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ABSTRACT 

Per-ARNT- Sim (PAS) domains are modular protein units those are critical for 

regulation of clock-controlled gene expression. The mammalian BMAL1 and CLOCK are 

the transcription factors that contain two basic helix-loop-helix domains and bind E-box 

elements (CACGTG) of clock regulated genes including the Period and Cryptochrome and 

activate their transcription. Then the PERIOD (PER) and CRYPTOCHROME (CRY) 

proteins form ternary complexes with casein kinase Iε (CKIε) in the cytoplasm and 

translocate into the nucleus, where they act as a negative regulator of BMAL1/CLOCK-

driven transcription. To understand the nature of interaction between PER2-CLOCK-

BMAL1 complex, we performed structure based analysis on protein-protein interactions 

(PPI) those formed via PAS domains of clock proteins. This complex was analyzed by 

using structural data and efficient structural comparison algorithms to predict potential 

interactions. Since there are no available atomic structures for our proteins of interest, 

homology models are used. In our model, BMAL1 and CLOCK interacts with each other 

through their PAS B domains and the PER2 interacts with this dimer through the PAS B 

domain of the CLOCK.  On BMAL1/CLOCK interface, we found 12 hotspots, 7 residues 

on BMAL1 (347,349,362,405,427,429,441), 5 residues on CLOCK (317, 338, 350, 

352,376).  On PER2/CLOCK interface, 8 hotspots are found, 3 residues on PER2 (414, 

429,431) and 5 residues on CLOCK (332,354,356,333,361). Here we show how, using 

structural data and efficient comparison algorithms can explain forming the clock 

complexes at the molecular level. This study is not only important to understand clock 

mechanism at structural level but also will allow us to develop drugs against clock-

regulated diseases, like Jet-Lag and some forms of depression. 
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ÖZET 

Per-ARNT-Sim domainleri zaman kontrollü genlerin düzenlenmesinde çok önemli 

rolleri olan modüler protein birimleridir. Memeli transkripsiyon faktörlerinden BMAL1 ve 

CLOCK iki sarmal domainine sahiptir ve Period ve Cryptochrome zaman genlerinde 

bulunan E-box elementine (CACGTG) bağlanarak onların ekspresyonunu arttırır (geri 

besleme döngüsünün pozitif kolu).  PERIOD (PER) and CRYPTOCHROME (CRY) 

proteinleri ise the BMAL1/CLOCK heterodimerinin arttırdığı ekspresyonu engeller (geri 

besleme döngüsünün negatif kolu). PER ve CRY sitoplazmada kasein kinaz Iε (CKIε) ile 

birlikte üçlü bir kompleks oluşturur. Bu üçlü yapı hücre çekirdeğine yerleşerek 

BMAL1/CLOCK aktifleştirdiği genleri susturur.  Bu üçlü kompleksin yapısını 

anlayabilmek için proteinlerinin yapısında bulunan PAS domainleri arasındaki protein -

protein etkileşimi üzerine yapısal analizler yaptık. Bu çoklu  yapı, yapısal data ve 

potansiyel etkileşimi tahmin edebilen etkili karşılaştırma algoritmaları kullanılarak analiz 

edildi. Elimizde ilgilendiğimiz proteinlerin atomik yapıları bulunmadığından bu 

proteinlerin homolog modelleri yapısal data olarak kullanıldı. Modelimize göre BMAL1 ve 

CLOCK proteinleri birbirleriyle PAS B domainleriyle etkileşime giriyor ve PER2 bu ikili 

yapıya CLOCK’un PAS domaini aracılığıyla bağlanıyor. BMAL1/CLOCK etkileşim 

yüzeyinde 12 önemli amino asit bulduk. 7 tanesi (347,349,362,405,427,429,441)  

BMAL1’de ve 5 tanesi (317, 338, 350, 352,376) CLOCK üzerinde. PER2/CLOCK 

yüzeyinde 8 önemli aminoasit bulduk, 3 tanesi (414, 429,431)  PER2’de ve 5 tanesi 

(332,354,356,333,361) CLOCK üzerinde. Bu çalışmada yapısal verinin ve verimli 

karşılaştırma algoritmalarının, biyolojik saat proteinlerinin moleküler boyuttaki 

etkileşimlerini nasıl açıklayacağını gösterdik.  Bu çalışma sadece zaman mekanizmasınının 

etkileşimlerini moleküler boyutta göstermekle kalmayıp zaman proteinlerinin 

düzenlemesinin bozulmasıyla oluşan Jet-Lag ve bazı depresyon çeşitlerine karşı ilaç 

geliştirilmesinde yardımcı olacaktır. 



 

v 

 

ACKNOWLEDGEMENTS 

I would like to thank my advisors Prof. Özlem Keskin, Prof. Attila Gürsoy and 

Assoc. Prof. I. Halil Kavaklı for providing me this opportunity for graduate research. It 

was a great chance for me to study with them- their experience and support provided me a 

valuable work experience in interdisciplinary era.  

I am particularly grateful to Gözde Kar, Engin Çukuroğlu and Özge Engin for 

their generous help regarding to the computational procedures and motivation throughout 

my graduate study. 

Thanks  to all people in my office, Emine Güven, Ömer An, Büşra Topal, Tuğçe 

Yıldızoğlu, Halil Peynirci and Pelin Atıcı  for their friendly integration and support, 

especially. I will never forget all the cheerful moments, we spent together. 

Finally, I thank to my family who gave me their never- ending support and patience 

during every moment of my life. 

 

 

 

 

 

 

 



 

vi 

 

TABLE OF CONTENTS 

 

List of Tables         vii 

 

List of Figures         viii 

 

Nomenclature           ix 

 

1 INTRODUCTION........................................................................................................ 1 

2 LITERATURE REVIEW ........................................................................................... 4 

2.1 Overview Circadian Rhythm ................................................................................... 4 

2.2 Mammalian Circadian Clock .................................................................................. 5 

2.3 Molecular Regulation of the Circadian Clock......................................................... 7 

2.3.1 CLOCK ............................................................................................................ 9 

2.3.2 BMAL1 .......................................................................................................... 10 

2.3.3 PERIOD ......................................................................................................... 11 

2.4 PAS Domains ........................................................................................................ 14 

2.5 Protein Interactions between BMAL1-CLOCK-PER2-CRY2 ............................. 17 

3 Structure Based Modeling of the Clock Proteins .................................................... 21 

3.1 Dataset ................................................................................................................... 21 

3.1.1 Protein Sequences .......................................................................................... 21 

3.1.2 Template Set for Protein Interaction by Structural Matching (PRISM) 

Algorithm ..................................................................................................................... 22 

3.2 Methodology for Structure Based Modeling of Clock Proteins ............................ 22 

3.2.1 Homology Modeling ...................................................................................... 24 

3.2.2 High Performance Protein-Protein Interaction (PPI) Prediction Algorithm .. 24 



 

vii 

 

3.2.3 Interface Hotspot and Mutation Analysis ...................................................... 26 

4 RESULTS ................................................................................................................... 29 

4.1 Structural Models of CLOCK, BMAL1, PER2 and CRY2 .................................. 29 

4.2 Model of the Multimeric Complex ....................................................................... 31 

4.3 Interface- Hotspot Analysis and FoldX Results .................................................... 36 

5 DISCUSSION ............................................................................................................. 39 

6 Appendix ..................................................................................................................... 44 

6.1 Appendix A: 4 different type of interactions within template set ......................... 44 

6.2 Appendix B:  PRISM Results................................................................................ 45 

6.3 Appendix C:  Experimentally Validated Protein Interactions within clock proteins

 47 

6.4 Appendix D:  Homology Modeling Structure Comparison Results ..................... 48 

7 Bibliography ............................................................................................................... 50 

 

 

 

 

 

 

 

 



 

viii 

 

LIST OF TABLES  

Table 3-1 Clock components specific created template set ................................................ 27 

Table 4-1 Homology Modeling Results .............................................................................. 30 

Table 4-2 PRISM results. .................................................................................................... 32 

Table 4-3 Interface - hotspot and point mutation analysis results....................................... 36 



 

ix 

 

LIST OF FIGURES 

Figure 2-1 Hierarchical organization of the mammalian circadian clock. ............................ 6 

Figure 2-2 Molecular regulation of mammalian circadian clock. ......................................... 9 

Figure 2-3 Proteins of the mammalian circadian clock. ..................................................... 13 

Figure 2-4 Conservation folds within PAS domains. ......................................................... 15 

Figure 2-5 Structural basis for PAS-PAS heterodimerization ............................................ 17 

Figure 3-1 Workflow -5 main computational experimental steps performed in this study. 23 

Figure 4-1 The modeled interaction between PER2 PAS AB and CLOCK PAS B ........... 32 

Figure 4-2 Example of PRISM results for BMAL1-CLOCK-PER2. ................................. 33 

Figure 4-3 Construction of CLOCK-BMAL1-PER2complex model. ................................ 34 

Figure 4-4 Model of CLOCK- BMAL1- PER2 complex. .................................................. 35 

Figure 4-5 Hotspots predicted by HotPoint and KFC2 web servers ................................... 37 

Figure 5-1 The view of CLOCK PAS AB and BMAL1 PAS AB ...................................... 40 

Figure 5-2  The cartoon representation of BMAL1-CLOCK-PER2................................... 43 

 



 

x 

 

NOMENCLATURE 

bHLH   basic helip-loop-helix 

BMAL1 Brain-muscle-Arndt-like-protein-1 

CK1ε   Casein kinase 1 epsilon 
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Chapter 1 

1 INTRODUCTION 

Circadian rhythms are the intrinsic time keepers that organisms use to measure time 

and anticipate changes in environment such as light and temperature. Anticipatory behavior 

provided by circadian clock is very essential for an organism to increase the efficiency of 

physiological processes. When an endogenous time keeper adapts to environmental 

alterations, fitness and adaptation are significantly increased [1, 2]. That is why the clock 

has been found to exist in all prokaryotic and eukaryotic organisms, from cyanobacteria to 

vertebrates. 

In mice and humans this rhythmic behavior is generated by a molecular clock with 

a periodicity of about 24 h that consists of a transcription-translation feedback loop 

(TTFL). The four clock proteins are CLOCK, BMAL1, PER and CRY that are responsible 

for the maintaining and generation of the clock. CLOCK and BMAL1 have a basic helix 

loop helix (bHLH) - Per-ARNT- Sim (PAS) domain, are hetrodimerized in cytoplasm and 

translocate into nucleus where they mediate transcriptional activation of target genes that 

present E-box cis-regulatory enhancer on their promoter which form the positive elements 

of the core loop [3-5]. These positively regulated genes include Periods, Crys, Rev-Erb, 

Ror-a and several other clock-controlled genes. In the cytoplasm, PER proteins form 

complexes with CRYs, which then translocate in to the nucleus. Once the complexes reach 

their destination, the trimeric complexes inhibit the CLOCK-BMAL1 driven transcription, 

thereby establishing a negative feedback loop [6, 7]. The suppressed E-box driven 

transcription leads to a decline in PER and CRY protein levels which leads to a re-

activation of CLOCK-BMAL1 driven transcription and the next circadian cycle starts.  



 

 

Chapter 1: Introduction  2 

 

 

 

 

CLOCK, BMAL1 and PER contain PAS (Per-ARNT- Sim) domains, except CRY. 

PAS domains are modular protein units those are the critical elements of the signal 

transduction and protein-protein interaction (PPI) processes. Many proteins contain 

multiple PAS domains that are tandemly repeated, but the role of multiple PAS domains is 

poorly understood, such as, how do multiple PAS domains form a heterodimer? 

Understanding of the structural basis of multiple PAS domain heterodimerization is very 

essential because it affects not only the DNA binding characteristic of dimmers but also 

interaction with other proteins that resulted in alteration of gene transcription regulation. 

Many different approaches have been employed to characterize the interactions 

between the repressors PER2, CRY1 and CRY2 and the BMAL1-CLOCK heterodimer, but 

still the exact model is far from being apparent at the structural level. It is known that 

CRY1/2 plays a key role in repressing the transcriptional activation potential of the 

BMAL1-CLOCK heterodimer [8-11].  

This study is focused on studying the structural mechanism regarding to how the 

core circadian clock elements of mice form a complex, including (i) how protein-protein 

interactions among three PAS domain containing core clock proteins form, CLOCK-

BMAL1 heterodimerization and CLOCK-BMAL1-PER2 trimeric complex formation (ii) 

elucidating the essential residues for these PPIs. Further we also model the interaction 

between CRY and BMAL1-CLOCK-PER2 complex. 

In the next part, chapter 2, the literature regarding to circadian rhythm focusing on 

the molecular interactions within clock proteins is presented. Background of the circadian 

rhythm, the detailed information of each core circadian clock components, PAS domains 

and molecular interactions between clock proteins are explained.  
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Chapter 3 includes explanation of datasets and the methodology that is used to 

construct this thesis. Here, first the details about dataset are given. Then the methodology is 

explained and it is illustrated with a workflow.  

In chapter 4, the model structures of complexes are presented. First, the BMAL1-

CLOCK-PER2 complex which is predicted by PRISM algorithm is illustrated. Then, The 

CRY-BMAL1-CLOCK-PER2 complex model is demonstrated. In the final part of this 

chapter, the critical protein interfaces and hotspots on interface residues are shown. 

The last chapter ends with discussing the results, presented in chapter 4.
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Chapter 2 

2 LITERATURE REVIEW 

This chapter comprises the summary of the detailed review of the literature about 

general features of circadian rhythm. In the first part, general molecular regulation of the 

circadian clock machinery is explained. Then, control of circadian clock on molecular level 

and molecular interactions within clock components is reviewed. In the last part, common 

properties of PAS (Per- ARNT- Sim) domains are described. 

2.1 Overview Circadian Rhythm 

Any living organism on earth is subjected to rhythmic changes of its environment 

and the major rhythm influencing the earth is rotation of earth around the sun. 

Environmental changes make the biological organisms to adapt to the daily alterations 

between light and dark, and high and low temperatures. Those adaptations led to the 

evolution of an endogenous time keeper, known as the circadian clock. This biological 

timing system helps the organism to synchronize developmental and metabolic events to 

the most suitable time of the day. For example, in human, endogenous clock regulates the 

sleep/wake time, body temperature and endocrine cycles of human beings. It is believed 

that circadian rhythms evolved due to these predictable rhythms and have been fine-tuned 

under selective pressure [12]. 

Circadian rhythm is the cycle of 24 hour biological processes that allow appropriate 

timing of physiology and behavior of biological systems, by that way it optimizes the 

efficiency of metabolism. Circadian rhythms are composed of 3 main elements. First the 

oscillations are initiated by environmental cues, called as inputs. The input signal can be 

light, food intake, chemical or physical factors. The input signals are received via receptors. 
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Second the clock molecular components generate biological rhythm in central oscillator 

and lastly the clock information is transmitted to other pathways that provide the 

periodicity of the rest of the organism[13]. 

Any environmental input that has the ability to reset the clock is called a Zeitgeber 

(time giver). The most obvious Zeitgebers is light [14]. One other important feature of the 

circadian rhythm is temperature reparation. It is known that the rates of biochemical 

reactions are severely affected by the varying temperature. However, interestingly, 

circadian machinery is unaffected by varying temperature, known as temperature 

compensation, though, daily temperature changes can also act as Zeitgebers in plants [15]. 

This feature common to all circadian system provide a basis for stability in multicellular 

adaptation in organisms. Even though this feature implies independence of circadian 

systems from external factors, circadian clock is controlled by environmental factors such 

as change in light intensity, nutrient availability and social pressure to be able to provide 

adaptive advantage [16]. This is also a common feature of all circadian systems and 

generally called “resetting of the circadian clock”. For a circadian clock machinery to be 

useful in environmental adaptation, it should be entrained or reset by the periodic stimuli 

from various environmental factors. The process by which the biological clock re-sets itself 

following particular environmental signals is called entrainment.  

2.2 Mammalian Circadian Clock 

The mammalian circadian system is organized in a hierarchy of oscillators. 

Suprachiasmatic nucleus (SCN) of the anterior hypothalamus is present at the top of this 

hierarchy. The SCN is responsible for coordinating independent peripheral oscillators so 

that a coherent rhythm is orchestrated at the organismal level. In Figure  2-1 the 

physiological organization mammalian clock is shown [17-19]. 
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Figure  2-1 Hierarchical organization of the mammalian circadian clock. The 

suprachiasmatic nucleus (SCN), located in the anterior hypothalamus, receives light stimuli 

from the retina (eye receptors) via the retinohypothalamic tract. The oscillation in SCN 

neurons is entrained by light stimulus and results in a humoral or neural output that is 

received and interpreted by numerous peripheral clocks such as endocrine system. 

Peripheral clocks produce periodic transcriptional and posttranslational responses that 

ultimately produce behavioral, metabolic, and physiological output. 

 

The clock mechanism in the SCN and the peripheral oscillators are known to be 

similar at the molecular level, which consists of a network of transcriptional–translational 

feedback loops that drive rhythmic, ~24-h expression patterns of core clock components. 

Core clock components are defined as genes whose protein products are necessary for the 
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generation and regulation of circadian rhythms within individual cells throughout the 

organism. There are four major components that mediate the core clock, CLOCK; BMAL1, 

PER and CRY proteins. The two positive components of the feedback loop are CLOCK 

and a heterodimeric binding partner, BMAL1. Each of them contains protein sequences for 

both basic helix loop helix (bHLH) and PAS (PER-ARNT-SIM) dimerization domains. 

According to this model, the proteins encoded by these Clock and Bmal1 genes dimerize 

through the bHLH and/ or PAS domains, bind regulatory DNA sequences (E-boxes) and 

activate transcription of three Period genes (mPer1, mPer2, and mPer3) and 2 

Cryptochrome genes (mCry1 and mCry2) and other clock regulated genes [6, 7]. Once 

PER2 and CRY proteins are translated, they reside at cytoplasm for a while, the exact 

staying time in cytoplasm is determined by the concentration of PER and CRY proteins. 

When the concentration of PER2 is reached a particular amount, CRY and casein kinase l 

epsilon (CKIε) proteins form a multimeric complex and PER2 is phosphorylated by casein 

kinase l epsilon (CKIε).  

 It is shown that CRY protein stabilizes the interaction between PER2 and casein 

kinase l epsilon [20-22]. (shown in Figure  2-2)  Then phosphorylated PER2 proteins as in 

a complex with CRY are accumulated in nucleus and subsequently they interact with 

CLOCK-BMAL1 complex to inhibit their own transcription. In time, the PERIOD and 

CRY proteins turn over, their negative feedback is reduced, and the CLOCK-BMAL1 

heterodimer can begin transcription again. This represents one circadian cycle of the clock, 

as the complete time course of this feedback loop is 24 hours.  

2.3 Molecular Regulation of the Circadian Clock 

The presence of an internal timekeeper is a universal biological process conserved 

throughout evolution. Biological rhythms have been observed in most species including 
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unicellular organisms, plants, insects, birds, and mammals. As a result, the behavioral and 

physiological rhythms controlled by the clock are as diverse as the organisms in which they 

are found. In humans, for instance, rhythms in sleep-wake cycles, body temperature, 

hormonal secretions, blood pressure, and liver metabolism are just a few examples of those 

biological processes regulated by circadian clock. Although biological rhythms oscillate 

with various frequencies, in various processes; it has highly conserved molecular 

components in all organisms.  

A major area of interest related to biological clock is to understand the regulatory 

mechanisms of the clock proteins at molecular level.  Forward and reverse genetic 

approaches have successfully identified the molecular components of biological clock [15]. 

The first clock gene, per, was identified in Drosophila [23]. After that, several other clock 

genes were identified in various eukaryotic organisms.  

The transcriptional and translational feedback loop (TTFL) model was proposed to 

explain the oscillation of mRNA and proteins of clock genes [24]. In this model, promoters 

of clock genes are under the control of positive transcriptional factors, whose function is 

inhibited by post-translationally modified clock proteins. In other words, the protein 

products of the clock genes negatively feedbacks on their own expression in an auto-

regulatory feedback loop. Figure  2-2 shows the schematic of a TTFL model.  

This negative feedback loop was considered as a chemical equilibrium, in which the 

rhythmic concentrations of the negative transcriptional elements induce transcriptional 

repression which implies the exact repression time of positive transcription factors is 

determined by the concentration of negative elements. The temporal increase in negative 

elements’ concentration controls the negative feedback interactions. However it is shown 

that not only the temporal increase in negative factors’ concentration is the limiting step, 
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but also post transcriptional regulations on negative elements determine the timing of 

circadian clock. Phoshorylation is one of the very critical post translational modifications 

for regulation of circadian rhythm. Kinases CKIε, CKIδ and GSK3β have been shown to 

involve in regulation of both the positive and the negative transcriptional elements [20, 21, 

25]. In the next part, the core clock proteins will be reviewed regarding to their structures 

and functionality. 

 

 

Figure  2-2 Molecular regulation of mammalian circadian clock. 

 

2.3.1 CLOCK 

Among all of the mammalian circadian rhythm–related genes, Clock (Circadian 

Locomotor Output Cycles Kaput) is unique by having been first characterized by a forward 
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genetics strategy [26]. Clock gene encodes the basic-helix-loop-helix domain (bHLH) and 

PAS domain (PER-ARNT-SIM) family of transcription factors [27, 28]. The mouse 

CLOCK protein is 855 amino acids in length and in addition to these DNA binding and 

protein interaction domains, it also includes a glutamine-rich C-terminal domain, 

demonstrated in other transcription factors to be important for transactivation capabilities 

Figure  2-3 shows the cartoon representation of domains of CLOCK protein.  

Analysis of Clock knockout mice indicated that, disruption of Clock does not 

change the circadian oscillations. This implies that Clock gene product is redundant and not 

essential for generation of circadian rhythms in mammals [29]. The inconsistency between 

these two studies on Clock gene disruption possibly arises from a dominant negative effect 

of CLOCKΔ19 which competes in binding to other protein factors. It has been suggested 

that this redundancy occurs since NPAS2 protein also mediates similar functions as 

CLOCK [30]. CLOCK also has a chromatin remodeling capability, which results from the 

histone acetyltransferase activity that is mediated through C-terminus of CLOCK [31].  

Histone remodeling activity of the CLOCK has been shown to be an essential component 

for transcriptional activity, which was long thought to have a role in the circadian clock 

mechanism.  

Another important feature of the CLOCK protein is that it is not transcribed or 

translated in a rhythmic way during the circadian period. Clock proteins are always present 

during circadian regulation [20].  It means that, the rhythmic expression of BMAL1 is the 

main determinant in formation of the rhythms for the positive part of the circadian clock. 

2.3.2 BMAL1 

BMAL1 gene is also known as MOP3 and ARNTL (Aryl hydrocarbon receptor 

nuclear translocator-like). The mouse BMAL1 protein is 632 amino acids long and it only 
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contains DNA binding and PAS domains [32]. (See Figure  2-3) The protein transcribed by 

this gene has a basic-helix-loop-helix (DNA binding) and PAS (PER- ARNTL-SIM), 

domain that forms a heterodimer with a second bHLH-PAS protein, CLOCK, or its 

ortholog, Npas2 to activate transcription of PER and CRY [3, 33]. 

In addition to mammals like mice and human, homologs of the Arntl gene are found 

in lower organisms like fish, bird and Drosophila ( the fly homolog is known as Cycle 

gene). BMAL1 is the component of the mammalian circadian rhythm whose deficiency in 

mice model resulted in arrhythmicity [34]. It is shown that loss of the PAS protein of 

BMAL1 in mice results in immediate and complete loss of circadian rhythmicity in 

constant darkness. Additionally, locomotor activity in light-dark (LD) cycles is impaired 

and activity levels are reduced in Bmal1 -/- mice. Moreover Bmal1 null mouse has a variety 

of other physiological abnormalities, indicating that BMAL1 is not only an essential 

component of the circadian clock, but also an important mediator of physiological events  

[35]. 

In contrast to its interacting partner CLOCK which has a constitutive promoter and 

always present in the nucleus, Bmal1 gene regulation oscillates like circadian cycle. Bmal1 

transcription is reciprocally regulated by the orphan nuclear receptors NR1D1 (Rev-erb-α) 

and NR1F1 (ROR-α)
 
 which form a second interlocking loop in the mammalian circadian 

clock [36-39].The other nuclear receptors of the same families (NR1D2 or Rev-erb-β; 

NR1F2 or ROR-β; NR1F3 or ROR-γ) were also shown to act on Arntl gene [39].
  

2.3.3 PERIOD 

Genes in this family encode components of the circadian rhythms of locomotors 

activity, metabolism, and behavior and consists of three genes (PER1, PER2, and PER3) 

This gene family is expressed in a circadian pattern in the suprachiasmatic nucleus, the 

http://en.wikipedia.org/wiki/Basic-helix-loop-helix
http://en.wikipedia.org/wiki/NPAS2
http://en.wikipedia.org/wiki/Orphan_receptor
http://en.wikipedia.org/wiki/Rev-ErbA_alpha
http://en.wikipedia.org/wiki/RAR-related_orphan_receptor_alpha
http://en.wikipedia.org/wiki/Circadian_rhythm
http://en.wikipedia.org/wiki/Circadian_rhythm
http://en.wikipedia.org/wiki/Rev-ErbA_beta
http://en.wikipedia.org/wiki/RAR-related_orphan_receptor_beta
http://en.wikipedia.org/wiki/RAR-related_orphan_receptor_gamma
http://en.wikipedia.org/wiki/Circadian_rhythm
http://en.wikipedia.org/wiki/Circadian
http://en.wikipedia.org/wiki/Suprachiasmatic_nucleus
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center circadian pacemaker in the mammalian brain.  Circadian expression of Period  in the 

suprachiasmatic nucleus continues in constant darkness, and a shift in the light/dark cycle 

evokes a proportional shift of gene expression in the suprachiasmatic nucleus.  

Period gene was first identified in Drosophila by using forward genetics screen 

approach [40]. The mouse PERIOD protein is 1253 amino acids long and it has a variety of 

structural domains, basic HLH domain in the N-terminus, followed by two repetitive PAS 

domains and an additional PAS-like domain. (Figure  2-3) PERIOD orthologs contain two 

PAS domains which are also present in BMAL1 and CLOCK. Protein-protein interactions 

are known to be mediated through the PAS domains between the core circadian clock 

proteins. These two PAS domains, PAS A and PAS B, are present as tandem repeats in the 

N terminus of PERIOD. Elimination of one of these PAS domains (PAS B) in mPer2 

results in arrhythmicity in constant darkness in mice[41]. In the C terminal of PERIOD, 

there is a coiled coil region which has functional significance since this region is found be 

as the binding site for CRY-PERIOD interaction region [42]. 

During the regulation of clock by transcriptional feedback loop of the core circadian 

clock system, PERIOD associates with CRY proteins which then interact to form a protein 

complex to create the negative limb of the feedback loop [1]. Knockout studies showed 

that, mice with a null allele of mPer1 or mPer2 has a shorter circadian rhythm, and mPer2 

knockout mice resulted in  a complete disruption of circadian rhythmicity [43]. On the 

contrary, mice knockout  mice ,mPer3 -/-  display a subtle shortened circadian period with 

nearly normal circadian function [44].  These findings imply that PERIOD paralogs have 

different roles in clock function and mPer2 is the essential component in the negative limb 

of core feedback loop. 
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Figure  2-3 Proteins of the mammalian circadian clock. Schematic diagrams of the full-

length proteins identified in mammals that contain PAS domains .The proteins are retrieved 

from UniProt Database (mouse sequences are selected). CLOCK, Clock (circadian 

locomotor output cycles kaput, UniProt Accession O08785 (CLOCK_MOUSE); BMAL1, 

(ARNT-like).Uniprot Accession Q9WTL8 (BMAL1_MOUSE); PER2 (Period2), Uniprot 

Accession O54943 (PER2_MOUSE). 
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2.4 PAS Domains 

PAS domains are modular protein units that are the critical elements of the signal 

transduction process in the regulation of clock-controlled gene expression. The Per-Arnt-

Sim(PAS) was originally defined as  ~275 amino acids of sequences in Drosophila 

melanogaster- clock protein period(per), in flies- a neuro developmental regulator single-

minded (sim); and in human- a component of the dioxin signaling pathway aryl 

hydrocarbon receptor nuclear translocator(ARNTL)[23]. By explosion of genome sequence 

information, new thousands of PAS domain containing proteins were identified in other 

species, from Archaea, bacteria and Eukaryote [45].  

The definition of PAS domain has changed with the characterization of more PAS 

containing domains. It is seen that there are ~70 amino acids of repeating sequences called 

as PAS A and PAS B also known as PAS1 and PAS2. PAS domains are often associated 

with PAC domains which are the C terminal of PAS domains. It appears that these domains 

are directly linked; together they form the conserved 3D PAS fold.[46] The division 

between the PAS and PAC domains is caused by major differences in sequences in the 

region connecting these two motifs. According to the phylogenetic analysis of PAS 

domains, there is an obvious sequence difference between PAS A and PAS B domains. The 

sequence similarity within PAS A domains is 35% and it is 31% in PAS B domains. 

Whereas, a PAS A and a PAS B domain can be identical to each other at most 20% [47]. In 

contrast to functional diversity, the structure of the core of PAS domains is mostly 

conserved. The conserved structure of a PAS fold comprises a central antiparallel β sheet 

with five strands and several numbers of α helices flanking the sheet [48]. Signals originate 

within the conserved structure of PAS domains, and then they generate structural and 

dynamic changes predominantly within the β sheet. In spite of low sequence similarity of 

PAS domain, a high conservation in the structure fold and topology of known structures 
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suggest a strong evolutionary conservation of some functional features. Since PAS domains 

are very critical in signal transduction, high conservation in structures provides the stable 

protein interfaces. 

 

 

Figure  2-4 Conservation folds within PAS domains.Cartoon representation of the PAS 

secondary structures are shown here. It is seen that, a canonical PAS fold comprises a 

central antiparallel β sheet with five strands and several numbers of α helices flanking the 

sheet. (A ) NifL (PDB i.d.: 2GJ3 chain A),(B) HERG (PDB i.d.: 1BYW), (C) FixL (PDB 

i.d.: 1DRM), (D)hPASK (PDB i.d.: 1LL8) . 
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PAS domains are involved in many signaling pathways where they are used as a 

signal sensor domain. For that reason PAS domain have functions in adaptive pathways 

like hypoxia response pathway, polycyclic aromatic carbons and the dioxin pathway and 

mammalian circadian clock [49, 50]. PAS sensors detect chemical and physical stimuli and 

regulate the activity of functionally diverse effectors domains like circadian clock or 

hypoxia pathway.  

PAS structures derived by NMR spectroscopy improved the structural knowledge 

of PAS fold. In Figure  2-4, secondary structures of PAS domain of the protein NifL from 

Azotobacter vinelandii (2GJ3), N-terminal helices of HERG potassium channel, a 

eukaryotic PAS domain. (1BYW), FixL protein in B. japonicum (1DRM), and N terminal 

of PAS kinase from H. Sapiens (2J80) are demonstrated to provide more clear 

understanding on PAS domains conserved fold. 

Many PAS domains involved in biological signaling pathways have been identified, 

however only limited structural information is available regarding how they interact with 

each other in multiprotein complexes. One of the most studied process is the hypoxia 

response pathway, which allows eukaryotic cells to respond to low oxygen tension via the 

formation of a heterodimeric complex between ARNT and another bHLH-PAS protein, the 

hypoxia-inducible factor alpha (HIF-a). It has been shown that both PAS domains of HIF-

2a are required for HIF activity in living cells, and also that both contribute to the 

heterodimerization.  In addition to this, it is shown that point mutations on the HIF-2a PAS-

B domain disrupt the interaction between HIF-2a and ARNT PAS-B which indicates that 

PAS-B domain of HIF-2a is the key region for the interaction between HIF-2a and ARNT 

[51] (see Figure  2-5). While several crystal structures of PAS domain homodimer have 

been solved to date [52-54] , structures of PAS domain of heterodimeric complexes have 

been particularly less resolved. One of the most comprehensive  study that analyze the 
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heterodimeric complex of PAS domain is done by HADDOCK and site-directed spin 

labeling approaches[55]. This work shows that the HIF-2a and ARNT PAS-B domains 

interact via an antiparallel association of the solvent-exposed surface of their central β-

sheets. 

 

 
Figure  2-5 Structural basis for PAS-PAS heterodimerization. Ribbon diagram of the 

HADDOCK-derived structure of HIF-2α/ARNT PAS-B domain complex. Ball shapes 

show the interfaces and it seen that they are located on β- sheet region. 

 

2.5 Protein Interactions between BMAL1-CLOCK-PER2-CRY2 

Many different approaches have been employed to characterize the interactions 

between the repressors PER2, CRY1 and CRY2 and the BMAL1-CLOCK heterodimer to 
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understand the repression mechanism. In a recent study[56], physical interactions between 

repressors (PER2 ,CRY) and CLOCK-BMAL1heterodimer  with E-box (DNA on)  was 

analyzed. It is shown that CLOCK-BMAL1 binds to an E-box sequence in DNA and CRY 

binds to the CLOCK: BMAL1: E-box ternary complex separately from PER2, where as 

PER2 does not. It is found that CRY plays a key role in repressing the transcriptional 

activation potential of the heterodimer, and recently, various attempts have been made to 

elucidate the mechanism by which interaction of CRY with BMAL1 and/or CLOCK inhibits 

transcription [8-11]. However, many of these studies use multimeric protein complexes, 

which do not always satisfactorily identify the exact interaction regions between two 

individual components of the complex. In next section, the protein interaction studies 

between clock components will be reviewed. 

BMAL1 was found as binding partner of CLOCK by using protein interaction and 

transactivational assays. DNA binding domain (bHLH) of BMAL1-CLOCK heterodimer 

bind six base-pair DNA sequence (CACGTG), which is also known as E-box [57].  It was 

shown that co-expression of CLOCK and BMAL1 lead to protein binding of a Drosophila 

period gene enhancer that is required for circadian rhythm [58, 59]. Analysis of the mPer1 

promoter revealed the presence of three E-box sequences in the 1.2 kb upstream of the 

mPer1 transcription start site. When the E-box sequences were randomly disrupted, no 

transcriptional activity was detected. These experiments also demonstrated that CLOCK and 

BMAL1 stimulates the transcription of mPer1.  

In another study, the importance of PAS domains within BMAL1 and CLOCK for 

heterodimerization was shown Only separate PAS domain regions (PAS A, PAS B and 

PAS AB) from BMAL1 and CLOCK were cloned and binary interactions within these 6 

clones were tested. It is been shown that a single PAS domains cannot sustain 

heterodimerization alone. Both PAS AB domains from BMAL1 and CLOCK are required 
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for heterodimerization. In addition to this, it is seen that PAS B domain of BMAL1 can 

contribute interaction with CLOCK PAS AB [9]. 

In several studies, it is found that CRY2 protein binds to BMAL1 through PAS B 

domain of BMAL1 [9, 10, 60, 61] . The interaction between CRY and BMAL1 is thought 

to be very critical for negative control of circadian rhythm. The importance of mBMAL1 

for clock function is clearly demonstrated by the fact, that mBMAL1-/- knockout mice 

show an immediate and complete loss of circadian rhythmicity  [34]. The C-terminal coiled 

coil and tail (CCtail) regions of the mammalian cryptochromes (mCRY1/2) and the C-

terminal mBMAL1 region critically regulate the activity of the mBMAL1/mCLOCK 

transcription factor complex within the mammalian circadian clock [8]. It is known that the 

residues from 369 to 488 on CRY2 are required for inhibition of CLOCK-BMAL mediated 

transcription. 

The interaction between BMAL1 and PER2 was observed by using mammalian two 

hybrid system [21, 62] . Additionally, it was seen that when PAS A domain of BMAL1 is 

deleted, interaction intensity between BMAL1 and PER2 decreases which implies PER2 

binds the PAS A domain of BMAL1 [60]. However when CRY proteins are added this 

complex, CRY1 and CRY2 influence the interaction between PER2 and BMAL1. The 

CRY proteins moreover seem to have a higher affinity to BMAL1 than PER2. When PER2 

is added to BMAL-CRY complex, it is seen that, PER2 does not significantly affect the 

interaction between CRY and BMAL1 [9]. 

The binary interaction between CLOCK and PER2 is shown in many studies [21, 

60, 62, 63]. However, the interaction regions within those proteins those are required for 

binding are not studied neither at domain level nor residual level. 



 

Chapter 2: Literature Review  20 

 

 

 

Interaction between CRY and CLOCK proteins cannot be found [60]. However, 

contradictory findings have been published. Griffin et al. do not observe clear interactions 

between CRY1/2 and CLOCK in a yeast two-hybrid system [6] whereas Shearman et al. do 

[22]. Kiyohara et al. [10] report that they were not able to co-immunoprecipitate CLOCK 

with CRY1 in the absence of BMAL1, and also in other cases 

BMAL1/CLOCK(/PER2)/CRY1 complexes .Therefore, it appears likely that in this case 

the respective results depend strongly on the system and cell type used and that cell-

specific factors might be involved in mediating the interaction. In the mammalian two-

hybrid system, Langmesser et al. performed in HER911 cells and they found that CRY1 

and 2 do not interact with CLOCK [60]. 

The regulation of circadian clock in mammals is based on a transcriptional-

translational feedback loop. In this regulation mechanism BMAL1- CLOCK heterodimer 

directly bind E-box of DNA and then PER2-CRY complex inhibit the interactions within 

BMAL1- CLOCK + E-box complex and repress their own transcription. In a recent study, 

the physical interactions between BMAL1- CLOCK + E-box complex and  repressor 

protein PER2 and CRY are analyzed by using both in vivo and in vitro methods [56]. 

They found that CRY binds stably to the CLOCK-BMAL1+E-box ternary complex 

independently of PER. Both CRY and PER bind to CLOCK and BMAL1 off DNA but, 

contrary to CRY, PER does not bind to the CLOCK-BMAL1-E-box complex. In addition 

to this, it is observed that PER decreases the binding affinity of CRY to the 

CLOCK:BMAL1:E-box ternary complex.  
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Chapter 3 

3 Structure Based Modeling of the Clock Proteins 

The current model for the circadian clock in mammals is explained by a 

transcription- translation feedback loop, which is reviewed in Chapter 2. In this model, CRY 

and PER repress their own transcription by suppressing the transactivation function of 

CLOCK-BMAL1 heterodimer directly, which implies there are some physical interactions. 

In this chapter, the methodology which is applied to model the physical interactions within 

clock components is presented. Here, we follow a structure based analysis of protein 

interactions within clock proteins. We aim to analyze the interactions by using structural data 

and efficient structural comparison algorithms. Since, there are no available atomic 

structures for our proteins of interest, we used homology models as structural data and they 

are used in high performance PPI algorithm as targets to model the formation of this 

multimeric complex. This work comprises 5 main computational analysis steps which are 

homology modeling, clock pathway specific template construction from PDB, high 

performance prediction algorithm (PRISM)[64], interface-hotspot analysis (Hotpoint)[65], 

KFC2 (Knowledge-based FADE and Contacts) server[66] and mutation analysis 

(FoldX)[67]. Our methodology is simple but very promising to understand clock mechanism 

at molecular level with its structure based analysis approach. In the next part, the dataset 

used in this work will be presented. 

3.1  Dataset 

3.1.1 Protein Sequences 

In this work, mouse circadian rhythm is chosen for analysis. For that reason, mouse 

clock protein sequences are used in this methodology. Protein sequences are retrieved from 

Reviewed,UniProtKB/Swiss-Protdatabase [68]. The sequences and their UniProt accession 
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numbers are BMAL1-Q9WTL8(BMAL1_MOUSE), CLOCK-O08785(CLOCK_MOUSE), 

PER2O54943(PER2_MOUSE) and CRY2-Q9R194. 

3.1.2 Template Set for Protein Interaction by Structural Matching (PRISM) 

Algorithm 

An interface is the contact region between two interacting proteins. The template set 

represents the subset of structurally non-redundant interface architectures. Usage of the 

known interfaces provides the prediction of new interacting protein pairs.  For this work, 

we used two different template sets. Default template set(1037-heterodimer set) and case-

specific created template set from PDB [69].   Table ‎3-1 shows the clock pathway specific 

created template set and in Appendix A the structures of the template set those belong to 

different type of interfaces are visualized.  

3.2 Methodology for Structure Based Modeling of Clock Proteins 

In this work, the mechanisms that underlie the formation of protein -protein 

interaction through their PAS domains within clock proteins is major interest of this work.   

Particularly CLOCK, BMAL1 and PER proteins contain PAS domains, therefore we focus 

on the BMAL1- CLOCK heterodimer formation and CLOCK, BMAL1, PER multimeric 

complex formation.  Here we analyze the interactions by using structural data and efficient 

structural comparison algorithms.  
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Figure  3-1 Workflow -5 main computational experimental steps performed in this 

study.(1) Homology modeling, (2) clock pathway specific template construction from PDB 

(3) high performance prediction algorithm (PRISM), (4) Interface- Hotspot Analysis 

(HotPoint,KFC2 )  (5) Mutation Analysis(FoldX) 
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3.2.1 Homology Modeling 

In this work, since there are no available  atomic structures for our protein of 

interests, CLOCK, BMAL1, PER2 and CRY, homology modeling approach is used to 

obtained 3D structures of proteins. Homology modeling is prediction of the atomic model of 

proteins on the basis of known experimental structures.  Homology modeling is also known 

as comparative modeling because target protein’s model is constructed from its sequence and 

an experimental three dimensional structure of related homologous protein (template).   It 

has been shown that protein structures are more conserved than protein sequences amongst 

homologues, but sequences below a 20% sequence identity can have very different structure. 

[70].  

Different homology modeling programs are used to obtain atomic structures of the 

BMAL1, PER2, CLOCK and CRY.  Those programs are Swiss-model [71]; Modeler-Mode 

base [72], PHYRE [73], hhpred [74] . The models created by different homology modeling 

web-servers were evaluated based on 2 restrictions. First one is the sequence identity 

between target sequence and template structure. The models those have high sequence 

identity are selected. The quality of the homology model is dependent on the quality of the 

sequence alignment and template structure.  The structures selected according these 2 criteria 

were selected for further steps for each target in PRISM algorithm. 

3.2.2 High Performance Protein-Protein Interaction (PPI) Prediction 

Algorithm 

In this work, we use high performance prediction algorithm PRISM (Protein 

Interaction by Structural Matching) [64, 75] to analyze multimeric complex formation in 

clock pathway. PRISM is a web server for the predicting, visualization and analysis 
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putative protein-protein interactions derived from known protein complex structures in 

PDB. An interface is the contact region (set of amino acids) between two interacting 

proteins that links two polypeptide chains by non covalent interaction. This algorithm uses 

a template interface dataset and a target dataset to predict potential interactions between 

target dataset proteins based on the template dataset knowledge.  The PRISM algorithm 

searches for whether there are particular surface regions of any two proteins those are 

spatially similar to the complementary partners of a known interface, in principle these two 

proteins can interact with each other through these regions.  

We used PRISM (Protein Interaction by Structural Matching) [64, 75] to analyze 

multimeric complex formation in clock pathway. PRISM is a protocol for prediction, 

visualization and analysis of putative protein-protein interactions. PRISM algorithm uses a 

template interface dataset and a target dataset to predict potential interactions between 

target dataset proteins based on the template dataset knowledge An interface is the contact 

region between two interacting proteins. The template set represents the subset of 

structurally non-redundant interface architectures. Usage of the known interfaces provides 

the prediction of new interacting protein pairs. This algorithm searches whether there are 

particular surface regions of any two proteins those are spatially similar to the 

complementary partners of a known interface, in principle these two proteins can interact 

with each other through these regions.  

PRISM protocol contains four steps that are processed subsequently. First step is 

extraction of the surface of the proteins in the target dataset by NACCESS program. 

Second step is structural alignment; each partner of the template interface is aligned with 

the target surfaces by Multiprot program. If the matches of the two partner targets contain 

colliding residues between the putative complexes, they are eliminated. If the putative 
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complexes passes the residue and hotspot matching thresholds, these targets are 

transformed on the template interface and form a complex structure. The last step is 

flexible refinement of the rigid docking solutions of MultiProt to resolve steric clashes in 

each side chains, and ranking of the complexes by the global energy by usage of 

FiberDock33, which calculates energies, and ranks the predicted protein complexes. 

Template set for PRISM; for this work, we used two different template sets. Default 

template set (1037-heterodimer set) and case-specific created template set from PDB. 

Target set contains protein domains of CLOCK, BMAL1 and PER2 separately. To 

construct this set, all proteins known to be in clock multimeric complex formation and 

known to have PAS domains are selected which are BMAL1, PER2 and CLOCK (CRY1 

and CRY2 is eliminated since they do not have PAS domains). We considered that all these 

proteins interact via their PAS domains. For that reason, for each protein, only PAS A, only 

PAS B and PAS AB structures were used as target to analyze interactions on domain level. 

3.2.3 Interface Hotspot and Mutation Analysis 

Once whole complex of clock proteins was modeled, further analysis were 

performed  on this model to obtain more detailed information about which and how those 

proteins interact and which residues are critical for those interaction. For this aim three 

different web servers were used. HotPoint, KFC2 web servers are used for interface and 

hotspot analysis of protein complexes. Third one is FoldX program, makes energy 

calculations to obtain quantitative estimation for the importance of residues for the stability 

of the protein complexes. PositionScan command of FoldX program performs energy 

calculations to make quantitative estimation for the importance of residues in proteins. 
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Table  3-1 Clock components specific created template set 

 

 

The energy change of protein stability based on mutations that  are calculated using  

FoldX[67] version 3.0 beta 5.1. Each of interface residues in PRISM predictions (the 

interface between PER2 PAS AB- CLOCK PAS B and between CLOCK PAS B- BMAL1 

PDB 

id 

Interaction 

Type 

Molecule 1 Molecule 2 

2A24 pasB-pasB 

heterodimer 

Endothelial PAS 

domain protein 1 

Aryl hydrocarbon receptor nuclear 

translocator 

3A0R pas-other 

heterodimer 

Sensor protein Response regulator 

3F1N 

 

pasB-pasB 

heterodimer 

Endothelial PAS 

domain-containing 

protein 1 

Aryl hydrocarbon receptor nuclear 

translocator 

3F1P pasB-pasB 

heterodimer 

Endothelial PAS 

domain-containing 

protein 1 

Aryl hydrocarbon receptor nuclear 

translocator 

3H7W pasB-pasB 

heterodimer 

Endothelial PAS 

domain-containing 

protein 1 

Aryl hydrocarbon receptor nuclear 

translocator 

3IS2 pas-pas 

homodimer 

Vivid PAS protein 

VVD 

Vivid PAS protein VVD 

1WA9 pas AB- 

pas AB 

homodimer 

Period circadian 

protein 

Period circadian protein 

2HV1 pasB-pasB 

homodimer 

Aryl hydrocarbon 

receptor nuclear 

translocator 

Aryl hydrocarbon receptor nuclear 

translocator 

2P04 pas-pas 

homodimer 

signal transduction 

histidine kinase 

signal transduction histidine kinase 

2VLG pasA-pasA 

homodimer 

Sporulation kinase A Sporulation kinase A 

3F1O pasB-pasB Endothelial PAS  Aryl hydrocarbon receptor nuclear  
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PAS B) was mutated to other 20 amino acids. The residues those have energy change > 

2kcal/mol are considered as critical amino acids for the interactions. 
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Chapter 4 

4 RESULTS 

4.1 Structural Models of CLOCK, BMAL1, PER2 and CRY2 

The models created by different homology modeling web-servers were evaluated 

based on two restrictions. The first one is the sequence identity between target sequence 

and template structure. The second criteria is the regions where models belong on the target 

sequence- if models do not correspond to PAS domains on the target sequence, they are 

eliminated, although they have high sequence identities. The evaluated structures of 

BMAL1, CLOCK and PER2 proteins were selected for further steps.  

In CLOCK PAS A domain; Swiss Model provided 26% sequence identity, Modbase 

provided 13% sequence identity. Although the sequence identities of the models were very 

different, they resulted in a similar fold, rmsd value is 1.7 Å. Appendix D shows the 

homology modeling structure comparisons (superimposition and rmsd measurements).   

Since Swiss Model result in higher sequence identity (26%), it was used as model structure 

for CLOCK PAS B domain for further analysis. For CLOCK PAS B, two web servers gave 

high sequence identity. Swiss model’s sequence identity is 39% and PHYRE’s is 38 %. 

When their models are superimposed,  it is seen that they have similar structure with rmsd 

value of 2.1 Å. For that reason Swiss model result which is constructed based on template 

2h82A is chosen as the model structure. 

BMAL1 PAS A domain is modeled by two web servers with close sequence identity. 

Swiss Model is 26 % and Modbase is 21%. The superimposition of these two models 

showed that model from Swiss Model and Mode-base have similar structures with rmsd 

value of 2.4 Å. 
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Table  4-1 Homology Modeling Results 

 

BMAL1 PAS A domain is modeled by two web servers with close sequence identity. 

Swiss Model is 26 % and Modbase is 21%. The superimposition of these two models 

showed that model from Swiss Model and Mode-base has similar structures with rmsd value 

Protein 

Name 

%Seq id Template Residues 

from-to 

Domain Repository 

BMAL1 37.288 1am9C 78-138 Helix-loop-

helix motif 

SWISSMODEL 

36.036 1x0oA 340-450 PAS B SWISSMODEL 

30 1p97A 347- 447 PAS B  MODBASE 

34 1x0oA 340-447 PAS B  PHYRE 

27.778 2oolA 163-216 PAS A SWISSMODEL 

21 1d06A 152 -215 PAS A MODBASE 

19.87 3gdiA 147-452 PAS AB SWISSMODEL 

CLOCK 38.532 3h82A 272-380 PAS B SWISSMODEL 

34 1ll8A 277-378 PAS B PHYRE 

38.462 1uklD 47-85 HLH motif SWISSMODEL  

26 3mjqA 114-171 PAS A SWISSMODEL 

13 1d06 108 184 PAS A  MODBASE 

19.636 1wa9B 117-385 PAS AB SWISSMODEL 

PER2 87.829 3gdiA 170-473 PAS AB SWISSMODEL 

21.667 1wa9B 187-531 PAS AB SWISSMODEL 

CRY2 51 3cvvA 4-512 - SWISSMODEL 
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of 2.4 Å. So the Swiss Model web server’s structure is chosen which is constructed by using 

2oolA as template. BMAL1 PAS B domain model is constructed by two web servers that 

gave high sequence identity. 

Swiss model 36% and modbase is 30 %. When their models are superimposed, it is 

seen that Swiss model and Modbase web servers’ models have similar  structure with rmsd 

value of 2.0 Å. PER2 PAS AB domain is modeled by Swiss Model with sequence identity 

87% based on template 3gdiA (PER of Drosophila). CRY2 structure is modeled by Swiss 

Model with sequence identity 51%. Since model quality for PER2 and CRY2 is high, other 

web servers were not tested. 

4.2 Model of the Multimeric Complex  

After the modeling of CLOCK, BMAL1, PER2 PAS domains, interaction between 

these proteins determined using PRISM.  PRISM prediction algorithm based  on the 

following concept, if two target proteins contain similar regions to complementary partner 

of a template interface, it is proposed that these two target proteins interact through these 

similar complementary regions. The template set is shown in Table  3-1. Target set 

comprises the 7  homology models results which are CLOCK PAS A, CLOCK PAS B, 

CLOCK PAS AB, BMAL1 PAS A, BMAL1 PAS B, BMAL1 PAS AB and PER2 PAS 

AB. The PPI predictions of PRISM algorithm is shown in Table  4-2 .  

 PRISM predicted interactions between BMAL1- CLOCK and CLCOK -PER2. 

Totally 34 interactions are found by PRISM algorithm. There is only one interaction 

(complex) belong to CLOCK-PER2 pair.  In Figure  4-1,  the predicted model for PER2 

PAS AB/ CLOCK PAS B complex with its template HIF2-a PAS B/ARNT PAS B 

complex (3f1nAB) is shown. The other 33 complexes belong to BMAL1-CLOCK pair. 
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Table  4-2 PRISM results, Totally 34 interactions are found by PRISM algorithm. 

Molecule 1 Molecule 2 Template  

used 

No. of 

interactions 

BMAL1 PAS B  CLOCK PAS 

B 

2A24 6 

BMAL1PAS B CLOCK PAS B 3F1P 5 

BMAL1 PAS B CLOCK PAS B 3F1N 1 

PER2 PAS AB CLOCK PAS B 3F1N 1 

CLOCK  PAS AB BMAL1 PAS B 3F1N 6 

CLOCK  PAS AB BMAL1 PAS B 3F1P 8 

CLOCK PAS AB BMAL1 PAS B 3H7W 7 

 

 
Figure  4-1 The modeled interaction between PER2 PAS AB and CLOCK PAS B domains 

based on template 3f1n ( 3f1nA: HIF2-a PAS B, 3f1nB: ARNT PAS B  (A) HIF2-a PAS 

B/ARNT PAS B complex(3f1nAB) (B) Predicted PER2 PAS AB/CLOCK PAS B  

complex. Interfaces are shown as balls. 
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Figure  4-2 Example of Prism results for BMAL1-CLOCK-PER2 protein interactions. 

Interfaces and hotspots are visualized by using HotPoint web server. The white labeled 

residues are the interfaces and other colors show the hotspots. Same colored residues imply 

that those hotspots present in same hot region. (A) CLOCK PAS B- BMAL1 PAS B 

interaction that is constructed based on the template 2a24 protein complex. Blue chain 

shows the BMAL1 protein and red chain show the CLOCK protein. (B) CLOCK PAS AB- 

BMAL1 PAS B interaction which is constructed with the template 3f1n protein complex. 

Blue chain shows the BMAL1 protein and red chain show the CLOCK protein. (C) PER2 

PAS AB – CLOCK PAS B interaction that is predicted by using template 3f1n. Red color 

represents PER2 and blue color is CLOCK protein.  
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Figure  4-3 Construction of CLOCK-BMAL1-PER2complex model.33 BMAL1 PAS B-

CLOCK PAS B complexes were added PER2-CLOCK complex by aligning their CLOCK 

PAS B regions.  (A) One of the eliminated types of CLOCK-BMAL1-PER2 complex is 

shown. It is seen that BMAL1 PAS B and PER2 PAS B regions are overlapped, totally 9 

models obtained like this and they are eliminated. (B) One of the selected the model for 

CLOCK – BMAL1 –PER2 trimeric complex is shown. It is seen that BMAL1 PAS B and 

PER2 PAS B uses different interfaces on CLOCK PAS B region. Totally 3 complexes 

obtained like this and they are selected for further steps. 

            

There are two different types of complexes in 33 predicted interactions. First type 

of complex is between CLOCK PAS B and BMAL1 PAS B domains, this type of 

interaction is shown in Figure  4-2-B Among the 33 interactions, 12 of the interactions 

belongs to this type. Second type of interaction is between CLOCK PAS AB and BMAL1 

PAS B, the remaining 21 interactions belong to second type, shown in Figure  4-2-A. The 

PPI predictions, obtained from PRISM algorithm were added to each other in a 



Chapter 4: Results                                                                                                                35

   

 

 

 

 

 

 

 

combinatorial way to obtain CLOCK-BMAL1-PER2 trimeric complex ,using VMD 

software[76]. Since we have only one complex that contains PER2 protein (interaction 

predicted between PER2 PAS AB and CLOCK PAS B based on template 3F1N , this 

PER2-CLOCK complex was used like a skeleton and other complexes were structurally 

matched on this complex. In structural matching step, we aligned BMAL1 PAS B-CLOCK 

PAS B complexes (12 complexes) and CLOCK PAS AB and BMAL1 PAS B (21 

interactions) on to the PER2 PAS AB- CLOCK PAS B complex by matching their CLOCK 

PAS B regions. We performed this for all 33 complexes and 30 one them were eliminated 

since BMAL1 PAS B and PER2 PAS B regions overlapped on CLOCK PAS B interface. 

Particular interface on a domain can interact with only one partner at the same time, so 

BMAL1 PAS B and PER2 PAS B have to use different surface patches on CLOCK PAS B 

domain. The remaining 3 complexes that do not contain overlapping regions were selected 

as the model for the CLOCK-BMAL1-PER2 trimeric complex.  

 

 
Figure  4-4 Model of CLOCK- BMAL1- PER2 complex. Model was created by 

combinatorial addition of BMAL1 PAS B-CLOCK PAS B complexes on to the PER2 PAS 

AB-CLOCK PAS B complex by aligning their CLOCK PASB regions.  
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4.3 Interface- Hotspot Analysis and FoldX Results 

 The 3 CLOCK- BMAL1- PER2 complexes that are constructed by putative PPI 

predictions of PRISM were analyzed with three different web servers, HotPoint, KFC2 and 

FoldX. We used three different programs to obtain more consistent results by comparing all 

predictions.   

 

Table  4-3 Interface - hotspot and point mutation analysis results 

Interaction  

Type 

Molecule  

name 

Residue 

No 

Residue  

Type 

FoldX 

Result 

PER2- CLOCK PER2 414 Serine(S) 50 (Histidine) 

429 Arginine (R) 3,6 

431 Lysine (K) 2,0 

CLOCK 332 Glycine(G) 4,5 

354 Histidine(H) No change 

356 Tyrosine(Y) 1,5 

333 Lysine (K) 2,5 

361 Glutamine(Q) 3,4 

CLOCK-BMAL1 CLOCK 317 Aspartic acid (D) 2,5 

338 Tyrosine(Y) 2,7(Glycine) 

350 Tryptophan (W) 3,4 

352 Glutamine(Q) 5,0 

376 Valine(V) 3,5(Proline) 

BMAL1 347 Valine(V) No change 

349 Arginine (R) 2,7 

362 Arginine(R) 3,5(Tyrosine) 

405 Isoleucine(I) 2,0 

427 Phenylalanine(F) 5,0(Proline) 

429 Phenylalanine(F) 3,5 

441 Valine(V) 4,5(Histidine) 
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Figure  4-5 Hotspots predicted by HotPoint and KFC2 web servers.The molecules PER2, 

CLOCK, BMAL1 are colored green, yellow and cyan. There two interfaces present in this 

complex, first one is between PER2 and CLOCK and second one is between CLOCK and 

BMAL1. (A) The hotspots on the interface of PER2-CLOCK are shown. (B) The hotspots 

on the interface of CLOCK-BMAL1 are shown. 
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In CLOCK-BMAL1-PER2 complex, there are 2 interactions. First one is between 

PER2 and CLOCK proteins and second one is between BMAL1 and CLOCK proteins. 

Each interaction was analyzed separately using HotPoint and KFC2 web servers. Each of 

the protein stability was analyzed using FoldX program to validate HotPoint predictions. 

Results are shown in Table  4-3 Interface - hotspot and point mutation analysis results. 

Hot spot results were validated by FoldX program.e.g. 332. residue, glycine on CLOCK 

protein is identified as hotspot by HotPoint server. In FoldX results, it is also seen that 

when it is mutated to valine, energy of the protein increases 4.5 kcal/mol, that confirms the 

result of the HotPoint server. These analysis provide us information regarding to residues 

those are critical for the interactions between clock proteins. In Figure  4-5, the hotspots, 

labeled on complex those predicted by at least two of three programs are shown. In 

CLOCK-PER2 complex, it is seen that anti- parallel β-sheet region of PAS B domains of 

CLOCK and PER2 are used as interface. Besides, some residues on alpha helix residues of 

PER2 PAS A are found as hotspots by HotPoint. In BMAL1- CLOCK complex, it is seen 

that the beta-sheet regions on PAS B domains are used. 
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Chapter 5 

5 DISCUSSION 

In this work, we first sought to identify interactions within each of the clock 

proteins that have PAS domains, using high performance structure based prediction 

algorithm, PRISM. PAS-PAS domain containing protein complexes, available in PDB were 

used as template for PPI prediction. Homology models of CLOCK, BMAL1 and PER2 

were used as target for PPI prediction. The prediction algorithm based on the following 

concept: if two target proteins contain similar regions to complementary partner of a 

template interface, it is assumed that these two target proteins interact through these similar 

complementary regions. PAS domain containing clock proteins’ trimeric complex, 

CLOCK-BMAL1-PER2 was constructed using PRISM algorithm. Each of the interactions 

between two individual proteins that we found and previous findings (Appendix C) about 

them will be discussed below. 

We found that CLOCK and BMAL1 form a heterodimer via their PAS B domains. 

The CLOCK-BMAL1 interaction was predicted with PRISM by using 4 different 

templates, HIF2-a PAS B/ARNT PAS B complex (3f1nAB) , C-terminal PAS domain 

(PAS-B)/ Aryl hydrocarbon receptor nuclear translocator (2a24AB), HIF2 alpha C-terminal 

PAS domain/Aryl hydrocarbon receptor nuclear translocator (3f1pAB), HIF2alpha C-

terminal PAS domain/ Aryl hydrocarbon receptor nuclear translocator (3h7wAB). Then, 

PAS A domains of CLOCK and BMAL1 were added to CLOCK PAS B- BMAL1 PAS B 

protein complex by using VMD. When we align PAS A domain on this complex, we 

observed that PAS A domains do not oriented in parallel to each other, they placed on 

different axis.(see  Figure  5-1). According to interface and hotspot analysis, it is seen that 

the beta-sheet regions on PAS B domain are used as interface.  
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Figure  5-1 The view of CLOCK PAS AB and BMAL1 PAS AB 

 

In our results, we obtained two different types of CLOCK- BMAL1 heterodimer, 

CLOCK PAS B- BMAL1 PAS B and CLOCK PAS AB- BMAL1 PAS B. According to the 

complex energy calculation of PRISM, first type of interactions have energies 

approximately -20 kcal/mol and second type interactions CLOCK PAS AB-BMAL1 PAS 

B interactions have energies approximately -40kcal/mol .(Appendix B shows the energy of 

complexes those predicted by PRISM). These results imply that, PAS A domain of 

CLOCK has additive effect on CLOCK-BMAL1 PAS B -PAS B heterodimerization. In a 

previous study, the importance of PAS domains for BMAL1-CLOCK heterodimerization 

was tested and it was seen that single PAS domain cannot sustain heterodimerization alone 

(Appendix C, [60, 77]). Both PAS AB domains from BMAL1 and CLOCK are required for 

heterodimerization. In addition to this, it is seen that PAS B domain of BMAL1 can 

contribute interaction with CLOCK PAS AB [9]. Second type of PRISM interaction 

prediction; support the findings of this study since CLOCK PAS AB-BMAL1 PAS B 

complexes have lower energies than CLOCK PAS B- BMAL1 PAS B complexes. As a 

result, our model propose that PAS A domains of CLOCK and BMAL1 are not used as 
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interface for heterodimerization but PAS A domains  have additive influence for PAS B- 

PAS B heterodimer formation. 

Until now, the interaction between CLOCK and PER2 is shown in many studies 

[21, 60, 62, 63]. However, the interaction regions within those proteins those are required 

for binding are not studied neither at domain level nor residual level. According to our 

prediction algorithm, CLOCK interacts with PER2, which holds with the previous findings. 

. In our methodology, one CLOCK-PER2 protein complex was constructed based on 

template HIF2-a PAS B/ARNT PAS B complex (3f1nAB). In this complex, PAS B domain 

of CLOCK and PAS B domain of PER2 are used as interface. Besides, some residues on 

alpha helix region of PER2 PAS A are found as hotspots by HotPoint.  

The interaction between BMAL1 and PER2 was observed by using mammalian two 

hybrid system [21, 62]. Additionally, it is found that PER2 binds to PAS A domain of 

BMAL1 [60]. In our system, we did not find any interaction between BMAL1 and PER2 in 

opposite to previous findings. However another study observed that, when CRY proteins 

are added this complex, CRY1 and CRY2 influence the interaction between PER2 and 

BMAL1. The CRY proteins moreover seem to have a higher affinity to BMAL1 than 

PER2. When they added PER2 to BMAL-CRY complex, it is seen that, PER2 does not 

significantly affect the interaction between CRY and BMAL1 [9]. All these findings 

propose that, PER2 do not interact with BMAL1 when they are found as the multimeric 

complex of clock proteins, CLOCK-BMAL1-PER2- CRY2. Although binary interactions 

between PER2 and BMAL1 were experimentally shown, their interaction is needed to be 

validated when PER2 and BMAL1 are present in the multimeric complex. The cartoon 

representation of whole complex is presented in Figure  5-2. 
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In conclusion, to complete our aim and characterize the interactions of BMAL1, 

CLOCK and PER2, we use PRISM server. Via PRISM protocol, we are able to predict 

which interactions can and cannot co-exist. Here we apply this concept to clock proteins, 

BMAL1, CLOCK and PER2. We predict, BMAL1 and CLOCK interacts with each other 

through their PAS B domains and the PER2 interacts with this dimer through the PAS B 

domain of the CLOCK.  In BMAL1/CLOCK interface, we found 12 hotspots, 7 residues on 

BMAL1 (347,349,362,405,427,429,441), 5 residues on CLOCK (317, 338, 350, 352,376).  

In PER2/CLOCK interface, 8 hotspots are found, 3 residues on PER2 (414, 429,431) and 5 

residues on CLOCK (332,354,356,333,361). We believe that such a strategy should be very 

useful in the actual comprehension of PPI. For experimental part, 20 hotspots were found, 

shown in Table  4-3. These hotspots are also needed to be validated by mutagenesis 

analysis 

As a future work, for the modeling part, generation of structures which leads the 

improvements in the template set is crucial for computational analysis part of this study. In 

our results, we show that PAS B domains of CLOCK and BMAL1 are used as interface for 

heterodimerization. However, the role of PAS A domains for heterodimerization are still 

needed to be searched. 

A better understanding of the interactions between clock proteins will clearly have 

an additive effect on our understanding of other diseases and human health. There is a 

direct link between circadian rhythms and metabolic gene regulation, as well as nutrient 

uptake. So the mechanisms by which circadian rhythms are maintained are very essential to 

elucidate the cross-talk with metabolic signaling.  These studies- analysis of clock 

regulation is not only important to understand clock mechanism at molecular level but also 
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will lead to improve novel therapeutic approaches in the future against clock-regulated 

diseases, like Jet-Lag. 

 
Figure  5-2  The cartoon representation of BMAL1-CLOCK-PER2 complex model. 

Proteins are labeled on model; the interactions predicted by PRISM are illustrated here by 

using new cartoon representation.  Some parts of molecules are represented as balls, 

because the interactions in these parts are not clarified. 
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6 Appendix   

6.1 Appendix A: 4 different type of interactions within template set 
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6.2 Appendix B:  PRISM Results 

Template Mol 1 Mol2 Energy 

(kcal/mol) 

2a24AB BMAL1 PAS 

B 

CLOCK PAS 

AB 

-10.15 

2a24AB BMAL1 PAS 

B 

CLOCK PAS 

AB 

-15.08 

2a24AB CLOCK PAS 

B 

BMAL1 PAS B -14.33 

2a24AB CLOCK PAS 

B 

BMAL1 PAS B -14.33 

2a24AB CLOCK PAS 

B 

BMAL1 PAS B -21.32 

3f1pAB CLOCK PAS 

B 

BMAL1 PAS B -19.95 

2a24AB CLOCK PAS 

B 

BMAL1 PAS B -11.32 

3f1pAB CLOCK PAS 

B 

BMAL1 PAS B -9.95 

3f1pAB CLOCK PAS 

B 

BMAL1 PAS B -9.61 

3f1pAB CLOCK PAS 

B 

BMAL1 PAS B -19.63 

3f1pAB CLOCK PAS 

B 

BMAL1 PAS B -21.69 

3f1pAB BMAL1 PAS 

B 

CLOCK PAS 

AB 

-13.04 

3f1pAB BMAL1 PAS 

B 

CLOCK PAS B -12.2 

3f1pAB BMAL1 PAS 

B 

CLOCK PAS B -11.52 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -34.05 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -42.7 
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3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -24.72 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -22.41 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -21.52 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -42.41 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -34.95 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -40.7 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -31.5 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -36.53 

3f1pAB CLOCK PAS 

AB 

BMAL1 PAS B -39.53 

3h7wAB CLOCK PAS 

B 

BMAL1 PAS B -9.6 

3h7wAB CLOCK PAS 

AB 

BMAL1 PAS B -42.22 

3h7wAB CLOCK PAS 

AB 

BMAL1 PAS B -43.2 

3h7wAB CLOCK PAS 

AB 

BMAL1 PAS B -35.93 

3h7wAB CLOCK PAS 

AB 

BMAL1 PAS B -58.91 

3h7wAB CLOCK PAS 

AB 

BMAL1 PAS B -39.7 
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6.3 Appendix C:  Experimentally Validated Protein Interactions within 

clock proteins (The IntAct molecular interaction database is used) 

Protein 

Name 

Protein 

Name 

Interaction 

Detection 

Method 

Species Interaction 

Domain 

Complex 

Type 

Ref. 

BMAL1 CLOCK Two-hybrid Homo 

Sapiens 

Both PAS A 

and PAS B 

from BMAL1 

and CLOCK is 

required. 

DNA-off 

Binary 

interaction 

[60, 77]  

BMAL1 CRY1  gal4 vp16 

complementati

on 

Homo 

Sapiens 

C-terminal of 

BMAL1 is 

required. 

DNA-off 

Binary 

interaction 

[60] 

anti bait 

coimmunoprec

ipitation 

Mus 

musculus 

DNA-off 

Binary 

interaction 

[78] 

BMAL1 PER2 gal4 vp16 

complementati

on 

Homo 

Sapiens 

PAS B of 

BMAL 1 is 

essential. 

DNA-off 

Binary 

interaction 

[60] 

CLOCK PER2 anti bait 

coimmunoprec

ipitation 

Mus 

musculus 

Not clarified. DNA-off 

Binary 

interaction 

[63] 

gal4 vp16 

complementati

on 

Homo 

Sapiens 

DNA-off 

Binary 

interaction 

[60] 

CLOCK CRY2 Two-hybrid Mus 

musculus 

Not clarified. DNA-off 

Binary 

interaction 

[22] 

CRY2 BMAL1+CL

OCK+ 

E -BOX 

COMPLEX 

ChIP 

experiments 

Mus 

musculus 

Not clarified. DNA-on 

interaction 

[56] 
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6.4 Appendix D:  Homology Modeling Structure Comparison Results 

CLOCK PAS A 

 
(A)Superimposition of the models, Blue-swiss model, Black-modbase model, RMSD is 

1.7 A. (B) Degree of variability within residues of models 

CLOCK PAS B 

 
(A)Superimposition of the models, Blue-swiss model, Black-PHYRE model, RMSD is 

2.1 A. (B) Degree of variability within residues of models 

BMAL1 PAS A 
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(A)Superimposition of the models, Blue-swiss model, Black-modbase model, RMSD is 

2.4 A. (B) Degree of variability within residues of models 

BMAL1 PAS B 

 

(A)Superimposition of the models, Blue-swiss model, Black-modbase model, RMSD is 

2.0 A. (B) Degree of variability within residues of models 
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