other hand, Poly(ADP-Ribose) Polymerase 1 (PARP-1) interacts with CLOCK-
BMAL1 heterodimer and poly(ADP-ribosyl)ates CLOCK in a circadian manner to modulate
DNA-binding activity of BMAL1-CLCOK and further interaction with negative arm
proteins PER2 and CRY [Asher et al., 2010]. SIRT-1 has been reported to be expressed in
a circadian manner and involved in chromatin reorganization. , PER2 acetylation and
degradation by interacting with BMAL1-CLCOK heterodimer [Jin et al., 2009]. It is also
submitted that it modulates PER2 acetylation and further degradation through BMAL1-
CLCOK interaction [Asher et al.,, 2008]. Mitogen-activated Protein Kinase (MAPK) is
another interacting protein with BMAL1 identified by the classical yeast two-hybrid
technique and it is shown that BMAL1 is phosphorylated and negatively regulated by
MAPK in the nucleus [Sanada et al., 2002]. Additionally, as we discussed above, some
proteins have already been identified both in classical PPl techniques and in our BMAL1
interactome analysis such as GSK3B (Saint express score= 0.94) [Tamaru et al., 2009].
Therefore considering previous interactors of BMAL1 and PER2 identified by both
classical techniques and in our findings, we recommend using proximity-dependent

labeling and classical techniques together to obtain a more solid network.
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Figure 6.1: Identified PER2 and BMAL interaction partners by classical methods.
Interactions were visualized by the web-based visual analytics platform NetworkAnalyst
3.0. STRING database was used to retrieve PPIs by using interaction data only obtained
from experiments with a confidence score of 0.4 or higher. Proteins were visualized as
ellipse nodes, and interactors were connected via lines (edges). PER2 and BMAL1 were
shown in the blue nodes, and green nodes are additional proteins added by STRING to

construct the networks.

77



REFERENCES

Akashi M., Takumi T., (2005), “The orphan nuclear receptor RORa regulates circadian
transcription of the mammalian core-clock Bmall”, Nature structural molecular biology, 12(5),
441-448.

Akhtar R. A, Reddy A. B., Maywood E. S., Clayton J. D., King V. M., Smith A. G., Kyriacou C. P.,
(2002), “Circadian cycling of the mouse liver transcriptome, as revealed by cDNA microarray, is
driven by the suprachiasmatic nucleus”, Current biology, 12(7), 540-550.

Albrecht U., Bordon A., Schmutz I., Ripperger J., (2007), “The multiple facets of Per2”, In Cold
Spring Harbor symposia on quantitative biology (Vol, 72, pp, 95-104), Cold Spring Harbor
Laboratory Press.

Albrecht U., Zheng B., Larkin D., Sun Z. S., Lee C. C., (2001), “MPerl1 and mper2 are essential for
normal resetting of the circadian clock”, Journal of biological rhythms, 16(2), 100-104.

Ameneiro C., Moreira T., Fuentes-Iglesias A., Coego A., Garcia-Outeiral V., Escudero A., Fidalgo
M., (2020), “BMAL1 coordinates energy metabolism and differentiation of pluripotent stem
cells”, Life science alliance, 3(5).

Aryal R. P., Kwak P. B.,, Tamayo A. G., Gebert M., Chiu P. L., Walz T., Weitz C. J,, (2017),
“Macromolecular assemblies of the mammalian circadian clock”, Molecular cell, 67(5), 770-782.

Asher G., Gatfield D., Stratmann M., Reinke H., Dibner C., Kreppel F., Schibler U., (2008), “SIRT1
regulates circadian clock gene expression through PER2 deacetylation”, Cell, 134(2), 317-328.

Asher G., Reinke H., Altmeyer M., Gutierrez-Arcelus M., Hottiger M. O., Schibler U., (2010), “Poly
(ADP-ribose) polymerase 1 participates in the phase entrainment of circadian clocks to feeding”,
Cell, 142(6), 943-953.

Atienza J. M., Zhu J., Wang X., Xu X., Abassi Y., (2005), “Dynamic monitoring of cell adhesion and
spreading on microelectronic sensor arrays”, SLAS Discovery, 10(8), 795-805.

Balsalobre A., Damiola F., Schibler U., (1998), “A serum shock induces circadian gene expression
in mammalian tissue culture cells”, Cell, 93, 929-937.

Blagg B. S., Kerr T. D., (2006), “Hsp90 inhibitors: small molecules that transform the Hsp90
protein folding machinery into a catalyst for protein degradation”, Medicinal research reviews,
26(3), 310-338.

Boden M. J. Kennaway D. J. (2006). “Circadian rhythms and reproduction”, Reproduction, 132
(3): 379-92.

78



Boisvert F. M., van Koningsbruggen S., Navascués J., Lamond A. 1., (2007), “The multifunctional
nucleolus”, Nature reviews Molecular cell biology, 8(7), 574-585.

Branon T. C., Bosch J. A, Sanchez A. D., Udeshi N. D., Svinkina T., Carr S. A., Ting A. Y., (2018),
“Efficient proximity labeling in living cells and organisms with TurbolD”, Nature biotechnology,
36(9), 880-887.

Brown S. A., Ripperger J., Kadener S., Fleury-Olela F., Vilbois F., Rosbash M., Schibler U., (2005),
“PERIOD1-associated proteins modulate the negative limb of the mammalian circadian
oscillator”, Science, 308(5722), 693-696.

Bucci C., Alifano P., Cogli L., (2014), “The role of rab proteins in neuronal cells and in the
trafficking of neurotrophin receptors”, Membranes, 4(4), 642-677.

Buhr E. D., Takahashi J. S., (2013), “Molecular components of the Mammalian circadian
clock”, Circadian clocks, 3-27.

Bunger M. K., Walisser J. A., Sullivan R., Manley P. A., Moran S. M., Kalscheur V. L., ColmanR. J.,
Bradfield C. A., (2005), “Progressive arthropathy in mice with a targeted disruption of the
Mop3/BMAL1 locus”, Genesis, 41 (3): 122-32.

Bunger M. K., Wilsbacher L. D., Moran S. M., Clendenin C., Radcliffe L. A., Hogenesch J. B,,
Bradfield C. A., (2000), “Mop3 is an essential component of the master circadian pacemaker in
mammals”, Cell, 103(7), 1009-1017.

Cal-Kayitmazbatir S., Kulkoyluoglu-Cotul E., Growe J., Selby C. P., Rhoades S. D., Malik D., Kavakli
I. H., (2021), “CRY1-CBS binding regulates circadian clock function and metabolism”, The FEBS
journal, 288(2), 614-639.

Cervantes M., Forné |., Ranjit S., Gratton E., Imhof A., Sassone-Corsi P., (2020), “BMAL1 associates
with NOP58 in the nucleolus and contributes to pre-rRNA processing”, Iscience, 23(6), 101151.

Chapman-Smith A., Cronan Jr J. E., (1999), “The enzymatic biotinylation of proteins: a post-
translational modification of exceptional specificity”, Trends in biochemical sciences, 24(9), 359-
363.

Chautard E., Thierry-Mieg N., Ricard-Blum S., (2009), “Interaction networks: from protein
functions to drug discovery, A review”, Pathologie Biologie, 57(4), 324-333.

Chen W.D., Wen M.S., ShieS.S.,, Lo Y.L, Wo H.T.,, Wang C. C.,, Wang C. Y., (2014), “The circadian
rhythm controls telomeres and telomerase activity”, Biochemical and biophysical research
communications, 451(3), 408-414.

Chook Y., Blobel G., (2001), “Karyopherins and nuclear import”, Current opinion in structural
biology, 11(6), 703-715.

79



Cronan J. E., (2005), “Targeted and proximity-dependent promiscuous protein biotinylation by a
mutant Escherichia coli biotin protein ligase”, The Journal of nutritional biochemistry, 16(7), 416-
418.

Dadon-Freiberg M., Chapnik N., Froy 0., (2021), “REV-ERBa alters circadian rhythms by
modulating mTOR signaling”, Molecular and Cellular Endocrinology, 521, 111108.

Doruk Y. U., Yarparvar D., Akyel Y. K., Gul S., Taskin A. C., Yilmaz F., Kavakli I. H., (2020), “A CLOCK-
binding small molecule disrupts the interaction between CLOCK and BMAL1 and enhances
circadian rhythm amplitude”, Journal of Biological Chemistry, 295(11), 3518-3531.

Duffield G. E., Best J. D., Meurers B. H., Bittner A., Loros J. J., Dunlap J. C., (2002), “Circadian
programs of transcriptional activation, signaling, and protein turnover revealed by microarray
analysis of mammalian cells”, Current Biology, 12(7), 551-557.

Duong H. A., Weitz C. J., (2014), “Temporal orchestration of repressive chromatin modifiers by
circadian clock Period complexes”, Nature structural molecular biology, 21(2), 126-132.

Duong H. A., Robles M. S., Knutti D., Weitz C. J., (2011), “A molecular mechanism for circadian
clock negative feedback”, Science, 332(6036), 1436-1439.

Eide E. J., Woolf M. F., Kang H., Woolf P., Hurst W., Camacho F., Virshup D. M., (2005), “Control
of mammalian circadian rhythm by CKle-regulated proteasome-mediated PER2 degradation”,
Molecular and cellular biology, 25(7), 2795-2807.

Emisoglu-Kulahli H., Gul S., Morgil H., Ozcan O., Aygenli F., Selvi S., Ozturk N., (2021),
“Transcriptome analysis of the circadian clock gene BMAL1 deletion with opposite carcinogenic
effects”, Functional Integrative Genomics, 21(1), 1-16.

Etchegaray J. P., Lee C., Wade P. A., Reppert S. M., (2003), “Rhythmic histone acetylation
underlies transcription in the mammalian circadian clock”, Nature, 421(6919), 177-182.

Freund A., Zhong F. L., Venteicher A. S., Meng Z., Veenstra T. D., Frydman J., Artandi S. E., (2014),
“Proteostatic control of telomerase function through TRiC-mediated folding of TCAB1”, Cell,
159(6), 1389-1403.

Ful., Lee C. C., (2003), “The circadian clock: pacemaker and tumour suppressor”, Nature Reviews
Cancer, 3(5), 350-361.

Gallego M., Kang H., Virshup D. M., (2006), “Protein phosphatase 1 regulates the stability of the
circadian protein PER2”, Biochemical Journal, 399(1), 169-175.

Gilks W. P., Abou-Sleiman P. M., Gandhi S., Jain S., Singleton A,, Lees A. J., Wood N. W., (2005),
“A common LRRK2 mutation in idiopathic Parkinson's disease”, The Lancet, 365(9457), 415-416.

Glasser E., Agrawal A. A., Jenkins J. L., Kielkopf C. L., (2017), “Cancer-associated mutations

mapped on high-resolution structures of the U2AF2 RNA recognition motifs”, Biochemistry,
56(36), 4757-4761.

80



Guillaumond F., Dardente H., Giguere V., Cermakian N., (2005), “Differential control of Bmall
circadian transcription by REV-ERB and ROR nuclear receptors”, Journal of biological rhythms,
20(5), 391-403.

Gustafson C. L., Parsley N. C., Asimgil H., Lee H. W., Ahlbach C., Michael A. K., Partch C. L., (2017),
“A slow conformational switch in the BMAL1 transactivation domain modulates circadian
rhythms”, Molecular cell, 66(4), 447-457.

Harada Y., Sakai M., Kurabayashi N., Hirota T., Fukada Y., (2005), “Ser-557-phosphorylated
mCRY2 is degraded upon synergistic phosphorylation by glycogen synthase kinase-33”, Journal
of Biological Chemistry, 280(36), 31714-31721.

He Y., Smith R., (2009), “Nuclear functions of heterogeneous nuclear ribonucleoproteins A/B”,
Cellular and molecular life sciences, 66(7), 1239-1256.

Heberle H., Meirelles G. V., da Silva F. R., Telles G. P., Minghim R., (2015), “InteractiVenn: a web-
based tool for the analysis of sets through Venn diagrams”, BMC bioinformatics, 16(1), 1-7.

Hergenhan S., Holtkamp S., Scheiermann C., (2020), “Molecular interactions between
components of the circadian clock and the immune system”, Journal of molecular biology,
432(12), 3700-3713.

Hirano A., Yumimoto K., Tsunematsu R., Matsumoto M., Oyama M., Kozuka-Hata H., Nakagawa
T., Lanjakornsiripan D., Nakayama K. I., Fukada Y., (2013), “FBXL21 regulates oscillation of the
circadian clock through ubiquitination and stabilization of cryptochromes”, Cell, 152:1106—
1118.,

Hirano A., Nakagawa T., Yoshitane H., Oyama M., Kozuka-Hata H., Lanjakornsiripan D., Fukada Y.,
(2016), “USP7 and TDP-43: pleiotropic regulation of cryptochrome protein stability paces the
oscillation of the mammalian circadian clock”, PLoS One, 11(4).

Hogenesch J. B., Chan W. K., Jackiw V. H., Brown R. C.,, Gu Y. Z., Pray-Grant M., Bradfield C. A.,
(1997), “Characterization of a subset of the basic-helix-loop-helix-PAS superfamily that interacts
with components of the dioxin signaling pathway”, Journal of Biological Chemistry, 272(13),
8581-8593.

Hoskin V., Szeto A., Ghaffari A, Greer P. A., C6té G. P., Elliott B. E., (2015), “Ezrin regulates focal
adhesion and invadopodia dynamics by altering calpain activity to promote breast cancer cell
invasion”, Molecular biology of the cell, 26(19), 3464-3479.

Hoyle N. P., Seinkmane E., Putker M., Feeney K. A., Krogager T. P., Chesham J. E., O’Neill J. S.,
(2017), “Circadian actin dynamics drive rhythmic fibroblast mobilization during wound healing”,
Science translational medicine, 9(415).

Huang D. W., Sherman B. T., Lempicki R. A., (2009), “Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resources”, Nature protocols, 4(1), 44-57.

81



Hughes M. E., DiTacchio L., Hayes K. R., Vollmers C., Pulivarthy S., Baggs J. E., Hogenesch J. B.,
(2009), “Harmonics of circadian gene transcription in mammals”, PLoS genetics, 5(4).

Hung V., Lam S. S., Udeshi N. D., Svinkina T., Guzman G., Mootha V. K., Ting A. Y., (2017),
“Proteomic mapping of cytosol-facing outer mitochondrial and ER membranes in living human
cells by proximity biotinylation”, elife, 6.

litaka C., Miyazaki K., Akaike T., Ishida N., (2005), “A role for glycogen synthase kinase-3p in the
mammalian circadian clock”, Journal of Biological Chemistry, 280(33), 29397-29402.

Ishida A., Miyake A., Sato M., Komatsu R., Yamazaki F., Kimura I., Okamura H., (2011), “Circadian
regulation of intracellular G-protein signalling mediates intercellular synchrony and rhythmicity
in the suprachiasmatic nucleus”, Nature communications, 2(1), 1-9.

Jin C., Zang C., Wei G., Cui K., Peng W., Zhao K., Felsenfeld G., (2009), “H3.3/H2A, Z double
variant—containing nucleosomes mark'nucleosome-free regions' of active promoters and other
regulatory regions”, Nature genetics, 41(8), 941-945.

Kalkhoven E., (2004), “CBP and p300: HATs for different occasions”, Biochemical pharmacology,
68(6), 1145-1155.

Kilchert C., Wittmann S., Vasiljeva L., (2016), “The regulation and functions of the nuclear RNA
exosome complex”, Nature Reviews Molecular Cell Biology, 17(4), 227-239.

Kim D. I., Jensen S. C., Noble K. A, Kc B., Roux K. H., Motamedchaboki K., Roux K. J., (2016), “An
improved smaller biotin ligase for BiolD proximity labeling”, Molecular biology of the cell, 27(8),
1188-1196.

Ko C. H., Takahashi J. S., (2006) “Molecular components of the mammalian circadian clock”, Hum
Mol Genet, 15(2):R271- R277.,

Kondratov R. V., (2007), “A role of the circadian system and circadian proteins in aging”, Ageing
Research Reviews, 6 (1): 12-27.

Lee H. M., Chen R., Kim H., Etchegaray J. P., Weaver D. R., Lee C., (2011), “The period of the
circadian oscillator is primarily determined by the balance between casein kinase 1 and protein
phosphatase 1”, Proceedings of the National Academy of Sciences, 108(39), 16451-16456.

Lin A, LiC., XingZ., HuQ,, Liang K., Han L., Yang L., (2016), “The LINK-A IncRNA activates normoxic
HIF1a signalling in triple-negative breast cancer”, Nature cell biology, 18(2), 213-224.

Lipton J. O,, Yuan E. D., Boyle L. M., Ebrahimi-Fakhari D., Kwiatkowski E., Nathan A., Sahin M.,
(2015), “The circadian protein BMAL1 regulates translation in response to S6K1-mediated
phosphorylation”, Cell, 161(5), 1138-1151.

Liu W. W., Wei S. Z., Huang G. D,, Liu L. B., Gu C,, Shen Y., Liu C. F., (2020), “BMAL1 regulation of
microglia-mediated neuroinflammation in MPTP-induced Parkinson's disease mouse model”,
The FASEB Journal, 34(5), 6570-6581.

82



Lumb R. A., Bulleid N. J., (2002), “Is protein disulfide isomerase a redox-dependent molecular
chaperone?”, The EMBO Journal, 21(24), 6763-6770.

MaZ.,JinX.,QianZ,, LiF., Xu M., Zhang Y., Sun H., (2019), “Deletion of clock gene Bmall impaired
the chondrocyte function due to disruption of the HIF1a-VEGF signaling pathway”, Cell Cycle,
18(13), 1473-1489.

Matthiesen R., Bunkenborg J., (2020), “Introduction to Mass Spectrometry-Based Proteomics”,
In Mass Spectrometry Data Analysis in Proteomics (pp, 1-58), Humana, New York, NY.

Menet J. S., Pescatore S., Rosbash M., (2014), “CLOCK: BMALL1 is a pioneer-like transcription
factor”, Genes development, 28(1), 8-13.

Mi H., Ebert D., Muruganujan A., Mills C., Albou L. P., Mushayamaha T., Thomas P. D., (2020),
“PANTHER version 16: a revised family classification, tree-based classification tool, enhancer
regions and extensive API”, Nucleic Acids Research.

Miki T., Zhao Z., Lee C. C., (2016), “Interactive Organization of the Circadian Core Regulators
PER2, BMAL1, CLOCK and PML”, Scientific reports, 6(1), 1-8.

Mili¢evi¢ N., Duursma A., Ten Asbroek A. L., Felder-Schmittbuhl M. P., Bergen A. A., (2019), “Does
the circadian clock make RPE-mediated ion transport “tick” via SLC12A2 (NKCC1)?”,
Chronobiology international, 36(11), 1592-1598.

Miryala S. K., Anbarasu A., Ramaiah S., (2018), “Discerning molecular interactions: a
comprehensive review on biomolecular interaction databases and network analysis tools”, Gene,
642, 84-94.

Miyazaki K., Mesaki M., Ishida N., (2001), “Nuclear entry mechanism of rat PER2 (rPER2): role of
rPER2 in nuclear localization of CRY protein”, Molecular and cellular biology, 21(19), 6651-6659.

Mukhopadhyay A., Nieves E., Che F. Y., Wang J., Jin L., Murray J. W., Wolkoff A. W., (2011),
“Proteomic analysis of endocytic vesicles: Rabla regulates motility of early endocytic vesicles”,
Journal of cell science, 124(5), 765-775.

Nakahata Y., Kaluzova M., Grimaldi B., Sahar S., Hirayama J., Chen D., Sassone-Corsi P., (2008),
“The NAD+-dependent deacetylase SIRT1 modulates CLOCK-mediated chromatin remodeling
and circadian control”, Cell, 134(2), 329-340.

Narasimamurthy R., Hunt S. R, Lu Y., Fustin J. M., Okamura H., Partch C. L., Virshup D. M., (2018),
“CK16/= protein kinase primes the PER2 circadian phosphoswitch”, Proceedings of the National
Academy of Sciences, 115(23), 5986-5991.

OyamaY., Bartman C. M., Bonney S., Lee J. S., Walker L. A., Han J., Eckle T., (2019), “Intense light-

mediated circadian cardioprotection via transcriptional reprogramming of the endothelium”,
Cell reports, 28(6), 1471-1484.

83



Padmanabhan K., Robles M. S., Westerling T., Weitz C. J., (2012), “Feedback regulation of
transcriptional termination by the mammalian circadian clock PERIOD complex”, Science,
337(6094), 599-602.

Panda S., Antoch M. P., Miller B. H., Su A. |., Schook A. B., Straume M., Hogenesch J. B., (2002),
“Coordinated transcription of key pathways in the mouse by the circadian clock”, Cell, 109(3),
307-320.

Pappa K. I., Gazouli M., Anastasiou E., lliodromiti Z., Antsaklis A., Anagnou N. P., (2013), “The
major circadian pacemaker ARNT-like protein-1 (BMAL1) is associated with susceptibility to
gestational diabetes mellitus”, Diabetes research and clinical practice, 99(2), 151-157.

Partch C. L., Green C. B., Takahashi J. S., (2014), “Molecular architecture of the mammalian
circadian clock”, Trends in cell biology, 24(2), 90-99.

Partch C. L., Shields K. F., Thompson C. L., Selby C. P., Sancar A., (2006), “Posttranslational
regulation of the mammalian circadian clock by cryptochrome and protein phosphatase 5”,
Proceedings of the National Academy of Sciences, 103(27), 10467-10472.

Peruquetti R. L., De Mateo S., Sassone-Corsi P., (2012), “Circadian proteins CLOCK and BMAL1 in
the chromatoid body, a RNA processing granule of male germ cells”, Plos One, 7(8).

Picca A., Lezza A. M. S., (2015), “Regulation of mitochondrial biogenesis through TFAM-
mitochondrial DNA interactions: useful insights from aging and calorie restriction studies”,
Mitochondrion, 25, 67-75.

Piggins H. D., (2006), “Stabilizing daily clock proteins”, Biochemical Journal, 399(1).
Reddy A. B., (2013), “Genome-wide analyses of circadian systems”, Circadian clocks, 379-388.

Reddy P., Zehring W. A., Wheeler D. A., Pirrotta V., Hadfield C., Hall J. C., Rosbash M., (1984),
“Molecular analysis of the period locus in Drosophila melanogaster and identification of a
transcript involved in biological rhythms”, Cell, 38(3), 701-710.

Reischl S., Vanselow K., Westermark P. O., Thierfelder N., Maier B., Herzel H., Kramer A,, (2007),
“Beta-TrCP1-mediated degradation of PERIOD2 is essential for circadian dynamics” J Biol
Rhythm, 22: 375-386.

Reppert S. M., Weaver D. R., (2002), “Coordination of circadian timing in mammals”, Nature,
418(6901), 935-941.

Rey G., Cesbron F., Rougemont J., Reinke H., Brunner M., Naef F., (2011), “Genome-wide and
phase-specific DNA-binding rhythms of BMAL1 control circadian output functions in mouse
liver”, PLoS Biol, 9(2).

Robles M. S., Cox J., Mann M., (2014), “In-vivo quantitative proteomics reveals a key contribution

of post-transcriptional mechanisms to the circadian regulation of liver metabolism”, PLoS Genet,
10(1).

84



Roux K. J., Kim D. I., Raida M., Burke B., (2012), “A promiscuous biotin ligase fusion protein
identifies proximal and interacting proteins in mammalian cells”, The Journal of cell biology,
196(6), 801-810.

Ruiz-Agudo E., Putnis C. V., Rodriguez-Navarro C., (2008), “Interaction between epsomite crystals
and organic additives”, Crystal Growth and Design, 8(8), 2665-2673.

Sahar S., Zocchi L., Kinoshita C., Borrelli E., Sassone-Corsi P., (2010), “Regulation of BMAL1
protein stability and circadian function by GSK3B-mediated phosphorylation”, PloS one, 5(1).

Sanada K., Okano T., Fukada Y., (2002), “Mitogen-activated protein kinase phosphorylates and
negatively regulates basic helix-loop-helix-PAS transcription factor BMAL1”, Journal of Biological
Chemistry, 277(1), 267-271.

Sato T. K., Panda S., Miraglia L. J., Reyes T. M., Rudic R. D., McNamara P., Hogenesch J. B., (2004),
“A functional genomics strategy reveals Rora as a component of the mammalian circadian clock”,
Neuron, 43(4), 527-537.

Sauvanet C., Wayt J., Pelaseyed T., Bretscher A., (2015), “Structure, regulation, and functional
diversity of microvilli on the apical domain of epithelial cells”, Annual review of cell and
developmental biology, 31, 593-621.

Schlosser A., Vanselow J. T., Kramer A., (2005), “Mapping of phosphorylation sites by a multi-
protease approach with specific phosphopeptide enrichment and nanoLC- MS/MS analysis”,
Analytical chemistry, 77(16), 5243-5250.

Schmalen |, Reischl S., Wallach T., Klemz R., Grudziecki A., Prabu J. R., Wolf E., (2014),
“Interaction of circadian clock proteins CRY1 and PER2 is modulated by zinc binding and disulfide
bond formation”, Cell, 157(5), 1203-1215.

Schmutz I, Ripperger J. A., Baeriswyl-Aebischer S., Albrecht U., (2010), “The mammalian clock
component PERIOD2 coordinates circadian output by interaction with nuclear receptors”, Genes
development, 24(4), 345-357.

Schmutz I., Wendt S., Schnell A., Kramer A., Mansuy |. M., Albrecht U., (2011), “Protein
phosphatase 1 (PP1) is a post-translational regulator of the mammalian circadian clock”, PloS
one, 6(6).

Schneider K., Kécher T., Andersin T., Kurzchalia T., Schibler U., Gatfield D., (2012), “CAVIN-3
regulates circadian period length and PER: CRY protein abundance and interactions”, EMBO
reports, 13(12), 1138-1144.

Schneider R., Linka R. M., Reinke H., (2014), “HSP90 affects the stability of BMAL1 and circadian
gene expression”, Journal of Biological Rhythms, 29(2), 87-96.

Shankar J., Messenberg A., Chan J., Underhill T. M., Foster L. J., Nabi I. R., (2010), “Pseudopodial
Actin Dynamics Control Epithelial-Mesenchymal Transition in Metastatic Cancer CellsActin
Regulates EMT in Metastatic Cancer Cells”, Cancer research, 70(9), 3780-3790.

85



Shannon P., Markiel A., Ozier O., Baliga N.S., Wang J. T., Ramage D., Ideker T., (2003), “Cytoscape:
a software environment for integrated models of biomolecular interaction networks”, Genome
research, 13(11), 2498-2504.

Shearman L. P., Zylka M. J., Weaver D. R., Kolakowski Jr L. F., Reppert S. M., (1997), “Two period
homologs: circadian expression and photic regulation in the suprachiasmatic nuclei”, Neuron,
19(6), 1261-1269.

Siepka S. M., Yoo S. H., ParkJ., Song W., Kumar V., Hu Y., Lee C., TakahashiJ. S., (2007), “Circadian
mutant overtime reveals F-box protein FBXL3 regulation of cryptochrome and period gene
expression”, Cell, 129:1011-1023.

Spengler M. L., Kuropatwinski K. K., Schumer M., Antoch M., (2009), “A serine cluster mediates
BMAL1-dependent CLOCK phosphorylation and degradation”, Cell cycle, 8(24), 4138-4146.

Spiess C., Meyer A. S., Reissmann S., Frydman J., (2004), “Mechanism of the eukaryotic
chaperonin: protein folding in the chamber of secrets”, Trends in cell biology, 14(11), 598-604.

Szklarczyk D., Franceschini A., Wyder S., Forslund K., Heller D., Huerta-Cepas J., von Mering C.,
(2014), Nucleic Acid Res, 43, D447.

Takahashi J. S., (2015), “Molecular components of the circadian clock in mammals”, Diabetes,
Obesity and Metabolism, 17, 6-11.

Tamaru T., Hirayama J., Isojima Y., Nagai K., Norioka S., Takamatsu K., Sassone-Corsi P., (2009),
“CK2a phosphorylates BMALL to regulate the mammalian clock”, Nature structural molecular
biology, 16(4), 446-448.

Tan C,, Liu X., Zhang X., Peng W., Wang H., Zhou W., Chen L., (2021), “Fyn kinase regulates
dopaminergic neuronal apoptosis in animal and cell models of high glucose (HG) treatment”,
BMC Molecular and Cell Biology, 22(1), 1-11.

Tang Q., Cheng B., Xie M., Chen Y., Zhao J., Zhou X., Chen L., (2017), “Circadian clock gene Bmal1
inhibits tumorigenesis and increases paclitaxel sensitivity in tongue squamous cell carcinoma”,
Cancer research, 77(2), 532-544.

Teo G., Liu G., Zhang J., Nesvizhskii A. I., Gingras A. C., Choi H., (2014), “SAINTexpress:
improvements and additional features in Significance Analysis of INTeractome software”, Journal
of proteomics, 100, 37-43.

Thompson K. L., Rosenzweig B. A., Pine P. S., Retief J., Turpaz Y., Afshari C. A,, Sistare F. D., (2005),
“Use of a mixed tissue RNA design for performance assessments on multiple microarray
formats”, Nucleic acids research, 33(22).

Tian R., Alvarez-Saavedra M., Cheng H. Y. M., Figeys D., (2011), “Uncovering the proteome

response of the master circadian clock to light using an AutoProteome system”, Molecular
Cellular Proteomics, 10(11).

86



Triqueneaux G., Thenot S., Kakizawa T., Antoch M. P., Safi R., Takahashi J. S., Laudet V., (2004),
“The orphan receptor Rev-erba gene is a target of the circadian clock pacemaker”, Journal of
molecular endocrinology, 33(3), 585-608.

Tye B. K., Sawyer S., (2000), “The hexameric eukaryotic MCM helicase: building symmetry from
nonidentical parts”, Journal of Biological Chemistry, 275(45), 34833-34836.

Ueda H. R., Hayashi S., Chen W., Sano M., Machida M., Shigeyoshi Y., Hashimoto S., (2005),
“System-level identification of transcriptional circuits underlying mammalian circadian clocks”,
Nature genetics, 37(2), 187-192.

Vanselow K., Vanselow J. T., Westermark P. O., Reischl S., Maier B., Korte T., Kramer A., (2006),
“Differential effects of PER2 phosphorylation: molecular basis for the human familial advanced
sleep phase syndrome (FASPS)”, Genes development, 20(19), 2660-2672.

Vollmers C., Schmitz R. J., Nathanson J., Yeo G., Ecker J. R.,, Panda S., (2012), “Circadian
oscillations of protein-coding and regulatory RNAs in a highly dynamic mammalian liver
epigenome”, Cell metabolism, 16(6), 833-845.

Wallach T., Schellenberg K., Maier B., Kalathur R. K. R., Porras P., Wanker E. E., Kramer A., (2013),
“Dynamic circadian protein—protein interaction networks predict temporal organization of
cellular functions”, PLoS genetics, 9(3).

Welch M. D., lIwamatsu A., Mitchison T. J., (1996), “Actin polymerization is induced by Arp2/3
protein complex at the surface of Listeria monocytogenes”, Nature.

Wilson J. E., (2003), “Isozymes of mammalian hexokinase: structure, subcellular localization and
metabolic function”, Journal of Experimental Biology, 206(12), 2049-2057.

Woo K. C., Ha D. C,, Lee K. H., Kim D. Y., Kim T. D., Kim K. T., (2010), “Circadian amplitude of
cryptochrome 1 is modulated by mRNA stability regulation via cytoplasmic hnRNP D oscillation”,
Molecular and cellular biology, 30(1), 197-205.

Yagita K., Tamanini F., Yasuda M., Hoeijmakers J. H., van der Horst G. T., Okamura H., (2002),
“Nucleocytoplasmic shuttling and mCRY-dependent inhibition of ubiquitylation of the mPER2
clock protein”, The EMBO journal, 21(6), 1301-1314.

Yagita K., Yamaguchi S., Tamanini F., van der Horst G. T., Hoeijmakers J. H., Yasui A., Okamura H.,
(2000), “Dimerization and nuclear entry of mPER proteins in mammalian cells”, Genes
Development, 14(11), 1353-1363.

Yamaguchi S., Mitsui S., Yan L., Yagita K., Miyake S., Okamura H., (2000), “Role of DBP in the
circadian oscillatory mechanism”, Molecular and cellular biology, 20(13), 4773-4781.

Ye P., LiW., Huang X., Zhao S., Chen W., Xia Y., Cheng F., (2022), “BMAL1 regulates mitochondrial
homeostasis in renal ischaemia-reperfusion injury by mediating the SIRT1/PGC-1a axis”, Journal
of cellular and molecular medicine, 26(7), 1994-2009.

87



Zehring W. A., Wheeler D. A., Reddy P., Konopka R. J., Kyriacou C. P., Rosbash M., Hall J. C., (1984),
“P-element transformation with period locus DNA restores rhythmicity to mutant, arrhythmic
Drosophila melanogaster”, Cell, 39(2), 369-376.

Zhang J., Xu W., Han H., Zhang L., Wang T., (2019), “Dietary leucine supplementation restores
serum glucose levels, and modifying hepatic gene expression related to the insulin signal
pathway in IUGR piglets”, Animals (Basel), 9, 1138-1152.

Zheng B., Larkin D. W., Albrecht U., Sun Z. S., Sage M., Eichele G., Bradley A., (1999), “The mPer2
gene encodes a functional component of the mammalian circadian clock”, Nature, 400(6740),
169-173.

Zhou G., Soufan O., Ewald J., Hancock R. E., Basu N., Xia J., (2019), “NetworkAnalyst 3.0: a visual

analytics platform for comprehensive gene expression profiling and meta-analysis”, Nucleic acids
research, 47(W1), W234-W241.

88



BIOGRAPHY

Huseyin GUL completed his undergraduate education at Cumhuriyet University,
Department of Molecular Biology and Genetics in 2011. In the same year, he started his
master's education at Gebze Institute of Technology, Department of Molecular Biology
and Genetics. He has been a part of the Ph.D. program of Molecular Biology and Genetics
at Gebze Technical University since 2014 under the supervision of Prof Nuri OZTURK. He
also worked as a research assistant at Kilis 7 Aralik University in 2012 and at Gebze
Technical University between 2013 and 2020. He won a scholarship from the Turkish
Government to conduct Ph.D. studies in the UK and currently, he is a Ph.D. student in
the Center for Discovery Brain Sciences at the University of Edinburgh under the

supervision of Prof. Jamie Davies.

89



APPENDICES

APPENDIX A: The Paper Published within the Scope of the Thesis

Gul H., Selvi S., Yilmaz F., Ozcelik G., Olfaz-Aslan S., Yazan S., ... Ozturk, N. (2022), “Proteome
analysis of the circadian clock protein PERIOD2”, Proteins: Structure, Function, and Bioinformatics,
90(6), 1315-1330.
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Figure B1.1: Mycoplasma testing of maintenance U20S cells and stable PER2-BiolD2
and Myc-BiolD2 clones.
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APPENDIX C: Plasmid Sequences

GGG TGEEAGATCT O CEAT LT AT GG TG AT O TG TA LA T TG LT T GAT G OO G AT AT TAAG D AGTAT TG T LT LT TG TG TG T TGGAGGT LG TEAGTAG TG GUGAGCAAAATTTAAG
T A AR AR GG AR GG CTTGA L GA A TT G LA TG AA GAA T T G T TAGG GTTAGG G T T T TG LG TG TT OGO AT TAC GG G LA GAT AT A GG TTGACATTGATTATTGALTAGTTAT TAATAGTAATCAA
TTAGEEaTCATTAGTTCATAGLCCATATATGGAGTT G LG T TACATALCTTACGGTAAAT GG CC LT GG T GA L GODCAR GAC OGO CAT TEALGTCAAT AATGACGTATGT TCOCATAGTAALGE
AT A GGG A TT T AT TG A G T AL TG G G TG AG T AT TTA LG ET A TG L AT T G E LA TA LA T CAA TG TATCAT AT G AL G TAC GO L TATTG AL GTCAATEA DG TAAATG G OCGCTGGLATT
AT G AGTACATGALCTTAT GG GA LT T T T AT T G E A TA AT A G TAT TAGT CAT Ce T AT TALCAT GG TGAT GGG T T T T GG CAGTACA TCAATGE GG TEGATAGC GG TTTGALTCACGELGATTTC
ARG TCTCCA o CATTEALGT CAATGEGAGTTTGTTTTGECACCAAMAT CAACGGGACTTT CCAAAATET CETAMC AALT CCEDCCCATTGACGCAAATG G GETAGGCGTGTALGGTGEEAGE T TATATA
AGCAGAGCTCT O e G T AA TG A G AA D AT G T AL TG E LT TAT G AR A TTAA TA DG T AL TATAGGEAGA DL CAA G TR CTAG LG U CACCATGAATGEATACGCGEAATTTCCGLCCAGIDDCAGTA
ACCCCACCAAGEAGICLGTGEAG DA G O A G CCAGGT LA T GLAGG AL GATGTEGACATGAGLAGTGGCTCCAG TG GACATGAGACLAA DGAALACTGCTICACGEEG LG EEALTOGLAGEGCAGT
GACTETEALGACAGTEGGAAGGAGLTEEEGATEITEETEEAGCCALCGOAT GLCCGCCAGAGT DCAGATA D TTTAGCITGATGATGG CAAMAT CTGAACA L AR CCCATCTACAAGT GG LT GLAGTAG DEAL
CAGTCTT OGN G TG GACA LA CACAAAGARC TG ATAAAA LA LT ALAGEAE CTGAAGETCCACCTODCTGUAGACAAGAAG G DCAAG GG CAAGEE COAGTACG LT GG CCACCTTGAAG TALGLCETCAGGAGT
GTEAAGCAGETEARAGC AT GARGAGTATTACCAG CTGLTGAT GTECAGCGAG GG TCACCCCTE TEGAGLAGACGT G CCTOC TACAC CETGEAGGAGATGEAGAGLETTACCTCTGAGCACATTGTEAMSG
AT CCGATATATT TG TG LG TaT L TaGT G T G A A GAT TG TACATCTCT GACCAG LT TG CATCCATATTTCACT GTAARAGAGAT G OO TTCAGLGATGOCAAGTTTGTGEAGTTICTGGCGCCT
A GAT TG LT TT LA AT TT A CT O O TACAA G C T T LT TG T GG LA T ST G A G T GE AL AGATTCTTITACTCAAGAA T GUAT GEAGEAGAAATCTTICTTITGOOG TG TLAGTETCOG GALA
AGCCACGAGAATGARATC LG CTADCACCCCTT OO GEATGALGCCCTACCT GO TCAAGETEOGE G GAL CAACAAGETGCTGAGAGT CAGCTT TG TG LT TETGL TG CAGAGAGAGTGCACTCTGGTTATGAAG
O CTAGARTTCCTCCTGAAAAGAGAAT TTTTACAAC CACCCATACACCAAAT TGTT TG TTOCAGGATGTGEAT GARAGGEC GG TCOCTCTC TG G TADC TADC TCAGGACCT GATTGARACCCCAGTGITOET
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TR LT TG AG TG GAG A G TG AR GG TG LA TG GAG L CATGEEEALCACAGGEE LA CAGAGALAG CAGCT G TAG GGG GHACTGLALACCTGELACTTC T GEEALCAG CAGL CEANGET
GLCTCTGALCCG TEATGAADCCTCAGA CACACAGAACAGTGALGLOCTTTC CAC G TCAAG DG G Do T T AAALCTCCTGUTGAATGAGEALCT L TG TCAGLCTCEEGCTCTGLTGLT TG EAGTETCTGGGELTT
COGCTCACTEEG T GOEA LG T O OEAG TE GG GCAGG CAGTAG TEACALAAGTCATACCAGCAAATATTTTGEAAGCATTGACTCCTCAGAG AAT AAT CACAAAGCAAAAATEAACACTGLOTATGEAAGAA
AGTEAGCATTT AT TAAGT GG T G CAE GATC AT TG LT G T EAT G G O AT GGG A LA G A G T AT G AT G A G TACCAG TGO TTOCCGA AL TT TAG AAGC GG TTT TGAAGGAGEACAGAG MG,
AGCTEAAG CTOCTACAGAAA L TOCAG LA TTCALGGEAGAG TCAGAAG CAG GAGCTELGLGAGE TCLACCAG TG GATGCAGA L GG GO G CLTGOCLGCAGLCATCEALGTGECAGAATGTGTTTALTGTG
AAAACAAGGEANLAAGETAATATTT GEAT A CATATGAGGAAGATATTCCT T TCT GG GAC TCAGLGAAG TG TCGGACACCAAAGAAGACGAAMAT GEATCLOLCTTGAATCACAGGATCG AAGAG CAGALGAS
GG TG TA G LT G GA T T AT TG GAT L AT T T T T T G AT T GG AT CEGTEEAGG GGG T LT G EAG GG GE GG TAGTGG LG EEEGTEE ARG GEEEETGHAGGIGEETCGEETEEIEEA
GOTAGCGEAEEOEETEEAAGTEEAGE UG AT EEAAGTGETEGAGEAGGTTCTOET GECGGEAGETAGCGETEECGEAGETAG DG GAGGLEGTGEAAGTGETEEUEEAGGTAGCEEAGEIGETEHATCEE
COCGOCGTITCAAGAACCTRATCTG G TR AAGGAG LT EEATAGCACCCAGGAGAGALTGAAGGAGTGEAACGTTAGCTACGGLADCGCICTGGT GECIGAC AGACAG AL CAA GGG CAGAGLROGL CCTEGE
CAGAAAGTEELTEAG CCAGGAGEE GG L TG TACTTCAG T T OO GO GAA LA G EA G TT O GAGAAC TG TG CAG LT G TGE TELT GGG LT EAGL G TEAGLGAGGICLTGGAGGAGATIALIGA
GATCCCCTTCAGC CTGAAGT GG O CAA CEA G TETACT T CAGGAG AAGAAGETEAGCGECGTEC TAT GLGAGLTGAGCAAGGACAAGCTGATCETGEECATCGGCATCAACGTGAA DCAGAGAGAGATICD
CHAGGAGAT CAAGGACAGAGCCACCACCCTGTACGAGATCAC GG CAAGEALTBEG ACAGARAG GAGG TG TG TR ALGG TR TEAAGAGAAT CAGOEAGAALCTGAAGAAGTTCAAGAGAAGAGITTC
AAGEAGETTCAAGEGCANGATCEAGAG CAAG AT LT GTACCT GGG GAGEAGET GAA TG LT GGGl GAG GELAAGAT A LCGGCAAGLTE G TG CCTEAGIGAGAAGEGCGECGCLCTGATOLTEALDS
AGGAGEECATCARGEAGATCCTGAGLGGOEAG TTCAGLCTGAGAAGAAG CTACC LT TACGATGTACCGEGATTADGCATAGGTT TAAALCGCTGATCAGC CTCGACTGTGLCT TCTAGTTGOCAGCCATCTGTTG
TGO T O OO G TG LT T CT T GAL OO T GG ARG G TGO AT O A T G T CT T T CT Al LA A TG A GG AAAT TG CA TG A TG T TG AG T AGGTGTCATTCTATI CTGG GGEG TG ETGEGECAGEATL
GLAAGGEEGAGEATTGEEAAGACAATAGAGGCATG TG G GEA TGO GGG TCTAT GG T T CTGAGG G GAAAG AA D A G TG GEGECT CTAGGGE GTATCCCCAL G LG CCCTETAGUG GG AT TAAGT
GLEGOEEETETEGTEETTACGLGLAGCGT G DG CTACA LT TG A GG DT AG G O G T O T G T T T T T O T T OO T O e LA G T TG L G G TT T O OO ETCAAG CTCTAAATCGE GEGEITOD
T T A GG T T GAT T TG TR T TT AL GG LA LT G A L A TG AT T A GG TEAT GG TT CALGTAG TG GO AT O Lo TG ATAGA GG TT TTTCGLCCT T TGACGT T GEAGTLCADGTTLTTTAATAG
TEEACTCTTG T AL TG GARC AL A CTCAA DT AT T GG T AT TCT T T GA T TTATAA G GEATT TT G CCEAT TTOG G OCTATT GETT AAALAA TEAGC TGATTTAAL AAAAATT TAACGOGAATTAATTCT
ST EEAATGTETGTCAGTTAGGGET GTGEAAAGT COCCAG G LT O CAGCAG GO GAAG TATG CAAAGCATGLATCT CAA T TAGTCAGCARC CAGGTGTEEAAAGTOOCCAGGCTOLOCAGDAGGCAGANG TAT
GLAAAGCATGCAT CTCAATT AG TLAG CAN D CATAGTOC DG DO CT AT DD G O DA T O LG O CT AT O G L CAGT T G AT T T OGO AT GECTGACTAATTTTT TITATITATG CAGAGGLCGAGE
OGO GO T GAG CTAT T CAGAAGTAG T GAGGAG G TTTT T TGEAG G LCTAG GCTT TG CAAALA G T OO GG GAG LT T GTATATCCATITTCGGATCTGATCAAGAGACAGGATEAGGATCGTTTCGEA
TEATTGAACAAGATGEATTGCADGCAGGTT O OGG LGOI TR G TG EAGAGECTATTOEGCTATGALT GG GCALAA CAG A AR TG GCTGCTCTEAT G CG LG TG T TLCGGC TR TCAGOECAGEGE G CEIT
EETTCTTT T TG TCAAGA .G AT G T O GG TGO TEAAT A TECAGEACGA GGG L GGG TAT LG TG G TG GUCACGA CGEE CG TT oL T TG CAGC TG TG CTOGA DT T GTCAL TG AAGCGEEANGG
GACTEECTECTAT T GGG EAAGT G DG GGG AGGATC T CTGT CATCT LA LT T GO T LT GO GAGAAAG TATC LA TCAT G G CTGA TG CAA TG GG CE G TG CATACGCT TGATCLGGELTACC TGO CATTOGA
CCACCAAGCGAAACATCGCATCGAGCGAGCALGTACTCGGATGEAAG GG TCT TG T CGATCAGGATGAT CTGEALGAAGAGCATCAG GG TG OGO AGCLGAACTGTTCGOCA GG TCAAGGOEOG AT
GG GG GAGGA T TG TCET GA AT G G GAT G TG CT TG L G AR TATCAT GG TE A A T e O G T TTT T GG AT T AT CEA TR TGO LG G T GG TG TG GG GAC DI TATCAGGACATAGDG
T EGCTACC DG T GATAT TG CT GAAGA G T TG GGG LG AL T e G T TEA LG TT LT O TG TT TA G G T AT G G C T O CEAT TOG A GG AT GO LT TC TATCG COTTET TRACGAG TTCT TETEAG CEEGEA
CTOTGEEGETTOEAAAT GACCGADCAAGOEA LG O AA L TGO A TCACGAGATTTCGATTOCA CC G OGO T CTAT GAAA GG T TG CTTOGGAATCGTITTCCGGGAC G OGECTG G AT GAT COTCCAG OED
EEEEAT LT AT GO GG AGTT T TG LA L DA TG T T TAT TG LA G TTAT AAT G G TTACAAAT AAA G AA TAG AT A CARATTTEACAA AT AAAGCATTT TTTTCACTECATTCTAGTTGTGETT TG T LCAN
AT AT A TG TAT T TATCA TG T TG TAT AL CET CEA CTCTAG CTAGAGCT TG DG TAAT CAT GG T A TAGC TG T T T TG T GT G ARAT TETTAT CCGCTCACARTTCCAC ACAACATACGAGLLGEANGCATA
A GTETAAN G TG e GG TG T AT GAG TG AGC T AT CA AT T AL T TG LG T TGO LT AL TG LG T T T AGT C GE A A TG TC G TR L AGC TG CATTAATGAAT CEG CCAALGLGOGEGGAGAGGIG
GG CGTATT GGG G O T oG T O OGO LA TG A LT GO GU LT LG G T LG TG G LT GG GrEAGCGET AT CAGC T AL TCAAL GE UGG TAATACGG TTATCCACAGAATCAGEG GATAACGLAGGA
AAGAACATETEAGCAAANG GECAG CAMMA GG OCAGEAACDGTAAAAA GG OGLGT TGO GG CG TTTTTLCATAGG LT CCGOC CC L TG ACGAGUATCA CAAAAAT CEACGLTCAAGTCAGAGETGGIGAAML
COEACAGGACTATAAAGATACCAGGCGTT T OO LT GGAAG C T TG TGO CTCT OO TG T T OEA DTG OGO T TAC O GATACC T GTC LG T TT LT OO T IO GGAAG G TEEOGCTTICTCATAGCTCAL
ST ETAGGTAT T LG T TG G TG TAG G T O TG T CAA G TG G LT ETG TGO A AN O O CET TG L GAC LG TG G LT TAT L GG TAACTAT CATCT TR AGTCCAAC LG GTAAGAC ACGACTTAT
CECCACTEGCAG AL A TG GTAAAGGATTAGCAGAG CGAGGTA TG TAGGC GG TGO TACAGAGTTCTTGAAG TG BTG CTAACTACGECTACALTAG AAGAACAGTAT TTGETATCTGOGCTCTGLTG AN
GLCAGTTACCTTCGGAAAANGAGTTEGTAG CTCTTGATOCGE DAl A A LA CE TG G TAG GG TG TTTT T T IS T T TGLAAGCAG CAGATT AL GUGLAGAMAAAAAG GATCTCALGAAGATCCTTTGATCT
T LT A G GGG TCT GA LG LT A TG G A G A A T A G T TAAG G GATT T TEE T CATGAGA T TA T A AR AG AT LT TCA L CTAGATCCTTTTARATT AR AAATGAAGTTTT AAA TCAATCTAAMG TATATATGA
ETARATTGGET CT A CAGT T CAA TG TTAAT CAGT GAG G LA TAT T CAGCGATCT G TCTAT TG T TCATCCATAGT T GO TGACTCCCCGTCGT G TAGAT AT TALGAT ACGGGEAGEGEITTACCATCTGGET
AT G TG AT GATAC G O GAGA LA GO LA G GO T O AG AT TTAT LA G CAAT AL T CAG LA G G AA GG EICGA GG LA AN G T GG TCCTGLAACTTTATOC G CCTCCATCCAGTI TATTAATTG
TGO GGG AN ST A GG TAAGTAGT TG LA G T TAATAGTT TG G A G T TG TT GECAT TG TACAG G AT LG TG G TG T CACG LT CE TO G TI TG G TATG G T T CAT TCAGC TCC GG TTCCCAACGATCAAGG LG
AGTTACATGATCCCOCATGT TG TG CALA AAA GGG TTAG LT OO T GG T T CCGATOGT TG TCAGAAGTAAGT TG CCGCAG T T TATCACTCATG T TATGG CAGCACTGCATAATTCTCTTACTGTCATGOCA
T T A GA TG T TT IO G TG AT GET GAG TACT LA LA S T AT T TG A A AT AT TA TG GG LG A LG AGT TGO T G Ol LG GOET CAATACG GGAT AATACCGLGCCACATAGLAG AACTTTAAAAGT
GLTCATCATT GEAAMACGTTCTTOGG GG A A T LT AAG GATCTTACC G LT G T T GAGAT L AT TOGA TG TAA LA T DG T G LA DA TGAT CTTCAGCATCTTTTACT TTCACCAGCGTITCTG GG TGA
GLAAAAACAGGAAGGCAAAA TEC LG CAAAALAG GEAATAAG GGG AL G ST G TTGAATACTCATACT LT T T T T T T AAT AT TAT TG G A TTTATCAGEGT TATTGTCTCATGAGCGGATACATATTT
EAATETATTTAG A AAATAAL. AT AGEEET TOCGCECACATTTOLDCGAAAAGT GLCACCTEADGTE
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T GGATTEARG O AR TATGATAATGAG GGG GTGEAGTT TG TGACGT GG Gl e GE e AT oL AADGEE GGG TGACGTAGTAGTG TG LEGAAG TGTGATGTTGLAAGTGTGLCGGAACACATGTAAG
CEACGGATGT GG A G GG TT T T GG e T e GGG TG T A A LA A ST G A AT T T TG GGG TTT TAG G GG ATG TT G TAGTAAATT T GGG LG TAACC GAGTAAGATTTGECCATTTTCGLGGEA
AAACTGAATAAGAGGAAGT G T TGAATAATTTTGTGTTACTCATAG GLGT AATA DG G LAGACCTCA G CG LT AGATTAT TGAAGCATT TAT CAG GG TTATTGTCTCATGAGCGGEATACATATT TG AATGTAT
TTAGALLLATARACRAATAGGEGETTCOGIGCACATT T O DEAAL AL T GO AT GACG TTAACTAT AR CGG TOC T AAGGTAG O AMAAT GTAGTCTTATG CAATACTCTTGTAGTCT TRCAAC AT GTAACGAT
GAGTTAGCAACA TGO T T AL ALG G AGAGAAA A G CA LS TE AT L GAT T GG T G EANETAL GG TG TALGATCGT L TTATTAG GALGE CAACAGALGGETCTGACATG GATTGEACGAACCACTGAATT
GLCGCATT G AGAGATAT TG TATT TAAGT G TAG CT L GAT A ATAARC G GGET LT TG G T TAGAL CAGA T T GAG L CT GG EAG LT TCTE G CTAALTAGGGAALCCACTGCT TAAGLCTCAATAAAGCTTG O
TTGAGTECTTCAAGTAGTGTGTGCCCGTCTGT TG TG TGACT CTEGETAACTAGAGAT CCCTCAGADCCTTITAG TCAGT G TEGEAAALTCTETAGCAGT GLCGOC DEAACAGGEACTTCALRAG CHAAAGGGAAACT
AGAGEAGCTCTCTOEALG A GGAC TOGE LT TG LT GAAG GO CALGE CAAGAGG CEAG GGG DEE U GALTGET GAG TAC G AR AAATTTTGACTAG LG GAG GLTAGAAGGAGAG AGATEGE TG LGAGAGT
GTCAGTATTAAGL GGG EEAGAATTAGATOGCEATG G GAMAAAATTOGGE TTAAGGLCAGGEEEEAAAGAAAAAATATARATTAAAACATATAGTATGE G CAAGCAG GEAGCTAGAACGATTCGLAGTTAATOCT
GEOCTGTTAGALA AT CAG AL GG CTE TAGACALATALT GG GAC A CTAC AR AT TTCAGACAGGAT CAGAAG AL TTAGAT CAT TATATAATAC AG TAGCAML CCTCTATIG TG TG CATCAMAGGATAGA
GATAALAGACADCANGE AAGCTTTAGACAAGAT AGAE G AAGAG CAAART AAG TAAGA DAl DG CACAGCAAG LG CTEATCT TCAGAC L TG GAG GAGGAGATATGAGEEACATTGGAG AAGTGEAATTA
TATAAATATAAAGTAGTALAAATTGAACCATTAGGEAG TAGEAL DOATCAAG GOARAGAGANGEAGTEETE CAGAGAT AAALALGAGTAGTGEGAAT AGEAGCTTIGTTOCTTGGE GTT LT TEEEAGCAGCAGS
BAGCACTATGEE LG CAGIETCAA TG ACG LT GAL GG TACAGGOCAGACAATTATTGTCTGETATAGTGLAGCAGCAGAACAATT TGCTGAGGGLTATT GAGGCGCALCAGCATCTGTTGCAACTCACAGT CTxG
GECATCAAGCAGLTOLAGGCAAG AR TO L TG G LT T GG AAA GAT A CTAAA G GAT CAACA G TO T GGG AT TGE G ET TG T LT GG AAAA T CATT T GCAC CACTGCTE TG L LT TGEAA TG TAGTTGGAGTA
ATAAATCTCTGGAACAGATTTGGAATCACACGAC CTGEATE GAGT GEGEACAGAGAAATTAA CAATTACACAAGC T TAATACACT CCTTAATTGAAGAA TCGLAAAALCAGCAAGAAAM GAATGAACALGAATT
AT G GAATTAGAT AR TG GG CAAGTT TG TG AT TG ET T T A AT AT T GECTEToG TATAT AR TTATTCAT AR TGATAGTAGGAGGLTTGGTAGGTT TAAGAATAS TTTTTGCTGTACTTITCTATAGT
AT A GTTAGGLAGGEATAT A CATTAT G T T TCAGA LD AT OO AL OO AGE GEA DL CEACA GEC Ol GAAGGAAT AGALGAAGAAGE TEEAGABAGAGACAGAGACAGATCCATTOGATTAGT
GACGEATCTCEA GG TATOGARAGITTGEEATT CGAATTTAAAAGAALLG GGG AT TEEGEEATACAG TECAGO GLAAAGAATAG TAGACATAATAGT AN AGACATACAAACT AAAGAACT ACALAGE
AT A A A AT T AR T T T T GG T T T T TG LT A GGG TT OGO TAC AT AA LT T A GG TAAAT G O CE LT GG TGAC LG O AALGAC Co Do GO LA T TEACGTCAATAATGACGTATGTTCCCAT
AT A G CAATAGEGACT T CAT T GAL GTCAA TG GG TG EAG TAT TTAL GG TAAA LT GL LA LT TE G CAG TACAT AL G T GTATCATATGOLAAGT AL CCCTATTGACGTCAATGACGGTAAATGGEICLG
TG G AT TAT G O CAGTACATGACCTTAT GG GACTT TOC TACT T GG CAGTACAT CTACGTITAG TCATCGC TATTACCATGGTGATGCGLTTTTGE CAGTACATCAATGGGIGTGEATAGLGGTTTGACTCADS
GEGAT T CAAGT T A LA T TG A G T AT GG GG TT TR T TT T GG O A AN T GG AT T T CAAAATGTCG TAS CAA TG OO CAT T A GAAA TG G LG GTAGGLG TR TACGGE TGEEAGS
TCTATATAAG CAGAGCTCGTTTAG TGAA D GTCAGA TOG LT G GAGA G o CAT O A LG TG TTT TG AL LT CA T A G AL CEAGTTTAAAC T L TATCAG TEATAGAGATCT CCCTATCAGTGATAGAGAGT
TAGC GG EAT CEAT AT G G C e CAT G T AL G T AT GATG TTC OGGATTA LG TG CTATC O TA CEA DG TGO LA TATG LG GG TACCCCTATGACG TCLCAGALTACGCAGI TAGCATCCCGEET
T G T A A G AT T GG B A G T e G A GG GG EA G e T GG A G TO LT GO G TG ET A TO LA D AAT A GT AL LT G TEEATOEAAT CE G GAGL TG ALGAE TEEEGATECTTEIATTG DAGA
ATATCAGCAGECAGEGEAGRGEAAGCAGA GG GAGEAAAT GG T T T T T T GEA G LT AR LT G TALC T GAG TATGT TT TR GG CCT e G GGG GACCAGCAGCAATCGEICTGE GLCDGETCATCEGAAT
TETCATGOCAGAAE LG TG GAAAGCTEE GAG CAGACAR GG TG GAGTLAAA TE GO AATGACC TG TATC T GCAGGAT AGAAAG T TOGLAGGLATCOTGGTGEAGI TG GICGLAAT AACAGLOGATGCTG
A A GAT G T AT GGG G GATTAACG TG G TATGAG G OG L GT GEAGGAAA GG TEETCAATCAGGGLTGEATCACALT GLAG GALGLAG GEATTAALCTGEACAGG AATACTCTGG OCGUTATGITGA
T EAGAG T GCEGECAG T GG AACT T T GAG CAGGAAG G LT GG T CCATATC TG TCA LG G TG GG AGAA G TE AT AR TTCATCAATAGA L CETGAAGLTEA TCATTGGEEACAAAGAGATTTTCG
GEATTAGCCGGLOGATTGATAAALAGGGAGCICTGCTGOTGGEAACAGEADGGAGTT AT CAAL OO TG GATGHGC GGACARATCAGTCTGCGETCTGCIGALAAG GAATT CATE GLGGEACCAGAGAATGEADT
ATTT T A AT LA G AT T CAT G T T GGG A G A LT T T O G T T O DT GGG LA AG TG G TG T GG A LT G AA TOG CAA GAGGAAAGGCAG TG CCACTGACTACC AAG AR AGTATGEA AT
AGACAAAGATGACCCTCATGEARGE TTAGAATATGCAGAACACCAAG GAAGEATCAAGAAT GLAA GEEAGE CDCACAGTCAGATTGAAAAGAGELGT COGGEACAAAATE AACAGTTTCATTGATGAATTGE
OO TGGTACCAACATGCAAT GrAA TG TCCAGGAAGTTAGATARACTCALCG TG TAAGGATGGOTGTTCAGCACAT GAAALCTTTGAGAGGT GOCACCAACICATACA CAGRAGCAAALT ACALGICAATA
T LT AT CAGA TG A DG AN T GARA LA CTAAT T T A G A LA AT GG AT TTT TG T T T ET L ET A GATGTGA L G G e AN AT T O T TG TC T LG AGTC TG TCT TCAAGATCCTCAAT TATAGCCAGAATG
A CTTAT T GG AGAGCTTGT T TGACT A TG CAT O CAAAAGATATT GC CAAAG TTAAG GAACAGCTATCTTCCT LG EA CACT G LG IO LG G GAG I GACTCATTGATG CLAAGALTGEACTILCGGTTARAALGG
ATAT A O TG T GG L TATG LT G A LG G T T T T T TG TAGAA TG ARG TECAAL A GG CTT CAG TARAG S TEEAAGAT AAGEACTTCG CCTC TACC TR T TCAAAG ALAL A A GEAGAT
CEAAAAAGLTTCT G oA CAA TCCACAG AL GG CTAT TTGAAAAG LT GG CCA LD CACGAAGAT GGG TG AL GAAGA DAL TGAGDCAGACAAC GAGGGLTGLAA CCTCAGI TG CTOGTTGLAATCGGEGIGE
CTGCACTOG CACATGETTCCACAALCAG DEAAC GGG EAAA TALG GO T EALA T TATGEAGTALGT TTC T GACACGUAATAGAT GEEARATT TG TTTTTGTAGAT CAGAGE G CEACAGCTATTTTGGCG TATCT
A G AT T T AG G TA LA T AT G TTATGAGT AT TITCAT AL GA LG ATAGGACA D TG A GAATGTCACAG G AAGTTTTACAGA CALG AGAALAGAT CACAACTAAT TG TATARGTITALGATCAN
AGATGGETT T T TAT AL G TA LGN G T CEAT GG T TCAGTT T AT GAA DL LG TG GACCAAGE AL GTTGAATACAT TETCTCAA DAL CACT GTTGTTITAGCCAATG TOC TG GARGE UG EEEATCCAACITTOID
GLAGCTAACAGCACCCCCCACAGCATGEALAG CATGC TG OCCTCTGEAGAAGG TEECCCARAGAGGALTCATOOLACTG TCCCAGE CATTOCAG GEGEEAALCAGA G ODGEAG CAG G AAMLAT AGET CEAAT
GATCGCGGAEGAAAT CATEGAAAT CCACAGGAT AAGAGGG TCATOG COTTECAGCT G TG OT CCAG O OGO TGAACATCAC ARG TACG OO TOC OO CTGEATGOCTCTTCTCCAG GAGECAAGALGATTCTARATS
GGG AT A GACATT LT T AL TG GEACTATT AL LA GGG CAGG LT LA G GAGA L LA GGG TATC O TATTCT GATAG TT T TCTATTC T TG AT GAGAAC DO LA AT AGGIATOGATATGATAGATAACGALC
ARG TCAAGTAGTOCCAGTAACGATGAGELAGTAA TG CTGT CATCATGAGLCTCT TG GAAGCAGAT UGG G Go TG CCCCGTT AT T TAGTGACT TG CCATGG LG CTGTAGL LG CGITGGATT
CTCTAGAC TG CAG T OGS TAL LA TACGALGT OO AGACTAC GO TT GAG TTTAAA A LGl GTG G TG TG GAAAG TC L LAGGITC O CAGCAGGCAGAAGTATECAALGCATGEATCTCAATTAGTCAG CAACT
AGGTGTGEEAAAGTOLOCAG G TODC A G A G GCAGAAGTAT G AL G LA TG A TCT CAAT TAG TCAG CAA CCATAG T Lo GOCCCTAACT LG CA TOL OGO o TAACT COGOCCAG TTCOGCOCATTOTOCG
COCCAT GG T GACTAATTT T T T TTAT TTATG CAGAG G DEAGGE CCGC LTI EICTCT GAGCTATT CCAGAAGTAGTEAGGAGGCTT T T T TG AGGICATGACCGAG TACAAGICCACGOTGCGICTCGODACTC
GLGACGACGTOC TG GG LG T AL LA LT O O G LG O TG OO G AT AL DG DA DGO G DA A LG TG A LG G A DE AL ATOEAG UG GETCA DD GAG CTECAAGAACTCTT OCTCACGOE DETE
GEGCTOGACATCE G AR GETGTG GG T GGG GALG GGG rGaTEE GG TCTGGEAC LA LG G EAGAGCGT OEAAGLGGE GELGGE TG T TG L LGAGATIGELCCGLG CATGGLCEAGTTGAGLGGETT
COCGGECTeEICGOECAGCAACAGATGEAAGGGITCLTEGOGICG CAC DGO CAAGEA G O OGIGT AT TCCT GG CCACCGTC GG TCTOG IO GACCACCA GGG CAAGGATCTGEELAGIGOCGTIGTGE
T EEAGTGEAG GGG EAG LG LG e G TGO O T T TG AGA L T O G O G OO D G A LT LT T CT A GAG CE G TOGE CTTCACCGTCA L GO GACGTCEAGGTGLCCEAAGEALCGOS
CACCTGGET G AT GA DG DG L GE TG O A GO TTO GG AAAT CAA LT LT GG AT TACAAAATT TG TGAAAGATTGAC TG GTATT LT TAACTATGTTGCTCCTTTTACGETATG TG GATACGCTGCTTTA
AT T TG TAT AT GO AT TG CTT LG T AT GG T TT AT T T T T CCT TG TATAAA T T GaT TG GO LT T TAT GAG GAGTT G TR LG TT G TCAG G CAACGTAGLG TG G TG TGCAC TG TGTTTGCTGA
G L AT GETT GGG G AT TG LA A TG T AG T LT T T G GG ACT T TG T T T O T L TA T TG L LA GG LG AN T CAT LG G LT G O T TG O GUTGCTG G ACAGG GELTCGEITGTTG
GECACTGACAATT LG TE G TG T TG T GGG GAA G TEA G T O T T T CAT GG T G T G TG TG T TG LA LT GG AT TC TG LG CEGE A LG TOC T TCT G CTACG TCCCTT GG CCCTCAATOCAGCEGACCTTCOTT
COCGOGL T TG G CT TGO GO CT O T G OGO TG OO TG OO T CAGACGAGTCG AT CTOCCTT GG G OGO TOC OGO TG TG AT GLAAG GG TAATTCACTCOCAACGAATACAAGATCT
GLTTTT TG TG TACT GGG T LT T CT GETTAGACCAGAT CTGAGL LT GG G TOT CTEE CT A TA GGG DA LT GO T T AL G LT CAATAAA G CTTE LT TG AGTGLTTCAAG TAGTG TG TELCCGTITGTTS
TETGEACTCTGGETAA LT AGAGA T T A GA LT TT T AG TCAG TG T G A A T T LT A G A G TAGTAG TTCAT G TCATC T TAT TATTCAGTATTTATAACTT GLAAAG AAATGAATATCAGAGA GTEGAGAGEAAL
TTGTTTATTGLAGCTTATAATGGTTACAAATAALG CAATAGCATCACAAATTTCACA AT ARG CATTTTITTCACTGCATTCTAGT TGTGGT TTGTCCAAACT CATCAATGTATCTTATCATGTCTGGCATCTATGT
CEGETE O EAGAAA A G T AAT AR TG G AT TAT GGG TATTAT GGG TN G AT T AR TGN T CE G AN G AT L GETE T GAAATACCGCACAGATECGTAAGGAGAAAATACLGCATCAGGOGEITCTTOD
ST TG T LA TG AT LG TGO CTOGGET DT T CEE LT G O G CEAG O GG T AT CAG LT AL T AAAG GGG TAATACGGTTATCCACAGAAT CAGGG G ATAACGLAGEAALGANCATGTGAGTAAAAGGE LT
AGCAAALGGECLAG GO TAMAAA GGG OG TR TG GG TTTITCCATAG G CT LG OO CTGAC GAG CATCAC ARAAAT CGALGITCALGT CAGAGE T GG GALACICGACAGEAL TATAAAGATACCA
GEOGETTT TG EAAG C T TG TG G T O LT G T T L G A DO TG G LT TA L G EA T AL TG T O LG O T T T LT TOG GG AA G G T GG O T T T TCATAGCTCAC G TG TAGGTATCTCAGT TCGGETGT
AGGTOETTOE T CAAGC TG GG LT ETE TG LA DG AL OO G TTCA G LG A C G TG GO T TATC OEG T AA L TAT G T TTG AGT LA DO GG TAAGACALGACTTATCGLCACTGECAGLAGCCACTGGTA
A GGATTAGCAGAGCGAGETATGTAG GGG TG A A GAGT LT T AL G T GG TG O TAA LT A GG TACAC TAGAAG GACAGTATT TG G TATCT G OGL T TG TG AAGCLAG TTACCTTC G EARAAAGAGT
TEGETAGCTCT TGA T GG CAAALAAA LA G TG G TAGCGGETGETTTTTT TG TT TG CAA GCAG CAGATTAC GG CAGAAAAAAAG GAT CTCAAGAAGATCCTTTGATCTTTITCTALGGG GTCTGACGCTLAGT
GEANGANAA T LA DG TTAAG GEAT TT TG G T AT GAGAT TAT A G A T T T A LT A GAT T T T TAAAT T AR AAA TG AAGT T TTAAATCAATCTAAAG TATATAT GAG TAAALTTGGTCTGACAGTTALCA
AT GCTTAATCAG TR A CACCTATCT CA G GATCT G TCT AT T IO TTCA T CATAG TG CCT A TOC O G TOG TG TAGATAAC TADGATACGEEAG GG CTTAC CATC TG D CAGTG TG LAATGATACCECGA
GALCCALGCT CAC GG T O AGATTTATCAGCAATAA AL A G LA LG EAA GGG L CEAG DG AGAAG TG T LT G AACTTTAT LG T O AT CCAG TCTATTAAT TR T TR CEGGAAGI T AGAGTAAGTAS
TG AL TTAAT AGTT TG ARG TTGT TEAAAARG AT CT T CAC T AGATCCTTITCACG TAGAAAGCCAGTC OGCAGAAA DGO TEOT GAC DG GATGAA TG TCAGCTACTGEGCTATCTGEACAAGGGA
ARG CAAGEGCALLG G GCAGGTAGCTTGLAGTGG G T TACAT GGCGATAGCTAGALT GGG GETTITATGEACAG CAAG LG AA DL GEAAT TG OCAGCTGE GG CGLCLTCTGETALGETTGEGAAGT
CCTGECAAAGTARACTGGATGGCTTTC T CGCCGOCAAGEATCTGATGE OGCA GGG GAT CAAG LT TGAT CAAGAGACAG GATGAGGATCGTTTCGCA TG ATTGAAC AAGA TG GAT TGCACGCAGETTCTOCGET
COCTTEGGTEGAGAGGCTATT CEGLTAT GACT GGG CACAA CAGACAATIGGECTGCT CTGA TG DG CG TG TECGG TG TCAG G AGE GGG LG T TCT T T TGT CAAGACCGACCTGT COCGGTGOCCTS
AR TG TR AN GAGGCAG GGG TATOG TE G T G e AL A O G GG T T LT T GG LA TE TG LT LG AL GTTGT LA T GALG DG G AAGEEALTGECTGLTATTGE G LGAAGTG LG GEE CAGEA
T TG T AT T LA T TG T L TG CEAGAAAG TA T O AT CAT GE LT GAT G CAAT GO G OG G LT GATACG LT TEAT O GG L TACC TG CCAT TOGAC DAL CAAG G AAACATCGUATCGAG DGAG CACGTAL
TCEGATGEAAGCIGGTCT TGTCGATCAGGATGATCTGGEACGAAGAGCATCAG GLEOCT UGG CAG DG AACTGT TEGCCAGG LT CAAGGCGAGCAT GOLCGALGGEOGAGEATCTCGTCGTGALCCATEEIGA
T TG T TG O G AAT AT AT GG TG AR TG G G LT T T TG EA T T AT GA LT G Te GGG TG E TG TE GG GACC G CTAT AR GACA TAG LG T TG TAC LG TR AT AT T GLTEARGAG CTTEEEGET
AT GGG T AL G LT T TG T e T T T AL GG TAT G LG T O CEATT LA G G AT LG T T O AT G O T T TG AL GAGTT T T T GAA T TT TG T TAAAATTTT TG T TAAATCAG CTCATTTTTTAACCALTA
GOOCGAAATOE GO AT O CT TATAAAT CALAA GAAT A Gl GAT A GG TTEAGTGTT G TTOCAGTT TEG AACAAGAGTCCACTATTAAAGAALGTGGACTOCAAC G TCAAAG GO GAAAAALCGTITAT
CAGGGCEATGE LA TADGTGAA CCATCA DD AAAT CAN G TTTTT TGO G T CeAGGE TGO G T AAAG LT L TAAAT LG EAALCCTAAAGGEAG DL CCCGATTTAGAGCT TGACGGEEAMAGICE GLGAALGTGE
COAGAAAGEALGEEAAGAAAGCGAANGEAGIGEGCGTAGGECELTGECAAGTETAGCGETCACGLTEOECGTAACCA DCACAC DG CoDGC TTAA TG LG CCGC TACAGGECEOGTCCATT OGCCATTCAG
CATCGAATTAATTCTTAATTAACATCATCAATAATATALCTT

Figure C1.2: pLenti-IlI-3xHA-miniTurbo-13xLinker-mBmall Plasmid Sequence.
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T GG T T GAA G AN TATGA TAATGAGE GG GT GEAGTT TE T GA G TE G LG L GEE GG TG EGAALGEG GGG E TGACGTAGTAGTG TG LEEAAGTGTGATETTGLAAGTGTEECEGAACACATGTAAG
CEACGEATGT GG AAGAGTGALGTTT T TGETaT Gl G G G T TACA L AG ARG TG ACAAT T TG GGG TTTTAGGCGGA TG TIGTAGTARATT T GGG CGTAACCGAGTAAGATT TG CATTTTOGLGGEA
AT G AT A G A GG A G T AT T G TR TT T TG TT AT LA TA G GG TAATAG G AL A LT A G G LT A A TTAT TG AAG AT T TAT CAG GG TTAT TET CTCATGAGLGEATACATATI TG AATGTAT
TTAG AL AR T AR CAAATAG GGG T T O LG A CATT T OO AR AGT GO AL TG A DG TTAACT AT AAC GG T T AA GG TAG DG AAAAT GTAG TCTTATG CAAT ACT LT TG TAG TCT TG CAMCATGGTARIGAT
GAGTTAGCAACATEOCT TACALGGAGAGAAAAAGCACOGETGCATG O GATTGETEEAAGT AAGGTGET ACGATLGTGOCTTAT TAG GAAGGCAACAGALGGLETOTGACATG AT TGGALGRACCACTGAATT
GLOGCATT GO AGAGATAT TG TATT T AAGT GO TAG T L GAT ACAT AL GEETCTCTCT GG TTAGA CAGATCTGAGLCTGGEAGCTCTCTGE CTAAL TAGGEAACCCACTE LT TAAGICT CAATAAAS CTTGCD
TTEAG TG T AN GTAGTGTG TGO GTCTG TTG TG TGACT CTEGETAACTAGAEAT COCT CAGACCCTTTTAGT CAGT GTEEAMAA TCTCTAGCAGT GG CGCCCEAACAGEEALTTEAMAGCGAAAGGEALWIT
AGAGEAGCTCTCTOEA LG AGGACTOEGE T TGO GAAG UGG CADGE CARGAGECGAG GGG GG CEACT GO TGAG TAC G CCAAARATTTTGACTAGLGLAGGLTAGRAGGAGAGAGATGEG TG LGAGAGT
GTCAGTATTAAGDGEGEEAGAATTAGAT L CEAT GEGAAA AAATTCGETTAAG GLCAGE GG AA G A AL A TATAAA TTAALACATATAGTATGE ARG AG GEAGCTAGAA GATTCG CAGTTAATOCT
GEOCTETTAGAAACAT CAGAAGGLTE TAGACAAATACTGEGACAG CTACAACCATCCCTTCAGACAG GAT CAGAAG AACTTAGATCAT TATATAATACAGTAGCAALCCTCTATTG TATGLAT CAAAGE AT AGA
GATAAAAGACALCAAGEAAGCTTTAGACAAGATAGAGHAAGAG CAAALT AN AAGTAAGA DA DECACAGCAAG CCCGCTGATCT TEAGACCT GLAGGAGGAGATATAGGGACATTGEAG AAGTEAATTA
TATAAATATAAAGT AGTAAAAATTGAACCATTAGEAGTAS CAlDoADCAAEGCAMAGAGAAGAGTGETECAGAGAG AN GEAECAGT GG GAAT AGGAGLTTTG TTOCT TEEGTTCTTGEGAGLAG CAGE
ARG A CTAT GEE G AGC G TCAA TG ACG LT GACG G TA CAG G LA GA CAATTATT GTCT GETATAG T GLAGCAG CAGAAC AATT TG T GAGGELTATTGAG GLGCAACAGCATCTGTTGCAACTCACAGTLTGSE
GOCATCAAGCAGITCCAGGCAAGAATCCTG TG TGGAAAGATACCTAAAGGATCAALAGCTOCTGEGGATT TG T TGCT CTGEAARAC TCATTTGCACCACTGCTGTGOCTTGOAATGOTAGTTGGAGTA
AT AN T TG GAA A GATT TG AT LA GAC LT GEA TG EAGT GEEALAGAG AL TTAA CAATTACAC A GCT TAATACACTCCTTAATTG AAGAATOEC A AAALCAGCAA GAAAAGAAT GAA CALGAATT
AT TG GAATTAGATAAA TG GG A G T T TG T GG T TEG T T AL AT A A AT T GG TG TEE TAT AT A A TTATT CAT AA TGAT AGTAGGAGGLT TGO TAGGTTTAAGAATAGTTTTITGLTGTACTTTCTATAGT
GAATAGAGTTAGGLAGEGATATTCACCATTATCGTTTCAGACC CACCTC DO AM D CCOEAG G GEADIIGACAGGEOCGAAG GAATAG AL EANEANEET AGAGAGACAGAGACAGATCCATICGATTAGT
A GEAT T GA G GTAT LA G T EEEAT T GAATT TAAAAGAAAAG GEEEGAT TEE GGG ETACAG TG CAGEGEAAAGAATAG TAGACATAAT AGCAACAGACATACAAALT ARAGAACTACAAALS
AT TACAA AT CAAAATTTT O GET T TT T OGAA T AL GG GAT CEAT CAATTGAGTACT TALG TAGGTACCGAGL TG LAGAG TG CAAC AL TG GLCTCAGLGAGITTTAGACCTEGAGEGEEA
AAACCEAGEGCTEE GECAAG AN TCCA AN G TGO AN T TG T LA LT LT CGG GE TG TG LT TCT G TG LG CARATGAT TG TEAAG G GAAAG TAGCAGETALA CCAGCCCTGCCGTCT TGO CATTGET
CAGAGGCTTT T AT GG T LA LT LG AT TG TAG D TAA LG AGA G O G A LG GAAT TG G TT T GGG T TE T LG AAGA CAA LT LG T TG LT T LT GAT TR G L TAACG GG AAGAGELAG GTATCCGEG IT
GGG ECTC T CATT GO TG G EOE GG EANGE G EE G TG ECACAG L GATTGETGEE GGG EEE COEE G LT GG G GlEEGGAGCGEAT TEG TLGEAALGTAGG TTAGTG GTGLEACATTTAGGEAAD
GLAGAAAGTAGGTCAGEGACGGAGGETGCCTGTTTACCC GG LG GACT TGO G OO OGO G OGE AT L GAG T e G TACGCTC AL GATGEEATOEATCAAT TEGLCGUCACCATATACCCGTATG
AT T GGEATT A GGG TATOC T A GACG TG L O G AT AT GO G EGT AL O CTATGA DG T O L AGAC TALGLAGCTAGCAT O GUTGCTG AACGLTAAAL AGATTCTGGEACAG CTEEALGEIGGEAGT
GTGGECAGTCCT GG TGET CEA T TC LA AR TCAGTAC CTGLT GEATOEAAT CEGLGAGLT AR GAGT GG GATGCTTGEATTGCAGAATATCAGEAG GLAGEGEAGAGGAAGCAGAGGGAGGAAATGETT
IO T GG AGL T AACCTGTACCTGAGTATGTT T TG GG LT GGG GACCAGTAG CAA T GG TG G e CCGGTCATCGGAATTGTCATGGLAGAAGLGLTGOGAARG CTEEEAG CAGACANGETE
CEAGTC AT GG AT GAC TG TATC TG CAGGATAGAAAGCT GECAG G AT Lo TRG TG GAG I TGG GG AATAA CAGGCEAT G LT G ACAGATCGTCATTG G OGLCGGGATTAACGTGELTATGAGGIGT
GTGEEAGEAANGCETEETCAAT CAGGECTGEATCACACT GLAGGAAGLAGGEATTAACC TG CAGEAATACT CTEE CCGC TATGCTGATCOGAGAGL TG GGG CAGLCCTEEAAL TG TTLGAGCAGEANGS
TGO CATAT CTGT CACG G TG G aAGAAG TG GATAACT TCATCAATAGACC LG TGAAGLT GATCAT TGO GEACAAAGAGATTTTCGGGAT TAGCCGELaGATTGATAAALAGGEAGCCCTGOTGTEGAN
GG ACGGAG TTATCAAN DT GEA TG G GG AGARA TG T TG LT T GO G AR A TG G AT GG TG GAG GO G T TG EAG GGG ETAGTEGUEEEELTEGANG DG BEETEEAGET
GEGTC GGG TEE LG EAGGETAGCGGAGEC GG TG EAA G TG GAG GGG TG EAA G TG T GEAGEAGGT T TG TG e L EAGGTAGCG G TEECEGAG GTAGCGGAGGLG G TEGARGTGETEEOEGAGETAGLS
GAGLCGLTEGEAT GG e G TTT ARG AR LT LGAGLEE OGO A LT GT GO T G GAT AT T CAGAATT CAT GG CEEALCAGAGAA TG EACATTTCCT CAACCATCAGCGA LT TCATGTCTCOGG G OCOCAL
AT AT TG ETT O O GGG A DA G TG TG TG GACT ELAA T UG A A GAG A AL GG AT G LA T AT AL AL GAAAG TATGEACACAGALAAAGATGACLCTCATGEAAGETTAGAATATGLAG S
AL GEAAG AT CAAG A TECAAGG GAGGLCCACAGTLAGATTGAAAAGAGE G UGG GAC AL A T GAA AL TTTC AT TGATGAAT TG CTICTTTGG TACCAACAT GLAA TG AAT GTOCAGGALGTT
A AT AR AT CAC DG TG CTAAGEA TG GC TATTCAGCACA TG AAAACT TTEAGAGGTGLCACCAAC COATACACAGAAG CAAACT AL ANG Do AACAT TTCTATCAGAT GALGAACTGAAACACCTAATTCTCAGES
A G A AT GG ATTTT TG T T T TG A GA TG TG AL G A GG G A T T CTT TG T T L G A G T T G T T T AA GAT LT CAAT TATAG L AG AATGACCTTATTGGCCAGAGCTTGTTTGACTACCTGCATCCAAA
AGATATT GO ARG TTAAGGAACAE CTATCTTCLTOGGACAC TG G CL GGG AGCGACTCATT GAT G AAGALT GEALTTCOG G TTAAAA LG GATAT AL CCCCTGE GL N TOCOGGEITATGCTC TGEAGDID
GLCGCTCTTTCT T TG TAGAATGAAGT GLAACAGGCCTTCAGTAAMG G TEEAAGA TAAG GACTTOGLCTCTACCTGTT CAAAGAAAAMAGTAGATCGAAAAAG CTTCTGCACAATCCACAGLACAGGCTATTTG
AAAAGCT GECCAC DA LG AAGATGEEGITEGALGAAG ACAATG AGCLAGACAN . GAGE G T GCAAC T AG LT G LT T TR AAT CE GG Lo TG CA L TCECACATE GTTOCACAALCAGOEANI GEEG AL
AT GG GETEAAAT LT AT G EAGTACG TTTCT O A LG LA TAGA T GGG AAATT TG TTT TG TAGAT CAGA GGG CEAC A G CTATT TG G GTATCTACCA CAGGAACTTCTAGG TACATCATGTTATGAG TATTTT
CATCAAGACGACATAG GACACCTCE CAGAATETCACAG G CAAGTTTTACAGAC AAGAGAAAAGAT CACAALTAATTGC TATAAGT T TAAGATCARAGATGGTTCTTTTATCACGLTACGAAGTOGATGET TCAG)
TTTCATGALCCCGT GEA L CALGEAA G TTGAAT ACATTGTCTCAACCAACACTGT TGT TTTAGCCAATG TOLTGGAAGE C oG LA CAACTTCOOGCAGCTAACAGCACCCCCOCACAGCATGGACAGIATGEIT
GLOCTCTGEAGAAGET GEOCCAAAGAGGAC TCAT COCALTGT Do CAGG CAT TE CAG GLGGEAA CAGAG DI GEAGLAG GALLAATAGGTCGAATGAT LR GEAGEAAATCATGEAAATCCACAGGATAAGAG
GETCATCECCTTCCAGCTETG G CTOCAGC DO G T EAAC AT LA ARG TA CECCT OO T GAT G o TCT T T LA G GAG G AR GAAGATTCTAA A TG EAGE GACTCCAGACATT COTTCCACTGGACTATTACCAG
GECAGECTCAG GG LG G T AT O TATT O GA TAG T T TT O AT T T T GG T GAG AL OO A LA T AG G AT GATATGAT AGATAACGAC CALGEATCAAGTASTOCCAGTAAC GATGAGECAGDAATG
GG AT AT GA GO T T TG GAAG CAGA TG G e G TG ET GG O O T TEACT T TAGTGAC TT G AT GG TG TAAG GG DG TG GATCCTCTAGALTECAGCTCGAGTALCCATADGADGTIOIAGA
CTACGCITEAGTTTAAACACG OGTGGTOTEGAAAGT CODCAEE CT DO CCAGCAGGLAGAAGT AT G LAAAGCA TG CATC TCAAT TAGTCAGCAALCAG GTGTGGAAAGTCCOCAGGITCOCCAGTAGGLAGAAG
TATGCAAAGEATECATCTCAATTAGTCAGCAALCAT AGT o DG COCTAA TOD G DO T O G O CT AR T O G L CAE T T G O AT T T OGO AT GG T GACTAATT TTTTTTATTTATGCAGAGGLCS
A G GO T GG T TGAG T ATT O CAGAA G TAGT GAGGAGGCTTTT T TG EAGG AT GAL AL TACAAG L OCALGE TGO GO TOG DAL O CGIGACGA DGTCCCTCGGEGLCETACGLACCOTOGICDGOCG
CETTCGCGACTA OGO A O GC CACAC OO TGEA LG EA L G L ACATCGAGCGEE TCALCGAGTT GrAAGAA LT CT T TCACGCGOGT OeG GrTOEACATOEECAAGGETGTEELTIGCGGACGALE
GGG TG GETCT GG A D ALG LG GAG ARG T GAAGCE GGG GIGGTE TG O GAGA TG G GG AT GG G AGT TGAG GG TTC O GG GGG CE CAGCAAL AGATGEAAGGELTODT
GEOE GO CGE ARG GAG OGO TG GTT TG G A LG TG GLET T Ce i CEA LA LA GG G AN GG G T TG GG AG LG O T LG TG T L LG GAG TG AGG CEGICGAGCGOGICGEEETEE
COGCCTTOC TG EAGEA LT COG OGO LG CAA T O CT TC TADGA G LG G CT LG G LT TOA DG T O OGO GACGTCEAG G TE LG AA GEAL GG ADC TEET GUATGALCLGCAAG COCGETGLCTGAALG
T T G A A T LA A D T GG AT T A A A TT T T GAAAGAT T G A TG G TAT T TAA T AT G T TG LT LT T T T A G AT G TG EATAL G TG CTTTAA TG LT T TG TATCATGCTATT GO TCCOG TATGECTTTE
AT T T T G TA TAAA T LT G E T TG LT G T T T T T AT A G GAGTT G EE LG T T e T CAGGLAA LG TG GG TGET G T GLAC TG TG T TTGCTGA CGLAACC o CACTGET TEGEGE GLAT TELCACCALCTG T
AT T OEE AT T T OGO T T O L C T L TA T TG O LA G G CE GAA LT AT G L OGO TE L CT TG O OEC TG LT e AL AG GEGCT OEGE LT AT T GGG CACTEACAATTCCG TGO TG TTGTCOEG G AAGITEA
CETCOTTT AT Ga TG T T e TE T TGO CA TG EAT T TGOS CG G GAC G T LT T TG TA LG TCCCT T C GG O TCAA T CAG GG LT TCCTT OC O LG GO TGO GO G ECTCTGCGGCCTCTTOCGOGET
TG T TG LT AGA L GAG TG ATCT L LT T T GGG S OGO T L OGO TE T OG AT G GAR GG BT A TT CACT OO LA A CGAAT ACAAGA TCTGLT T T TGO TA TACTG GETETCTCT GG TTAGALCAGAT
CTEAGCCTGEEGEAGITCT CTEE CTARC TA GGG DO A LT G T TAAG T CAATAAAG CT TG L T TG AGT GCT T CAAGTAGTE TG TGO LG T T GT TG TG TEALTCTEGTAACT AGAGATCOCTCAGACCCTTTTA
GICAGTGT O AR AA TCT T AL CAGTAGT AT TCATGT CAT CTTATTATTCAGTATTTATAA CT TG CAAAGAAATEAATAT CAGAGAGTEAGAGGAACTTGTITATTGCAGCTTATAATGGT TACAAATALLG CAA
TG A T A AT T T A A T A G AT TT T T T T AT G AT T T AGTT GGG T TT G T O AAA LT CAT CAA TG TATC TTATCATGT CT GG CAT CTATG TG GE TG CEGAGARAGAGET AATGAAATGGCATTATG
GOTATTATEEETCTG AT TAATGAAT CEGE LA GATCC GG TETGAAATALCGLACAGATECGTAAG GAGAALAT ACCECA TCAGE DG T CTTCCGCTTCC T CGETCA CTEALTCGCTGGETOGGTIGTTIG
GLMGLEEOEAGIEETATCAG CTCACTCALAGGOEGTAATACGETTATOCACAGAAT CAGGGGATAALGCAGGAAAGAACATGTGAGCAAAAGG CCAGCAALAGGE CCAGLAACCGT ARAAAGGCOGOGTTIGE
TEGCETTTT T CAT AG LT CCE LoD G A GG CAT AL AAA A TG A GO TCAAGTCAG AGGTEGECGAAALCGACAGE ACTATAAAGAT AL CAGELETTTOICCCT GG AAGCTODCTCGTEOECTOTCCT
ETTOCGA TG O G T TA D G G AT A LT T GO TT T T T T G G G AA GG TG GG CTT T T CATA G T G TG TAG G TATCTCAG TG G TETAGG TCG T TG TCCAAGCTEGEGCTGTATEGCACGAMD
OO G TT A O OGS LT G OGO T AT GG T AL T AT CET T TEAGTO AL O GG TAAGACACGA CTTATC GO ACT GG CAGCAGLCAC TEGTAACAGGATTAGCAGAGL GAGGTATG TAGECEETGIT
A G GTT T TG AAG TG G TE G TAACTA GG T AL AT A AN A AGTATT TG G TAT T G e TG LT e s A G TTACC TTOG G AAAAAGAG TTEGETAGCTCTTEAT LG GUAAAIAAACCACTELTEE
TAGLEGETGETTTTTTI TG T TGrARGLAGCAGATTADG LG CAGAAAALALGEATCTCAAG ARG ATCCTTTGATCTTT T TAL GG GETCTEAL G TCAGT GEAA G AAAAC TCACGTTAAGEEATTTTGG TCATEN
GATTATCA ARG GA T T LA T A AT T T T T AT TAL A A TG A AT TT T AT LA TCT AL GTATATATGAG TAALCTTGETCTGACAGT TACCAAT GOTTAATCAG TR AGGCACCTATCTCAGEGATITG
TCTATTT G TT AT O ATAGT TG LT AT CLC LG T LG T TAGAT AALTACGATA DEGE AGE GUTTADCATCTEE CoCCAGT GU T AAT GATALCGOGAGA DL CACGCTCACCGGE LT CCAGATTTATCAGCALTA
AACCAGCCAGIOGEAAGEGLOGEA GG CAGAAGT G E T T G A T T TAT O GO LT AT LA G T TATTAAT TG T T G GEE AL G CTAGAG TAAG T AGTTCGCCAGTTAATAGTT TECGCAACGT TG TTGAAAL
AGGATCTTCACCTAGATOCTTT T CACG TAGAAA GO AG TO LG AGAAALGETGOTGA D L GG AT AL TG T A TACTGEGL TATC TEGACAAGGGALAACG CAAGIGCALAGAG AL G AGGTAGITTGA
GGG ECTTACA TG GATAGCTAGACT GG GG GTTTTATG GACAG CAR G LG AL DG G AT TG O CAG T GGG E G L LT TG G TAA GG TTG G GAAG OO CT G CAAAG TARACTGEATGE CTTTCTCGELGICAS
GOATCTGAT GGG A GEEEAT CAAGCTCT GAT CAAGAGACAGGAT GAGGATCGTT TG CATGAT TEAACRAGAT GG AT TECACGCAG GTTCTCOGECCGCT TE GG TE EAGAGECTATTCGGCTATGALT GGG
CACAACAGACAATOGGCTGOTCTGAT GOCG O aT T T O GG TG TCAG CGCAG GG GO CGGT T T T T T TG T CAAGACCGEAC TG TOCG TGO CTGAATG AACT GLAAGACGAGGCAGCGOGGLTATCG TG
GETEE AL GA GG G ETT O T TG G CAG LT GT GO TG A G T TG T CACT GAA G LG GAAG GG AL TG G TG TATT GGG LG AAGT GG GE G CAGGATCTCCTG TCATCTCACCTTGETCCTGOLGAG ARAGTA
TECATCATGG LT GATGCAA TG GG oG CTGCATACECTT EGAT L GG CTA LT GO CATT LG ACCACCAAGCE A ATCGCATCGAGCGAGCAC G TACT OEGEATGEAAGCCGETCTTG TCGATCAGGA TGATIT
GOADGAAGAGCATCAGEGG T CGCGOCAG COEAAC TG TTCGOCAGGIT CAAG GCGAGCAT GO OGA GG IGAGEATCTC G TCGTGAC DCATGGC AT GLCTGCT TGO GAATATCAT GO TG GAAALTGECLGD
T T GGATT LA TG AT GGG COGEE LT e GG TG TG e LA e LT AT A GG ACATAG T TEEC TAD LG TG AT AT TGO TEAAGAGLTT GEOEE CEAATG G GTGACCGLTTCCTCG TECTT TACGETATIG
OGO G AT T G LA LG AT G T T O AT GO T T T T A GAG T T T T O G AAT TT TG T TAAAATTTT TG TTAAAT CAG CTCATTT TTTAACCAATAG G CLGAAATCGECAACATOC CTTATAAAT CAALAG AL
TRGACCGOEATAGGETTGAGTGT TG TTCCAGT T TG R AACARG AGTCCACTATTASAG AACGTAGACTOCAACGTCAAAG GEIGAAAAACCGTCTATCAGGG DEATGGIOCACT ACGTGAACCATCAC DO AAAT
CAAETTTTT TGO E T CGAGGT e G TAAAG T L TAAAT DG AA L T A A G GEAG L GATTTAG A G TT GAC GG GG AR G DGR G AA DG TE G LEAGAAAGEANG EEALGAAAGIGAAAGGAGLGES
CECTAGE GG TEECAAGTETAGLEETCAC BTG CET A LA CACA L LG GO G CT TAA TG DG LG CTACAG G GGG T CCATTCGCCATTCAGG A TCGAAT TAATT CITAAT TAMCATCATCAATAATATA
COTT

Figure C1.3: pLenti-lll-p(Bmall)-3xHA-miniTurbo-13xLinker-mBmall Plasmid Sequence.
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APPENDIX D: Saint Express Analysis Results

Table D1.1: Saint express analysis of PER2-BiolD2 CT36 interactome data.

Bait Accession PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change

! PER2 P11498 PC 303 151.5 1 1 1 1 1 206.97 1515 0
2 PER2 P37802 TAGLN2 12 6 1 1 1 1 1 6.95 60 0
3 PER2 P05165 PCCA 74 37 1 1 1 1 1 51.96 370 0
4 PER2 P05166 PCCB 50 25 1 1 1 1 1 34.5 250 0
5 PER2 Q96RQ3 MCCC1 87 43.5 1 1 1 1 1 64.93 435 0
6 PER2 P15531 NME1 14 7 1 1 1 1 1 10.26 70 0
7 PER2 P00387 CYB5R3 18 9 1 1 1 1 1 10.26 90 0
8 PER2 P62820 RAB1A 15 7.5 1 1 1 1 1 11.87 75 0
o PER2 P07900 HSP90AAL 54 27 1 1 1 1 1 40.35 270 0

10
PER2 P62891 RPL39 8 4 1 k! 1 1 1 6.95 40 0

11
PER2 Q9HCCOo MCCC2 40 20 1 1 1 1 1 27.12 200 0

12
PER2 P78371 CCT2 18 9 1 1 1 1 1 5.93 18 0

13
PER2 P17252 PRKCA 37 18.5 1 1 1 1 1 5.85 12.33 0

14
PER2 P55072 VCP 36 18 1 1 1 1 1 13.37 9 0

15
PER2 P62258 YWHAE 12 6 1 1 1 1 1 10.26 60 0

16
PER2 P04075 ALDOA 10 5 1 1 1 1 1 8.63 50 0

17
PER2 P05455 SSB 10 5 1 1 1 1 1 6.95 50 0

18
PER2 P22626 HNRNPA2B1 8 4 1 1 1 1 1 6.95 40 0

19
PER2 Q9UKM9 RALY 10 5 1 1 1 1 1 6.95 50 0

20
PER2 P40926 MDH2 10 5 1 1 1 1 1 6.95 50 0

21
PER2 Q16526 CRY1 25 12.5 1 1 1 1 1 16.56 125 0

22
PER2 Q00610 CLTC 40 20 1 1 1 1 1 5.44 3.64 0

23
PER2 P12268 IMPDH2 10 5 1 1 1 1 1 6.95 50 0

24
PER2 P02545 LMNA 24 12 1 1 1 1 1 6.05 12 0

25
PER2 Q99832 CCT7 12 6 1 1 1 1 1 10.26 60 0

26
PER2 P40939 HADHA 24 12 1 1 1 1 1 4.8 12 0

27
PER2 Q09666 AHNAK 36 18 1 1 1 1 1 4.88 4 0

28
PER2 P14625 HSP90B1 21 10.5 1 1 1 1 1 15.01 105 0

29
PER2 Q16181 SEPT7 12 6 1 1 1 1 1 10.26 60 0

30
PER2 P60228 EIF3E 10 5 1 1 1 1 1 6.95 50 0

31
PER2 P43243 MATR3 15 7.5 1 1 1 1 1 10.26 75 0

32
PER2 QINWTS AURKAIP1 10 5 1 1 1 1 1 6.95 50 0

33
PER2 P06396 GSN 12 6 1 1 1 1 1 8.63 60 0

34
PER2 060506 SYNCRIP 12 6 1 1 1 1 1 10.26 60 0
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Table D1.1: Continued.

Bait Accession PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change

35
PER2 Q77406 MYH14 92 46 1 1 1 1 1 69.24 460 0

36
PER2 Q15139 PRKD1 12 6 1 1 1 1 1 10.26 60 0

37
PER2 Q49ANO CRY2 8 4 1 1 1 1 1 6.95 40 0

38
PER2 P43686 PSMC4 12 6 1 1 1 1 1 10.26 60 0

39
PER2 Q13085 ACACA 20 10 1 1 1 1 1 8.84 20 0

40
PER2 094806 PRKD3 8 4 1 1 1 1 1 6.95 40 0

41
PER2 P23246 SFPQ 8 4 1 1 1 1 1 6.95 40 0

42
PER2 QslyJ1 CPNE9 8 4 1 1 1 1 1 6.95 40 0

43
PER2 P49327 FASN 18 9 1 1 1 1 1 13.45 90 0

44
PER2 P06744 GPI 10 5 1 ! 1 1 1 6.95 50 0

45
PER2 Q9Y490 TLN1 15 7.5 1 1 1 1 1 7.38 15 0

46
PER2 A6NHR9 SMCHD1 12 6 1 1 1 1 1 10.26 60 0

a7
PER2 Q14315 FLNC 20 10 1 1 1 1 1 16.56 100 0

48
PER2 P17096 HMGA1 6 B] 0.98 1 0.98 1 0.98 3.36 30 0

49
PER2 Q15287 RNPS1 17 8.5 0.98 1 0.98 1 0.98 3.13 5.67 0
50 PER2 P23381 WARS 6 3 0.98 1 0.98 1 0.98 3.36 30 0

51
PER2 A6NIZ1 RP1BL 6 3 0.98 1 0.98 1 0.98 3.36 30 0

52
PER2 B2RPKO HMGB1P1 6 3 0.98 1 0.98 1 0.98 3.36 30 0
53 PER2 000429 DNM1L 6 3 0.98 1 0.98 1 0.98 3.36 30 0

54
PER2 P26599 PTBP1 8 4 0.98 1 0.98 1 0.98 3.36 40 0

55
PER2 P34932 HSPA4 6 3 0.98 1 0.98 1 0.98 3.36 30 0

56
PER2 Q96HE7 ERO1L 6 3 0.98 1 0.98 1 0.98 3.36 30 0

57
PER2 P42285 SKIV2L2 6 3 0.98 1 0.98 1 0.98 3.36 30 0

58
PER2 P55084 HADHB 6 3 0.98 1 0.98 1 0.98 3.36 30 0

59
PER2 P63172 DYNLT1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
60 PER2 P13639 EEF2 28 14 0.97 0.99 0.97 0.99 0.97 2.84 3.5 0

61
PER2 075915 ARL6IP5 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0

62
PER2 Q15691 MAPRE1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0

63
PER2 P48643 CCT5 16 8 0.97 0.97 0.97 0.97 0.97 3.53 8 0

64
PER2 P30084 ECHS1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
65 PER2 P59998 ARPC4 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0

66
PER2 Q07666 KHDRBS1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
&7 PER2 P00846 MT-ATP6 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0

68
PER2 P07954 FH 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
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69
PER2 QINVD7 PARVA 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
70
PER2 075718 CRTAP 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
71
PER2 P55010 EIFS 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
72 Uncharacterized
PER2 F8W031 protein 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
73
PER2 Q8IV32 CCDC71 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
74
PER2 Q00005 PPP2R2B 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
s PER2 Q32P51 HNRNPA1L2 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
76
PER2 P30419 NMT1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
77
PER2 P30153 PPP2R1A 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
78
PER2 A6NEO9 RPSAP58 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
79
PER2 Q9COH2 TTYH3 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
80 PER2 Q07065 CKAP4 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
81
PER2 060488 ACSL4 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
82
PER2 P39656 DDOST 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
83
PER2 Q9Y373 SAMHD1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
84 PER2 Q8WU90 ZC3H15 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
85
PER2 Q96AC1 FERMT2 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
86
PER2 P43003 SLC1A3 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
87
PER2 000116 AGPS 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
88
PER2 Q9UBB4 ATXN10 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
89 PER2 Q14697 GANAB 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
90
PER2 Q8WX93 PALLD 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
91
PER2 Q13813 SPTAN1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
92
PER2 P53396 ACLY 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
93
PER2 Q01082 SPTBN1 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
94
PER2 Q5VYK3 ECM29 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
95
PER2 QINZM1 MYOF 4 2 0.97 0.97 0.97 0.97 0.97 3.36 20 0
% PER2 Q15084 PDIA6 8 4 0.96 0.96 0.96 0.96 0.96 3.06 8 0.02
97
PER2 P27708 CAD 16 8 0.95 0.95 0.95 0.95 0.95 2.88 4 0.02
98
PER2 P50990 CCT8 14 7 0.94 0.97 0.94 0.97 0.94 221 7 0.02
9 PER2 P07477 PRSS1 57 28.5 0.94 1 0.94 1 0.94 2 3.17 0.02
100
PER2 Q14974 KPNB1 28 14 0.92 1 0.92 1 0.92 1.64 3.5 0.02
101
PER2 P42766 RPL35 26 13 0.91 0.98 0.91 0.98 0.91 1.64 3.25 0.02
102
PER2 Q04637 EIF4G1 12 6 0.9 0.9 0.9 0.9 0.9 2.21 6 0.02
103
PER2 Q9Hou4 RAB1B 21 10.5 0.89 0.91 0.89 0.91 0.89 1.97 5.25 0.02
104
PER2 P04792 HSPB1 14 7 0.79 0.95 0.79 0.95 0.79 0.52 3.5 0.02
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105

PER2 P13010 XRCC5 16 8 0.71 0.88 0.71 0.88 0.71 0.15 4 0.02
106

PER2 P31942 HNRNPH3 8 4 0.71 0.71 0.71 0.71 0.71 0.89 4 0.02
107

PER2 P48730 CSNK1D 12 6 0.63 0.63 0.63 0.63 0.63 0.52 3 0.03
108

PER2 075533 SF3B1 12 6 0.63 0.63 0.63 0.63 0.63 0.52 3 0.03
109

PER2 000410 IPO5 12 6 0.63 0.63 0.63 0.63 0.63 0.52 3 0.03
110

PER2 Q86VP6 CAND1 7 3.5 0.61 0.71 0.61 0.71 0.61 0.03 3.5 0.04
111

PER2 P62937 PPIA 17 8.5 0.6 0.75 0.6 0.75 0.6 -0.16 2.83 0.04
112

PER2 P07910 HNRNPC 10 5 0.59 0.76 0.59 0.76 0.59 -0.27 3.33 0.04

Table D1.2: Saint express analysis of PER2-BiolD2 CT48 interactome data.
Bait Accession PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change

! PER2 P11498 PC 353 176.5 1 1 1 1 1 253.93 1765 0
2 PER2 P05166 PCCB 103 51.5 1 1 1 1 1 72.47 515 0
3 PER2 P06899 HIST1H2BJ 116 58 1 1 1 1 1 83.92 580 0
4 PER2 P05165 PCCA 167 83.5 1 1 1 1 1 116.69 835 0
5 PER2 Q9HCCO MCCC2 134 67 1 1 1 1 1 93.91 670 0
6 PER2 Q96RQ3 MCCC1 141 70.5 1 1 1 1 1 103.88 705 0
7 PER2 P22392 NME2 25 12.5 1 1 1 1 1 18.46 125 0
8 PER2 P06733 ENO1 48 24 1 1 1 1 1 8.68 3.69 0
9 PER2 Q13085 ACACA 219 109.5 1 1 1 1 1 157.82 1095 0
10

PER2 P63104 YWHAZ 23 11.5 1 1 1 1 1 18.46 115 0
11

PER2 P17096 HMGA1 8 4 1 1 1 1 1 7.31 40 0
12

PER2 P13639 EEF2 60 30 1 1 1 1 1 7.61 15 0
13

PER2 Q15149 PLEC 378 189 1 1 1 1 1 329 3.02 0
14

PER2 P00558 PGK1 20 10 1 1 1 1 1 16.92 100 0
15

PER2 P09651 HNRNPA1 27 13.5 1 1 1 1 1 19.98 135 0
16

PER2 P22626 HNRNPA2B1 18 9 1 1 1 1 1 13.81 90 0
17

PER2 P07900 HSP90AA1 51 25.5 1 1 1 1 1 36.33 255 0
18

PER2 P78371 CCT2 26 13 1 1 1 1 1 6.27 5.2 0
19

PER2 P21796 VDAC1 16 8 1 1 1 1 1 13.81 80 0
20

PER2 B2RPKO HMGB1P1 12 6 1 1 1 1 1 8.99 60 0
21

PER2 Q15084 PDIA6 13 6.5 1 1 1 1 1 10.63 65 0
22

PER2 P00387 CYB5R3 14 7 1 1 1 1 1 10.63 70 0
23

PER2 P17252 PRKCA 33 16.5 1 1 1 1 1 25.99 165 0
24

PER2 P02545 LMNA 30 15 1 1 1 1 1 7.36 6 0
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25

PER2 P55795 HNRNPH2 16 8 1 1 1 1 1 10.63 80 0
26

PER2 P40926 MDH2 16 8 1 1 1 1 1 10.63 80 0
27

PER2 P39019 RPS19 8 4 1 1 1 1 1 7.31 40 0
28

PER2 Q9Y3U8 RPL36 8 4 1 1 1 1 1 7.31 40 0
29

PER2 P40939 HADHA 30 15 1 1 1 1 1 24.5 150 0
30

PER2 Q99714 HSD17B10 12 6 1 1 1 1 1 10.63 60 0
31

PER2 P23246 SFPQ 16 8 1 1 1 1 1 10.63 80 0
32

PER2 P21333 FLNA 102 51 1 1 1 1 1 30.04 5.67 0
33

PER2 P61020 RAB5B 8 4 1 1 1 1 1 7.31 40 0
34

PER2 PODMV8 HSPA1A 22 11 1 1 1 1 1 16.92 110 0
35

PER2 Q14974 KPNB1 30 15 1 1 1 1 1 4.95 5 0
36

PER2 P04075 ALDOA 10 5 1 1 1 1 1 8.99 50 0
37

PER2 Q9HDC9 APMAP 8 4 1 1 1 1 1 7.31 40 0
38

PER2 P11413 G6PD 17 8.5 1 1 1 1 1 13.81 85 0
39

PER2 P55072 VCP 45 22.5 1 1 1 1 1 4.88 11.25 0
40

PER2 P51991 HNRNPA3 9] 4.5 1 1 1 1 1 7.31 45 0
41

PER2 P43243 MATR3 24 12 1 1 1 1 1 5.41 6 0
42

PER2 P15311 EZR 22 11 1 1 1 1 1 18.46 110 0
43

PER2 P50990 CCT8 16 8 1 1 1 1 1 12.23 80 0
44

PER2 Q99832 CCT7 18 9 1 1 1 1 1 13.81 90 0
45

PER2 P35270 SPR 8 4 1 1 1 1 1 7.31 40 0
46

PER2 P02538 KRT6A 24 12 1 1 1 1 1 16.92 120 0
47

PER2 P47756 CAPZB 7 3.5 1 1 1 1 1 5.57 35 0
48

PER2 P14625 HSP90B1 34 17 1 1 1 1 1 23 170 0
49

PER2 Q04695 KRT17 18 9 1 1 1 1 1 13.81 90 0
50

PER2 Q16526 CRY1 20 10 1 1 1 1 1 16.92 100 0
51

PER2 P12814 ACTN1 24 12 1 1 1 1 1 7.68 6 0
52

PER2 A6NIZ1 RP1BL 8 4 1 1 1 1 1 7.31 40 0
53

PER2 QINWTS AURKAIP1 12 6 1 1 1 1 1 10.63 60 0
54

PER2 P22234 PAICS 14 7 1 1 1 1 1 10.63 70 0
55

PER2 075390 [ 12 6 1 1 1 1 1 10.63 60 0
56

PER2 043707 ACTN4 22 11 1 1 1 1 1 16.92 110 0
57

PER2 060506 SYNCRIP 14 7 1 1 1 1 1 6.29 14 0
58

PER2 Q86YQ8 CPNE8 12 6 1 1 1 1 1 10.63 60 0
59

PER2 P49327 FASN 35 17.5 1 1 1 1 1 13.73 8.75 0
60

PER2 P31942 HNRNPH3 8 4 1 1 1 1 1 7.31 40 0
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61
PER2 Q49ANO CRY2 8 4 1 1 1 1 1 7.31 40 0

62
PER2 P07237 P4HB 10 5 1 1 1 1 1 7.31 50 0

63
PER2 P39656 DDOST 8 4 1 1 1 1 1 7.31 40 0

64
PER2 P42704 LRPPRC 16 8 1 1 1 1 1 10.63 80 0

65
PER2 P19367 HK1 12 6 1 1 1 1 1 10.63 60 0

66
PER2 P02786 TFRC 8 4 1 1 1 1 1 7.31 40 0

67
PER2 060732 MAGEC1 12 6 1 1 1 1 1 10.63 60 0

68
PER2 Q07065 CKAP4 14 7 1 1 1 1 1 7.31 70 0

69
PER2 P25205 MCM3 8 4 1 1 1 1 1 7.31 40 0

70
PER2 Q96HE7 ERO1L 8 4 1 1 1 1 1 7.31 40 0

71
PER2 094808 GFPT2 8 4 1 1 1 1 1 7.31 40 0

72
PER2 094806 PRKD3 8 4 1 1 1 1 1 7.31 40 0

73
PER2 Q8IV36 HID1 12 6 1 1 1 1 1 5.57 60 0

74
PER2 P08708 RPS17 20 10 0.99 1 0.99 1 0.99 3.89 10 0

75
PER2 P51572 BCAP31 7 3.5 0.99 1 0.99 1 0.99 3.72 35 0

76
PER2 Q14103 HNRNPD 12 6 0.99 1 0.99 1 0.99 3.72 60 0

77
PER2 P62258 YWHAE 10 5 0.99 1 0.99 1 0.99 3.72 50 0

78
PER2 P61927 RPL37 5 2.5 0.99 1 0.99 1 0.99 3.72 25 0

79
PER2 P50395 GDI2 14 7 0.99 1 0.99 1 0.99 3.86 7 0
80 PER2 Q9UL46 PSME2 6 3 0.99 1 0.99 1 0.99 3.72 30 0

81
PER2 Q15233 NONO 19 9.5 0.99 0.99 0.99 0.99 0.99 4.54 9.5 0

82
PER2 P26599 PTBP1 8 4 0.99 1 0.99 1 0.99 3.72 40 0

83
PER2 P30566 ADSL 6 3 0.99 1 0.99 1 0.99 3.72 30 0

84
PER2 Q14697 GANAB 18 9 0.99 1 0.99 1 0.99 4.63 6 0
8 PER2 Q09666 AHNAK 39 19.5 0.99 1 0.99 1 0.99 4.35 9.75 0

86
PER2 P49755 TMED10 6 3 0.99 1 0.99 1 0.99 3.72 30 0

87
PER2 095433 AHSA1 6 3 0.99 1 0.99 1 0.99 3.72 30 0

88
PER2 Q15691 MAPRE1 6 3 0.99 1 0.99 1 0.99 3.72 30 0

89
PER2 Q12906 ILF3 11 5.5 0.99 1 0.99 1 0.99 3.72 55 0

90
PER2 Q99729 HNRNPAB 6 3 0.99 1 0.99 1 0.99 3.72 30 0

91
PER2 Q9H307 PNN 7 3.5 0.99 1 0.99 1 0.99 3.72 35 0

92
PER2 P04181 OAT 6 3 0.99 1 0.99 1 0.99 3.72 30 0

93
PER2 P27695 APEX1 6 3 0.99 1 0.99 1 0.99 3.72 30 0

94
PER2 P51665 PSMD7 6 3 0.99 1 0.99 1 0.99 3.72 30 0

95
PER2 P05556 ITGB1 6 3 0.99 1 0.99 1 0.99 3.72 30 0

96
PER2 P22314 UBA1 6 3 0.99 1 0.99 1 0.99 3.72 30 0
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PER2 Q9NQC3 RTN4 6 3 0.99 1 0.99 1 0.99 3.72 30 0
98
PER2 Q3KQu3 MAP7D1 5 2.5 0.99 1 0.99 1 0.99 3.72 25 0
99
PER2 P55084 HADHB 11 5.5 0.99 1 0.99 1 0.99 3.72 55 0
100
PER2 P18206 VCL 6 3 0.99 1 0.99 1 0.99 3.72 30 0
101
PER2 P06396 GSN 5 2.5 0.99 1 0.99 1 0.99 3.72 25 0
102
PER2 043747 AP1G1 5 2.5 0.99 1 0.99 1 0.99 3.72 25 0
103
PER2 P29317 EPHA2 8 4 0.99 1 0.99 1 0.99 3.72 40 0
104
PER2 P24821 TNC 5 2.5 0.99 1 0.99 1 0.99 3.72 25 0
105
PER2 Q5T4S7 UBR4 5 2.5 0.99 1 0.99 1 0.99 3.72 25 0
106
PER2 P62937 PPIA 18 9 0.98 1 0.98 1 0.98 3.24 9 0
107
PER2 P63173 RPL38 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
108
PER2 P12956 XRCC6 32 16 0.98 0.98 0.98 0.98 0.98 3.76 3.2 0
109
PER2 Q9POLO VAPA 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
110 4
PER2 K7EPI3 Unchrctrzd protein 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
111
PER2 Q9P2X0 DPM3 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
112
PER2 Q9Y3B4 SF3B6 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
113
PER2 P25787 PSMA2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
114
PER2 Q16762 TST 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
115
PER2 P04183 TK1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
116
PER2 014818 PSMA7 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
117
PER2 Q14696 MESDC2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
118
PER2 P51149 RAB7A 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
119
PER2 000764 PDXK 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
120
PER2 P54619 PRKAG1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
121
PER2 Q02750 MAP2K1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
122
PER2 Q14919 DRAP1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
123
PER2 Q9COK3 ACTR3C 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
124
PER2 P59998 ARPC4 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
125
PER2 P68400 CSNK2A1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
126
PER2 P52209 PGD 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
127
PER2 Q9BW60 ELOVL1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
128
PER2 P62491 RAB11A 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
129
PER2 P07954 FH 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
130
PER2 095251 KAT7 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
131
PER2 P40925 MDH1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
132
PER2 P53007 SLC25A1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
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133

PER2 P30040 ERP29 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
134

PER2 P25789 PSMA4 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
135

PER2 P61160 ACTR2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
136

PER2 P50552 VASP 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
137

PER2 Q9UHDS8 SEPT9 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
138

PER2 Q8TBX8 PIP4K2C 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
139

PER2 P05455 SSB 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
140

PER2 075844 ZMPSTE24 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
141

PER2 Q13243 SRSF5 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
142

PER2 P08240 SRPR 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
143

PER2 Q14254 FLOT2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
144

PER2 Qs8Iv32 CCDC71 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
145

PER2 Q9Y512 SAMMS50 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
146

PER2 P49761 CLK3 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
147

PER2 P19338 NCL 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
148

PER2 Q9Y265 RUVBL1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
149

PER2 094826 TOMM70A 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
150

PER2 P11182 DBT 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
151

PER2 Q13148 TARDBP 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
152

PER2 P30419 NMT1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
153

PER2 P78395 PRAME 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
154

PER2 P30153 PPP2R1A 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
155

PER2 P33176 KIF5B 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
156

PER2 Q9BUJ2 HNRNPUL1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
157

PER2 P27824 CANX 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
158

PER2 P30101 PDIA3 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
159

PER2 Q01082 SPTBN1 12 6 0.98 1 0.98 1 0.98 3.42 12 0
160

PER2 Q13200 PSMD2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
161

PER2 P51659 HSD17B4 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
162

PER2 Q15139 PRKD1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
163

PER2 P34932 HSPA4 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
164

PER2 QI9NV70 EXOC1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
165

PER2 QINPQS RIC8A 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
166

PER2 P08243 ASNS 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
167

PER2 Q8NI36 WDR36 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
168

PER2 P12268 IMPDH2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
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PER2 P28838 LAP3 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
170

PER2 P57740 NUP107 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
171

PER2 Q14566 MCM6 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
172

PER2 Q6P148 DARS2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
173

PER2 Q93009 UspP7 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
174

PER2 P43304 GPD2 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
175

PER2 Q07157 TIP1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
176

PER2 P51610 HCFC1 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
177

PER2 P12270 TPR 4 2 0.98 0.98 0.98 0.98 0.98 3.72 20 0
178

PER2 P62891 RPL39 8 4 0.97 0.97 0.97 0.97 0.97 3.42 8 0.01
179

PER2 P07910 HNRNPC 17 8.5 0.97 0.99 0.97 0.99 0.97 3.24 4.25 0.01
180

PER2 P52272 HNRNPM 30 15 0.97 0.99 0.97 0.99 0.97 2.89 3.33 0.01
181

PER2 P08758 ANXAS 14 7 0.95 0.98 0.95 0.98 0.95 2.58 7 0.01
182

PER2 P46940 IQGAP1 14 7 0.95 0.98 0.95 0.98 0.95 2.58 7 0.01
183

PER2 P42766 RPL35 29 14.5 0.94 1 0.94 1 0.94 2 3.62 0.01
184

PER2 P11586 MTHFD1 8 4 0.94 0.99 0.94 0.99 0.94 2.02 8 0.01
185

PER2 P60953 CDC42 15 7.5 0.93 0.96 0.93 0.96 0.93 2.09 3.75 0.01
186

PER2 075396 SEC22B 12 6 0.93 0.93 0.93 0.93 0.93 2.58 6 0.01
187

PER2 P49368 CCT3 20 10 0.93 0.93 0.93 0.93 0.93 2.65 3.33 0.01
188

PER2 Q9Y490 TLN1 24 12 0.93 1 0.93 1 0.93 1.77 4.8 0.01
189

PER2 P23526 AHCY 13 6.5 0.88 0.99 0.88 0.99 0.88 1.25 6.5 0.01
190

PER2 P22570 FDXR 12 6 0.88 0.98 0.88 0.98 0.88 1.25 6 0.01
191

PER2 Q01518 CAP1 10 5 0.87 0.87 0.87 0.87 0.87 1.9 5 0.02
192

PER2 QINTKS OLA1 15 7.5 0.85 0.99 0.85 0.99 0.85 0.89 3.75 0.02
193

PER2 P04792 HSPB1 17 8.5 0.84 0.91 0.84 0.91 0.84 1.15 4.25 0.02
194

PER2 P22102 GART 14 7 0.84 0.96 0.84 0.96 0.84 0.89 3.5 0.02
195

PER2 Q9Y6V0 PCLO 7 3.5 0.83 0.99 0.83 0.99 0.83 0.68 7 0.02
196

PER2 P32322 PYCR1 6 3 0.82 0.97 0.82 0.97 0.82 0.68 6 0.02
197

PER2 P13674 P4HA1 8 4 0.78 0.78 0.78 0.78 0.78 1.25 4 0.02
198

PER2 P04844 RPN2 8 4 0.78 0.78 0.78 0.78 0.78 1.25 4 0.02
199

PER2 P26639 TARS 8 4 0.78 0.78 0.78 0.78 0.78 1.25 4 0.02
200

PER2 P48643 CCT5 20 10 0.77 0.99 0.77 0.99 0.77 0.21 3.33 0.02
201

PER2 P26641 EEF1G 34 17 0.76 0.93 0.76 0.93 0.76 0.33 2.83 0.02
202

PER2 P07737 PFN1 8 4 0.73 0.87 0.73 0.87 0.73 0.4 4 0.02
203

PER2 P07814 EPRS 8 4 0.73 0.87 0.73 0.87 0.73 0.4 4 0.02
204

PER2 Q12905 ILF2 12 6 0.71 0.71 0.71 0.71 0.71 0.89 3 0.03
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Table D1.2: Continued.

Bait Accession PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change

205
PER2 Q9HOU4 RAB1B 27 13.5 0.69 0.83 0.69 0.83 0.69 0.19 3.38 0.03

206
PER2 095372 LYPLA2 4 2 0.66 0.66 0.66 0.66 0.66 0.68 4 0.03

207
PER2 P09211 GSTP1 4 2 0.66 0.66 0.66 0.66 0.66 0.68 4 0.03

208
PER2 043795 MYO1B 16 8 0.66 0.98 0.66 0.98 0.66 -0.72 3.2 0.04

209
PER2 QONVD7 PARVA 4 2 0.66 0.66 0.66 0.66 0.66 0.68 4 0.03

210
PER2 Q08J23 NSUN2 4 2 0.66 0.66 0.66 0.66 0.66 0.68 4 0.03

211
PER2 Q16531 DDB1 4 2 0.66 0.66 0.66 0.66 0.66 0.68 4 0.03

212
PER2 P19105 MYL12A 22 11 0.63 0.88 0.63 0.88 0.63 -0.48 2.75 0.04

213
PER2 Q9P2E9 RRBP1 19 9.5 0.62 0.81 0.62 0.81 0.62 -0.27 3.17 0.04

214
PER2 P37108 SRP14 6 3 0.6 0.6 0.6 0.6 0.6 0.4 3 0.04

215
PER2 P06576 ATP5B 27 13.5 0.58 0.93 0.58 0.93 0.58 -1.17 2.7 0.04

Table D1.3: Saint express analysis of MT-BMAL1 Set1 top bottleneck proteins.

Bait Accession PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change
1 BMALL Q13882 PTK6 3 3 0.99 0.99 0.99 0.99 0.99 4.45 30 0
2 BMAL1 P06241 FYN 3 3 0.99 0.99 0.99 0.99 0.99 4.45 30 0
3 BMALL Q9H2U1 DHX36 2 2 0.93 0.93 0.93 0.93 0.93 2.61 20 0.02
4 BMAL1 P04899 GNAI2 2 2 0.93 0.93 0.93 0.93 0.93 2.61 20 0.02

Table D1.4: Saint express analysis of MT-BMAL1 Set2 top bottleneck proteins.

Bait Prey PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR

Sum Spec AvgP MaxP Score Score Change
1 BMAL1 Q14240 EIF4A2 10 10 1 1 1 1 1 15.9 100 0
2 BMAL1 Q9oH2U1 DHX36 3 3 0.99 0.99 0.99 0.99 0.99 4.54 30 0
3 BMAL1 P49841 GSK3B 2 2 0.94 0.94 0.94 0.94 0.94 2.7 20 0.01
4 BMAL1 000327 ARNTL 2 2 0.94 0.94 0.94 0.94 0.94 2.7 20 0.01

Table D1.5: Saint express analysis of p(Bmall)-MT-BMAL1 CT32 interactome data.

Bait Prey PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change

1
BMAL1 POCOS5 H2AZ1 56 28 0.92 1 0.92 1 0.92 1.62 3.29 0

2
BMAL1 PODMV8 HSPA1A 6 3 0.79 0.98 0.79 0.98 0.79 0.39 30 0

3
BMAL1 P11498 PC 15 7.5 0.64 0.99 0.64 0.99 0.64 -0.88 7.5 0.21

4
BMAL1 P31153 MAT2A 4 2 0.6 0.6 0.6 0.6 0.6 0.39 20 0.28

5
BMAL1 P54198 HIRA 4 2 0.6 0.6 0.6 0.6 0.6 0.39 20 0.28

6
BMAL1 QINZM5 NOP53 4 2 0.55 0.55 0.55 0.55 0.55 0.22 20 0.08
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Table D1.5: Continued.

Bait Prey PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Spec AvgP MaxP Score Score Change

7
BMAL1 Q9Y4W6 AFG3L2 2|2 2 0.55 0.55 0.55 0.55 0.55 0.22 20 0.08

8
BMALL 043747 AP1G1 2|2 2 0.55 0.55 0.55 0.55 0.55 0.22 20 0.08

9
BMALL P13674 P4HA1 6|6 6 0.51 0.51 0.51 0.51 0.51 0.02 6 0.35

Table D1.6: Saint express analysis of p(Bmall)-MT-BMAL1 CT44
interactome data.
Bait Prey PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Spec AvgP MaxP Score Score Change

1 BMAL1 P08708 RPS17 16]13 14.5 1 1 1 1 1 7.36 29 0
2 BMAL1 060361 NME2P1 9|9 9 1 1 1 1 1 5.5 9 0
3 BMAL1 PODMV8 HSPA1A 12|16 14 1 1 1 1 1 18.59 140 0
4 BMAL1 P24844 MYL9 12]11 11.5 0.99 1 0.99 1 0.99 4.48 5.75 0
5 BMAL1 P19105 MYL12A 22|18 20 0.98 1 0.98 1 0.98 3.25 3.64 0.01
6 BMAL1 P20648 ATP4A 3|3 3 0.98 0.98 0.98 0.98 0.98 4.18 30 0
7 BMAL1 P02511 CRYAB 717 7 0.97 0.97 0.97 0.97 0.97 3.43 14 0.01
8 BMAL1 POCOS5 H2AZ1 29|25 27 0.96 1 0.96 1 0.96 2.53 3.18 0.01
9 BMAL1 P35659 DEK 15|11 13 0.96 1 0.96 1 0.96 2.43 4.33 0.01
10 BMAL1 Q14919 DRAP1 2|4 3 0.95 1 0.95 1 0.95 2.34 30 0.02
11 BMAL1 P20073 ANXA7 2|3 2.5 0.95 0.98 0.95 0.98 0.95 2.34 25 0.02
12 BMAL1 094806 PRKD3 3|2 2.5 0.95 0.98 0.95 0.98 0.95 2.34 25 0.02
13 BMAL1 P26583 HMGB2 6|6 6 0.94 0.94 0.94 0.94 0.94 2.72 12 0.03
14 BMAL1 Q03252 LMNB2 5|6 5.5 0.94 0.97 0.94 0.97 0.94 2.26 7.33 0.03
15 BMAL1 P04792 HSPB1 18|24 21 0.91 1 0.91 1 0.91 1.5 3.82 0.06
16 BMAL1 014602 EIF1AY 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
17 BMAL1 P09132 SRP19 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
18 BMAL1 Q9P287 BCCIP 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
19 BMAL1 P61221 ABCE1 5|6 5.5 0.91 0.94 0.91 0.94 0.91 1.98 11 0.06
20 BMAL1 Q16630 CPSF6 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
21 BMAL1 Q92604 LPGAT1 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
22 BMAL1 Q14699 RFTN1 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
23 BMAL1 Q00059 TFAM 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
24 BMAL1 Q14195 DPYSL3 2[2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
25 BMAL1 Q8WVX9 FAR1 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
26 BMAL1 076031 CLPX 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
27 BMAL1 P41250 GARS1 2[2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
28 BMAL1 Q8N2M8 CLASRP 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
29 BMAL1 Q96ST3 SIN3A 2|2 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
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Table D1.6: Continued.

Bait Prey PreyGene Spec Avg AvgP MaxP Topo Topo Saint logOdds Fold BFDR
Sum Spec AvgP MaxP Score Score Change

30 BMAL1 Q9HCE3 ZNF532 4 2 0.91 0.91 0.91 0.91 0.91 2.34 20 0.03
31 BMALL Q9H307 PNN 20 10 0.88 0.88 0.88 0.88 0.88 2 3.64 0.06
32 BMALL P33992 MCM5 10 5 0.85 0.97 0.85 0.97 0.85 0.96 6.67 0.06
33 BMAL1 060506 SYNCRIP 24 12 0.71 0.99 0.71 0.99 0.71 -0.28 3.43 0.07
34 BMALL Q14203 DCTN1 4 2 0.63 0.63 0.63 0.63 0.63 0.52 8 0.07
35 BMAL1 060281 ZNF292 4 2 0.63 0.63 0.63 0.63 0.63 0.52 8 0.07
36 BMALL P55884 EIF3B 7 3.5 0.62 0.88 0.62 0.88 0.62 -0.54 7 0.09
37 BMAL1 QouQso PA2G4 10 5 0.6 0.6 0.6 0.6 0.6 0.4 5 0.1
38 BMAL1 P31930 UQCRC1 6 3 0.57 0.77 0.57 0.77 0.57 -0.54 6 0.11
39 BMALL QINYF8 BCLAF1 28 14 0.55 0.99 0.55 0.99 0.55 -2.21 3.11 0.11
40 BMAL1 P62195 PSMC5 17 8.5 0.52 0.88 0.52 0.88 0.52 -1.64 3.09 0.12
41 BMALL 043615 TIMM44 8 4 0.52 0.52 0.52 0.52 0.52 0.06 4 0.13
42 BMAL1 P68032 ACTC1 165 82.5 0.51 1 0.51 1 0.51 -3.73 2.77 0.14
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