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ABSTRACT 
The circadian clock regulates biological and behavioral adaptations in response to day-
night cycles. Cryptochromes (CRYs) are members of a family of photolyases involved in 
DNA repair that are responsible for the oscillation of the circadian clock. CRYs harbor a 
conserved flavin adenine dinulcleotide (FAD), which is reduced by light and induces 
conformational changes to activate the protein. The underlying mechanisms of the light-
induced conformational changes of CRYs coupled to FAD reduction, however, are still 
not well understood. In this study, we use optical tweezers to study the conformational 
landscape of the drosophila CRY in the presence and absence of FAD, and in light 
activated condition. In the presence of FAD, drosophila CRY unfolds in several steps 
whose total extension correspond to the fully folded protein. In contrast, in the absence of 
FAD the protein fails to fold into its native tertiary structure. By titrating FAD and 
monitoring the fraction of folded protein, we constructed a single-molecule binding curve 
and determine a Kd for FAD of 0.1 nM. Studying the kinetics of cofactor binding to the 
protein folding revealed folding of the protein through intermediates that bind to FAD 
with a very high affinity and in a very short time scale and the presence of intermediates 
bound to FAD promotes formation of native structure of the protein. Interestingly, the 
flavin mononucleotide (FMN) moiety binds with a Kd similar to that of FAD and 
promotes complete folding, whereas the dinucleotide moiety (adenine and phosphate 
groups) contribute very little to the binding interactions of FAD and has minimal effects 
on promoting the folded structure. These results indicate that FMN is the dominant 
moiety responsible for the binding energy of FAD, and that FAD is strictly required for 
the global structural integrity and stability of the protein. Taken together, the study 
uncovered the photoreceptor activity of the protein dependent on the presence of FAD. 
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CHAPTER I 

LITERATURE REVIEW  

1.1. Cofactors Are Essential Components of Proteins 

Cofactors are non-protein constituents that are essentially required for the protein 

function, catalytic activity of an enzyme, protein folding and stability. They are classified 

as (A) prosthetic groups, which are metal ions permanently bound to the protein with 

covalent interactions such as iron, copper and zinc1, and (B) coenzymes or complex 

molecules that non-covalently interact with the protein and are directly involved in 

enzymatic reactions. Coenzymes are classified into vitamins and non-vitamins such as 

flavin adenine dinulcelotide (FAD) in flavoproteins and cryptochromes, and heme in 

myoglobin and hemoglubin respectively. A list of common cofactors classification is 

provided in Table S1.1.2  

1.1.1. Flavin Adenine Dinucleotide as the Most Abundant Cofactor 

Flavin is an abundantly used cofactor in nature.3 Nearly 400 proteins are flavin-

dependent and use FAD or flavin adenine mononucleotide (FMN) as a cofactor in their 

enzymatic reactions. The majority of flavoproteins use FAD (75%) rather than FMN 

(25%) and bind non-covalently but strongly to the cofactor.4 Many bacteria and plants 

synthetize riboflavin (vitamin B2) and use it to synthetize FMN and FAD. However, 

mammalian cells are unable to synthetize riboflavin and use dietary resources of 

riboflavin as a precursor in the synthesis pathway of FMN and FAD. Riboflavin kinase 

uses ATP to phosphorylate the ribityl side chain of riboflavin followed by ATP-
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dependent adenylation of FMN by FAD synthase to form FAD (Scheme 1.1). FAD is 

synthetized both in cytosol and mitochondria and is transferred to either location.5,6  

 

Scheme 1.1. FAD biosynthesis. Riboflvin of dietary resources is phosphorylated on the 
ribityl side chain in an ATP-dependent reaction. In the next step, FAD synthase attaches 
an adenine monophosphate from an ATP to FMN and produces FAD. Both steps require 
ATP. 
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The structure of FAD consists of two main moieties of FMN and adenosine 

monophosphate (AMP) linked together by a pyrophosphate bond. FMN structure is 

constructed from an isoalloxazine ring linked to a ribitol sugar chain phosphorylated at 

C5’ of the ribitol (Scheme 1.2). FAD adopts two conformations of elongated or bent 

butterfly when interacting with the proteins in aqueous solutions to control the catalytic 

properties of FAD. The isoalloxazine ring determines catalytic activities of FAD and 

FMN whereas the ribitol phosphate and AMP mainly stabilize the cofactor in the binding 

to the protein. The catalytic activity of isoalloxazine ring is mostly oxidoredoctase 

reactions via one or two electron transfer reactions (91%). The flavin ring is able to take 

up two electrons and release them to a substrate or an electron acceptor.7 However 

flavoprotein are also involved in the other types of reactions catalyzed by isoalloxazine 

ring of FAD and FMN such as in transferases, lyases, isomerases, ligases.4  

 

Scheme 1.2. Schematic structure of FAD and its two main ring chains. FAD has two 
main ring chains: (1) the Isoalloxazine ring which is important for he electron transfer 
and catalytic activity of the flavoproteins. The isoalloxazine ring in FAD is linked to the 
(2) adenosine monophosphate moiety by a ribitol phosphate linkage.  
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1.2. Flavin- Dependent Proteins (Flavoproteins) 

Flavoproteins are proteins that encompass FAD or FMN as their cofactors and are 

classified based on their enzymatic activities. Since FAD has redox activity, the majority 

of flavoproteins (91%) are oxidoredoctases such as monooxygenases/hydroxylases. Other 

classes are transferases (4.3%), lyases (2.9%), isomerases (1.4%) and ligases (0.4%). 

Flavin cofactor function is not limited to redox reactions; a large number of flavoproteins 

serve as a signaling molecule in biological processes such as DNA repair and light 

sensing called blue-light photoreceptors.4  

1.3. Blue-Light Photoreceptors Contain Flavin Adenine Dinucleotide Moiety 

Blue-light photoreceptors are a family of flavoproteins that are present throughout 

the entire biological kingdom. Photoreceptors are categorized into three major categories: 

(1) the cyclobutane pyrimidine dimer (CPD) photolyases, (2) the (6-4) pyrimidine-

pyrimidone adduct photolyases and (3) the cryptochromes (CRYs). Structurally, 

photolyases and cryptochromes share similar domains and cofactor binding sites and they 

all possess FAD. UV irradiation increases the formation of CPD (80%) and (6-4) 

photoproducts (20%) in dipyrimidine sequence of double-stranded DNA (Scheme 1.3). 

Photolyases use blue-light (350-450 nm) for photoreactivation to reverse the effect of UV 

and repair damaged DNA in both CPD and (6-4) photoproducts. 3,8 
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Scheme 1.3. UV-induced types of DNA lesions. UV induces dimerization of thymine 
dinucleotides to generate thymidine dimers. In cyclobutane dimers C6 of the 5’-base is 
joined to the C6 of 3’-base and the C5 of the 5’-base binds to C5 of 3’-base. In (6-4) 
photoproducts the C6 of the 5’-base is joined to the C4 of 3’-base and the –OH or –NH of 
C4 is transferred to C5 of the 5’-base.  

 

In contrast, though cryptochromes have a high sequence homology to (6-4) 

photolyases, they lack DNA repair activity. These photoreceptors are the main signaling 

molecules that regulate rhythmic biological activities in response to light and synchronize 

the circadian clock to day-night cycles in plants and animals including human. However, 

they have a DNA binding site similar to (6-4) photolyases that bind to specific protein 

sequences instead of DNA lesions to regulate daily cellular processes.3,9,10 

1.3.1. (6-4) Photolayse Repairs DNA Lesions 

Photolyases are monomeric proteins with 400-600 amino acids in their sequence 

and are found in many bacteria and plants but not in mammals including human. 

Photolyases have two noncovalently bound cofactors: one of them is FAD and the second 

cofactor is either methenyltetrahydrofolate (MTHF) or 8-hydroxy-7,8-didemethyl-5-

deazariboflavin (8-HDF). FAD is required for binding to the DNA lesion and catalytic 

activity of the enzyme whereas the second chromophore increases the rate of repair by 
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10-100 folds.11 Photolyases share about 30% homology in their sequence and the C-

terminal 150 amino acids in their sequence have the highest degree of homology, which 

is predicted to be the FAD binding domain.12,13 However, photolyases show no sequence 

homology to flavoproteins other than cryptochromes.9 Photolyases are able to repair the 

two major DNA lesions induced by UV light: CPD pyrimidine dimers and (6-4) 

photoproducts, yet the enzyme that repair one type of DNA lesion is unable to repair the 

other one, therefore they are classified as CPD photolyases and (6-4) photolyases.3  

Cyclobutane dimers can be repaired to their canonical form by breaking the C5-

C5 and C6-C6 bonds by CPD photolyases or direct excitation. However, breaking the 

C6-C4 bond does not result in repair but formation of two impaired bases. During the 

repair, the (6-4) photolyase, recognizes the lesion, fully opens the DNA at the site of 

lesion and the (6-4) lesion flips out by 180° into the active site where the photochemical 

reaction takes place. The Arg421 is a conserved residue in photolyases that stacks on top 

of a guanine base at the 3’- end and interact with phosphate groups of the damaged DNA 

strand. Lys161 and Arg502 form salts bridges with phosphate backbone of the 

undamaged DNA strand. The FAD in the (6-4) photolyase is in the bent form similar to 

CPD photolyases and cryptochrome and N1 of the isoalloxazine ring and NH2 of 

adenosine form hydrogen bonds with Asn406. The lesion also forms Watson-Crick 

hydrogen bonds with Gln299 and a conserved His365. The Glu299 forms only one 

hydrogen bond with the DNA lesion and facilitates the flipping back of the lesion out. 

Mutational analysis has shown the His365, His369 and Tyr423 are in a close proximity to 

the lesion and are essential for the catalysis reactions to repair. A water molecule in the 

pocket forms hydrogen bond with the C5 hydroxyl group of the pyrimidine (Figure 1.1).8  
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Figure 1.1. Structure of (6-4) photolyase. (A) Overall structure of the (6-4) photolyase 
in a complex form with damaged DNA (PDB: 3CVU). (B) Before the DNA repair, the 
electron from light-reduced FAD is transferred to the (6-4) photoproduct and form H-
bonding with the neighboring His365 and His369. (C) After the repair the electron goes 
back to the FAD (PDB: 3CVY). 
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1.3.1.1. The Repair Mechanism of (6-4) Photolyases 

The mechanism of repair by (6-4) photolyases involve electron donation from 

light-reduced FAD directly to the lesion and forming a radical anion. Protonated C5-OH 

forms an intermediate and the water molecule can attack the acylimine to form a radical 

intermediate after activation by His365 and His369. The intermediate rapidly form the 

repaired TpT, after reverse electron transfer to FAD and loss of a proton (Scheme 1.4). 8 

 

Scheme 1.4. Repair mechanism of light-induced electron transfer based splitting of 
(6-4) DNA lesion of drosophila (6-4) photolyases. The electron from light-reduced FAD 
is donated to the pyrimidine dione and form a radical anion. Deprotonation, followed by 
electron movement leads to the formation of repaired TpT. This process is believed to be 
facilitated through hydrogen bonding with neighboring histidines. In final step, the 
electron is ejected back to FAD followed by deprotonation.  
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1.3.2. Cryptochrome Regulates Circadian Clock 

Cryptochromes are homologues of (6-4) photolyases without DNA repair ability. 

However, they have the blue-light enzymatic activity to synchronize the circadian clock. 

Animal cryptochromes are divided into two distinct group based on their function in 

circadian clock as molecular oscillators involved in transcription/translation feedback 

loops: (1) Type I cryptochromes are light responsive circadian photoreceptors as in 

drosophila and other insects and (2) Type II cryptochromes are light-irresponsive 

transcription-repressing molecules as in vertebrates e.g. mouse and human. Type II 

cryptochromes are required for maintaining the rhythmicity of circadian clock in 

peripheral tissues.14 

1.4. Circadian Clock 

Circadian clock is the periodic oscillation of behavioral and physiological 

function of organisms within one day periodically. The amplitude of the rhythm, amount 

of activity of circadian gene expression in mRNA or protein level, and period length 

(varies between 22-26 hours in different species) are maintained under constant 

conditions.15,16 Thus the organism has the ability to be synchronized with the 

environment by light. Light is the predominant and most important environmental cue 

that can affect the amplitude and the length of the circadian rhythm.17 

The mammalian circadian system has three components (Figure 1.2A): (1) 

Cryptochromes or circadian photoreceptors that are located in the front part of the retina 

in the ganglion cell layer (GCL) and inner nuclear layer (INL) (Figure 1.2B). They 

initiate the signal transduction and transmit it through the retirohypothalamic tract (RTH) 

to (2) the master circadian clock in hypothalamus to a cluster of neurons called 
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suprachiasmatic nucleus (SCN). (3) The output of the signal is neuropeptides released 

from the master clock to other regions of the brain to control divers physiological 

functions such as proper timing of hormone release, feeding behavior, or secretion of 

cytokines (Figure 1.2A).16,18 The 3D visual photosensory system, which are opsins are 

located in the rods (rhodopsin) and cones (color opsin) in the outer retina. These two 

photosensory systems function independently. Therefore, retinal degeneration damages 

that destroy the outer retina and causes vision loss does not affect the circadian 

photosensory system.17  

 

Figure 1.2. Anatomy and histology of circadian clock and visual photosensory 
systems. (A) Cryptochromes as the circadian clock photosensors are located in GCL and 
INL of the outer retina. The signal is transmitted to the SCN through RTH shown in red. 
The visual photoreceptors or opsins are located in the inner retina and transmit the signal 
to visual cortex through optic nerve. (B) Schematic cross section of mammalian retina 
represents the location of cryptochromes in the GCL and INL of outer retina and rods and 
cones in the inner retina. The two photosensory system are anatomically and functionally 
distinguished. Figure taken from reference 3 with permission (Appendix 3).  
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1.4.1. Regulation of Circadian Clock at the Molecular Level 

Circadian clock regulation requires a cell-autonomous transcription-translation 

feedback loop of a core set of genes that are highly conserved in animals. In drosophila, 

the genes Cyclic locomotor output cycles kaput (Clock) and Cycles (Cyc) encode 

CLOCK/CYC to activate transcription of Period (Per) and Timeless (Tim) by binding to 

the CACGTG E-box enhancer in their promoters. Once the cellular concentration of TIM 

and PER elevate in the evening, they form a heterodimer and enter the nucleus to repress 

transcription of CLOCK/CYC and accordingly their own transcription. TIM is not part of 

the core clock but it is essential for cellular processes as for chromosome integrity, cell 

growth and development.19 Transcription of Cry is also controlled by CLOCK/CYC. 

Drosophila CRY interacts with TIM in a light-dependent fashion and leads to proteasome 

degradation of TIM. Light also regulates drosophila CRY protein level and thereby its 

function. The core domain of drosophila CRY regulates light photoreception, induction 

of conformational change of the protein, and the C-terminus tail (CTT) interaction with 

TIM to mediate photosensitivity (Figure 1.3A).19 Drosophila genome encodes only type I 

cryptochrome, which has a dual function: (1) circadian photoreceptor, and (2) 

maintaining the rhythmicity of circadian clock in peripheral tissues similar to type II 

cryptochromes.20 
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Figure 1.3. Model of Autonomous transcriptional-translational feedback loop to 
regulate circadian clock in drosophila and mammalians.  (A) In drosophila 
transcription activators CLOCK/CYC activate transcription of PER, TIM and CRY. 
PER/TIM heterodimer enters the nucleus and repress transcription of CLOCK and thus 
their own transcription. CRY interacts with TIM in a light-dependent manner and leads to 
TIM ubiquitin degradation and thus transcription activation of CLOCK and consequently 
TIM and PER (B) In mammalians, BMAL1/CLOCK heterodimer activate transcription 
of PER and CRY but PER/CRY heterodimer enter the nucleus and negatively regulate 
transcription of BMAL1 and result in negative transcription regulation of their own 
genes, Per and Cry. 
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In mammals, type II cryptochromes, CRY1 and CRY2, are expressed at high 

levels in retina and function as photoreceptors. However CRY1 and CRY2 are also 

expressed in SCN and peripheral tissues and function in a light-independent fashion as in 

drosophila CRY to maintain the molecular clock and rhythmicity of biological 

processes.15,18,21 The function is through the negative regulatory transcription-translation 

feed back loop similar to drosophila. CRY1 and CRY2 expression in SCN oscillates with 

a 24-hour rhythmicity: lack of CRY1 results in short period and lack of CRY2 results in 

long periods. Consequently, lacking both CRY1 and CRY2 results in arhythmicity in 

periods similar to constant darkness.18  

Although the circadian clock regulation in drosophila and mammalians are 

similar, there are differences too: in mammals brain and muscle Arnt Like 1 protein 

(BMAL1) which is the homologue of drosophila CYC forms a heterodimer to CLCOCK, 

CLOCK/BMAL1, and binds to the E-Box promoter of type II cryptochromes to enhance 

the transcription of CRY1 and CRY2. Type II cryptochromes, CRY1 and CRY2, 

heterodimerize with PER1 and PER2 and enter the nucleus to repress CLOCK/BMAL1-

mediated transcription of their own expression by binding to E-box promoter. CRY and 

PER are negative regulators of their own genes whereas they positively regulate Bmal1 

(Figure 1.3B).21–23 In this model cryptochromes have a minor role in photoreceptor 

activity but they have a major function in the core of the clock. Additionally, it is not 

clear whether TIM in mammalians is functional homologue of drosophila TIM.24 

The peripheral molecular clock is synchronized with the central clock, SCN, by 

secretion of hormonal signals. The core component genes of circadian clock also interact 

with other genes: in drosophila they interact with pdf gene that expresses a neuropeptide 
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to regulate circadian behavior; they also interact with takeout gene that expresses a 

ligand-binding protein to control feeding behavior. In mammals, the clock genes interact 

with avp gene that expresses a vasopressin peptide to regulate activity of many pathways, 

as well as controlling the dbp gene that expresses a leucine-zipper transcription factor to 

control rhythmic expression of various genes and influences circadian behaviors.25 

1.4.2. Circadian Clock Deregulations and Physiological Disorders 

Circadian clock synchronizes a variety of biological processes and behaviors in all 

organisms including human to day-night cycles. The most obvious function is the 

regulation of the sleep-wake cycle. However many other biological processes are 

regulated by circadian clock including body temperature, hormone secretions, 

metabolism and glucose homeostasis, and cell cycle and differentiation. Therefore, 

disruption of the cycle either by genetic diseases or environmental cues results in 

physiological disorders.  

Circadian genes in mammals are expressed in most peripheral tissues during 

circadian oscillation. In the liver, cellular pathways to control metabolism such as 

glycolysis, fatty acid metabolism and cholesterol biosynthesis is under the control of 

circadian clock. Mutations in circadian genes have been shown to causes metabolic 

syndrome including obesity, hyperlipidemia, hyperglycemia and hypoinsulinemia.26–28 

Mutations in circadian clock genes such as Cry-deficiency, affects cell growth and 

proliferation leading to cancer.29 Moreover, mutation of Clock gene affects expression of 

cell-cycle regulating genes and reduction of cell proliferation such as delays in liver 

regeneration after partial hepatectomy.30 More interestingly, circadian clock components 

CLOCK/BMAL1 control the pharmacodynamics of chemotherapeutic agents, which is 
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associated with morbidity from cancer treatment. Thus, the core clock components and 

circadian rhythm play significant roles in many aspects of cell cycle regulation.31  

1.5. Drosophila Cryptochrome 

Drosophila CRY is a type I cryptochrome that has been well studied. It is primarily a 

photoreceptor that regulates circadian clock by targeting TIM for degradation in a light-

dependent manner. Light also targets CRY for ubiquitin degradation but on a longer 

timescale compared to TIM. Cryptochromes have 40-60% sequence similarity to (6-4) 

photolyases but also show notable differences in FAD binding sites, loop structures and 

more importantly the presence of a variable C-terminal tail (CTT).  Cryptochromes in 

different species have different CTT that vary from a short one in drosophila to a 240 

residue in plants.32  

The structure of full-length drosophila CRY was determined to 2.3Å resolution.33 In 

this structure, residues 1 to 140 have the highest degree of homology to drosophila (6-4) 

photolyase and is called photolyase homology domain (PHD). A 23-residue linker 

(residues 516-529) connects the PHD to the CTT (residues 530-539) that is inserted into 

active center of PHD. The CTT mimics the 6-4 CPD DNA lesion and the position of 

Phe534 in FFW motif (residues 534-536) of the CTT is the analogous of 6-4 photo lesion. 

The position of CTT in FAD binding grove of PHD is coupled to the position of three 

loops specific to type 1 cryptochromes: (1) phosphate binding loop (residues 249-263) 

that coordinates a phosphate group close to FAD; (2) the protrusion motif (residue 288-

306) is an extended loop close to the phosphate binding loop; and (3) C-terminal lid 

(residues 420-446) that packs against the CTT. The three loops mentioned form a pocket 

called C-terminal coupled motif (CCM) and the CTT linker binds between C-terminal lid 
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and 154-160 loop. Due to close proximity of C-terminal lid to the linker, the lid may 

facilitate the target recognition of TIM or ubiquitin ligase (Figure 1.4).33,34 

 
 

Figure 1.4. Structure of drosophila CRY. (A) Schematic extended view of domain 
organization in drosophila CRY. (B) Crystal structure of drosophila CRY determined a 
conserved domain homologous to dorosophila (6-4) photolyase called photolyase 
homology domain (PHD) which is connected to the C-terminal tail (CTT) via a linker. 
CTT is unique in cryptochromes and is highly variable between species. C-terminal 
coupled motif (CCM) includes phosphate-binding domain, protrusion motif and C-
terminal lid and form a FAD binding site. Also the CTT binds to the grove formed by 
CCM between the C-terminal lid and loop 154-160 in the same position as 6-4 
photolesions in (6-4) photolyases and Phe534 acts as the DNA lesion (PDB: 4GU5). 
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1.5.1. Flavin Redox States in Drosophila Cryptochrome Affect the Conformation 

The FAD within the family members of photolyases and cryptochromes has 

various redox states. In photolyases the FAD is in a neutral semiquinone state (FADH�) 

and light reduces it to the hydroquinone (FADH−). In drosophila CRY, a current 

proposed model of light-induced FAD reduction states that the FAD is in the ground state 

and it is reduced to an anionic semiquinone or ASQ (FAD�−), which reoxidizes in the 

dark under the aerobic condition (Scheme 1.5).33,35,36  

 
Scheme 1.5. FAD redox states in drosophila CRY. In drosophila cryptochrome, FAD is 
light-reduced to and form an anionic semiquinone in the isoalloxazine ring.  

 

FAD makes multiple direct interactions with the neighboring residues in the 

structure of drosophila CRY. The reduced FAD influences the interaction of FAD with 

the neighboring residues that directly contact with the CTT and ultimately causes a light-

induced conformational change in the structure of the protein to activate it (Figure 1.5).37 
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Figure 1.5. FAD contact map with drosophila CRY residues. Direct interactions of 
FAD within the neighboring residues in drosophila CRY and indirect interaction with 
FFWL motif of the CTT are shown within the crystal structure is shown (PBD: 4GU5). In 
this structure, Met266, Ser267 and His377 do not directly interact with FAD but are 
important for indirect interactions with other parts of the CTT and the linker.  Also, in 
this structure, a magnesium ion interacts with the β-phosphate of the FAD and Arg237, 
Ser265, and Met266.  
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1.5.2. Tryptophan Tetrad-Mediated Light Reduction of Flavin Adenine Dinucleotide 

To ensure the light-dependent photo signaling redox state must be stable inside 

the cells. Typical redox potential of the cells are maintained in the range of -260 to -300 

mV.38 Experimental approaches have shown the illumination of blue light (440 nm) 

readily reduces FAD to ASQ. The measurement of ratio of FADox/ASQ by spectroscopic 

methods for different drosophila CRY mutants of a conserved Tryptophan tetrad revealed 

a -316 mV redox potential for the wild type protein for a one-electron reaction. The 

FADox/ASQ of the protein also indicated that FAD is primarily oxidized in the cell and is 

susceptible to photoreduction. The protein is purified in the oxidized state from the insect 

cells and can be reduced by light after 10 minutes exposure at 280 W/m2.39  

The light-dependent activity of drosophila CRY is mediated by electron transfer 

through a chain of conserved tryptophan residues. The electron is transferred in a 

stepwise fashion to isoalloxazine in FAD through a highly conserved tryptophan tetrad 

(Trp394 to Trp342 to Trp397 to Trp420). In this chain, Trp349 produces a relatively 

stable radical required for formation of a stabilized FAD�−. Thus the location of this 

residue tunes light sensitivity of drosophila CRY and increases the proteolytic sensitivity 

of the protein to degradation due to displacement of CTT upon exposure to light. 

Moreover, given the closest proximity of Trp420 to FAD, any mutations of this residue 

will have the most defective result in light-dependent activation of drosophila CRY. 

Tryptophan tetrad provides a reduced surface required for drosophila CRY 

conformational changes and instability and sustains the photoreduced for a long enough 

time to not only for drosophila CRY-TIM degradation but also for promoting the 

ubiquitin degradation of the protein.39 The Trp536 of the CTT provides an indol group 
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close to FAD as in Trp420 and suggests the photosensing role for Trp536 in drosophila 

CRY. To inhibit a further conversion of FAD into a two electron reduced state, the 

Cys416 in drosophila CRY forms a hydrogen bond with the protonated N5 of the 

isoalloxazine ring. Thus, the charge localized on O4 and N5 in FAD�− is stabilized by the 

neutral thiol group of the Cys416 side chain.33,34  

Taken together, biological activity of drosophila CRY for TIM degradation 

correlates well with photoreduction properties of the protein and mutations of Tryptophan 

tetrad in Trp342, Trp 397 and Trp420 severely reduce TIM degradation.39  

 

Figure 1.6. Electron transfer through the conserved tryptophan tetrad. Light-
induced FAD reduction is mediated by a stepwise electron transfer through a highly 
conserved tryptophan tetrad. The electron flows through Trp394 to Trp342 to Trp 397 to 
Trp420 to the isoalloxazine ring of the FAD. Trp536 is the next acceptor if the electron. 
Cys416 side chain interacts with N5 and O4 of the isoalloxazine ring and stabilizes the 
negative charge to inhibit formation of two-electron reduced FAD. 
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1.5.3. Light-Induced C-Terminal Tail Rearrangement of Drosophila Cryptochrome 

The CTT is a strong inhibitory motif that gates interaction of drosophila CRY 

with TIM. In the dark, the FFW motif of CTT is responsible for protein stability by 

protecting it from proteolytic degradation by ubiquitin E3 ligase Jetlag (JET). Upon light 

exposure, FAD reduction influences charges of the neighboring residues and induce 

conformational changes involved but not limited to CTT, which is structurally positioned 

to respond to FAD redox states. The CTT conformational changes involve release of CTT 

from the core of the protein required for the drosophila CRY to be functionally active 

(Figure 1.7A): Drosophila TIM conserves a sequence similar to CTT sequence (FFWL) 

called C-terminal tail-like sequence (TIM-CTL) that binds to the core of the protein 

created by the CTT release and protect FAD from reoxidizing and drosophila CRY from 

ubiquitin E3 ligase, Jetlag (Figure 1.7B). Drosophila CRY-TIM interaction is a post-

translational modification of TIM that targets TIM for ubiquitin degradation by ubiquitin 

E3 ligase, JET resulting in a daily reset and synchronization of the circadian clock to the 

environment.37,40 

Furthermore, it has been shown that FAD binding pocket has a light-accessible 

side localized to the opposite of light-protected side (phosphate-binding domain, and 

protrusion motif). This suggests a flip-flop mechanism during FAD reduction, which 

displaces structural elements of CCM and flexible neighboring regions and the protected 

regions form a binding interface for downstream targets of drosophila CRY such as TIM 

and ubiquitin ligase. 37 
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Figure 1.7. Light induced conformational changes of drosophila CRY and 
interaction with drosophila TIM. (A) Light-induced FAD reduction causes 
conformational changes in the protein structure including the release of CTT from the 
core of the protein. (B) The CTT release forms a binding pocket for TIM-CTL as it has a 
similar sequence in its CTL that enables it to interact with the CTT binding pocket. TIM 
interaction protects FAD from reoxidation.  
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1.5.4. Drosophila Cryptochrome Degradation by Ubiquitin E3 Ligase Jetlag 

Despite diverse functional activity of cryptochromes type I and type II, they all 

undergo protein ubiquitination and degradation. Drosophila CRY as the main component 

of molecular clock regulates the circadian clock by interaction and targeting of clock 

protein TIM for ubiquitin degradation. Drosophila TIM and CRY are degraded in a 

sequential order by ubiquitin E3 ligase, JET. Because JET has a higher affinity to TIM, 

drosophila CRY degradation is spared until TIM protein level decreases to a certain 

level, therefore drosophila CRY is no longer required and is now targeted by ubiquitin 

E3 ligase, JET. Degradation of drosophila CRY presumably leads to re-accumulation of 

TIM for the next cycle.40–42 The process is tightly regulated by as AMP-activated protein 

kinase (AMPK) and drosophila CRY phosphorylation to accelerate the degradation.43 

The ubiquitin E3 ligase JET involved in drosophila CRY and TIM degradation 

has been identified as SKP1-CUL1-F-box protein complex (SCFFBXL3). The complex has 

four subunits: Cul1 acts as a scaffold and interact via its C-terminus with the N-terminus 

of SKP1 to recruit an E2 ligase. The F-box protein interacts with SKP1 through its N-

terminus whereas its C-terminus is responsible for substrate recognition.44 The structure 

of murine CRY in complex with SCFFBXL3 has been solved (Figure 1.8).45 The overall 

structure of the murine CRY-SKP1-FXBL3 looks like an ice cream cone with CRY on 

the top of the SCFFXBL3 complex. The FBXL3 has a 3-helix F-box motif at the N-termini 

that interacts with SKP1 and the C-terminal 12 leucine-rich repeat (LRR) forming an arch 

with its concave wrapping around the C-terminal linker of the cryptochrome (Figure1.8A, 

B). The interaction of FBXL3-CRY is through the highly conserved last 12 amino acids 

in the C-terminus in the LRR. The sequence caps the LRR and with Pro422 of the 12-
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amino acid sequence forms a sharp turn to inserts the last 5 residues into the core of FAD 

binding pocket. The side chain of Trp428 occupies the FAD binding site in the narrow 

gap between isoalloxazine and adenosine rings and forms hydrophobic contacts with the 

CRY residues that interact directly with FAD (Figure 1.8C). This indicates the FXBL3 

tail competes with FAD in binding to the cryptochromes.45 

 

Figure 1.8. Structure of murine SCFFXBL3-CRY complex and the interaction of the 
FBXL3 C-terminal with FAD-binding pocket.  (A) The FXBL3 interacts with SKP1 
through its N-terminus and cryptochrome through the C-terminus. The overall structure 
of the complex looks like an ice cream with the ubiquitin ligase as the cone with 
cryptochrome on the top. The curved structure of FXBL3 wraps around the CTT linker of 
the cryptochrome and the C-terminus enters the FAD binding pocket. (B) The FXBL3 
has 12 leucine-rich repeats that form the arch-like structure to enable it wrap around the 
cryptochrome. (C) The close up view of direct interaction of FXBL3 C-terminal W428 
with several residues in FAD-binding pocket that also directly interact with FAD 
including Arg311 and His 378. The interacting residues are shown in cyan. PBD: 4I6J.  
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1.6. Protein Folding and Cofactor Binding 

1.6.1. Role of Cofactors in Protein Folding 

At least 30% of proteins in living cells require cofactors such as small metal ions 

or small molecules for their biological activity and function.46 To have a functionally 

active protein, the translated protein needs to fold into its three-dimensional structure and 

make direct interactions with the cofactor. Interaction of cofactor with the unfolded 

polypeptide accelerates the folding process and ensures the efficient formation of the 

folded protein. Also cofactor often stabilizes the folded structure of the protein by 

protecting it from proteasome degradation.46  

Various diseases are related to protein aggregation and protein misfolding, 

therefore, to relate the diseases and drug discovery, it is important to focus on 

understanding protein folding. Recent studies have been focused on protein-structure and 

function, protein-protein interaction and protein-ligand interactions. Many large proteins 

with cofactors show folding intermediates. Therefore, this raises the question whether 

protein folding and cofactor binding are connected.  

Recent studies on several proteins encompassing cofactors have demonstrated two 

in vitro pathways for protein folding in the presence of cofactors:46,47 (A) Folded apo-

protein uptakes the cofactor to form the holo-protein to be functionally active; (B) 

Cofactor binding to the unfolded polypeptide takes place prior to protein folding and 

formation of functional protein is assisted by the cofactor binding and formation of 

intermediates (Figure 1.9). 
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Figure 1.9. In vitro mechanisms of protein folding associated with cofactor binding. 
(A) Shows the cofactor binds to a folded apo-protein and forms holo-protein; (B) 
Represents cofactor binds to an unfolded polypeptide or intermediates before the fully 
folded structure forms. Proteins go through only one of these pathways during folding.  

 

1.6.2. Recent Studies on Protein Folding and Cofactor Binding in Bulk 

 Following human genome sequencing, structural biology has been focused on 

understanding the protein structure and stability, protein-protein interactions and protein-

ligand interactions and how they are related to disease and drug discovery. Many large 

proteins often fold into intermediates and the speed of folding is highly dependent on the 

protein size and native state topology. Proteins with local interactions fold fast whereas 

proteins with more complex topology fold more slowly.48 In recent years there have been 

several studies about protein-ligand interaction showing that the ligand acts as the 

cofactor to serve as a nucleation site for folding or stabilization of the protein. For 

example, studies on the interaction of azurin with its cofactor copper ion, has showed the 

role of copper in the folding process of the protein and thermodynamic stabilization of 
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the protein by slowing down unfolding.49 In another study about flavoproteins, it was 

demonstrated that FMN in flavodoxin interacts with the unfolded polypeptide and alter 

the kinetic pathway to speed up protein folding.50 Cytochromes encompass heme as their 

cofactor to function in the electron transfer process both in prokaryotes and eukaryotes. 

The interaction of the heme with the unfolded polypeptide dramatically affects the 

folding kinetics of the cytochrome c.51 In another heme-containing protein, myoglobin, 

by using circular dichroism, and intrinsic tryptophan fluorescence it has been determined 

binding affinity of the native protein to heme in picomolar scale whereas the intermediate 

state of the protein has a lower binding affinity with two orders of magnitude. However, 

interaction of heme to the partially unfolded intermediate promotes the formation of 

holoprotein (Figure 1.10).52  

 

Figure 1.10. The unfolding models of myoglobin. The three state unfolding model of 
apo myoglobin is depicted on the left in the. On the right, the six-state model of unfolding 
is shown in the presence of heme. Figure taken from reference 52 with permission 
(Appendix 3). 
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 These observations indicate the significant effect of cofactors on their 

corresponding proteins folding and unfolding processes. However, bulk studies are 

unable to uncover the role of cofactors in folding pathways as they are not able to detect 

the conformation of the protein in each state that may form in less than milliseconds or 

the domains that are required to fold and act as nucleation site for protein folding upon 

cofactor interactions. 

1.6.3. Recent Biochemical Studies on Drosophila Cryptochrome and the Role of Its 

Cofactor in Activation of the Protein 

 Previous studies on drosophila CRY activation has shown that binding of CTT, 

next to FAD is essential for light activation of the protein and the proteolytic sensitivity 

the protein increases with FAD at ASQ state. Trypsin is able to cleave the light-exposed 

protein with a different map compared to the protein in the dark, indicating that light 

induces rearrangement of the regions that involve CTT and CCM. This rearrangement is 

highly dependent on the lifetime of FAD reduced state (ASQ). Small-angle X-ray 

scattering of drosophila CRY in response to light also has shown an increased in radius 

of gyration of the protein from 29.4 ± 0.2 Å to 30.1 ± 0.2 Å after light exposure which is 

consistent with an overall conformational change in the protein.37 Further studies by 

molecular dynamic simulations have indicated that rearrangement of drosophila CRY 

CTT is highly correlated to the His378 protonation driven by Flavin photoreduction.53 

Ultimately, it has been shown that FAD is critical for the protein stabilization as the 

FBXL3 ubiquitin ligase occupies the FAD-binding pocket, so in the absence of FAD, the 

protein undergoes degradation.45 
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  Although the bulk biochemical studies are important for understanding ensemble 

protein behavior and downstream signals upon light-activation, they do not provide deep 

insight about the kinetic steps involved in protein folding and cofactor binding. The 

proteolytic studies of the light-induced protein show the light-exposed domain but do not 

indicate the significance of each domain in the folded structure. Therefore, a tool with 

high spatiotemporal resolution is required that can detect small and fast-forming protein 

conformers during folding steps in the presence and absence of the cofactor. Optical 

tweezers are a great tool to study single molecules of proteins and mechanically 

manipulate the protein.  

1.7. Question 

1.7.1. Coupling Mechanism of Drosophila Cryptochrome Folding and Cofactor Binding 

Drosophila CRY is a well-studied protein in term of its structure and role in 

entrainment of the circadian clock. As mentioned in this chapter, it is a flavoprotein that 

acts as a photoreceptor in a light-dependent fashion. The cofactor in drosophila CRY, 

FAD, is light reduced and induces an overall conformational change to the protein to 

activate it and function as a transcription-translation regulatory system connected to the 

molecular clock. However, the role of FAD in protein folding and stability is still under 

investigation. Therefore it is important for us to understand the mechanism of cofactor 

binding coupled to protein folding. This project investigated the protein-folding pathway 

along with cofactor binding to understand how drosophila CRY adopts into one of the 

proposed folding pathways for proteins in figure 1.9.  
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1.7.1.1. Kinetics of Drosophila Cryptochrome Folding 

Protein folding and cofactor binding are two intermingled processes during the 

folding process to maximize the intra- and intermolecular interactions along with the 

funnel-shaped energy landscape. This suggests protein folding occurs through an 

ensemble of structures rather than a few uniquely defined structures.54 The primary 

question in this project is to distinguish the drosophila CRY folding pathway and 

determine whether the cofactor binding occurs before or after folding of drosophila CRY 

to its three-dimensional native structure.  The key to understand folding mechanism of 

drosophila CRY in the presence or absence of FAD is to identify different protein 

conformations. The possible conformations in the presence of FAD are unfolded apo, 

intermediate (apo or holo), folded (apo or holo) structures. Single-molecule studies have 

revealed that mechanical stability relies on protein conformations and cofactor binding.55–

57 Here we use the degree of protein folding as a function of mechanical stability the 

protein to directly probe and observe different conformers of drosophila CRY along its 

folding pathway. Different conformations provided us with a direct observation to 

propose the folding mechanism of the protein qualitatively. 

To quantitatively analyze the folding kinetics of the protein coupled to its cofactor 

binding, the experimental dissociation binding constant is required. Regardless of the 

folding pathway of drosophila CRY coupled to FAD binding, there have been no reports 

of dissociation binding constant (Kd) of FAD to drosophila CRY and the binding affinity 

of the protein to its cofactor is currently unknown. Previous studies about other 

flavoproteins such as those proteins with FMN, show flavoproteins bind to their cofactor 

with very high affinity in 10-9 molar concentration scales as such the dissociation 



	 31 

constant of FMN to folded Desulfovibrio desulfuricans flavodoxin is about 0.1 nM.46 The 

dissociation binding constant can be experimentally calculated through identifying the 

fraction of holo-folded structure. This emphasizes on the significant of identification of 

different conformations along protein folding. 

1.7.1.2. Contribution of Flavin Adenine Dinucleotide Moieties in Promoting the Folded 

Structure of Drosophila Cryptochrome 

FAD is a complex cofactor and its structure can be categorized into different 

moieties of isoalloxazine ring, riboflavin, FMN, adenosine, AMP and ADP (see section 

1.1.1 of this chapter in scheme 1.2). The contact map of FAD with drosophila CRY 

shows different parts of the cofactor interacts with some of the drosophila CRY residues 

directly through hydrogen bonds, hydrophobic interactions, and cation-pi interactions 

(Scheme 1.6). Therefore, it is important to investigate the effect of each FAD moiety in 

promoting the folded structure. In the presence of each FAD moiety the protein may 

adopt different conformation due to mechanical stability that may or may not lead to the 

native folded structure with specific degree of folding. Thus, this investigation also 

depends on identified different protein conformation during the folding process in order 

to evaluate the role of each FAD moiety in protein folding. Additionally, the crystal 

structure of drosophila CRY (PDB: 4GU5) shows a magnesium ion interacting with a 

phosphate group in the structure of FAD. Since the negatively charged phosphate groups 

may impose a penalty in binding, the magnesium ion might be important to reduce the 

negative effects of phosphate groups in interacting with drosophila CRY residues directly 

and within the neighboring residues in the hydrophobic core of the protein where the 

FAD is buried.33,34 
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Scheme 1.6. Specific FAD interactions with the drosophila CRY residues. FAD 
makes multiple direct interactions with drosophila CRY residues via hydrogen bonds 
(dark blue), hydrophobic interactions (pink), and cation-pi interactions (green). Also, the 
crystal structure of the protein determined interaction of a magnesium ion (grey) with 5’- 
phosphate group in the FAD structure. The residues that directly interact with FAD are 
located around phosphate-binding domain, protrusion motif and C-terminal lid. 
 

1.8. Single-Molecule Approaches to Study Protein Folding 

Protein folding is an important yet challenging aspect of molecular biology in 

which the nature of the process is complex and traditional biochemistry is unable to 

overcome the complexity. For instance, many proteins are believed to form partially 

folded structures or intermediates in millisecond scales, which are lost and remain 

undetected in bulk biochemistry experiments. Additionally, it is unclear whether the 

intermediates formed are on-pathway leading to the folded structure or off-pathway and 

therefore do not directly participate in protein folding. In the past few decades emerging 
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of single-molecule studies have been adopted to investigate single protein molecules to 

unfold and refold. Single-molecule approaches are valuable tools that complement 

traditional biochemical techniques in studying biological mechanisms. Monitoring 

individual molecules not only provides information about behavior of a protein but also 

detects the presence of short-lived states that are averaged out in ensemble 

measurements. A well-known and widely used approach for single-molecule studies is 

single-molecule force spectroscopy using optical tweezers through which the molecule is 

mechanically manipulated in a highly specific manner.58–60 

1.8.1. Application of Optical Tweezers 

Since the invention of optical tweezers by Arthur Ashkin and colleagues, many 

studies on probing molecular motors, RNA polymerases and conformational changes of 

macromolecules, such as protein folding including the kinetics and thermodynamics of 

protein folding has been published.59,61–64 Here, we applied optical tweezers as a 

technique for in vitro characterization of mechanical unfolding and refolding of single 

molecule drosophila CRY coupled to FAD binding as its cofactor. The high-resolution 

measurement of folded protein is applied to study the unfolding and folding pathways of 

individual protein molecules at the level of secondary structure. 

Similar to other single molecule methods such as fluorescence resonance energy 

transfer (FRET) and atomic force microscopy (AFM), the visualization of molecular 

motion relies on attachment of the molecule of interest (here is the drosophila CRY) to 

the object trapped by the laser beam (beads). In optical tweezers, using antibody and 

streptavidin coated beads, non-covalent attachments to beads by biotin-streptavidin 

attachment or epitopes and antibodies provide enough support for the application of 10-
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300 pN forces which is in the range for many biological processes such as in ligand-

receptor binding, DNA stretching, protein folding and molecular forces.61 

 Other force spectroscopy methods such as AFM have been applied for direct 

observation of protein folding.  In a recent study, by application of single-molecule AFM 

technique, the kinetic mechanism of protein folding in the presence of the metal ion has 

been probed. An engineered metal binding protein, G6-35 was used as a model to 

monitor the presence of different protein conformations in the presence of its cofactor, 

Ni2+. According to the two in vitro mechanisms of protein folding and cofactor binding, 

this study indicated that majority of the G6-35 protein folds before cofactor binding and 

even the presence of high cofactor concentration slows down protein folding. In this 

pathway, the folded conformer serves as an obligatory intermediate for the metal binding 

in an on-pathway whereas unfolded-bound intermediate slows down the folding and is 

considered to be an off-pathway intermediate.47 Although this study investigated protein 

folding coupled to cofactor binding, the force resolution limitation of AFM (10 pN) 

prevented the detection of some conformations such as bound-unfolded polypeptide. 

Another limitation of this study was the temporal resolution that restricted detection of 

conformations when the binding rate was much faster than folding rate. Therefore, to 

overcome some of these limitations, we built an optical tweezers force spectroscopy 

assay to monitor the folding mechanism of the protein of interest in our study, drosophila 

CRY in the presence of its cofactor, FAD.  

1.8.2. Single-Molecule Studies of Protein Folding by Optical Tweezers 

 Using optical tweezers enables the direct observation of protein conformational 

transitions with temporal resolution of milliseconds.  In a recent study on prion-like 
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misfolded superoxide desmotase associated with amyotrophic lateral sclerosis (ALS), 

optical tweezers were able to detect the numerous unfolding intermediates and a stable 

core of the protein that acts as a nucleation site for the protein folding.65 In another 

complex study using single-molecule optical tweezers, scientists unravel the role of ATP-

dependent protease ClpXP in maintaining the cellular homeostasis and direct observation 

of unfolding of the protein and polypeptide translocation by ClpXP.66 In another study 

involving chaperone-assisted protein folding of maltose-binding protein, it has been 

shown that the chaperon trigger factor affects the protein folding by reshaping the 

underlying folding landscape by interacting with the nascent polypeptide chain at the 

ribosome, or polypeptides released from the ribosome and promoting the correct folding 

pathway.67 A direct observation of folding network of single calmodulin by optical 

tweezers showed folding transitions in single-molecule scale. The study revealed a 

complex network of on- and off- pathway intermediates that were not detected in bulk 

studies.68 Recent studies in the Maillard lab has shown direct observation of folding 

energy landscape of cyclic nucleotide binding signals transduced between the regulatory 

domain and cooperative folding of the protein and folding energetics of inter-domain 

communication of the two regulatory subunits and catalytic subunits in the apo- and holo-

state of the protein.63,64 

1.8.3. Principles of Optical Trapping 

 In principal, optical tweezers uses light pressure to manipulate micron size 

objects. By focusing the laser beam through the microscope objective, particles with high 

refraction indexes such as polystyrene beads are attracted to the intense region and are 

held permanently at the focal point. Optical trapping allows applying force and 
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manipulation of individual molecules. The trapping is the results of two forces: scattering 

forces, which push the particles along the direction of light propagation and gradient 

forces which attract the particle to the focal point in all three dimensions. When the 

gradient forces exceed the scattering forces, the particle is trapped to the point with 

highest intensity formed by focused light. Generally, to minimize damage to the 

molecules of the biological samples from the intense light, a near-infrared laser beam is 

used which is a region near-transparency for most of biological systems (Figure 1.11, 

left).69,70 In the vicinity of the focal point, the optical trap behaves as a linear Hookean 

spring and generates forces on an object proportional to its displacement from the center 

of the trap (Figure 1.11, right). The force can be calculated as the product of the spring 

constant of the trap, 𝜅, and the object displacement, ∆𝑥 as shown in equation 1.171: 

(1.1) 

𝐹 = −𝜅∆𝑥 

 

Figure 1.11. Forces at optical trap. On the left it shows when light with an initial 
momentum (Pin) enters a bead, the refractive properties of the bead causes a change in 
momentum (∆P). This results in an equal and opposite force to counter the ∆P; On the 
right, due to the Hookean spring characteristics of the restoring force, this force can be 
calculated from the trap stiffness (𝜅) and the displacement of the bead from the center of 
the trap (∆𝑥). 
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1.8.4. Mechanical Protein Manipulation, Detection and Measurement 

The magnitude of optical force generated by optical traps is usually 10-12 Newton 

(N) per milliwatt (mW) of laser light, which is sufficient to manipulate the beads but not 

the macromolecules directly. Therefore, in single-molecule optical tweezers assays, 

usually the protein is non-covalently tethered between two polystyrene beads via DNA 

handles allowing it to be manipulated in the sample chamber. In our experimental set up, 

one bead is stable at the surface of the sample chamber by suction of a micropipette and 

the other bead is trapped by the laser and the unfolding of the protein is measured by the 

motion of this bead in the trap (Figure 1.12). The sensitive detection of the bead position 

in the trap, measurement of the bead displacement and force are the key features of the 

analytical optical tweezers. In principle, the optical tweezers are able to detect bead 

motions of about 1Å on timescale of 1 millisecond. This allows studying of physical 

motions that underlie conformational changes in proteins.60  
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Figure 1.12. General optical tweezers set up. (Top) A single molecule of target protein 
is tethered between two beads. One bead is stabilized by micropipette suction; the second 
bead is trapped by the laser. By moving the bead in the trap away and toward the bead in 
the suction, the protein mechanically unfolds and refolds respectively by applying force 
(pN). (Bottom) The force and trap position is detected, measured and recorded.  
 

The signal from the instrument is usually voltages from phototransducers and 

other components of the instrument. Therefore, the signal must be converted to physical 

parameters of picoNewton (pN) forces as a function of nanometer bead displacement in 

the trap. To do so, the calibration requires measuring the response of the trapped bead to 

a known force. However, it is also required to know the elastic behavior of the tethered 
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molecule and measure both its extension (end-to-end distance from one attachment point 

to the other) and the tension (from the optical force applied on the bead by the trap).72 

1.8.5. Resolution Limits and Calibration of Position and Force 

The optical tweezers spatial resolution is affected by noise and drifts from various 

sources. One main source is experimental noise from the environment (such as 

mechanical and acoustic vibrations), instrumental noise (background electronic noise), 

and sample stage (such as vibration), which cause motions and fluctuation of the trapped 

bead. To remove such noise sources, it is the best to design an isolated area for the 

instrument.60 

Another important source of noise is random thermal forces from the aqueous 

environment surrounding the trapped bead that generate fluctuation of the bead. The 

thermal forces introduce Brownian motion. The effect of thermal fluctuations can never 

be removed but tuned by bead size and intrinsic stiffness of the probe for better 

resolution. A commonly used factor to evaluate the resolution is measuring the signal-to-

noise ratio (SNR), which is a dimensionless ratio of the size of displacement signal to the 

noise that may obscure it. SNR for a given step is defined as the ratio of mean distance 

between steps, ∆𝑥, to the noise in a given step, < 𝑥! >: 60,73 

(1.2)                                      

𝑆𝑁𝑅 =  
∆𝑥
< 𝑥! >

 

 The expression of the SNR for an instrument with one optical trap for 

measurements with sufficiently slow in timescale is74:  
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(1.3) 

𝑆𝑁𝑅 ≤
𝑘!"!!!" ∆𝑙
4𝑘!𝑇𝐵𝛾

 

where 𝑘!"!!!" is the stiffness of biological tether (the slope of the force-extension curve of 

the tether at a given tension), ∆𝑙 (nm) is the size of the physical displacement of the 

biological system, T (K) is the temperature of the surrounding aqueous solution, 

𝑘!(pN.nm) is the Boltzman constant and B (J.K-1) is the bandwidth of the measurement 

half of the rate at which the data are collected) and 𝛾 is the drag coefficient of the trapped 

bead:  

(1.4) 

𝛾 = 6𝜋𝜂𝑟 

In this equation, 𝜂 is the viscosity of the medium, and r is the radius of the trapped bead. 

The equation is the Stoke’s relation and it is only valid for spherical particles. 

The equation (1.3) shows by increasing the tether stiffness, the SNR increases 

because stiffer molecules transduce the mechanical movement. By decreasing the 

temperature, drag coefficient of the bead or bandwidth, the resolution increases by 

decreasing the Brownian motion. Decreasing the bead size improves the resolution, 

because smaller beads fluctuate faster than larger ones and contribute less in Brownian 

motions. Ultimately, smaller measurement bandwidth improves the resolution because it 

allows additional averaging of the fluctuations in the signal.73,75  

The spatial resolution by thermal noise of the probe can be determined: 
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(1.5) 

Δ𝑥 =
𝑘!𝑇
𝑘!"!!!" 

 

And from the Hook’s law, the corresponding force resolution is: 

(1.6) 

Δ𝐹 = 𝑘!𝑇𝑘!"!!!"  

 The magnitude of the noise can be reduced by filtering the position data. The 

effect of filtering can be determined by considering the power spectrum of the thermal 

motion, which is a Lorentzian74: 

(1.7) 

𝑆 𝑓 =
𝑘!𝑇

𝜋!𝛾(𝑓! + 𝑓!!)
 

where 𝑆 𝑓  is the power per unit frequency, expressed a displacement2Hz-1, 𝑓 is the 

frequency, and the roll-off frequency  𝑓! = 𝑘!"!!!" (2𝜋𝛾)!! is the characterisitic roll-off 

frequency of the motion. The effect of filtering the position signal is approximately 

calculated by the area under the power spectrum over the frequency range form 0 Hz to 

the filter cut-off frequency, Δ𝑓. If Δ𝑓is much less than 𝑓! of the power spectrum, the 

position noise amplitude is approximately calculated by: 

(1.8) 

Δ𝑥 =
4𝛾𝑘!𝑇Δ𝑓
(𝑘!"!!!" )!

 



	 42 

Spatial resolution is therefore improved by increasing the stiffness, reducing the 

bandwidth or decreasing the drag coefficient. To improve the force resolution, filtering 

the signal is a solution: 

(1.9) 

Δ𝐹 = 4𝛾𝑘!𝑇∆𝑓 

which can only be improved by decreasing the drag or bandwidth. However, decreasing 

the bandwidth reduces the temporal resolution. Temporal resolution is therefore 

improved by the increasing the stiffness or decreasing the drag coefficient. The maximum 

resolution of displacement, force and time is achieved by minimizing the hydrodynamic 

drag on the probe, by reducing the size of the probe or reducing the viscosity of the 

medium (Figure 1.13).74  

 

Figure 1.13. Effect of probe size, bandwidth and stiffness on spatial resolution. The 
powers spectra of a 1µm-probed particle that undergoes Brownian motions are shown 
with a roll-off frequency of 2 kHz in red, for the same particle with half the drag 
coefficient in blue and two-fold increase in stiffness in green. Both changes of drag 
coefficient and increase of stiffness increased the roll-off frequency while the low 
frequency amplitude of the power spectrum decreases. However, increasing the stiffness 
shown in equation 1.5 reduces the area under the curve, and therefore, the position noise. 
Figure taken from reference 74 with permission (Appendix 3).  
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1.9. Analysis of the Role of Cofactor Binding to the Folding Landscapes of 

Drosophila Cryptochrome by Single-Molecule Optical Tweezers Force Spectroscopy   

Here in this project we analyzed the conformational landscape of drosophila CRY 

coupled to its cofactor, FAD, binding by a unique technique using optical tweezers. For 

this purpose we aimed to answer questions about the role of FAD in protein folding and 

whether the protein requires FAD to reach its native folded structure. Moreover, we 

studied the kinetics of FAD binding coupled to protein folding to understand at what 

elemental structure along drosophila CRY folding the cofactor binds to the protein. And 

ultimately, we studied the contribution of FAD interactions in promoting the folded 

structure to understand what part of the FAD contributes the most in folded structure. 

Therefore, in the next chapter, Chapter II, the experimental approaches is discussed as 

well as results of the study in Chapter III followed by ultimately discussing the results of 

the study and the future outlooks.  
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CHAPTER II 

EXPERIMENTAL APPROACHES 

2.1. Overview 

The single-molecule optical tweezers experimental setup requires tethering one 

single molecule of protein between two polystyrene beads by two DNA handles at the 

pulling sites in a microfluidic chamber. In the mini optical tweezers set up used for the 

project, one bead is fixed by suction of a micropipette and the other bead is trapped in the 

laser beam. The DNA handles are typically attached to the protein of interest via disulfide 

interaction of a thiol-functionalized DNA handle to a specific cysteine side chain in the 

protein sequence76. However, drosophila CRY has multiple cysteine residues in its 

sequence that makes the site-specific DNA handle attachment impossible. Therefore, here 

we used a modified drosophila CRY purified protein co-expressed with two acceptor 

tags, Avi tag and ybbR tag, at the N- and C-terminus respectively. The tagged protein 

was required to undergo site-specific labeling of the tags to be qualified for tethering 

between the two beads. The modification steps include: (1) Site-specific biotin labeling 

of the protein at Avi tag at the N-terminus biotin ligase (BirA) to enable the biotin-

streptavidin interaction of biotinylated protein with streptavidin-coated beads (SA) fixed 

at the micropipette; (2) An amine to sulfhydryl cross-linking of acetyl coenzyme A 

(acetyl-CoA) to a short single-stranded amino-functionalized oligonucleotide and 

annealing to its reverse complementary sequence; (3) Bio-conjugation of the double-

stranded CoA-modified oligonucleotide to drosophila CRY mediated by Sfp 4’-

phosphopantetheinyl transferase (Sfp) to the C-terminus ybbR tag of the protein; (4) 
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Synthesis of a 315 base pair (bp) DNA handle labeled with digoxigenin (dig) and ligation 

to the modified drosophila CRY to allow interaction of dig-DNA handle with the anti-

digoxigenin-coated bead (AD) in the laser trap and ultimately form a single-protein tether 

in the optical trap.  

The two enzymes BirA and Sfp were expressed and purified in house. The BirA 

was expressed as GST-fused protein and was purified via affinity chromatography with 

glutathione sepharose beads. Sfp was co-expressed with a His6-tag at the N-terminus to 

facilitate the purification through affinity chromatography with Ni-resin. Next, the small 

oligonucleotide functionalized with a primary amine group was modified with acetyl-

CoA in two steps and underwent further purification. In this process a heterobifunctional 

crosslinking spacer was used with N-hydroxysuccinimde (NHS) ester and malemide 

groups to allow covalent conjugation of amine-to sulfhydryl-containing molecules. The 

NHS ester reacted with the primary amine of the oligonucleotide and the malemide group 

reacted with the sulfhydryl group of acetyl-CoA. The modified oligonucleotide is 

annealed to its phosphorylated reverse complementary sequence to form the acetyl-CoA-

modified double-stranded oligonucleotide (dsoligo-CoA). Ultimately, drosophila CRY 

was labeled with biotin by BirA at the N-terminus followed by attachment of dsoligo-

CoA to the C-termini mediated by Sfp. Prior to each single-molecule experiment, the 315 

bp DNA handle was synthetized by polymerase chain reaction (PCR) with the 

digoxigenin label at one end and was ligated to the dsoligo-CoA of the protein. By this 

stage, the modified protein was ready for the single-molecule study by optical tweezers 

where it was tethered as a single protein between two beads with two attachment point: 

(1) Biotin-streptavidin interaction of biotinylated drosophila CRY to SA beads; (2) Dig-
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anti-Dig interaction of the Dig-labeled DNA handle to the AD beads. A schematic 

overview of sample preparation steps is shown below. The detail of each modification 

step are discussed comprehensively through this chapter (Figure 2.1) 

 

Figure 2.1. Schematic overview of the sample preparation steps for the single-
molecule optical tweezers assay. The modification starts with modification of a small 
single-stranded oligonucleotide with acetyl-CoA to a double-stranded oligonucleotide 
with acetyl-CoA. Next, the protein is biotinylated by in-house purified BirA biotin ligase 
at the N-terminus Avi-tag followed by attachment of the modified double-stranded 
oligonucleotide at the C-terminus ybbR tag mediated by in-house purified Sfp. A 315 bp 
DNA handle is then ligated to the oligonucleotide. By the end of ligation step, the 
drosophila CRY is ready for the single-molecule study by optical tweezers.  
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2.2. Drosophila Cryptochrome Protein Sequence Information 

For the experimental purposes, drosophila CRY was co-expressed as a fusion 

protein with an Avi tag at the N-terminus and an ybbR tag at the C-terminus of the 

protein (Figure 2.2). Also, the protein was expressed as a His6-tagged fusion protein at 

the N-terminus with a TEV cleavage site between the His6-tag and Avi tag. A wild-type 

protein without Avi- and ybbR tags was also expressed and purified for control 

experiment purposes. Both wild-type and tagged proteins were purified in Crane’s lab at 

Cornell University as part of the collaborative study which was previously described in 

literature.33 The His6-tag was cleaved followed by the purification.  

 

Figure 2.2. Schematic view of tagged drosophila CRY sequence. The tagged protein 
was co-expressed with an Avi tag at the N-terminus and an ybbR tag at the C-terminus. 
The lysine residue of Avi tag was then modified with biotin by BirA. The serine in ybbR 
tag was modified with the dsoligo-CoA mediated by Sfp. 

 

The Avi tag and ybbR tag were subjected fto site-specific labeling with biotin and 

an oligonucleotide bio-conjucation respectively that will be explained extensively in this 

chapter. In this study, the WT-drosophila CRY was used only for control experiments. 

The sequence of tagged drosophila CRY used for the single-molecule 

experiments is: 

 

 

dCRYGLNDIFEAQKIEWHE- -DSLEFIASKLA 
N C

Avi tag ybbR tag
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HHHHHHENLYFQ-GGAMASGGGGLNDIFEAQKIEWHEMATRGANVIWFRHGLR 

LHDNPALLAALADKDQGIALIPVFIFDGESAGTKNVGYNRMRFLLDSLQDIDDQL

QAATDGRGRLLVFEGEPAYIFRRLHEQVRLHRICIEQDCEPIWNERDESIRSLCRE

LNIDFVEKVSHTLWDPQLVIETNGGIPPLTYQMFLHTVQIIGLPPRPTADARLEDA

TFVELDPEFCRSLKLFEQLPTPEHFNVYGDNMGFLAKINWRGGETQALLLLDERL

KVEQHAFERGFYLPNQALPNIHDSPKSMSAHLRFGCLSVRRFYWSVHDLFKNVQ

LRACVRGVQMTGGAHITGQLIWREYFYTMSVNNPNYDRMEGNDICLSIPWAKP

NENLLQSWRGQTGFPLIDGAMRQLLAEGWLHHTLRNTVATFLTRGGLWQSWEH

GLQHFLKYLLDADWSVCAGNWMWVSSSAFERLLDSSLVTCPVALAKRLDPDGT

YIKQYVPELMNVPKEFVHEPWRMSAEQQEQYECLIGVHYPERIIDLSMAVKRNM

LAMKSLRNSLITPPPHCRPSNEEEVRQFFWLADGSAGTSGDSLEFIASKLA 

The underlined sequences denote to the Avi tag and ybbR tag respectively. The 

Lys10 of Avi tag and Ser8 of ybbR tag, which undergo site-specific modifications, are 

shown in bold in their corresponding sequences. A dash line between Gln and Gly also 

shows TEV cleavage site in the sequence.  

2.3. Biotin Ligase  

The Escherichia coli biotin ligase (BirA) specifically biotinylates the Lys10 

residue of a 15 amino acid acceptor peptide of GLNDIFEAQKIEWHE, which is referred 

to Avi tag (Scheme 2.1).77,78 The Avi tag at the N-terminus of drosophila CRY sequence 

is used for site-specific biotinylation of Lys10 by BirA. The biotin-labeled drosophila 

CRY will be able to interact with the SA bead in the optical tweezers experimental set up. 
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Scheme 2.1. Mechanism of site-specific biotinylation of Avi tag by BirA. The reaction 
of biotin with the Lys10 is mediated by BirA at 4°C in the dark with the presence of Mg2+ 
ion and ATP in 2 hours.  
 

 
BirA DNA sequence was designed with BamHI and XhoI restriction cutting sites 

to be inserted in a vector carrying GST. The cloning experiments were performed by the 

Crane lab and the BirA sequence was inserted into pGEX4T-1 vector, which carries 

ampicillin resistance gene. BirA was expressed as a 60 kD GST-fused protein with a 

thrombin cleavage site of LVPRIGS where the underlined Ile denotes to the thrombin 

cutting site.  
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The BirA protein sequence: 

MKDNTVPLKLIALLANGEFHSGEQLGETLGMSRAAINKHIQTLRDWGVDVFTVP

GKGYSLPEPIQLLNAKQILGQLDGGSVAVLPVIDSTNQYLLDRIGELKSGDACIAE

YQQAGRGRRGRKWFSPFGANLYLSMFWRLEQGPAAAIGLSLVIGIVMAEVLRKL

GADKVRVKWPNDLYLQDRKLAGILVELTGKTGDAAQIVIGAGINMAMRRVEES

VVNQGWITLQEAGINLDRNTLAAMLIRELRAALELFEQEGLAPYLSRWEKLDNFI

NRPVKLIIGDKEIFGISRGIDKQGALLL EQDGIIKPWMGGEISLRSAEK 

2.3.1.Transformation of Biotin Ligase-Carrying Plasmid into BL21-CodonPlus-RILP 

Competent Cells 

The plasmid was transformed into BL21-CodonPlus-RILP competent cells for 

efficient high-level protein expression. This strain is engineered to have extra copies of 

the argU, ileY, leuW and proL tRNA genes to rescues the expression of proteins with 

high AT- or GC-rich in their genome DNA sequence.  

To transform the cells with theBirA carrying plasmid, 20 ng of the plasmid was 

added into 100 µL of BL21-CodonPlus-RILP competent cells and mixed by gentle 

pipetting. The cells were incubated on ice for 30 minutes followed by heat shock at 42°C 

for 45 seconds. Cells were stored on ice for 5 minutes. 900 µL of LB media with no 

antibiotic was added to the cells and incubated at 37°C for at least 1 hour to allow the 

cells to grow. The culture was spun down at 11000 rpm for 1 minute and 800 µL of the 

supernatant was removed. The cells were re-suspended in the remaining 200 µL of LB 

media and were plated on a room tempered LB agar plate supplemented with 100 µg/mL 

ampicillin. The agar plate was placed at 37°C for 30 minutes and flipped up side down 
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and incubation was continued overnight. Only transformed cells carrying the ampicillin 

resistance plasmid grew.  

Several colonies were picked up and grown in 5 mL LB media with 100 µg/mL 

ampicillin at 37°C overnight and were subjected to plasmid extraction according to the 

mini-prep plasmid extraction kit. The extracted plasmids were sent to Genewiz for 

sequencing. Once the accurate sequence was confirmed, a colony was selected for 

expression and purification. 

2.3.2. Expression and Purification of Biotin Ligase 

BirA was expressed in BL21-CodonPLus-RILP from freshly transformed cells as 

explained above in LB media supplemented with 100 µg/mL ampicillin. To induce 

protein expression, IPTG was added to the culture at O.D600 ~ 0.6 to the final 

concentration of 1 mM. Expression was induced at 37°C for 5 to 6 hours. Cells were 

harvested at 5000 rpm at 4°C for 20 minutes.  

 The cell pellet from a 2 L culture (about 3 g) was homogenized with 1:10 w/v 

ratio in 1X PBS buffer pH 7.4 supplemented with protease inhibitor cocktail and lysed 

with a microfluidizer at 10000 psi. The protease inhibitor cocktail consists of 10 mM 

Benzamidine, 0.4 mM AEBSF, 0.4 mM Pepstatine, 1 µM Leupeptin, 1 µM TPCK and 

TLCK, and 100 µM PMSF. The lysed cell was centrifuged at 15000, 4°C for 45 minutes. 

The clear cell lysate was added to 5 mL of pre-equilibrated glutathione sepharose 4B 

resin with 1X PBS pH 7.4 (20X column volume) and incubated at 4°C for 1 hour while 

rotating to allow the protein binding to the resin. The resin and cell lysate were then 

transferred into a clean column, the flow through was collected and the resin was washed 

3X with 1X PBS buffer with 10X column volume for each wash (washes 1-3). The 
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protein-resin was incubated with 0.5X column volume of elution buffer for 30 minutes 

(50 mM Tris pH 8.0, 50 mM glutathione and 0.4 M NaCl) and eluted out. The elution 

process was repeated until no protein was left on the resin. The elution samples were 

pooled and concentrated if necessary followed by loading into the size exclusion 

chromatography column for buffer exchange to 1X PBS pH 7.4 (SEC 16/650). The 

fractions were pooled and concentrated if necessary and stored with 10% glycerol at -

80°C. A 10% SDS-PAGE was run for each step to ensure the protein expression and 

purification. 

2.3.3. Biotinylation Reaction 

15 µL tagged drosophila CRY with the concentration of 70 µM was incubated 

with 1X biotinylation buffer (20X biotinylatin buffer is 500 µM D-biotin, 100 mM ATP, 

100 mM Mg(OAc), pH 7.4) and BirA with final concentration of 4 µM at 4°C for 2 

hours.79 The reaction was performed in the dark, as the protein is sensitive to light.  WT- 

drosophila CRY without Avi tag was also used in parallel with the same condition as a 

negative control of biotinylation. Later through the project, the biotinylation reaction was 

scaled up with 50 µL of 70 µM tagged drosophila CRY for time efficiency. 

2.3.4. Biotin-Streptavidin Bead Pull-Down Assay 

Given the small change in the molecular weight of the protein after biotinylation, 

the SDS-PAGE is unable to differentiate between labeled and unlabeled drosophila CRY. 

Therefore, to confirm the functional enzymatic activity of the purified BirA, the biotin-

streptavidin pull-down assay was performed: 30, 60 and 90 µL of SA beads were 

centrifuge at 11000 rpm for 20 minutes and the supernatant was removed. Equal volumes 

(~ 6 µL) of biotinylation reaction mixture were added into each tube of bead and re-
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suspended and incubated at room temperature for 5 minutes. For a better handling of the 

samples and preventing the bead-supernatant mixture, 10 µL of PBS buffer with pH 7.4 

was also added to the beads and reaction mixture. The bead-protein mixture was 

centrifuged at 11000 rpm for 20 minutes. The supernatants were collected and loaded into 

a 10% SDS-PAGE. Beads were re-suspended in 15 µL 1X PBS pH 7.4 to load into the 

gel as well for biotinylation analysis. The mixture of bead and protein loading dye were 

boiled at 90°C for a longer period (about 10 minutes) prior to loading.   

2.4. Sfp Phosphopantatheinyl Transferase 

Sfp phosphopantatheinyl transferase (Sfp) covalently transfers a 4’-

phosphopantetheinyl group of acetyl-CoA to a conserved serine residue (underlined) of 

an 11-amino acid acceptor peptide with the sequence DSLEFIASKLA named ybbR tag. 

The ybbR tag was identified in genomic library of Bacillus subtilis and has been widely 

used for in vivo and in vitro protein labeling. Here the drosophila CRY is fused to ybbR 

tag at the C-termini and we used Sfp to label the ybbR tag with CoA-modified 

oligonucleotide for single-molecule study (Scheme 2.2).80,81 For this purpose, the enzyme 

Sfp was expressed and purified as explained below. 
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Scheme 2.2. Sfp-mediated modification of ybbR tag. The dsoligo-CoA covalently 
interacts with a specific serine residue in the ybbR tag mediated by Sfp. The reaction 
takes place in a 3:3:1 molar concentration of drosophila CRY: dsoligo-CoA: Sfp at 4°C 
for 6 hours in the dark. The enzyme requires ATP and MgCl2.  

 

Sfp plasmid was a gift from the Kaiser lab at Johns Hopkins University. Sfp was 

cloned into a pET29 vector carrying kanamycin resistance gene. The protein was 

expressed as a His6- tagged protein at the N-termini with a molecular weight of 28 kD.  

The Sfp protein sequence: 

MKIYGIYMDRPLSQEENERFMSFISPEKREKCRRFYHKEDAHRTLLGDVLVRSVI

SRQYQLDKSDIRFSTQEYGKPCIPDLPDAHFNISHSGRWVICAFDSQPIGIDIEKTK

PISLEIAKRFFSKTEYSDLLAKDKDEQTDYFYHLWSMKESFIKQEGKGLSLPLDSF

SVRLHQDGQVSIELPDSHSPCYIKTYEVDPGYKMAVCAAHPDFPEDITMVSYEEL

L 

 

dsoligo

dsoligo
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2.4.1. Transformation of Sfp Phosphopantatheinyl Transferase-Carrying Plasmid into 

BL21-CodonPlus-RILP Competent Cells 

To transform the cells with the plasmid, 20 ng of the Sfp carrying plasmid was 

added into 100 µL of BL21-CodonPlus-RILP competent cells and mixed by gentle 

pipetting. The cells were incubated on ice for 30 minutes followed by heat shock at 42°C 

for 45 seconds. Cells were stored on ice for 5 minutes. 900 µL of LB media without 

antibiotic was added to the cells and incubated at 37°C for at least 1 hour to allow the 

cells to grow. The culture was spun down at 11000 rpm for 1 minute and 800 µL of the 

supernatant was removed. The cells were re-suspended in the remaining 200 µL of LB 

media and were plated on a room tempered LB agar plate supplemented with 100 µg/mL 

kanamycin. The agar plate was placed at 37°C for 30 minutes and flipped up side down 

and incubation was continued overnight. Only transformed cells carrying the kanamycin 

resistance plasmid grew.  

Several colonies were picked up and grown in 5 mL LB media with 100 µg/mL 

kanamycin at 37°C overnight and were subjected to DNA extraction according to the 

mini-prep plasmid extraction kit. The extracted plasmids were sent to Genewiz for 

sequencing. Once the accurate sequence was confirmed, a colony was selected for 

expression and purification. 

2.4.2. Expression and Purification of Sfp Phosphopantatheinyl Transferase 

Sfp was expressed in BL21-CodonPLus-RILP from freshly transformed cells as 

explained above in LB media supplemented with 100 µg/mL kanamycin. The cell culture 

started at the O.D600 ~ 0.05 and grown at 37°C to O.D600  ~ 0.2. The protein expression 

was induced with a final concentration of 1 mM IPTG at 25°C and was stopped at O.D600 
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~ 0.6 after approximately 4 hours of incubation. Cells were harvested at 5000 rpm at 4°C 

for 20 minutes.  

It is important to note the obstacles of growing and expression of Sfp in large 

scale (1 L cultures). The overnight start up culture of 100 mL was first centrifuged at 

3500 rpm for 10 minutes and the LB media was removed. About 100 mL fresh LB media 

supplemented with 100 µg/mL kanamycin was added to the cell pellets and re-suspended. 

The freshly washed cells were added to large 1 L culture media with the starting O.D600 ~ 

0.05. 

The cell pellet from 2 L culture (about 2 g) was homogenized with 1:10 w/v ratio 

in 1X PBS buffer pH 7.4 supplemented with protease inhibitor cocktail (section 2.3.2) 

and lysed with a microfluidizer at 10000 psi. The lysed cell were centrifuged at 15000 

rpm at 4°C for 45 minutes. The clear cell lysate was added to 10 mL of pre-equilibrated 

Ni resin with 1X PBS pH 7.4 (20X column volume) and incubated at 4°C for 1 hour. The 

resin and cell lysate was then transferred into a clean column, the flow through was 

collected and the resin was washed 3X with 1X PBS buffer with 10X column volume for 

each wash (washes 1-3). The protein-resin was incubated with 0.5X column volume of 

elution buffer with gradient increase of imidazole pH 8.0 for 45 minutes for each elution 

(E1: 250 mM imidazole in PBS, E2: 500 mM imidazole in PBS, E3: 1 M imidazole in 

PBS) and eluted with 1 M imidazole after the third elution until no protein was left on the 

resin. The protein concentration was measured by Bradford assay. The elution samples 

were pooled and concentrated if necessary followed by loading into the size exclusion 

chromatography column (SEC 16/650). Through size exclusion chromatography, the 

buffer was exchanged into storage buffer of 12.5 mM Tris pH 7.5 and 1 mM EDTA. The 



	 57 

fractions were pooled and concentrated if necessary and stored in small aliquots with 

10% glycerol at -80°C. A 10% SDS-PAGE was run for each step to ensure the protein 

expression and purification. The protein loses its activity if thawed more than twice.   

2.5. Oligonucleotide Modification: Amine-Sulfhydryl Crosslinking of Single-

Stranded Oligonucleotide to Acetyl-Coenzyme A 

In this study only one DNA handle is attached to the protein at the C-terminal 

ybbR tag. The DNA handle is modified with acetyl-CoA at one end and digoxigenin at 

the other end. DNA handle preparation starts with modification of a single-stranded 

oligonucleotide (ssoligo) with acetyl-CoA to the double-stranded oligonucleotide 

(dsoligo-CoA) in three steps:  

(1) Reaction of amino functionalized ssoligo to the succinate group of a cross-

linker with a soluble polyethylene glycol (PEG) spacer arm (SM(PEG)8);  

(2) Coupling reaction of sulfhydryl group of acetyl-CoA to malemide reactive 

building block of SM(PEG)8 in ssoligo;  

(3) Annealing reaction of the acetyl-CoA-modified single-stranded 

oligonucleotide (ssoligo-CoA) to its phosphorylated reverse complementary 

oligonucleotide (P-Rev) to form the double-stranded modified oligonucleotide 

phosphorylated at one end for ligation (dsoligo-CoA);  

2.5.1. Reaction of Amino Functionalized Single-Stranded oligonucleotide to the 

Succinate Group of the Spacer Linker   

A 24 base single-stranded oligonucleotide (ssoligo) with a functional amine group 

at the 5’- end was purchased with the sequence below: 
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5’-NH2-CTGCTGGGGCAAACCAGCGTGGAC-3’ 

The oligonucleotide was dissolved to the final concentration of 1 mM in 0.1 M 

sodium phosphate buffer pH 7.5 (3.87mL of 1 M Na2HPO4 and 1.13 mL of 1 M 

NaH2PO4, volume adjusted to 50 mL with water, pH corrected if required). The 

SM(PEG)8 was dissolved to the final concentration of 250 mM in DMSO. The 

oligonucleotide was mixed with SM(PEG)8 with 1:60 mole ratio and the reaction ran at 

room temperature for 3 hours (Scheme 2.3). A sample was aliquot at -20°Cfor a 15 % 

PAGE analysis.  

 

Scheme 2.3. Reaction mechanism of amine-functionalized ssoligo to the succinate 
group of SM(PEG)8 spacer linker. The NH2- functionalized oligonucleotide reacts with 
the succinate group of the spacer in a 1:60 mole ratio at room temperature for 3 hours. 
The reaction takes place in sodium phosphate buffer with pH 7.5. The product of this step 
is used for the coupling reaction of acetyl-CoA to malemide group of the spacer.  

 

2.5.2. Coupling Reaction of Sulfhydryl Group of Acetyl-Coenzyme A to Malemide 

Reactive Building Block of the Spacer Linker  

The reaction product of the first step (2.5.1) was mixed with a 50 mg/mL aqueous 

solution of acetyl-CoA with 1:4.8 mole ratio of the SM(PEG)8 to acetyl-CoA. About one 

third of the reaction volume, 0.1 M sodium phosphate buffer was also added to the 

reaction mixture. The reaction was performed at room temperature overnight on a shaker 
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(Scheme 2.4). The reaction was quenched by addition of 5 µL of 1 M Tris pH 6.8 and 5 

µL of 1 M β-mercaptoethanol. A sample was aliquot for a 15 % PAGE analysis.  

 

Scheme 2.4. Coupling mechanism of acetyl-CoA to the malemide-reactive group of 
SM(PEG)8 spacer linker in ssoligo. Acetyl-CoA was added to the reaction of NH2-
functionalized ssoligo in phosphate buffer with pH 7.5 and the reaction was performed at 
room temperature overnight to produce ssoligo-CoA. The product was purified by 
electro-elution and ethanol precipitation.  

 

Followed by the successful crosslinking of acetyl-CoA to the oligonucleotide 

(ssoligo-CoA), electro-elution and ethanol precipitation were performed to purify ssoligo-

CoA and remove the unreacted materials and side products. 

2.5.3. Electro-Elution of Modified Oligonucleotide 

Approximately 10 µg of ssoligo-CoA was loaded homogeneously into a one-lane 

1.5 mm 15% PAGE and was run at 100 V at 4°C for at least 120-150 minutes. The 

desired band of ssoligo-CoA was cut out and put inside at 100-500 Da dialysis membrane 

tubing with 24 mm width in one side of the membrane. The membrane was prepared 
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before use by boiling it in 2% NaHCO3 and 10 mM EDTA solution for 10 minutes. The 

tubing was rinsed with distilled water and boiled in distilled water for another 10 

minutes. The gel in the membrane was then run at 100 V for at least one hour so the 

oligonucleotide was out of the gel and released into the buffer in the dialysis bag. The 

current was inverted for 30 s to 1 minute to separate the DNA from the membrane walls 

of the opposite side. The solution was then subjected for ethanol precipitation overnight.  

2.5.4. Ethanol Precipitation 

To precipitate the ssoligo-CoA purified by electro-elution, the sample was mixed 

with 3 M sodium acetate pH 5.5 with 1: 10 volume of sodium acetate to sample followed 

by addition of 3X volume of 100% molecular biology grade ethanol. The sample was 

incubated at -20°C overnight. Next day, the sample was thawed and centrifuged at 14000 

g (or the maximum speed of the centrifuge) for 30 minutes at room temperature. The 

supernatant was carefully discarded. The DNA was rinsed with 50 µL of 70% cold 

ethanol and centrifuge for another 15 minutes. The supernatant was discarded and the 

sample was air-dried. The ssoligo-CoA was dissolved in desired volume of 1X annealing 

buffer (10 X annealing buffer: 500 mM NaCl, 10 mM EDTA and 100 mM Tris pH 7.5- 

8.0). The ssoligo-CoA was stored at -20°C for future use. The product concentration was 

measured based on its absorbance at A260 and calculated by the extinction coefficient of 

the oligonucleotide and acetyl-CoA. The recovery yield was expected to be around 30% 

as about two third of the primary reactant (NH2-oligo) was not completely converted into 

the products:   

NH2-oligo molecular weight: 7583 g/mol 

NH2-oligo extinction coefficient: 225400 L/mol.cm 
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SM(PEG)8 molecular weight: 689.71 g/mol 

Acetyl-CoA molecular weight: 809.57 g/mol 

Acetyl-CoA extinction coefficient in Na-phosphate buffer: 15400 L/mol.cm 

ssoligo-CoA molecular weight: 9082.28 g/mol 

ssoligo-CoA extinction coefficient: 225400 + 15400= 240800 L/mol.cm 

 The concentration of modified ssoligo-CoA was corrected by the extinction 

coefficient of the oligonucleotide and acetyl-CoA and calculated by the A260 according to 

the equation 2.1:  

(2.1) 

𝐴!"#
𝑒𝑥𝑡. 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡×10

! =  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝜇𝑀 × 𝑀𝑤× 10! = (𝑛𝑔 𝜇𝐿)  

2.5.5. Annealing of Single-Stranded Oligonucleotide-Acetyl-Coenzyme A to 

Phosphorylated Reverse Complementary Sequence  

The purified ssoligo-CoA was annealed to its 28 base complementary sequence 

that was phosphorylated at 5’- end (P-Rev) in a 1:1 molar ratio: 

5’-Phos- CGACGTCCACGCTGGTTTGCCCCAGCAG-3’ 

The P-Rev was dissolved in annealing buffer to the final concentration of 1 mM. 

The concentration was corrected by the extinction coefficient of the oligonucleotide. 

Annealing condition: heat to 95°C and maintain the temperature for 5 minutes; 

cool to 4°C over 91 minutes with the rate of 1°C/minute; store at 4°C for temporary 
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storage. The final product is dsoligo-CoA and the concentration is calculated based on the 

A260 and extinction coefficient: 

P-rev oligo molecular weight: 8606.5 g/mol 

dsoligo-CoA molecular weight: 17688.78 g/mol 

dsoligo-CoA extinction coefficient in water: 467200 L/mol.cm 

2.6. 315-Base Pair DNA Handle Synthesis and Ligation to Double-Stranded Acetyl-

Coenzyme A-Modified Oligonucleotide 

The CoA-modified double-stranded oligonucleotide (dsoligo-CoA) was designed 

to ligate to a 315 bp DNA handle, which was labeled with digoxigenin (dig). Ultimately, 

the dig label enables interaction of DNA handle-protein to anti-digoxigenin (anti-dig) 

coated beads.  

The pPROEXT-HTa plasmid with ampicillin resistance gene was used as a 

template to synthesize the DNA handle.  

2.6.1. DNA Handle Synthesis by Polymerase Chain Reaction 

 Forward primer with a Bbsi restriction-cutting site as underlined: 

5’-GACGATACCGAAGACAGGTCGTGTTATATCC-3’ 

 Reverse primer is labeled with dig at the 5’- end:  

5’-dig-CCGTGGCAGTCGATGATAAGCTGTC-3’ 

The DNA handle was amplified in 8X reactions of 50 µL by PCR: initial 

denaturation 95°C, 30 s; 35X cycles (denaturation 95°C, 30 s; primer annealing 60.3°C, 

30 s; extension 72°C, 1 minutes); final extension 72°C, 10 minutes. The eight PCR 
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reaction products were pooled and cleaned up using a PCR clean-up kit according to the 

kit protocol. The sample was digested by Bbsi (2 µL Bbsi/1000 ng DNA) at 37°C 

overnight. The enzyme was heat inactivated at 65°C for 20 minutes. The digested sample 

was loaded into a 1% agarose gel and run at 100 V for 90 minutes for gel extraction 

according to the gel extraction kit protocol. The final product is a 315 bp DNA handle 

with Bbsi cutting site at one end and dig-labeled at the other end.   

2.6.2. Ligation Reaction 

The dsoligo-CoA was also designed to have Bbsi restriction cutting site so it was 

ligated to the 315 base pair DNA handle in 1:1 molar ratio using T4 DNA ligase as 

followed: 20°C, 20 minutes; 30X cycles (12°C, 2 minutes; 18°C, 2 minutes; 24°C, 2 

minutes per cycle); 20°C, 60 minutes.  

 The ligation reaction is not detected in the gel due to the small size difference 

between ligated sample (~340 bp) and DNA handle (315 bp). However the 315 bp DNA 

handle has two restriction cutting sites for PvuII restriction enzyme. The digestion by 

PvuII results in 3 fragments of 106, 93 and 116 bp before ligation. In case of a successful 

ligation reaction, the digestion by PvuII results in 3 fragments of 106, 93 and 144 bp, 

which are separated and detected by 5% PAGE (Figure 2.3). 
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Figure 2.3. Schematic representation of dsoligo-CoA ligation product with 315bp 
DNA handle. The ligation product is acetyl-CoA modified at one end to interact with 
ybbR tag of drosophila CRY and at the other end is labeled with dig to interact with anti-
dig coated beads. Digestion of ligated product results in 3 fragments of 106, 93 and 144 
bp that is detectable by 5% PAGE.  

 

 Note that the ligation product of modified drosophila CRY and DNA handle does 

not migrate through the 5% PAGE. Therefore, to confirm the ligation and visualize the 

product and the digested fragments in the gel, 1 µL Proteinase K was added to the 

reaction mixture prior to loading into the 5% PAGE to facilitate the migration of DNA 

handle and its digested fragments into the gel.  

2.7. Drosophila Cryptochrome Modification with Biotin and Acetyl-Coenzyme A-

DNA Handle 

Modification of drosophila CRY happens in 3 steps (1) Biotinylation of the Avi 

tag; (2) Sf-mediated reaction of acetyl-CoA in dsoligo-CoA to ybbR tag; (3) ligation of 

DNA handle to the modified drosophila CRY. 

Approximately 50 µL of 70 µM of drosophila CRY was incubated at 4°C in the 

dark with 1X biotinylation buffer (20X biotinylatin buffer is 500 µM D-biotin, 100 mM 

ATP, 100 mM Mg(OAc), pH 7.4) and BirA with final concentration of 4 µM for 2 hours.  

CoA-

28bp 315bp

144bp

93bp 106bp

PvuII PvuII

116bp



	 65 

Followed by biotinylation step, 50 µM of 70 µM dsoligo-CoA (1:1 molar ratio of 

dsoligo-CoA to drosophila CRY), Sfp with final concentration of 15 µM (1: 3 molar ratio 

of Sfp to drosophila CRY) and 50 mM HEPES and 10 mM MgCl2 with 1 X volume of 

the reaction were added to the reaction mixture. The reaction mixture was incubated in 

the dark at 4°C for 6 hours.  

 The excess unreacted dsoligo-CoA was removed from the reaction by overnight 

dialysis in drosophila CRY buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10 mM DTT) in 

the dark using dialysis membrane with 10 kD cut off. The sample was concentrated using 

filter tubes with 10 kD cut-off and stored with 10% glycerol at -80°C. A perfectly 

modified protein is stable at -80°C for more than a year.  

2.7.1. Bradford Assay for Modified Drosophila Cryptochrome Quantification 

 The modified protein has acetyl-CoA and oligonucleotide, which make it difficult 

to measure the protein concentration. Therefore, Bradford assay was used to quantify the 

protein concentration.  

  A series of known bovine serum albumin (BSA) dilutions (62.5, 125, 187.5, 250, 

375, 500, 750, 1000 µg/mL) were prepared in drosophila CRY buffer. 20 µL of each 

BSA standard sample was added to the 500 µL of Bradford reagent (room temperature) 

and incubated for exactly 5 minutes. The absorbance at 595 nm was recorded for each 

concentration (1 cm cuvette). The measurements were performed in triplet and an 

average of A595 was recorded. By plotting the average A595 as a function of concentration, 

the linear equation was attained. Therefore, any protein concentration within the range 

can be measured.  



	 66 

2.7.2. Ligation of DNA Handle to the Modified Drosophila Cryptochrome  

Prior to each single-molecule experiment, the ligation reaction was freshly 

performed in 10 µL reaction with addition of 100 ng DNA handle and 1 µL FAD with 

final concentration of 10 µM. The DNA ligase and ligation buffer were added as 

instructed by the ligation kit. Although the ligated sample was stable at -80°C for about 

one week, fresh ligation for every experiments is highly recommended. To confirm the 

successful ligation reaction, the product was loaded into a 5% PAGE. However, the 

ligation product of the DNA handle to the protein is not detected in the gel as it is unable 

to migrate to the gel. Addition of 1 µL Proteinase K digests the protein and allows the 

ligation product to migrate into the gel. 

2.8. Single-Molecule Optical Tweezers Set Up for Drosophila Cryptochrome 

 Optical tweezers is an instrument that uses highly focused laser beam to trap and 

manipulate biological objects of micron size and measure the forces applied on the 

objects in the range of 0.1-300 pN. The single-molecule experiments using the optical 

tweezers take place in a microfluidic chamber made of two slides that are apart 200 µm 

by parafilm layers that form three channels. The main channel is in the center of the 

chamber with 100-µm-glass pipette tubing pointing to the center with a suction to hold 

the SA bead.  There are two channels on the top and bottom of the main channel 

respectively, which are connected to the main channel via dispenser glass tubings. The 

channel on the top is denoted for AD beads-drosophila CRY (AD channel) whereas the 

channel in the bottom is for SA beads (SA channel). The microfluidic chamber is held in-

between two microscope objective lenses with 60X magnification each and a 1/3” CCD 

video camera to capture images of the chamber and visualize it on a TV screen (Figure 
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2.4, A and B). A bead is trapped at their common foci point of objectives by the optical 

light (Figure 2.4, C). In each experiment, all three channels are equilibrated with the 

buffer. Next, a SA bead flew into the main channel through the dispenser tubing and is 

trapped and brought to the micropipette tip and is held by the suction. Ultimately, the AD 

bead will be dispensed to the main channel by the dispenser tubing from the AD channel, 

trapped by laser and brought in close proximity of SA bead at the pipette tip to allow the 

biotinylated terminus of the protein to interact with SA bead and form a single tether. By 

moving the trapped AD bead by laser away from the SA bead, the protein unfolds. The 

unfolding pulling rate is 75 nm/s. By moving the AD bead back close to the SA bead, the 

protein is relaxed and allowed to refold. The unfolding-refolding of the protein is 

repeated multiple times with defined time intervals according to each type of experiment. 
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Figure 2.4. Single-molecule optical tweezers set up for drosophila CRY. (A) The 
microfluidic chamber is located between the two objectives and the two laser beams 
passes through the lenses and overlap on the foci of the objectives on the chamber. (B) 
One bead is held by the micropipette suction where as the other bead is trapped by lase. 
The bead in the laser is moved closed to the other bead to form the tether. (C) The 
microfluidic chamber is made by two glass slides and forms three channels by layers of 
parafilm. A micropipette is located in the middle of the chamber with its tip in the center 
of the main channel to fix the SA bead via suction. The protein is incubated with AD 
beads and flows into the main channel through dispenser tubing and trapped by the laser. 
The AD bead will be located in close proximity to SA bead at the pipette tip to allow the 
biotinylated protein interaction with SA bead and form a single tether.  
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2.8.1. Instrument Alignment and Calibration 

 Prior to each experiment, the instrument is required to be aligned for the chamber 

and the lasers as follows: (1) Place the chamber properly between the two objective 

lenses and apply water on the two sides of the chamber so that a water immersion bubble 

occurs between the lenses and chamber. (2) Check all three channels, including the main 

channel and the two AD and SA channels to ensure the chamber has no bubble trapped or 

any parafilm particle floating in it. (3) Set the position of the pipette tip and the two bead 

dispensers on the software. (4) Turn the laser on with the laser current at zero. Bring the 

power to half of the typical running current and pull the filter slides to visualize the lasers 

of the TV. The two lasers have two different patterns; one laser is in a shape of a rosette 

the other one has a diffraction pattern. Align the position of the laser to the center of the 

chamber as indicated on the TV monitor in the way that they overlap on each other. Bring 

the laser to the full power. (5) Relax the piezos by clicking center the trap on the software 

and readjust the location of the lasers on the center if they have moved. (6) Press the reset 

bottom of the instrument on the main board to remove any PSD offset. (7) Zero the PSD 

and select autoalign to minimize the X and Y values of the PSD closer to zero. (8) Align 

the light levers on the instrument with the X and Y values no grater than 10% of the total 

strength hitting the detectors. 

2.8.2. Force Calibration by Stoke’s Test 

 To calibrate the force, trap a streptavidin bead in the laser trap. Record the 

iris/sum values before and after trapping the bead. If they change more than 0.015, adjust 

the values with a bead in the trap and turn the autoalign bottom on of the software. Turn 

the autoalign off and zero the force. Move the motor in the XYZ directions by moving 
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the mouse left to right, up and down and scrolling the wheel on the mouse for X, Y and Z 

axis respectively. Make sure not to hit the bead to the pipette tip or the side walls of the 

chamber. Free the stoke test by freezing in the software and rotate the X and Y patters 

using the denoted keys on the software. Repeat the test for several beads and make sure 

the average diameter of the beads are around 2 µm, which is the typical size of the 

streptavidin beads (Figure 2.5).  

 

Figure 2.5. Stoke’s test. The stoke’s test is used prior each experiment during laser and 
force calibration. If both lasers focal points are aligned in the center of the chamber, after 
the force calibration, the force at X- (green), Y- (yellow), and Z-axis (blue) should be 
zero and the bead diameter must around 2 µm for a streptavidin bead. The image shows 
the beads size by Stoke’s test after the force calibration. 

 

2.9. Experimental Procedure 

Prior to each experiment, the main chamber was equilibrated with drosophila 

CRY buffer (2.7.2) supplemented with desired final concentration of FAD or its moieties 
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(riboflavin, FMN, ATP, ADP, AMP and Adenosine) based on each experimental 

conditions. The ligation product was diluted 1:10 in the buffer with the same FAD 

concentration or its moieties. 1 µL of the diluted sample was incubated with 4 µL of AD 

beads for 30 minutes on ice and then the volume was adjusted to 1 mL with the 

drosophila CRY buffer supplemented with FAD or its moieties. 3 µL of SA bead was 

diluted in 1 mL of drosophila CRY buffer supplemented with the same concentration of 

FAD or its derivatives. First, the SA bead was trapped by the laser and brought to the tip 

of the micropipette. The suction of the pipette held the SA bead. Next, the AD bead-

drosophila CRY was trapped by the laser beam and was brought in close proximity to the 

SA bead to ensure the interaction of biotinylated end of drosophila CRY with SA beads 

and form the tether. A single tether was confirmed by overstretching of the DNA handle 

up to ~ 65 pN.62 The unfolding of drosophila CRY was performed at constant pulling rate 

of 75 nm/s at 200 Hz to maximum unfolding force of 47 pN. The protein was relaxed 

with the same rate and allowed to refold in 20 seconds at 3 pN in titration experiments 

and drosophila CRY behavior with the FAD moieties. For kinetic studies, the unfolding 

time was varied between 0 to 40 seconds. 

2.9.1. Flavin Adenine Dinucleotide Titration Assay 

The binding affinity of drosophila CRY to FAD has not been reported in the 

literatures yet. In order to determine the single-molecule binding dissociation constant 

(kd) of drosophila CRY to FAD, the protein was titrated with broad range of FAD 

concentrations from 0 to 25 µM. Prior to the titration experiments, the modified protein 

was dialyzed in the buffer to remove FAD. To ensure FAD removal from the protein the 

A450 was measure. FAD has an absorbance at 450 nm that can be compared before and 
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after dialysis of FAD out of the protein. The final concentrations of FAD in the buffer 

used for FAD titration assays were: 0 M, 1 pM, 5 pM, 10 pM, 50 pM, 0.1 nM, 0.3 nM, 

0.5 nM, 0.7 nM, 1 nM, 10 nM, 0.1 µM, 0.5 µM, 2.5 µM, 5 µM, 12.5 µM and 25 µM. 

 For 0 M FAD assays, neither the ligation reaction nor the buffer for equilibrating 

the chamber and diluting the protein and the beads had FAD.   

For concentrations of 1 pM to 1 nM, the ligation reaction was supplemented with 

1 µL of x105 final FAD concentration (e.g. if the working concentration was 0.7 nM, the 

ligation reaction was supplemented with 1 µL of 70 µM FAD). This is due to considering 

the dilution factors of the sample during the experiments. The buffer to equilibrate the 

chamber and dilute the beads did not contain any FAD.  

For FAD concentrations of 1 nM and higher, the ligation reaction was 

supplemented with 1 µL of 100 µM FAD solution with the final concentration of 10 µM 

in the reaction. The buffer was also supplemented with the desired final FAD 

concentration to equilibrate the chamber and dilute protein and the beads (e.g. if the 

working concentration was 10 nM, the buffer was freshly supplemented with FAD to the 

final concentration of 10 nM and the chamber was equilibrated with this buffer, the beads 

and the protein were also diluted in the same buffer).    

2.9.2. Kinetics of Drosophila Cryptochrome Folding Coupled to Flavin Adenine 

Dinucleotide Binding 

 To define the kinetics of drosophila CRY folding coupled to the cofactor binding, 

formation of intermediates within the folding pathway of the protein was examined by 

optical tweezers in a time- and concentration-dependent fashion: (A) To examine the time 
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dependence of protein folding and observation of folding intermediates the protein was 

unfolded at constant pulling rate of 75 nm/s up to 47 pN and was relaxed with similar 

pulling rate to allow the protein to refold at low force of about 3 pN. By the end of each 

unfolding and refolding cycle, the protein was allowed to relax and refold at varying 

refolding time intervals between 0 to 40 seconds as follows: 0, 3, 5, 10, 15, 20, and 40 

seconds refolding time. (B) In order to couple the concentration-dependence of the 

folding intermediates to the time-dependent experiments, three FAD concentrations were 

selected. The FAD concentrations were 0 M (<< kd), 0.3 nM (~ kd) and 10 nM (>> kd). 

The time-dependent experiments were performed in the presence of the selected FAD 

concentrations only.  

2.9.3. Flavin Adenine Dinucleotide Moieties Contribution in Folding 

As explained in Chapter I section 1.6.4, FAD is a complex cofactor that each part 

of the cofactor makes direct interactions with the residues of drosophila CRY. Therefore, 

it is important to believe the interactions play critical roles in formation of the folded 

structure. To evaluate the contribution of each FAD moiety in promoting the folded 

structure, FAD structure was categorized into moieties based on the chemical structure to 

riboflavin, FMN, adenosine, AMP and ADP and several experiments were conducted. In 

each experiment the FAD was dialyzed out after protein modification and the protein 

folding was determined in the presence of only one of the moieties one at a time. For 

each experiment, ligation reaction was supplemented with 10 µM final concentration of 

one of the FAD moieties (Riboflavin, FMN, adenosine, AMP, ADP) and the buffer was 

supplemented with required concentration of the moiety to equilibrate the chamber and 

dilute the protein and the beads. The experimental final concentrations for all the moieties 
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were adjusted to 0.1 mM. The protein was unfolded at pulling rate of 75 nm/s at 200 Hz 

up to 47 pN and relaxed and the same rate. The protein was allowed to refold at 3 pN 

with 20 seconds refolding time.  

It is important to note, isoalloxazine ring is an important part of the FAD structure 

for electron transfer and light-dependent conformational changes of drosophila CRY. But 

it was excluded from the experiments due to its chemical properties. Isoalloxazine is not 

water-soluble but has a solubility of 4 mg/mL in 1 M sodium hydroxide (NaOH) or 11 

mg/mL in DMSO. However both solvents are disfavored for evaluation of the folded 

protein structure. Therefore, isoalloxazine was excluded from the experiment though it is 

an important moiety of FAD. 

Moreover, to further explore the ability of binding of ADP, AMP and adenosine 

due to the presence of negatively charged phosphate groups, we examined the degree of 

drosophila CRY folding at higher concentration of 1 mM. The unfolding and refolding 

condition remained constant with pulling rate of 75 nm/s with maximum and minimum 

force of 47 pN and 3 pN respectively and 20 seconds refolding time.  

To estimate the preliminarily binding affinity of FMN to drosophila CRY, the 

degree of folded structure was examined with 0.5 nM FMN with similar experimental 

condition as in FAD titration assay.  

2.9.4. Adenosine Three Phosphate Interaction with Drosophila Cryptochrome  

 ATP is found in the cells with a higher concentration than FAD (four orders of 

magnitude). Therefore, the protein folding was also examined in the presence of 0.1 mM 
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ATP. The ligation reaction condition as well as the single molecule experiments 

remained constant to the FAD moieties.  

2.9.5. Magnesium Ion Contribution in Folding 

Drosophila CRY structure, encompasses a magnesium ion which interacts mainly 

with the β-phosphate group of FAD whereas it only make interactions with the protein 

residues through Arg237, Lys264, Ser265, Met266, and Phe280 (Figure 2.6). Therefore, 

it is important to evaluate the effect of two positive charges of magnesium interactions 

with negatively charged phosphate group. For this purpose, the ligation reaction and the 

buffer were supplemented with 0.5 mM MgCl2 in the presence of 0.1 mM ATP, 0.1 mM 

ADP and 10 nM FAD. The single molecule experimental condition remained constant 

with 75 nm/s of pulling rate with maximum and minimum force of 47 pN and 3 pN 

respectively. The refolding time was constant at 20 seconds for all three cofactors.  

 

Figure 2.6. Magnesium ion in drosophila CRY structure. The magnesium ion in the 
protein structure makes metal interaction with the β-phosphate group of the FAD and 
directly interacts with Arg237, K264, Ser265 and Met266 in drosophila CRY structure.  
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2.10. Data Analysis 

The data from all force-extension trajectories of unfolding-refolding of drosophila 

CRY is parsed in MATLAB for further analysis by a designated tweezers data analysis 

code (Figure 2.7, top left). The code allows selecting individual trajectories of each 

unfolding-refolding cycle and measuring the total changes in extension (total ∆𝑥) of 

protein in each cycle from the unfolding rip of the folding trajectory to the unfolding 

refolding trajectory in the corresponding point (Figure 2.7, top right). In case of multiple 

unfolding rips, it also allows measuring the ∆𝑥 of every individual unfolding rips as well 

similar to total ∆𝑥 (Figure 2.7, bottom right and left). Once the total and individual ∆𝑥 

are measured, the code transforms the analyzed data into a matrix including unfolding 

rate and all the measured ∆𝑥  along with their corresponding unfolding forces. The 

tweezers data aggregator tool in MATLAB is then able to transform the measured ∆𝑥 to 

change in contour length (∆𝐿𝑐) of the protein during each unfolding event according to 

the contour of the unfolded polypeptide (𝐿𝑐) and the end-to-end folded distance (𝑥). The 

𝐿𝑐 is a force-dependent parameter to correlate to the number of amino acids participating 

in each unfolding even according to the worm-like chain behavior of the polypeptide. 
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Figure 2.7. Data processing and measurement of change in extension of individual 
unfolding-refolding trajectories.  (Top left) An overlap of all unfolding-refolding 
trajectories of drosophila CRY collected by mini optical tweezers. Drosophila CRY 
unfolding is a heterogeneous event. (Top right) Each trajectory is analyzed individually 
for total change extension from the unfolding rip in the folded trajectory to the refolding 
trajectory. (Bottom) Also every single unfolding rip is analyzed individually within each 
unfolding-refolding cycle. The measurement is from folded state (F) to the intermediate 
states (I), and from intermediate state to either next intermediate state or to the unfolded 
state U). The representative unfolding-refolding trajectory here has only one intermediate 
state so the measurement is from folded to intermediate and from the intermediate to the 
unfolded trajectory.   
 

2.10.1. Worm-Like Chain Behavior Analysis of Drosophila Cryptochrome 

The ∆𝑥  of total and individual unfolding rips of drosophila CRY in each 

unfolding trajectory is measured using a designated code in MATLAB and transformed 

to the ∆𝐿𝑐 by the worm-like chain model (WLC) by the data aggregator code.  The 
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worm-like chain model describes the dependence of force on the molecular behavior 

extension of the polymer in a thermal bath. A long polymer such as a polypeptide tends 

to contract to maximize conformational entropy. The resulting force is given by:82 

(2.2) 

𝐹 =
𝑘!𝑇
𝑝

1
4 1−

𝑥
𝐿𝑐

!!
−
1
4+

𝑥
𝐿𝑐  

where 𝑝 is the persistence length of the chain (𝑝= 0.65 nm used for polypeptides), 𝑥 is the 

end-to-end extension of the folded structure, and 𝐿𝑐 is the contour length (number of 

amino acids of the polypeptide multiplied by 0.365 nm/ amino acid). To calculate the 

change in contour length during unfolding of the protein, the end-to-end length between 

the attachment points in the folded protein is obtained from the high resolution crystal 

structure subtracted from the 𝐿𝑐 to determine the number of amino acids participated 

during each unfolding cycle, therefore:  

(2.3) 

∆𝐿𝑐 = 𝐿𝑐 − 𝑥!"#$%$ 

 Using equation 2.3, the 𝐿𝑐 of drosophila CRY is calculated to be 204 nm (558 

amino acids × 0.365 nm) considering the two tags co-expressed with the protein. The 𝑥, 

end-to-end distance of the folded structure, is also obtained from the crystal structure 

with PBD of 4GU5 to be 5.5 nm (Figure 2.8).33 To measure 𝑥, however, the exact two 

attachment points are not included as they are short oligopeptides that do not participate 

in overall folded structure. Additionally, as the experiments are performed in the light-

activated states, we concluded the CTT is dislocated and is excluded from the folded 
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structure. Therefore, 𝑥 is calculated from Ala6 to Leu516 (first residue of the CTT linker) 

in the protein sequence. Here, the total ∆𝐿𝑐  is calculated to be ∆𝐿𝑐 =198.5 nm 

(204−5.5= 198.5 nm).  

 

Figure 2.8. The end-to-end distance of drosophila CRY folded structure from crystal 
structure. The crystal structure (PBD: 4GU5) with 2.8Å resolution shows a 55.3Å 
distance between Ala6 and Leu516, which was used in the WLC equation.  
 

The total ∆𝐿𝑐 of the protein during an unfolding-refolding cycle reflects the 

degree of folding and to what extend the protein was folded and consequently unfolded 

mechanically. Therefore, to quantitatively report the degree of folding, fractional ∆𝐿𝑐 of 

the protein (relative to WLC model) was measured as the ratio of ∆𝐿𝑐!"#$%&$' : 

∆𝐿𝑐!"#!$%!& for every single trajectory: 

(2.4) 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 ∆𝐿𝑐 (𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑜𝑙𝑑𝑖𝑛𝑔) =
∆𝐿𝑐!"#$%&$'
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where based on the ratio (0 to 1), the states of protein are categorized primarily into three 

groups of unfolded state (degree of folding = 0), intermediate state (0 < degree of folding 

≤ 0.85) and folded state (degree of folding > 0.85 to 1). 

2.10.2. Titration Assay Curve Fitting 

According to the boundaries defined for degree of folding, the fraction of each 

drosophila CRY state (i.e. unfolded, intermediate and folded state) was counted at each 

FAD concentration and the mean population of each fraction was plotted as a function of 

log FAD concentration to build the single-molecule titration curve. By using the curve 

fitting tool (cftool) code in MATLAB software and using a customized equation, the 

folded population was fitted to obtain the fitting parameters including the dissociation 

binding constant (Kd):  

(2.5) 

𝑓(𝑥) = (
𝑆!

1+ 𝑘 10! + 𝑆!𝑘 10!
1+ 𝑘 10!

) 

In this equation, SU is fraction of unfolded state, SF is fraction of folded state and k is the 

inverse of protein binding constant to FAD. The error bars of each mean population were 

calculated as standard deviation.  

2.10.3. Clustering Analysis of Drosophila Cryptochrome Conformational States 

The fractional change in extension data obtained from drosophila CRY 

concentration- and time-dependent appeared upon initial inspection to contain multiple 

groups of observations.  Before performing further analysis based on the groupings, 
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which were hypothesized to represent intermediate states of the protein, we wanted to 

ensure the apparent clustered observations appeared in the data were real, and that they 

were being identified correctly. 

Using the Mclust package in the software R to perform analysis, the data was first 

clustered into four groups.  This number of clusters was selected based on visual 

inspection of the data, which informed the working hypothesis about the folding pathway 

of drosophila CRY at this point in the investigation.83 

2.10.3.1. Determining the Number of Clusters 

To answer this question empirically about the optimal number of states along the 

folding pathway of drosophila CRY, the model-based clustering was proposed as the 

most appropriate tool to separate the groups in the data because it uses normally-

distributed clusters, which best match with the shape of the groups in the data.83 This 

distribution of data points reflects the stochastic process of unfolding that is measured, 

meaning that it is governed by random processes so no one observation or measurement 

taken alone can represent the general or average behavior of the molecule.  The Bayesian 

Information Criterion (BIC), and the Integrated Complete-Data Likelihood (ICL) were 

used to determine the appropriate number of clusters to use when describing the data as a 

mixed model distribution. As shown in equations 2.5 and 2.6, both of these criteria 

involve likelihood functions that assess the model at each possible value in a range of 

possible numbers of clusters.  Based on the likelihood of the most likely set of parameters 

to describe the data given the number of clusters, and after adding a penalty to account 

for the complexity of the model, the criteria allowed for the comparison of the models by 

the number of clusters to find the most fitting cluster number for the data. 
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(2.6) 

𝐵𝐼𝐶 𝜃 = ln 𝑛 𝐺 − 2ln (𝐿 𝜃 ) 

(2.7) 

𝐼𝐶𝐿 𝜃 = 𝐵𝐼𝐶 𝜃 + 2 𝐶!,!log (𝑍!,!)
!

!!!

!

!!!

 

where in both equations 𝑛 is the sample size, 𝐺 is the number of parameters estimated by 

the model, 𝐿 is the maximized value of likelihood function and 𝜃 is parameters values 

that maximize the likelihood. Additionally, the FAD titration data was also analyzed 

independently from the concentration- and time-dependent experiments.  

As a way of verifying if the clusters generated by the model were truly 

representative of the data, some controls were performed to test whether subsets of the 

data could produce concurrent results, and whether randomly generated data would also 

give us the same cluster centers: 

(A) The first control involved separating the data into three subsets by FAD 

concentrations and clustering the subsets individually to see if the resulting clusters were 

the same as those identified within the whole data set when it was clustered globally. (B) 

Multiple random sets of 200 numbers between 0 and 1.2 were generated and clustered, 

both according to BIC and ICL results and into five clusters for comparison with the 

experimental data.  

2.10.3.2. Bootstrap Analysis of the Clusters 

A bootstrap was implemented to approximate the error associated with the 

clustering parameters and fractional populations by repeatedly sampling from (with 
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repeated observations) and clustering subsets of the original data.  First, multiple 

bootstraps were performed with increasing numbers of iterations to determine a sufficient 

number after which the standard error values were unchanging: 

(2.8) 

 

where in this equation, 𝐺 is the number of clusters, 𝜇 is the cluster center and ∑ is the 

cluster variance.  

2.10.3.3. Clustering Analysis of Flavin Adenine Dinucleotide Moieties 

Because of the differences in the chemical structures of these cofactors, the data 

from each moiety was clustered individually for each cofactor as opposed to the global 

clustering that was performed on the data collected in the presence of FAD.  The BIC and 

ICL were used to determine the best number of clusters to group the data from each 

cofactor, and after clustering (all done without zero-valued observations) the resulting 

clusters were compared to those from the global clustering of the refolding and FAD 

titration data. 

2.10.4. Multi-Start Evolutionary Nonlinear OpTimizeR Fitting Models 

 Parameter optimization was carried out with the MATLAB toolbox MENOTR 

(Multi-start Evolutionary Nonlinear OpTimizeR). MENOTR is a hybrid genetic – NLLS 

algorithm that takes advantage of the respective strengths of both stochastic and 

deterministic parameter optimization algorithms while minimizing the weaknesses. 

MENOTR works by first generating a sampling of different values for each parameter in 

! ! = − 12 !!" − !!" + !! − !! ! !!! !! − !! + !! + !! log
!!!

!!

!!!

!

!!!
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the chosen model. The sets of parameters are then subjected to different genetic operators 

such as mutation and crossover. The resultant sets of parameters are then ranked based on 

how well the parameters describe the experimental data. The best sets of parameters are 

then further optimized using NLLS methods. The resultant optimized parameters are then 

used in the genetic algorithm portion of the routine again. This process is continued in a 

cycle until there is no longer a significant difference in the starting and optimized 

parameters within iteration. This toolbox provided a rigorous search of the error space 

compared to conventional NLLS methods. This method enabled us to propose three 

kinetic mechanism of drosphila CRY folding pathway and obtain the fitting parameter to 

evaluate which of the three models describes the best the folding pathway.  

2.10.4.1. Model One: Four-State Folding Pathway (All Reversible) 

In this folding model, the pathway starts with the unfolded state (U) folds into the 

first intermediate (I1), which binds to FAD and folds into the second intermediate (I2), 

which finally folds into the fully folded structure (F). In this proposed model, all the steps 

are reversible and the equations below (2.9) were used for the MENOTR method for 

curve fitting by MATLAB and obtaining the rate constant of conversion of each 

drosophila CRY state to the other state.  

 

(2.9) 

Δ𝑈
Δ𝑡 = 𝑈 −𝑘! + 𝐼! 𝑘!!  

Δ𝐼!
Δ𝑡 = 𝑈 𝑘! + 𝐼! −𝑘!! + 𝐼! −𝑘!.!"# + (𝐼!)(𝑘!!) 

U  �  I1  �  I2·FAD  � F·FAD 

k1 

k-1 

k2.FAD 

k-2 

k3 

k-3 
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Δ𝐼!.!"#
Δ𝑡 = 𝐼! −𝑘!.!"# + 𝐼!.!"# −𝑘!! − 𝑘! + (𝐹.!"#)(𝑘!!) 

Δ𝐹.!"#
Δ𝑡 = 𝐼! 𝑘! + 𝐹.!"# −𝑘!!  

2.10.4.2. Model Two: Five-State Folding Pathway (All Reversible) 

This proposed model has an extra intermediate state compared to model one. This 

model describes the folding of drosophila CRY coupled to FAD binding as all reversible 

steps. In this model, the unfolded state (U) folds into the first intermediate (I1), which 

binds to FAD and folds into the second intermediates (I2). The third intermediate (I3), 

which is introduced folds into the fully folded structure. Both I2 and I3 are FAD-bound 

intermediates, however I3 has a higher degree of folded structure compared to I2 but still 

lacks the native folded structure. In this proposed model, all the steps are reversible as in 

model one. The stepwise equations (2.10) below were used to fit the model in MENOTR 

using MATLAB software and by using the differential equations obtain the rate constants 

of each step. 

 

(2.10) 

Δ𝑈
Δ𝑡 = 𝑈 −𝑘! + 𝐼! 𝑘!!  

Δ𝐼!
Δ𝑡 = 𝑈 𝑘! + 𝐼! −𝑘!! − 𝑘!.!"# + (𝐼!)(𝑘!!) 

Δ𝐼!.!"#
Δ𝑡 = 𝐼! 𝑘!.!"# + 𝐼!.!"# −𝑘!! − 𝑘! + (𝐼!.!")(𝑘!!) 

U  �  I1  �  I2·FAD  �  I3·FAD  �  F·FAD 

k1 

k-1 

k2.FAD 

k-2 

k3 

k-3 

k4 

k-4 
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Δ𝐼!.!"#
Δ𝑡 = 𝐼!.!"# 𝑘! + 𝐼!.!"# −𝑘!! − 𝑘! + (𝐹.!"#)(𝑘!!) 

Δ𝐹.!"#
Δ𝑡 = 𝐼!.!"# 𝑘! + 𝐹.!"# −𝑘!!  

2.10.4.3. Model Three: Five-State Folding Pathway  

The third proposed folding pathway also has five components with three 

intermediates as follow: Unfolded state (U) folds into the first intermediate (I1), I1 binds 

to FAD and fold into the second intermediate (I2) followed by folding into the third 

intermediate (I3) to ultimately forms the native folded structure. However the main 

difference of this model with model two is that two steps along this pathway are 

irreversible: (A) folding of I1 to I2 and (B) folding of I2 to I3. The equations below (2.11) 

show the fitting model for MENOTR. 

 

(2.11) 

Δ𝑈
Δ𝑡 = 𝑈 −𝑘! + 𝐼! 𝑘!!  

Δ𝐼!
Δ𝑡 = 𝑈 𝑘! + 𝐼! −𝑘!! − 𝑘!.!"#  

Δ𝐼!.!"#
Δ𝑡 = 𝐼! 𝑘!.!"# + 𝐼!.!"# −𝑘!  

Δ𝐼!.!"#
Δ𝑡 = 𝐼!.!"# 𝑘! + 𝐼!.!"# −𝑘! + (𝐹.!"#)(𝑘!!) 

Δ𝐹.!"#
Δ𝑡 = 𝐼!.!"# 𝑘! + 𝐹.!"# −𝑘!!  

U  �  I1  �  I2·FAD  �  I3·FAD  �  F·FAD 

k1 

k-1 

k2.FAD 

k-2 

k3 

k-3 

k4 

k-4 
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All three models were fitted as fraction of each intermediate and folded states as a 

function of time (s) using the concentration- and time-dependent data and the fitting 

parameters including the rate constants were obtained.  
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CHAPTER III 

RESULTS  

3.1. Expression and Purification of Biotin Ligase 

3.1.1. Expression 

Biotin ligase BirA was transformed into BL21-CodonPlus-RILP competent cells 

as previously described in Chapter II, section 2.3.1. Several colonies were picked up and 

the colonies with accurately confirmed sequences were used for a mini expression test. A 

10% SDS-PAGE was run for three transformed colonies before and after 5 hours of 

induction of expression with 0.5 mM IPTG at 37°C (Figure 3.1). The thick band above 

50 kD shows successful expression of BirA as a GST-fused protein in the cells which 

matches with the expected molecular weight of GST-BirA ~ 60 kD.  

  

Figure 3.1. BirA expression gel. Lane (1) Control sample for BirA; Lanes (2), (4), and 
(6) shows the gel profile of the three colonies before induction of expression by IPTG; In 
lanes (3), (5), and (7) the strong band above 50 kD marker corresponds to GST-BirA in 
the selected three colonies after 5 hours of induction with 0.5 mM IPTG at 37°C. The gel 
is 10% SDS-PAGE, ran at 35 mA for 45 minutes. It was stained with coomassie blue for 
1 hour and destained with 10% acetic acid and 50% methanol in distilled water until the 
bands were visible.  
 

3.1.2. Purification  

The protein was purified using glutathione sepharose 4B. The 10% SDS-PAGE 

shows BirA purification gel (Figure 3.2, top). In this purification gel, lane 2 corresponds 
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to the total cell lysate, which was collected immediately after lysing the cells and before 

spinning it down. The thick band above 50 kD shows expression of BirA in a large scale 

for purification. Lane 3 and 4 show cell pellet and supernatant respectively after spinning 

down the total cell lysate and the BirA is soluble in the supernatant as expected. Lane 5 

shows a slight loss of the soluble protein through binding to the resin, but after three 

washes (lane 6 to 8) no protein was lost. The protein was eluted out in 5 mL of elution 

buffer. The elution samples were pooled and loaded onto the size exclusion 

chromatography column for a buffer exchange to PBS buffer with pH 7.4 (SEC 16/650). 

Samples of fractions corresponding to the observed peak (B16- B28) in the size exclusion 

chromatogram were collected and loaded onto a 10% SDS-PAGE. Each lane shows a 

single band of purified BirA about ~ 60 kD (Figure 3.2, bottom). All the fractions 

containing BirA were pooled and concentrated using a filtering tube of 10 kD cutoff and 

stored with 10% glycerol with the final concentration of 29 µM.   

 

Figure 3.2. BirA purification gels. (Top) (1) BirA control; (2) total cell lysate; (3) cell 
pellet; (4) cell supernatant before loading into the resin; (5) flow through; (6-8) washes 1-
3; (9-14) elution samples. The bands above 50 kD is the GST-BirA (~ 60 kD). (Bottom) 
The fractions corresponding peak of 72 mL (B16-B28) were collected and loaded onto a 
10% SDS-PAGE. (1) Control BirA; (2-14) the corresponding fractions to 72 mL peak 
(B16-B28) respectively. Both gels are 10% SDS-PAGE, ran at 35 mA for 45 minutes. 
The gels were stained with coomassie blue solution for 1 hour and destained with 10% 
acetic acid and 25% methanol in distilled water until the bands were visible.  
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The SEC elution profile shows the protein absorbance at 255 nm as a function of 

elution volume. A peak at 72.4 mL shows elution of BirA at the expected volume of 72 

mL (Figure 3.3).  

 

Figure 3.3. BirA elution profile in SEC chromatogram. The plot of absorbance at 255 
nm vs. the volume shows the protein was eluted in fractions with a peak at 72.4 mL, 
which matches with the expected elution volume based on the protein standard 
calibration curve for SEC 16/650.  
 

3.1.3. Protein Standard Calibration Curve for SEC 16/650 

The elution profile of a protein with a known molecular weight can be predicted 

by the protein standard calibration curve of each specific SEC column. The protein 

standard calibration curve is made by running a mixture of protein standards of known 

molecular weights. Here, for SEC 16/650 the protein standard calibration curve was 

prepared with the protein mixture made of Thyroglobulin (670 kD), γ-Globulin (158 kD), 

Ovalbumin (44 kD), Myoglubin (17 kD) and Vitamin B12 (1.35 kD). The plot of log of 

protein molecular weights (kD) vs. elution volumes (mL) provides the protein standard 
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calibration curve and the equation predicts the elution volume of any protein with known 

molecular weight (Figure 3.4).  

 

Figure 3.4. The protein standard calibration curve for SEC (16/650). A mixture of 
proteins with known molecular weight was run through the SEC and the elution volumes 
were recorded. A plot of log molecular weight vs. volume provides an equation to predict 
the elution volume peak of any protein with known molecular weight.  

 

Based on this standard calibration curve, by using the equation of y= -0.041x + 

7.9259 and given the molecular weight of ~ 60 kD for GST-BirA, the elution volume is 

expected to be 72 mL which perfectly matches with the volume of 72.4 mL at which the 

protein was eluted (Figure 3.3). 

3.1.4. Biotin-Streptavidin Bead Pull-Down Assay 

 As previously described in Chapter II, section 2.3.4, drosophila CRY with Avi tag 

at the N-terminus was successfully biotinylated. Running the samples in an SDS-PAGE 

confirms the functional activity of the purified BirA (Figure 3.5). Both Avi-tagged 

drosophila CRY and WT-drosophila CRY were set for the biotinylation reaction by BirA 
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in parallel with the same experimental condition (volumes and concentrations). As 

expected, drosophila CRY with Avi tag was biotinylated with the functionally active 

purified BirA. The biotin interacts with streptavidin-coated beads and binds to the beads 

so the protein is cleared up from the supernatant. This is more obvious when the volume 

of the beads is increased from 30 to 90 µL (Figure 3.5, top). In contrast, the WT-

drosophila CRY, which lacks the Avi tag, is not biotinylated and thus doesn’t interact 

with streptavidin beads and remains in solution (Figure 3.5, bottom).  

 

Figure 3.5. Biotin-streptavidin bead pull-down assay for Avi-tagged and WT-
drosophila CRY. Top panel correspond to the tagged drosophila CRY and the bottom 
panel correspond to the WT-drosophila CRY as the control experiment for biotinylation. 
In both gels: Lane (1) is BirA; Lane (2) tagged drosophila CRY in upper panel and 
control WT-drosophila CRY in lower panel; Lanes (3-5) supernatants collected from 30, 
60, and 90 µL bead-protein mixture; Lanes (6-8) are 30, 60 and 90 µL beads resuspended 
in PBS buffer respectively. With equal volume of the biotinylation reaction mixture of 
Avi-tagged drosophila CRY, increasing the bead volume results in less protein in the 
supernatant. However, increasing the bead volume, does not affect the WT-drosophila 
CRY concentration in the supernatant. Both supernatant and beads were loaded onto a 
10% SDS-PAGE and ran at 35 mA for 45 minutes. Both gels were stained with 
coomassie blue for 1 hour and destained with 10% acetic acid and 50% methanol in 
distilled water until the bands were visible.  
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3.2. Sfp Phosphopantatheinyl Transferase Expression and Purification 

3.2.1. Expression 

Sfp Phosphopantatheinyl Transferase (Sfp) was transformed into BL21-

CodonPlus-RILP competent cells as previously described in Chapter II, section 2.4. 

Several colonies were picked up and once the accurate sequence was confirmed they 

were used for a mini expression test. A 10% SDS-PAGE was run for three transformed 

colonies before and after 4 hours of induction of expression with 0.5 mM IPTG at 25°C 

(Figure 3.6). The thick band above 25 kD shows successful expression of Sfp as a His6-

tagged protein in the cells which matches with the expected molecular weight of His6-Sfp 

~ 28 kD.  

 

Figure 3.6. Sfp expression gel. Lanes (1), (3), (5), and (7) are four colonies before 
induction of expression by IPTG; In lanes (2), (4), (6), and (8) the strong band above 25 
kD or about 28 kD corresponds to His6-Sfp in the selected four colonies after 4 hours of 
induction with 0.5 mM IPTG at 25°C. The gel is 10% SDS-PAGE, run at 35 mA for 45 
minutes. It was stained with coomassie blue for 1 hour and destained with 10% acetic 
acid and 50% methanol in distilled water until the bands were visible. 
 

3.2.2. Purification 

The Sfp protein was purified using Ni resin and the 10% SDS-PAGE shows Sfp 

purification steps (Figure 3.7, top). In this gel, lane 1 corresponds to the total cell lysate, 

which was collected immediately after lysing the cells and before spinning it down. The 

thick band above 25 kD shows expression of Sfp in a large scale for purification. Lane 2 
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and 3 shows cell pellet and supernatant respectively after spinning down the total cell 

lysate and the Sfp is soluble in the supernatant as expected. Lane 4 shows flow through 

after binding to the resin and lanes 5 to 7 are the three washes. The protein was eluted out 

in 7 mL of elution buffer. The elution samples were pooled and concentrated to 5 mL for 

loading onto the size exclusion chromatography column for a buffer exchange to 12.5 

mM Tris pH 7.5 and 1 mM EDTA (SEC 16/650). Samples of fractions corresponding to 

the observed peak (B28- B41) of the size exclusion chromatogram were collected and 

loaded onto a 10% SDS-PAGE. Each lane shows a single band of Sfp about ~28 kD 

(Figure 3.7, bottom). All the fractions containing Sfp were pooled and concentrated using 

a filtering tube of 10 kD cutoff and stored in small single-use aliquots at -80°C with 10% 

glycerol to the final concentration of 90 µM. Sfp loses its enzymatic activity if freezes 

and thaws more than once.  

 

Figure 3.7. Sfp purification gel. (Top) Lane (1) Total cell lysate; Lane (2) cell pellet; 
Lane (3) cell supernatant before loading into the resin; Lane (4) flow through; Lanes (5-
7) washes 1-3 respectively; Lanes (8-14) elutions. The observed bands above 25 kD 
corresponds to the His6-Sfp with molecular weight of about ~28 kD. The fractions 
corresponding peak of 85 mL of Sfp SEC (B28-B41) were collected and loaded onto a 
10% SDS-PAGE. (Bottom) Lanes (1-14) are the corresponding fractions to 85 mL peak 
(B28-B41 respectively) in which Sfp with molecular weight of ~28 kD displayed above 
25 kD standard protein marker.Both gels are 10% SDS-PAGE, run at 35 mA for 45 
minutes. The gels were stained with coomassie blue solution for 1 hour and destained 
with 10% acetic acid and 25% methanol in distilled water until the bands were visible.  
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The SEC elution profile shows the protein absorbance at 255 nm as a function of 

elution volume. A peak at 85 mL shows elution of Sfp at the expected volume according 

to the protein standard calibration curve y= -0.041x + 7.9259 and a molecular weight of 

~28 kD (Figure 3.8).  

 

Figure 3.8. Sfp elution profile in SEC chromatogram. The plot of absorbance at 255 
nm vs. the volume shows the protein was eluted in fractions with a peak at 85 mL, which 
matches with the expected elution volume based on the protein standard calibration curve 
for SEC 16/650.  

 

3.3. Oligonucleotide Modification 

The amine group of the 24 base single-stranded oligonucleotide was reacted with 

the succinate group of the spacer linker SM(PEG)8 followed by reaction of malemide 

reactive group on the other side of the SM(PEG)8 to the sulfhydryl group of acetyl-CoA 

as explained in detail in Chapter II, section 2.5 (Figure 3.9, left). The final product was 

purified by electro-elution and ethanol precipitation. The yield of the purification was 

about ~30 % and was calculated as shown below as an example: 

 [ssoligo-CoA]before electro-elution and EtOH precipitation= 140 µM in 60 µL= 15.41 ng/ µL= 925 ng 
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[ssoligo-CoA]after electro-elution and EtOH precipitation= 22.74 µM in 100 µL= 2.5 ng/ µL= 250 ng 

% Recovery yield= !"# !"
!"# !"

× 100 = 27% 

The purified ssoligo-CoA after electro-elution and ethanol precipitation was 

annealed to its phosphorylated reverse complementary sequence to form dsoligo-CoA in 

1:1 molar ratio (Figure 3.9, right). This product was used for drosophila CRY 

modification at the ybbR tag mediated by Sfp.  

 

Figure 3.9. Oligonucleotide modification and annealing to its phosphorylated 
reverse complementary sequence. Left: Lane (1) Single-stranded oligonucleotide. Lane 
(2) shows the first step of amine to susuccinyl reaction. The upper band is the modified 
oligonucleotide and the lower band is the unreacted ssoligo; Lane (3) shows the second 
step of malemide to sulfhydrylgroup of acetyl-CoA reaction. The upper band on the top is 
the final product and the two lower bands indicate the unreacted single-stranded 
oligonucleotide and the reaction product of the first step. Right: Lane (1) the ssoligo-CoA 
purified by electro-elution followed by ethanol precipitation; Lane (2) the phosphorylated 
reverse complementary sequence to ssoligo-CoA; Lane (3) 1:1 molar ratio annealing 
product (dsoligo-CoA). The samples were run in 15% polyacrylamide gel at 100 V for 90 
minutes. The gel was stained by ethidium bromide for 15-20 minutes and it was destained 
with distilled water for 10 minutes. 

 

3.4. Drosophila Cryptochrome Modification 

The drosophila CRY was biotinylated at N-terminus by biotin in the dark at 4°C 

for 2 hours followed by Sfp-mediated labeling of drosophila CRY by dsoligo-CoA at the 

C-terminus in the dark at 4°C for 6 hours. The biotinylation was confirmed by biotin-

streptavidin pull down assay shown in section 3.1.2 (Figure 3.5). The addition of dsoligo-
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CoA to the ybbR tag was confirmed by a band shift in the 10% SDS-PAGE due to the 

increased in the protein molecular weight once modified successfully (Figure 3.10). The 

concentration of modified drosophila CRY after overnight dialysis was around 5-7 µM 

after each preparation measured by Bradford assay. The modified protein was stored in 

small volumes for individual ligation reactions and was stable for over a year at -80 °C. 

However, the ligation reaction must be prepared prior to each single-molecule 

experiment. 

 

Figure 3.10. Final product of drosophila CRY modification. The modified protein with 
dsoligo-CoA has a higher molecular weight and shows a slight shift of the band toward 
higher molecular weight in the 10% SDS-PAGE. The gel ran at 35 mA for 45 minutes, 
stained with coomassie blue solution for 1 hour and destained with 10% acetic acid and 
25% methanol in distilled water. 

 

3.4.1. Bradford Protein Standard Calibration Curve for Drosophila Cryptochrome 

Quantification 

 The A595 was measured for the series of BSA solutions in drosophila CRY buffer 

with known concentrations (in triplet) and was plotted as a function of concentration. The 

linear trend line provides the line equation in which the concentration of drosophila CRY 

at any A595 can be figured out (Figure 3.11).  
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Figure 3.11. Bradford protein standard calibration curve. Several known 
concentration of BSA solution in drosophila CRY buffer were measured in triplet and 
plotted A595 as a function of concentration. The equation from the trend line is used to 
find any unknown protein concentration with this range. 

 

3.5. Ligation of DNA Handle to the Modified Drosophila Cryptochrome 

 For a 10-µL ligation reaction approximately 100 ng of DNA handle was mixed 

with protein, ligase and ligation buffer. 1 µL of FAD with the desired final concentration 

was also added and it was adjusted based on experimental conditions.  

As explained in Chapter II 2.6.1, to confirm the ligation reaction efficiency, the 

product was digested with restriction enzyme PvuII. Prior to ligation, digestion of the 

DNA handle with PvuII results in three fragments of 116, 93, and 106 bp. The 106 and 

1116 bp fragments are not separated in the gel. However, the result of the successful 

ligation is appearance of three DNA fragments of 93, 106 and 144 bp after PvuII 

digestion. Though, the ligation product of modified drosophila CRY with the DNA 
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handle is not detected in 5% PAGE since the protein-DNA handle is unable to migrate 

into the gel. To detect the ligation product in the 5% PAGE, the protein-DNA handle was 

digested by Proteinase K right before loading into the gel (Figure 3.12). The confirmed 

product at this step is ready for single-molecule optical tweezers studies. 

 

Figure 3.12. Ligation product of modified drosophila CRY to 315 bp DNA handle 
and the PvuII digestion. Lane (1) 315 bp DNA handle; Lane (2) digestion of 315 bp 
DNA handle with PvuII. Lane (3) ligation of DNA handle to the modified protein before 
PvuII digestion. Lane (4) PvuII digestion products of lane (3) that results in three DNA 
fragments of 93 bp, 106 bp and 144 bp. Samples in the lanes (3) and (4) were treated with 
1 µL of proteinase K before loading into the gel to digest the protein and allow the DNA 
fragments to run into the gel. The samples were run in 5% polyacrylamide gel at 100 V 
for 90 minutes. The gel was stained by ethidium bromide for 15-20 minutes and it was 
destained with distilled water for 10 minutes. 

 

3.6. Single-Molecule Unfolding and Refolding of Drosophila Cryptochrome by 

Optical Tweezers 

In this project an optical tweezers mechanical assay was developed wherein a 

single modified drosophila CRY was tethered between two polystyrene beads (SA and 

AD bead). The AD bead was held by the optical trap as described in Chapter II, section 

2.8 and Figure 2.4. The tethered drosophila CRY between the beads was unfolded and 

refolded several times by mechanically moving the bead in the trap up and down 

respectively and applying force (pN) on the protein. The total change in extension (∆𝑥) 
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of the protein was measured from unfolding trajectory to the corresponding point on the 

refolding trajectory (Figure 3.13).  

 

Figure 3.13. Primarily schematic view of single-molecule force spectroscopy for the 
unfolding and refolding of the drosophila CRY. We demonstrated cycles of unfolding 
and refolding trajectory of the protein. Measurement of change in extension of the protein 
shows unfolding of a fully folded protein and refolding back of the protein through the 
relaxation experiments. The dark blue and red trajectories correspond to the unfolding 
and refolding of the protein in one cycle respectively. 
 

The measured ∆𝑥 of all trajectories were transformed into the change in the 

contour length (∆𝐿𝑐), by using the worm-like chain model equation (equation 2.2) to 

calculated the number of the amino acids in the protein structure participated in each 

unfolding event at the corresponding force. The measurement of total ∆𝐿𝑐 enabled us to 

distinguish each state of the protein before each unfolding cycle. The primary analysis of 

total ∆Lc of the protein showed successful single tethering of a protein molecule that was 

able to fully refold back by the end of each unfolding-refolding cycle. Development of 

this assay allowed us to examine the effect of FAD and its moieties on the conformation 

and folding of the drosophila CRY. We specifically evaluated the protein folding in the 

absence and presence of FAD, and FAD biosynthesis components, riboflavin, FMN, 

adenosine, AMP and ADP. Additionally we examined the protein conformation in the 

Δx 
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presence of ATP, which not only is available with a high concentration c inside the cells, 

but also is a tri-phosphate adenosine ring in FAD structure. Moreover, we tested the 

effect of magnesium ion as it is present in the structure of the protein and interacts with 

the β-phosphate group of FAD and some other drosophila CRY residues (Figure 2.6). 

 

3.7. Flavin Adenine Dinucleotide Is Essential for Drosophila Cryptochrome Folding 

3.7.1. Drosophila Cryptochrome Folding Conformation in the Absence and Presence of 

Flavin Adenine Dinucleotide 

To characterize the role of FAD-binding coupled to drosophila CRY folding, we 

first examined the unfolding and refolding behavior of the protein in the absence and 

presence of the cofactor, FAD. In these experiments, the protein was mechanically 

unfolded up to 45 pN at a constant pulling velocity of 75 nm/s. Then, the force was 

reduced to 3 pN for 20 s to allow the protein to refold before the next pulling cycle. In the 

absence of FAD, most trajectories (75 ± 6 %, N = 132) displayed a broad range in the 

total ∆𝐿𝑐 upon unfolding reaching maximum values around 103 ± 0.7 nm. This value is 

significantly smaller than the expected total ∆Lc for the native structure of the protein, 

which is 199 nm, indicating formation of partially folded intermediate states. In the other 

unfolding trajectories (25 ± 3 %) we did not observe any unfolding rips, indicating that 

the protein sampled or remained in the unfolded state. When the protein was 

supplemented with high FAD concentration of 25 µM, drosophila CRY unfolded with a 

∆Lc = 199 ± 1 nm (N = 397), matching the value expected for the fully folded state based 

on the X-ray crystal structure.33,34 Thus, to achieve its native state, drosophila CRY 

requires a bound FAD molecule (Figure 3.14).  
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Figure 3.14. Unfolding and refolding of the drosophila CRY in the absence and 
presence of FAD. Single drosophila CRY molecules were tethered to undergo the 
unfolding and refolding cycles in the absence (top) and presence of FAD (bottom). The 
change of extension of the protein was measured for every recorded trajectory (left) and 
transformed into the worm-like chain model (right). In the worm-like chain plot of force 
(pN) as a function of extension (nm) for drosophila CRY with end-to-end distance of 5.5 
nm and contour length of 204 nm, it is expected to observe the measured change in 
extensions around the generated curve. However, the data points in the absence of FAD 
(top, right) are populated at a shorter extension around ~100 nm (top, right) whereas, in 
the presence of 25 µM FAD, the data points in the worm-like chain plot shows unfolding 
of the protein to its fully extended conformation (199 nm) with all the residues 
participating in each unfolding event (bottom, right).  

 

3.7.2. Flavin Adenine Dinucleotide Binds Tightly to Drosophila Cryptochrome 

Given that FAD is essential for the complete folding of drosophila CRY, we 

investigated the mechanisms underlying drosophila CRY-FAD interactions. We first 

determined the dissociation-binding constant (Kd) of FAD to the protein. For this 

experiment, we used optical tweezers to monitor the total ∆Lc as a function of FAD 
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concentration, starting at 1 pM and ending at 25 µM. In between pulling cycles, the 

protein was allowed to refold at 3 pN for 20 s. At FAD concentrations between 0.1 pM 

and 0.1 nM, the percentage of events corresponding to the unfolded state reduced to 

about 10 %, intermediate folded structures became dominant at 70 %, and fully folded 

structures reached up to around 20 %. At FAD concentrations higher than 0.1 nM, the 

percentage of unfolding events displaying a total ∆𝐿𝑐 ~ 199 nm became prominent and 

reached a maximum of 65 ± 4 % which, correspond to the fully folded state. The rest of 

events corresponded to either intermediate states with ∆𝐿𝑐 between 48-162 nm (34 ± 6 

%) or to the unfolded state (< 2 %). We used the fraction of events corresponding to fully 

folded state as a function of Log FAD concentrations to obtain an apparent dissociation-

binding constant of 0.11 ± 0.04 nM (mean ± 95 % confidence interval) (Figure 3.15, 

Table 3.1).  

Table 3.1. Fraction of drosophila CRY states in titration assay. 

 Fractions ± Standard Error 

[FAD], M Folded Intermediate Unfolded N 

0.00 0.00 0.75 ± 0.06 0.25 ± 0.03 132 

𝟓.𝟎×𝟏𝟎!𝟏𝟐 0.05 ± 0.01 0.79 ± 0.08 0.16 ± 0.02 494 

𝟕.𝟓×𝟏𝟎!𝟏𝟏 0.24 ± 0.04 0.67 ± 0.10 0.09 ± 0.02 512 

𝟒.𝟎×𝟏𝟎!𝟏𝟎 0.49 ± 0.04 0.47 ± 0.10 0.04 ± 0.02 309 

𝟕.𝟎×𝟏𝟎!𝟏𝟎 0.52 ± 0.05 0.44 ± 0.11 0.04 ± 0.02 107 

𝟏.𝟎×𝟏𝟎!𝟖 0.58 ± 0.05 0.41 ± 0.10 0.01 ± 0.01 116 

𝟏.𝟎×𝟏𝟎!𝟕 0.64 ± 0.04 0.35 ± 0.08 0.01 ± 0.01 181 

𝟖.𝟎×𝟏𝟎!𝟕 0.59 ± 0.04 0.40 ± 0.0.08 0.01 ± 0.01 175 

𝟓.𝟎×𝟏𝟎!𝟔 0.63 ± 0.04 0.36 ± 0.08 0.01 ± 0.01 152 

𝟐.𝟓×𝟏𝟎!𝟓 0.67 ± 0.04 0.33 ± 0.05 0.00 397 
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Figure 3.15. FAD titration. Drosophila CRY was titrated with a wide range of FAD 
concentration from 0 to 25 µM. According to the measured change in extension of 
unfolding-refolding trajectories (top three panels, left), the protein displayed three 
conformers of unfolded (U), intermediate (I) and fully folded structure (F). The change in 
extension of intermediates and folded structures were measured and was normalized to 
the worm-like chain model to plot as population of each state vs. degree of folding. Plots 
of three out of ten FAD concentrations are depicted here along with their plots of worm-
like chain (Left, bottom). The fractions of events corresponding to the unfolded, 
intermediate and fully folded states were plotted as a function of Log [FAD]. Fraction of 
folded was used for curve fitting to obtain an apparent dissociation-binding constant of 
0.11 ± 0.04 nM. 
 

3.8. Kinetics of Drosophila Cryptochrome Folding Coupled to Cofactor Binding 

3.8.1. Concentration- and Time-Dependent Effects of Flavin Adenine Dinucleotide on 

Drosophila Cryptochrome Folding 

The wide-ranging total ∆𝐿𝑐 values observed in the FAD titration experiments (48-

162 nm) suggests that folding of drosophila CRY coupled to FAD-binding proceeds via 

multiple intermediate states. We therefore performed experiments to define the kinetic 

steps and rates that connect these unfolded to the folded state via intermediates, and 
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identifying the step in which FAD binding occurs. For these experiments, we unfolded 

drosophila CRY with optical tweezers and allowed the protein to refold at a low force (3 

pN) for increasing time intervals between 0 and 40 s, using concentrations of FAD of 0 

(no FAD), 0.3 nM (~ Kd) and 10 nM (saturated FAD concentration). At each time 

interval and FAD concentration, we determined the degree to which the protein was 

folded, ranging from 0 to 1. This was achieved by normalizing the observed total ∆𝐿𝑐 at 

each time interval and FAD concentration by 199 nm (total ∆𝐿𝑐). 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑜𝑙𝑑𝑖𝑛𝑔 = 0 ≤
∆𝐿𝑐!"#$%&$'
∆𝐿𝑐!"#!$%!&

≤ 1 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑜𝑙𝑑𝑖𝑛𝑔 𝑈 =
0
199 = 0 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑜𝑙𝑑𝑖𝑛𝑔 𝐼 = 0 <
20− 170
199 < 0.85 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑜𝑙𝑑𝑖𝑛𝑔 𝐹 =
199
199 = 1 

In the absence of FAD, ([FAD] = 0 M), drosophila CRY reached equilibrium 

between the unfolded and partially folded states, unbound intermediates with degrees of 

folding of up to 0.8. This equilibrium was maintained even at longer refolding time 

intervals between 20 s and 40 s and the protein never reached the fully folded structure 

with degree of folding 1 (Figure 3.16, top left). When the FAD concentration was 

increased to 0.3 nM, which was around the obtained Kd, we observed a reduction of 

events corresponding to the unfolded state, and the formation of partially folded 

structures that occurred even at short refolding time intervals (e.g. 3 s and 5 s) compared 

to conditions with no FAD (Figure 3.16, top center). Moreover, at refolding time 
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intervals longer than 15 s, we observed an increase in states with degree of folding of ~1, 

indicating the formation of the fully folded FAD-bound structures. Interestingly at 

saturating FAD concentration ([FAD] = 10 nM), we observed dramatic decrease of 

unfolded and intermediate states, and the concomitant appearance of fully folded state 

occurred at short refolding time intervals compared to [FAD] = 0.3 nM. With saturated 

FAD concentration, at 40 s refolding time we observed complete disappearance of 

unfolded state (Figure 3.16, top right, Tables S3.1-S3.3). Cumulative data indicated there 

are peaks with consistent center for degree of folding in all three tested FAD 

concentration in which by increasing the FAD concentration, peaks with lower degree of 

folding shifted to the right and peaks centered around 0.8 and 1 emerged.  

 

Figure 3.16. The concentration- and time-dependent probability density function of 
drosophila CRY states as a function of degree of folding for three selected FAD 
concentrations. The kernel density function was used to estimate and plot the population 
probability density of each drosophila CRY states as a function of degree of folding at 
each time intervals. (Top) The three plots show individual populations vs. degree of 
folding for each time interval for the three FAD concentrations. (Bottom) The plots are 
cumulative projection of data from time-dependent experiments for each FAD 
concentration. The presence of peaks at certain degree of folding was obviously observed 
in which new peaks with higher degree of folding at 0.8 and 1 were emerged as the FAD 
concentration was increased. 
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3.8.2. Clustering Analysis	 

At each time interval experiments with each FAD concentration, we observed 

appearance or disappearance of peaks with centers at specific degree of folding in all 

three FAD concentrations in plots of counting populations vs. degree of folding that were 

qualitatively showing presence of the intermediates and folded states (Figure S3.1-S3.3). 

However to quantitatively obtain the values for degree of folding of each intermediate, 

we used a clustering analysis of the data using Mclust. 

According to the models used for clustering, BIC and ICL, explained in Chapter 

2, section 2.10.3, initially four clusters were proposed. The cluster centers were fairly 

consistent between the two methods, but the cluster variances got much bigger when the 

zero-valued points were removed into a separate cluster. This led to some doubt as to 

whether four was the acceptable number of clusters, or if this model was forcing points of 

different groups together into a single cluster (Table S3.4) 

 In the BIC and ICL models in the elbow plots below, the results did not agree 

with the working hypothesis of four total clusters in the concentration- and time-

dependent data. Instead, the most appropriate description by both metrics (BIC and ICL) 

used five total clusters (four not including zero-valued data points, describing the 

unfolded state) to describe the data (Figure 3.17).  Therefore, the concentration- and time-

dependent data was clustered again into five clusters.  As seen below, the cluster centers 

were more consistent when the zero points were removed, and the cluster variances were 

smaller (Table 3.2 and Tables S3.5-S3.7). 
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Figure 3.17. BIC and ICL plots for concentration- and time-dependent data. Plots of 
the BIC and ICL values for each possible number of clusters show which is most 
appropriate to describe the data. In Mclust, BIC values are made negative, so the best 
values in both plots will be indicated by maxima in both plots. According to the models 
four clusters shown by the red arrow for non-zero data were selected. 

 

Table 3.2. Model-based clustering results for refolding data with five clusters. 

 C1 C2 C3 C4 C5 
With zero-valued Points Center 0.01  0.29 0.53 0.78 1.01 

Variance 0.005 0.005 0.005 0.005 0.005 
N 509 672 741 795 698 

Without zero-valued Points Center 0 0.24 0.52 0.79 1.00 
Variance 0 0.003 0.020  0.004 0.007 
N 490 461 1098 630 736 

 

Multiple random sets of 200 numbers between 0 and 1.2 were generated and 

clustered, both according to BIC and ICL results and into five clusters for comparison 

with the experimental data. This control confirmed that the results could not be achieved 

(both in numerical value and in consistency) using data with no trend present in the 

distribution of the observations. 

As mentioned in Chapter II, section 2.10.3.2, to approximate the error associated 

with the clustering parameters and fractional populations, a bootstrapping method was 



	 109 

implemented. According to the results shown in Figure 3.18, a bootstrap with 10,000 

iterations was judged to be sufficient. 

 

Figure 3.18. Bootstrapping data. The standard error on the fractional populations was 
monitored as the number of bootstrap iterations performed was increased, and the 
standard error was found to level off by 10,000 iterations. 

 

After performing the bootstrap with 10,000 iterations on the global clustering with 

five clusters, the results shows that the error values on the cluster centers are relatively 

small, lending further confidence to our results (Table 3.3).  

Table 3.3. Clustering of concentration- and time-dependent data identified five 
states through drosophila CRY folding. 

 Degree of folding represented as cluster centers 

 C1 C2 C3 C4 C5 

Center ± standard error 0 0.25 ± 0.01 0.52 ± 0.01 0.79 ± 0.01 1.00 ± 0.01 

Variance 0 0.01 ± 0.0 0.020 ± 0.01 0.01 ± 0.0 0.01 ± 0.0 
N 490 461 1098 630 736 

 

To obtain final results that included maximum information, the FAD titration data 

was combined with the original refolding data (Tables S3.8, S3.9). Based on the 
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agreement of the BIC and ICL results reflecting the likelihood of models containing five 

clusters, and the smaller standard error values when bootstrapping using five cluster 

models, we determined that five clusters was the best model to describe the data.  

Additionally, the separation of the zero-valued points from the rest of the data before 

clustering produced results with smaller overall standard errors when bootstrapped, so it 

was selected as the better method.  This approach reflected the fact that the points left 

were those that fell into normally distributed clusters, while the zero-valued points made 

a single-valued cluster, which did not fit the model-based algorithm being applied to the 

data. These results were used in further analysis by taking the clusters as representative of 

intermediate states with varying degrees of folding.  The cluster centers could be taken to 

be the average degree of folding, and by looking at the individual rips assigned to a 

cluster, information could be gathered about the unfolding behavior of the intermediates 

and their contour length. 

This global analysis combined with model-based clustering yielded five distinct 

states with degrees of folding centered at 0, 0.25 ± 0.01, 0.52 ± 0.01, 0.79 ± 0.01 and 1.0 

± 0.01 (Table 3.3). Since the states with degree of folding of 0 and 1 correspond to the 

unfolded (𝑈) and fully FAD-bound folded states (𝐹.!"#) respectively. The other three 

states must correspond to intermediates 1 to 3 (𝐼!,  𝐼!,  𝐼!). In fact, these five states 

identified by the statistical analysis of the data were previously observed in cumulative 

density plots of the combined kinetic refolding data at each FAD concentration (Figure 

3.16, bottom). 
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3.8.3. Kinetic Steps of Flavin Adenine Dinucleotide Binding Coupled to Drosophila 

Cryptochrome Folding  

The bootstrapped data of each cluster were plotted as a function of refolding time 

for each FAD concentration (0 M, 0.3 nM and 10 nM), and fitted to three proposed 

kinetic models described in Chapter II, section 2.10.4 kinetic refolding models (Figure 

3.19). Here we describe cluster 1 as unfolded state (𝑈), cluster 2 as intermediate 1 

unbound to FAD (𝐼!), cluster 3 as intermediate 2 bound to FAD (𝐼! ∙!"#), cluster 4 as 

intermediate 3 bound to FAD (𝐼! ∙!"#) and cluster 5 as fully folded protein (𝐹). 

The simplest and most parsimonious model that fits best the data is the following: 

 

We used the differential equations describing the kinetic model above to globally 

fit all the concentration- and time-dependent data of the three FAD concentrations in 

Chapter II, section 2.10.4.3. In this model, 𝐼! is reversibly connected to 𝑈 because the 

fitted data at [FAD] = 0 shows equilibrium between these two states at the longest 

refolding time intervals (Figure 3.19, top). The obtained fitting parameters for this step 

were k1 = 0.16 s-1 and k-1 = 0.05 s-1. The first intermediate, 𝐼!, binds FAD to form the 

second intermediate state in the model, 𝐼! ∙!"# . We obtained an FAD-binding rate 

constant of k2 = 6.4·107 M-1·s-1, and an unbinding rate constant of k-2 = 6.0·10-3 s-1. The 

resulting equilibrium dissociation constant (k-2/k2) is ~0.1 nM, which is in quantitative 

agreement with the dissociation constant obtained in the single molecule titration 

experiments (Figure 3.15, titration curve). We tested whether FAD binds to 𝐼!  first 
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instead of 𝐼!, but this model did not result in satisfactory fitting statistics, especially for 

the data set at [FAD] = 10 nM (Table 3.4). 

We found the formation of the third intermediate state, 𝐼! ∙!"#, is irreversibly 

connected to 𝐼! ∙!"#, with a rate constant of k3 = 0.07 s-1. Similarly, we tested the 

alternative model in which 𝐼! ∙!"#and 𝐼! ∙!"# were reversibly connected, but fitting this 

model resulted in k-3 ~ 0. Given a high degree of folding for 𝐼! ∙!"#that has most 

structural elements that interact directly with FAD, it is in agreement with the irreversible 

formation of third intermediate.  The kinetic step connecting 𝐼! ∙!"#and 𝐹 ∙!"#, the fully 

FAD-bound folded state, is reversible given that these two states also display equilibrium 

at the longest refolding time intervals (Figure 3.19). The obtained fitted parameters for 

the formation and disappearance of 𝐹 ∙!"# are k4 = 0.11 s-1 and k-4 = 0.04 s-1 (Table 3.4).	

Altogether, the statistical and kinetic analysis of the data indicates that drosophila CRY 

folding is slow and follows a complex pathway. In this pathway an early intermediate 

forms independently from FAD concentration, which is able to make minimal 

interactions with FAD with a very high binding affinity (Kd = 0.11 nM) and a fast rate (k2 

= 6.4·107 M-1·s-1). These structures likely represent a minimal scaffold for FAD to dock 

and bind to promote the fully folded FAD-bound state. 
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Figure 3.19. Fitting of the three proposed kinetic models for each FAD 
concentration. The fractions of five clusters for each FAD concentration were plotted as 
a function of time and were fitted according to the three proposed differential equation 
models by MENOTR. Based on the obtained fitting parameters, the fitting curves do not 
converge in model one and model two, specifically at higher FAD concentrations. Model 
three suggested the best fitted model for the data.  
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Table 3.4. Fitting parameters of each kinetic model. 

4-state refolding model 5-state refolding model 

Parameter All reversible All reversible k-2 and koff = 0 

k1 (s-1) 0.13 (0.09- 0.20) 0.15 (0.09- 0.27) 0.16 (0.10- 0.28) 

k-1 (s-1) 0.02 (0- 0.06) 0.05 (0.02- 0.11) 0.05 (0.02- 0.07) 

k2 (M-1·s-1) 1.1·109 (9.5·108- 
3·109) 

2.1·108 (1.0·107- 
7.1·108) 

6.4·107 (1.0·107- 
2.1·108) 

k-2 (s-1) 0.25 (0.22- 6764) 0.06 (N.D.) Fixed= 0 

k3 (s-1) 0.11 (0.06- 0.12) 0.09 (0.06- 0.15) 0.07 (0.06- 0.13) 

k-3 (s-1) 0.05 (0.01- 1.15) 0 (N.D.) Fixed= 0 

k4 (s-1) - 0.10 (0.06- 0.15) 0.11 (0.06- 0.12) 

k-4 (s-1) - 0.03 (0.01- 0.08) 0.04 (0.01- 0.05) 

Chi-square 185.9 117.7 99.2 

 

3.9. Refolding Model of Drosophila Cryptochrome  

 To understand the degree of protein folding before each unfolding-refolding cycle 

as a concentration- and time-dependent behavior of the protein we proposed a refolding 

model for drosophila CRY based on the total ∆𝑥 of clusters normalized to the WLC 

model. The unfolding-refolding trajectories were sorted based on the cluster boundaries 

and the plots of counting population of drosophila CRY at each state as vs. degree of 

folding was plotted (Figure 3.20). For this purpose, the 𝐿𝑐 and 𝑥 were considered to be 

204 nm and 5.5 nm respectively. Also, the total ∆𝐿𝑐 of each cluster was evaluated based 

on the crystal structure (Figure 3.21, Table 3.5). The cluster centers are reflections of 



	 115 

degree of protein folding in each cluster. Therefore, based on the degree of folding, the 

number of the residues and contour length (𝐿𝑐) of each cluster was calculated and the 

structure was evaluated for the end-to-end distance (𝑥), of the folded structure (Figure 

30.20).  

 

Figure 3.20. Degree of protein folding in each cluster. The population of fractional 
extension of each state of the protein normalized to the WLC model is plotted vs. degree 
of protein folding. The peak of degree of folding of each cluster is populated around the 
cluster center defined for each cluster. The black curve of the WLC compares the ∆𝐿𝑐 of 
each cluster to the ∆𝐿𝑐 of the fully unfolded protein. The red curve shows the WLC curve 
of each cluster according to the 𝐿𝑐 and 𝑥 of each cluster folded structure. 

 

Table 3.5. Analysis of change in contour length of each cluster. 

 NO. of Residues 𝐿𝑐 (nm) ∆𝐿𝑐 (nm) 𝑥 (nm) Residues to measure 𝑥 

C2 140 47.1 45.3 1.8 A6 to L135 
C3 280 97 94.5 2.5 A6 to S276 

C4 446 161 155.6 5.4 A6 to D448 
C5 Full length 204 198.5 5.5 A6 to L516 
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Figure 3.21. Folded structure of each cluster and position of residues to measure the 
end-to-end folded distance in each structure. The schematic view of drosophila CRY 
indicates the folded structural elements in each cluster shown in the crustal structures 
below. Also, the crystal structures of each cluster indicate the position of amino acids to 
measure the end-to-end distance (𝑥) for the WLC models and calculation of ∆𝐿𝑐 for each 
cluster.  

 

  The refolding model describes how the unfolded polypeptide undergoes a 

stepwise refolding to fold into its native structure. The steps here are observed as five 

clusters with distinguished total ∆𝐿𝑐 . The structural element folded in each cluster 

indicates that in cluster 2, there is no residue to interact with FAD and it folds 

independently from FAD. As the protein folds more, by emerging the first FAD-binding 

domain, phosphate-binding domain, in figure 3.21 as cluster 3, the first interactions of 

FAD and the protein takes place. The folded structural elements in cluster 3 along with 

the FAD act as a nucleation site for the rest of the structure to fold to a complete folded 

structure. As observed in cluster 4 all three FAD binding motifs are folded to burry the 

cofactor inside the protein and lead to the final fully folded native structure of drosophila 

CRY by holding the CTT close to FAD through C-terminal lid motif.  
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3.10. Unfolding Domain Assignment through an Unfolding Model 

 Unfolding of drosophila CRY appeared to be heterogeneous observed as multiple 

unfolding rips during each cycle. To further investigate the unfolding mechanism of 

drosophila CRY, we evaluated individual unfolding rips of the unfolding-refolding 

trajectories. Each cluster boundaries were defined statistically and the corresponding 

trajectories within the boundaries were selected (Table 3.6). The ∆𝑥 of every individual 

unfolding rips within each unfolding-refolding cycle was measured and normalized to the 

WLC model with 𝐿𝑐 of 204 nm and 𝑥 of 5.5 nm to find the ∆𝐿𝑐 of each unfolding 

intermediate rip with number of residues participating in the unfolding step. By 

comparing the ∆𝐿𝑐!"#$%&$' with the ∆𝐿𝑐!"#!$%!& of intermediate rips, we were able to 

assign the unfolding domains within each cluster. The mean value of unfolding 

intermediates observed in each cluster was calculated and the unfolding sub-domains in 

each cluster were predicted as well (Figure 3.22, Table 3.7 and Table 3.8).  

 

Table 3.6. Mean number of unfolding intermediates (rips) in each cluster.  

Clusters Cluster boundaries Mean NO. of unfolding intermediate 
± standard error N 

C1 - 0 0 

C2 0.09 - 0.30 1.23 ± 0.04 166 
C3 0.30 - 0.69 2.02 ± 0.01 586 

C4 0.69 - 0.90 2.47 ± 0.01 397 
C5 0.90 - 1.2 3.45 ± 0.01 432 
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Figure 3.22. Analyzing individual unfolding rips within each cluster. (Left) Every 
single unfolding-refolding trajectory in each cluster was analyzed for individual 
unfolding rips and plotted the population of the emerging rips in each cluster to find the 
mean value of unfolding events. (Right) Representative trajectories of each cluster 
showing the more probable number of unfolding intermediates within each cluster. As 
shown in the zoomed unfolding rips, individual unfolding rips of each trajectory was 
analyzed for the change in extension. 

 

The distributions of cumulative 𝐿𝑐 of the unfolding rips of each cluster were fitted 

into a Gaussians distribution and positions of intermediate states were identified 

according the degree of folding (Figure 3.23, Table S3.10). Along with the mean value of 

unfolding intermediate rips in each cluster. The position of intermediates enabled us to 

predict the domains in which the protein unfolds in each cluster (Figure 3.24, Table 3.7.). 
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Figure 3.23. The Gaussian disitribution of individual unfolding intermediates in 
clusters 2 to 5. The ∆𝐿𝑐 of individual unfolding rips of each cluster was fitted into 
normal distribution and the center for the identified peaks reflect the ∆Lc of each 
intermediate and therefore the number of amino acids unfolded in each intermediate. 
 

The position of intermediates first provides the degree to which the protein is 

folded and the ∆𝐿𝑐!"#!$%!& provides the number of residues expected to be in the folded 

state before the unfolding. Therefore, by using a pictorial database (PDB sum) for the 

secondary structure of the drosophila CRY, we predicted the folded structural elements 

in each cluster. Additionally, analyzing the unfolding intermediate rips within each 

unfolding-refolding trajectories as seen in the zoomed inset of Figure 3.22 for cluster 3 

trajectory, we were able to predict the sub-structural folded elements in each cluster. In 

this proposed unfolding domain assignment, cluster 2 (intermediate unbound) with 

degree of folding of 0.25 (cluster center), 25 % of the structure is folded before 

mechanical unfolding which matches well with the total ∆𝐿𝑐!"#!$%!&  of photolyase 

homology domain (PHD) unfolding with no residue in contact with FAD. In cluster 3 

with 50 % folded structure (degree of folding 0.5 according to the cluster center), the 

total ∆𝐿𝑐!"#!$%!&  matches with unfolding of PHD and the first FAD-binding motif, 

phosphate-binding domain. Furthermore, mean value of the unfolding rips in cluster 3 

shows drosophila CRY mainly unfolds in two steps in which PHD unfolds first. The 
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second unfolding step is proposed to be the helices 7 to 10 that connect PHD to the 

phosphate-binding domain and the phosphate-binding domain. However, this step itself 

can unfold in two steps: (1) helices 7 to 10 and (2) helix 11, phosphate-binding domain 

followed by helix 12. Cluster 4 intermediates have highest degree of folding among the 

three intermediates with 80 % of the structure folded before reaching to the native fully 

folded structure. This cluster corresponds to PHD and the three motifs making direct 

interactions with FAD to form the FAD binding pocket, CTT-coupled motif (CCM). As 

observed in cluster 3, in cluster 4, the PHD unfolds first and the rest of the protein 

structure can unfold (helix 7 to C-terminal lid). However, the helix 7 to C-terminal lid 

can unfold in two steps: (1) helices 7 to 10 and (2) helix 11 to CCM. Ultimately, in 

cluster 5, the drosophila CRY has the fully folded structure in the presence of FAD. In 

cluster 5, first the PHD unfolds as observed in cluster 2, 3, and 4 and the rest of the 

folded structural unfolds either together or in 2 more steps: (1) helices 7 to 10, (2) helix 

11 to the rest of the protein including the CCM and CTT. However, in unfolding 

trajectories corresponding to cluster 5, we detected another unfolding step in which CTT 

unfolds before CCM according to their degree of folding and ∆𝐿𝑐!"#$%&$'. We found the 

CCM structure is highly cooperative and during the unfolding of drosophila CRY, it 

unfolds last at relatively higher forces. (Figure 3.24, Table 3.7). Additionally, in all 

clusters, PHD folds independently from FAD concentration and unfolds in the first 

unfolding step. This model completes the folding pathway of drosophila CRY coupled to 

FAD-binding: once the first FAD-binding motif folds, the cofactor interacts and binds to 

the intermediate quickly. Folding CCM and CTT is slower as the residues make proper 

intermolecular interactions to find the final tertiary structure. Once the CCM is folded, 
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the reversible unfolding pathway is almost impossible which leads to the fully folded 

structure. 

 
Figure 3.24. Schematic overview of unfolding domains in each cluster and their 
corresponding intermediate folded structural elements. Clusters were evaluated for 
their folded structure through unfolding intermediates according to their degree of 
folding. Cluster 1, is unfolded polypeptide; in cluster 2, the 25% folded structure matches 
with the PHD which folds independently from FAD; cluster 3 has 50% folded structure 
which matches with the PHD and connecting helices to the first FAD-binding motif; 
cluster 4 has 80% folded structure that corresponds to the PHD and three FAD-binding 
motifs (CCM); cluster 5 is fully folded structure. Each structural element in each cluster 
may break down in more than one unfolding step in which the PHD unfolds 
independently from FAD concentration in a separate step. Also, once the CCM is folded, 
it has highest cooperative intermolecular interactions and unfolds last.
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Table 3.7. Proposed folded structure of clusters and unfolding intermediates. 
 
Cluster State Approximate % 

degree of folding 
∆𝑳𝒄𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅 
(nm) 

∆𝑳𝒄𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅 
(nm) *  

Residues** NO. of 
unfolding rips 

Proposed folded structure 

C1 U 0 0 0 0 0 Unfolded 
C2 I0 25 48 ± 0.5 51 138 1.2 ± 0.5 PHD 
C3 I1 50 103 ± 0.7 102 275 2.0 ± 0.2 PHD to H13 
 I1(1/2)  25 52 ± 1.4 51 3 - 138 - PHD 
 I1(2/2) 25 52 ± 1.2 51 139 - 275 - H7-11, β, P-binding domain, H12 
 I1(1/3) 25 51 ± 2.4 51 3 - 138 - PHD 
 I1(2/3) 15 34 ± 1.1 31 139 - 223 - H7-10*** 
 I1(3/3) 10 29 ± 1.1 20 224 - 275 - H11, β, P-binding domain, H12 
C4 I2*** 80 162 ± 0.5 163 447 2.5 ± 0.2 PHD to C-terminal lid 
 I2(1/2)  25 54 ± 2.1 51 3 - 138 - PHD 
 I2(2/2) 55 109 ± 2.7 112 139 - 448 - H7-11, β, CCM 
 I2(1/3) 25 51 ± 2.2 51 3- 138 - PHD 
 I2(2/3) 15 37 ± 1.3 31 139 - 223 - H7-10 
 I2(3/3) 40 77 ± 2.9 82 224 - 448 - H11, β, CCM 
C5 F 100 205 ± 0.6 204**** 558 3.4 ± 0.2 Fully folded structure 
 F(1/2)  25 53 ±2.6 51 3- 138 - PHD 
 F(2/2) 75 143 ± 3.3 153 139 - 542 - H7-11, β, CCM, CT linker, CTT 
 F(1/3) 25 52 ± 2.2 51 3 - 138 - PHD 
 F(2/3) 15 38 ± 1.4 31 139 - 223 - H7-10 
 F(3/3) 60 108 ± 2.8 122 224-542 - H11, β, CCM, CT linker, CTT 
 F(1/4) 25 51 ± 2.3 51 3 - 138 - PHD 
 F(2/4) 15 36 ± 1.4 31 139 - 223 - H7-10 
 F(3/4) 18 38 ± 1.5 37 449 - 542 - H25-29, CT linker, CTT 
 F(4/4) 42 83 ± 3.2 86 224 - 448 - H11, β, CCM 

* The expected 𝐿𝑐 of each cluster and the intermediates is according to the approximate degree of folding. 

** The number of residues of unfolding intermediates (e.g. I1 (1/2)) is approximate estimation according to the structure 
therefore it may not reflect exact expected Lc of each intermediate. 
*** Residues 139-223 (H7-11 and a β-turn) connect PHD to P-binding domain and it may unfold individually if >2 unfolding 
rips. 
**** The ∆𝐿𝑐!"#!$%!& of 204 nm was used for the WLC model including the residues of the Avi- and ybbR-tags (558 
residues). 	
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3.11. Contribution of Flavin Adenine Dinucleotide Moieties in Promoting the Folded 

Structure of Drosophila Cryptochrome 

To further dissect how FAD-binding promotes the native structure of drosophila 

CRY, we examined how the different FAD moieties contributed to drosophila CRY 

folding. As mentioned in Chapter I, section 1.1.1, FAD harbors two ring structures that 

are connected by two phosphate groups in tandem (Scheme 1.2). The first ring structure 

is riboflavin, which is composed of the isoalloxazine ring covalently link to ribitol chain. 

The other ring is adenosine, composed of a ribose and the adenine ring. These moieties 

have different properties that establish hydrophobic, ionic and hydrogen bond 

interactions with drosophila CRY. In addition, one phosphate group of FAD interacts 

with an Mg2+ ion in the protein structure (Figure 2.6). We used optical tweezers to 

determine the degree of folding of drosophila CRY using various FAD moieties 

(riboflavin, FMN, adenosine, AMP and ADP). Moreover, we examined the ability of 

ATP in promoting the folded structure of the protein as well. Similar to previous 

experiments, here we unfolded the protein at 45 pN and relaxed it to refold back to with 

20 s time intervals at 3 pN.  

3.11.1. Individual Cofactor Moieties 

We found that 0.1 mM riboflavin is able to promote a fully folded drosophila 

CRY structure with total ∆𝐿𝑐 = 200 ± 1.4 nm in approximately 32 ± 8 % of the events. 

The other 67 ± 25 % of the events displayed a smaller total ∆𝐿𝑐 of 151 ± 1.6 nm (N = 

256). Interestingly, events corresponding to unfolded states or intermediates with total 

∆𝐿𝑐  less than 100 nm where negligible, indicating the absence of riboflavin-free 

unfolding events, i.e., apo protein. The observed riboflavin-bound intermediates maybe 
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due to the fact that riboflavin lacks many of the moieties that FAD has. We therefore use 

FMN, composed of riboflavin and one phosphate group, to test the contribution of the 

phosphate group to drosophila CRY folding. At 0.1 mM of FMN, majority of events (85 

± 6 %) corresponded to the fully folded protein with total ∆𝐿𝑐 of 201 ± 1.6 nm (N= 158) 

indicating that FMN promotes complete folding of the drosophila CRY structure similar 

to FAD, albeit with a slightly lower affinity (Kd ~ 0.5 nM) (Figure S3.5). This result 

indicates that the phosphate group next to riboflavin is critically important for drosophila 

CRY folding. In agreement with this result, the drosophila CRY structure shows that this 

phosphate group establishes two hydrogen bonds with S265, located next to the 

phosphate-binding domain of the protein (Scheme 1.6, Figure 3.25, left, Figure S3.4, 

Table 3.8).  

The results using riboflavin and FMN indicate that isoalloxazine ring is a major 

contributor to drosophila CRY folding. It may seem, therefore, that the role of the 

adenosine rings in promoting folding and reaching the native conformation of the protein 

maybe minor. We tested the contribution of 0.1 mM adenosine to drosophila CRY 

folding and observed a very wide distribution of total ∆𝐿𝑐, from 53 ± 2.0 nm, that reflect 

unbound intermediates according to the results obtained with no FAD in solution, to 99 ± 

1.7 nm and 205 ± 2.4 nm, that reflect cofactor-bound intermediates and the fully folded 

conformation, respectively. While the adenosine ring can promote complete folding of 

drosophila CRY in 27 % of events (N = 286), it does so with much less efficiency 

compared to the isoalloxazine ring in riboflavin or FMN (Figure 3.25, right, Figure S3.4, 

Table 3.8). 
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Because the phosphate group in FMN was found to be critically important in 

promoting the folded conformation of the drosophila CRY, we examined the presence of 

one and two phosphate groups in adenosine by using AMP and ADP, respectively. 

Interestingly, and in contrast to the results obtained with FMN, the presence of one 

phosphate in AMP did not significantly improve formation of the fully folded protein (19 

%, N = 327). Surprisingly, when we tested the presence of two phosphate groups with 

ADP, we observed a significant reduction is fully folded events compared to AMP and 

adenosine (10 %, N = 215). Therefore, the β-phosphate (in ADP) has opposing effects 

depending on whether it is covalently linked to the adenosine ring (negative folding 

effects) or to the isoalloxazine ring (positive folding effect as in FMN) (Figure 3.25, 

right, Figure S3.4, Table 3.8).  

Since charges are inherently incompatible with hydrophobic environments, and 

only highly stable proteins are found to tolerate engineered charged residues it their 

hydrophobic core.84 Therefore, it is possible that the negative effect of ADP on 

drosophila CRY folding is due to the energetic penalty of burying a high density of 

negative charges in the protein core. We tested this hypothesis by increasing the number 

of negative charges with ATP. When ATP is 0.1 mM, we observe that that drosophila 

CRY unfolds as in experiments in the apo state, i.e., with events corresponding to 

unfolded states (23 % N = 128) or intermediate states (77 %) with total ∆𝐿𝑐 of 53 ± 1.6 

nm. This result indicates that at 0.1 mM, drosophila CRY does not form an ATP-bound 

intermediate state nor a fully folded conformation, and supports our interpretation that 

increasing the number of negative charges has a negative effect on the ability of the 
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cofactor to promote the native state of drosophila CRY (Figure 3.25, right, Figure S3.4, 

Table 3.8).  

 

Figure 3.25. Contribution of FAD moieties in promoting the folded structure 
compared with FAD as probability density function of drosophila CRY states as a 
function of degree of folding. The isoalloxazine ringside has more impact on promoting 
the folded structure of the protein compared to the adenosine ringside. (Right) In the 
isoalloxazine side, the FMN effect on folded structure resembles to FAD and riboflavin 
that lacks the phosphate group, mainly promotes the folded structure up to 80 % folded 
structure. (Left) Adenosine and AMP are both able to promote the folded structure of the 
protein to a less degree than the isoalloxazine side. Addition of the second phosphate 
group and using the ADP, shifts folded structure toward the shorter intermediates and 
unfolded states. In the presence of ATP, the protein remain in the unfolded structure or 
only folds up to 25 % resembling the unbound protein folded structure.  

 

Table 3.8. Fractions of each drosophila CRY state with each FAD moiety. 

 

 

  Fractions ± Standard Error  

Moiety [Moiety], M Folded Intermediate Unfolded Number 

Riboflavin 𝟏.𝟎×𝟏𝟎!𝟒 0.32 ± 0.08 0.67 ± 0.25 0.01 ± 0.0 256 

FMN 𝟏.𝟎×𝟏𝟎!𝟒 0.85 ± 0.06 0.13 ± 0.05 0.02 ± 0.0 158 

Adenosine 𝟏.𝟎×𝟏𝟎!𝟒 0.24 ± 0.12 0.71 ± 0.28 0.05 ± 0.07 286 

AMP 𝟏.𝟎×𝟏𝟎!𝟒 0.05 ± 0.0 0.71 ± 0.13 0.24 ± 0.08 327 

ADP 𝟏.𝟎×𝟏𝟎!𝟒 0.08 ± 0.0 0.84 ± 0.22 0.08 ± 0.02 215 

ATP 𝟏.𝟎×𝟏𝟎!𝟒 0.05 ± 0.0 0.66 ± 0.06 0.29 ± 0.06 128 
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3.11.2. Increasing the Phosphate Concentration 

It was hypothesized whether ADP has lower binding affinity or it is structurally 

unable to promote folding. Therefore, we increased the ADP concentration to 1 mM and 

observed intermediates with larger total ∆𝐿𝑐 than those with 0.1 mM ADP and folded 

population of protein increased by two folds (Table S5). To our surprise, 1 mM of AMP 

and adenosine promote a folded structure to a better extend than ADP. In addition, 

adenosine promotes folding better than AMP. However, based on the normalized 

extension relative to the WLC model or the degree of folding, the folded structures are up 

to 90 % folded and lack the complete folded native structure. Increasing the concentration 

of AMP and adenosine to 1 mM did not affect the population of folded or intermediate 

states but shifted total ∆Lc of intermediates to larger total ∆𝐿𝑐. Taken together, we found 

inability of ADP to induce folding is because of a lower binding affinity. Moreover, the 

negatively charged phosphate groups in ADP impose a large binding penalty to bury 

ADP into the hydrophobic core of the protein. AMP promotes folding better than ADP 

with only one phosphate group and adenosine is more successful than ADP and AMP 

respectively as it lacks both phosphate groups. However, both AMP and adenosine are 

unable to establish the fully folded structure in the absence of FMN. This makes FMN the 

major driving force to promote drosophila CRY folded structure (Figure 3.26, Figure 

S3.6, Table S3.11).  
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Figure 3.26. Increased phosphate concentration. The folded structure of the protein is 
compared with increased concentration of adenosine, AMP and ADP by kernel density 
plots as a function of degree of folding. Increasing the concentration of adenosine and 
AMP did not changed the fraction of intermediates and folded structure but longer 
intermediates where observed. Increasing the concentration of AD caused folding of the 
protein to longer intermediates. 
 

3.11.3. Contribution of Magnesium Ion 

It is possible, however, that adding a phosphate group to ADP may not only 

increase the number of negative charges per molecule but also generate steric hindrance 

effects. If steric hindrance is a major force in preventing ATP from interacting and 

promoting folding in drosophila CRY, then our previous interpretation will be invalid. 

Therefore, we performed similar experiments with ATP at 0.1 mM but in the presence of 

excess of MgCl2 (0.5 mM). Mg2+ ions in the buffer will interact with high affinity with 

the phosphate groups in ATP, thereby reducing the net negative charge of the molecule.85 

If the presence of ATP-Mg2+ has a similar effect (or lack on effect) on drosophila CRY 

folding, then steric hindrance may be a dominant force in preventing ATP to interact and 

induce drosophila CRY to fold. We found, however, that the fraction of events 

corresponding to unbound intermediates with total ∆Lc ~ 54 nm reduces from 77 % with 

no Mg2+ to 21 % with Mg2+. And, accordingly, the fraction of events with total ∆𝐿𝑐 

between 100 nm and 160 nm, likely corresponding to ATP-Mg2+-bound intermediates 

increase from zero to 70 % (N = 114). Only a small fraction of events (7 %) correspond 
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to the fully folded protein (Figure 3.27, Figure S3.7). Together with the results obtained 

with ADP, these observations indicate that the negative folding effect of the phosphate 

groups in adenosine can be mitigated by the presence of Mg2+. In fact, the crystal 

structure of drosophila CRY shows a single Mg2+ ion interacting with the beta phosphate 

of ADP. It is possible that the role of the Mg2+ ion is to reduce the energetic penalty of 

burying a negative charge in FAD. In support of this observation, the addition of 0.5 mM 

MgCl2 to 0.1 mM ADP also increased the fraction of cofactor-bound intermediates and 

the fully folded drosophila CRY conformation, albeit to a lesser degree compared to 

ATP. Moreover, by addition of Mg2+ ion, the fraction of folded protein was not affected 

significantly. Therefore, Mg2- ion may facilitate docking of FAD to the binding pocket in 

the intermediate states but may not be involved in further stabilization of the native 

structure given the fact that it only interacts with the β-phosphate and three residues in 

the protein structure, Arg237, Ser265, and Met266 (Figure 2.6, Table S3.12). 

 

Figure 3.27. Addition of magnesium ion. In the presence of MgCl2, the fraction of 
folded structure with FAD was not affected. However, the fraction of short intermediates 
shifted toward more folded structural elements and increasing the degree of folding.  
 

3.11.4. Clustering of Individual Flavin Adenine Dinucleotide Moieties 

Data collected for drosophila CRY folding conformations in the presence of 

various FAD moieties was clustered similarly to data for concentration- and time-
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dependent structure of the protein. Because of the differences in the chemical structures 

of these FAD moieties, the data from each moiety was clustered as opposed to the global 

clustering that was performed on the data collected in the presence of FAD. The BIC and 

ICL were used to determine the best number of clusters to group the data from each FAD 

moiety, and after clustering (all done without zero-valued observations) the resulting 

clusters were compared to those from the global clustering of the refolding and FAD 

titration data (Table 3.8). For each FAD moiety, some clusters may not be present but the 

present cluster centers of each moiety coordinated well with cluster centers in FAD. 

3.11.5. Drosophila Cryptochrome Folding Domain Assignment for Each Moiety 

 The cluster centers for each moiety is a reflection of degree of drosophila CRY in 

the presence of each moiety. Similar to FAD, the unfolding-refolding trajectories of each 

FAD moiety were analyzed for the total ∆𝑥  as well as ∆𝑥  of individual unfolding 

intermediates (rips) and normalized to total ∆𝐿𝑐  and ∆𝐿𝑐  by the WLC model 

respectively. The number of unfolding intermediate rips in each cluster for each moiety 

was counted accordingly and the clusters with the dominant presence were selected to 

further analysis of the number of residues participated in unfolding events dominantly 

and also proposing the main structural elements in the presence of each cluster (Table 

3.9, Tables S3.13-S3.17).  

In the presence of riboflavin, the data was clustered into three clusters which 

corresponded to cluster 1, 4 and 5 to FAD. The dominant cluster was cluster 4 (62 % of 

the events, N = 211) where the protein structure is almost 78 % folded which we 

suggested the folded domain before unfolding to be the PHD to the third motif of CCM, 

C-terminal lid. In the presence of FMN, the data was clustered into three clusters that 
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corresponded to clusters 1, 3, and 5 in FAD with cluster centers of 0, 0.55 ± 0.01 and 

0.97 ± 0.00 respectively. Drosophila CRY dominantly adopted the folded structure of 

cluster 5 with 97 % folded structure (64 %, N = 131), which represents the fully folded 

protein. With adenosine, the protein presented all five clusters with the cluster centers of 

0, 0.30 ± 0.01, 0.45 ± 0.01, 0.77 ± 0.01, and 0.97 ± 0.01 respectively, which mainly 

adopted 77 % folded structure (45 %, N = 215) similar to riboflavin. With AMP, the 

corresponding cluster 2 in FAD was missing and the data was clustered into four clusters 

with cluster centers of 0, 0.52 ± 0.0, 0.77 ± 0.0, and 0.95 ± 0.0 and the protein was 

predominantly folded up to 77 % (50 % of the events, N = 278) as observed in riboflavin 

and adenosine. Ultimately, in the presence of ADP, all corresponding five clusters were 

present with cluster centers of 0, 0.26 ± 0.0, 0.45 ± 0.0, 0.74 ± 0.01, and 0.96 ± 0.0. 

However, the folded structure mainly displayed 26 % of folded structural elements (40 

%, N = 146) corresponding to PHD that was previously described to fold in 

independently from FAD. This explains each FAD moiety has a different contribution in 

promoting the folded structure with FMN as the main moiety for the protein to fold and 

ADP with least contribution. In addition, the presence of phosphate groups has a non-

linear contribution to promote the folded structure of drosophila CRY. When the 

phosphate group is present with the isoalloxazine ring, it has a positive effect and when it 

is present with the adenosine ring it has a negative effect. In the presence of ADP, only 

the FAD-independent domain of drosophila CRY, i.e. PHD is able to fold (Figure 3.28, 

Table 3.10). Lastly, contribution of isoalloxazine ring to bury the phosphate groups of 

FAD inside the protein structure is more pronounce than the Mg2+ ion.  
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Figure 3.28. Schematic overview of the folded structural elements of drosophila 
CRY in the presence of each FAD moiety. Each FAD moiety has a different 
contribution to promote the folded structure with FMN being the main driving force for 
the protein to fold to its fully folded native structure and ADP be the least effective 
moiety in which only the PHD folds. The effect of riboflavin, adenosine and AMP is 
quite similar and the PHD along with the CCM folds.	
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Table 3.9. Cluster centers of each individual FAD moiety. 
 Cluster center ± standard errors 

Clusters FAD Riboflavin FMN Adenosine AMP ADP 

C1 0 0 0 0 0 0 

C2 0.25 ± 0.01 - - 0.30 ± 0.01 - 0.26 ± 0.00 
C3 0.52 ± 0.01 - 0.55 ± 0.01 0.45 ± 0.01 0.52 ± 0.00 0.45 ± 0.00 

C4 0.79 ± 0.01 0.78 ± 0.01 - 0.78 ± 0.01 0.77 ± 0.00 0.74 ± 0.01 
C5 1.00 ± 0.01 0.99 ± 0.01 0.97 ± 0.00 0.97 ± 0.01 0.95 ± 0.00 0.96 ± 0.00 

 
 

Table 3.10. Proposed folded structures by FAD moieties of most dominant clusters. 
Moiety Dominant 

cluster 
center 

Approximate % 
degree of folding 

∆𝑳𝒄𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅 
(nm) 

∆𝑳𝒄𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅 
(nm) 

Residues Proposed structure 

Riboflavin 0.78 78 151 ± 1.6 159 435 PHD to CCM 
FMN 0.97 97 201± 1.6 198 542 PHD to CTT-linker 

Adenosine 0.78 78 155 ± 1.5 159 435 PHD to C-terminal lid 
AMP 0.77 77 160 ± 0.9 157 430 PHD to C-terminal lid 
ADP 0.26 26 53 ± 1.6 52 142 PHD 
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CHAPTER IV 

DISCUSSION 

4.1. Drosophila Cryptochrome Folding Pathway Differs from the Unfolding 

Pathway 

 Drosophila CRY is a flavoprotein transcription factor that regulates circadian 

clock in response to day-night cycles.86 Deregulation of drosophila CRY activity is 

associated with pathological conditions such as increase of metabolic diseases, 

psychological behaviors and cancer development.16 Light-dependent activation of the 

protein is highly associated with an electron transfer through a conserved sequence to its 

cofactor, FAD and leads to rearrangement of the CTT and overall conformation of the 

protein to interact with other transcription factors such as drosophila TIM.37 However, it 

was unclear whether the cofactor was involved in protein folding as well and the binding 

of the cofactor occurs before or after the protein folding. Here, we developed a single-

molecule force spectroscopic method using optical tweezers to directly probe the 

mechanical unfolding and refolding of the protein in the presence and absence of the 

cofactor.  

 Our findings revealed an overall picture of kinetic mechanism of drosophila CRY 

folding coupled to the cofactor binding through intermediates that have not been detected 

in bulk studies so far. The folding intermediates we detected in the folding pathway differ 

significantly from those in the unfolding pathway of the protein meaning the protein 

takes different routs to fold and unfold. The intermediates found in the folding pathway 

are essential for the unfolded polypeptide and form a scaffold for FAD binding to 
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proceed and accelerate drosophila CRY folding to its native folded structure. This 

emphasizes that the protein requires the cofactor to fold. Therefore, the cofactor not only 

is required for the functional activity of the protein but also is highly required for the 

drosophila CRY to fold.  

 Through the refolding model of drosophila CRY, we detected three distinct 

intermediates. The least folded intermediated was found be the photolyase homology 

domain (PHD) of the protein. What distinguished the PHD from other structural elements 

of the protein was that the PHD is able to fold independently from FAD availability, as it 

makes no contact with FAD. We found that the PHD in the drosophila CRY structure 

folds first during the folding pathway of the protein. The second folded intermediated 

with higher degree of folding than PHD corresponds to the PHD and the phosphate-

binding domain, which is the first structural element that makes primary interactions with 

FAD. Once the second intermediate folds, it binds to FAD with a very high affinity (Kd = 

0.11 nM) and a relatively fast binding rate (k= 6.4. 107 M-1.s-1). This intermediate makes 

direct interactions with FAD thuogh Arg237, Ser256, Met266, Ser267, Lys270 and 

Phe280. Among these residues, Arg237, Ser265 and Met266 also interact with the 

magnesium ion found in the crystal structure of the protein interacting with the negatively 

charged β-phosphate group of FAD. Formation of the second intermediate serves as a 

nucleation site for protein folding and facilitates the interaction of other residues in the 

structure of the protein with FAD which leads to the folding of the protein to a third 

intermediate. However, formation of third intermediate and the folded state requires more 

time for the polypeptide to interact with FAD and make other intermolecular interaction 

required for the secondary structure of drosophila CRY. In the third intermediate all three 



	

	 136 

motifs that form the FAD-binding pocket folds and complete the interaction of residues 

with FAD through direct interaction of Gln311, His378, Arg381, Phe404, Asp412, 

Val415, Cys416, and Asn419 (Figure 4.1). Due to multiple interaction of the CCM with 

FAD, once the CCM folds, the reverse reaction is nearly impossible which leads to the 

formation of native folded structure of drosophila CRY. 

 

Figure 4.1. The three identified intermediates in the folding pathway of the protein. 
The first folded intermediate within the folding pathway of drosophila CRY folds 
independently from FAD, as it does not make any interaction with the cofactor.  This 
intermediate corresponds to photolyase homology domain. The second intermediate has 
the folded structural elements that are able to make primary interactions with FAD and 
bind to it with a very high affinity and proceed the folding. This intermediate corresponds 
to the phosphate-binding domain shown in blue. The last intermediate has all the 
structural elements to interact with FAD and form the binding pocket (shown in blue) to 
bury the cofactor deeply in the structure (CCM). The residues that interact with FAD in 
the protein structure are shown in red in the presence of FAD. 

 

 As mentioned, the intermediates found in the folding pathway of the protein are 

not essentially the equal in the unfolding pathway. In the folding pathway of the protein, 

PHD folds independently from FAD concentration and forms the first folding structural 

element. Interestingly, during the unfolding pathway we observed PHD to be the first 

domain to unfold indeed according to the unfolding-refolding trajectories and analysis of 

the total ∆𝐿𝑐 in the folding pathway and ∆𝐿𝑐 of individual unfolding rips in the unfolding 
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pathway. However, the highlight of the unfolding pathway is that in folded structure of 

drosophila CRY, the CCM forms a stable core domain with cooperative interactions 

within the three motifs to form the FAD binding pocket. This domain mainly remains 

folded and is the last domain to unfolds with relatively high forces according to the 

unfolding-refolding trajectories. Remarkably, CCM is the domain that interacts with CTT 

and holds it close to FAD, but before unfolding of the CCM, we observed unfolding of 

the CTT, which is in agreement with conformational changes of the light-activated 

protein and rearrangement of the CTT. In the dark, the Phe534 is the only residue that 

interacts with the FAD. In the light activated state, the reduced FAD is negatively 

charged that affects its interactions with the protein, including Phe534 of the CTT. This 

causes dislocation and rearrangement of the CTT. Our findings through mechanical 

unfolding of the protein indicates in order to unfold CCM, the CTT most unfold first. 

Also, CCM is the core domain that tightly makes multiple interactions with FAD, which 

makes it reasonable to consider this domain to unfold last and lead the protein to unfold 

into different intermediates compared to the folding pathway intermediates.37 However, 

the complex tertiary structure of the protein inhibits folding of CCM first and force the 

formation of less structured element intermediates. 

4.2. Isoalloxazine Ring Is the Main Driving Force for Drosophila Cryptochrome 

Folding 

 We discovered the significance of FAD for the folding of drosophila CRY in this 

study and formation of different intermediates through the folding pathway. However, 

FAD has a complex structure, making multiple direct and indirect interactions with the 

protein residues, which makes it important to consider the part of FAD structure that 
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plays the critical role in promoting the folded structure and how this is related to the 

function of the protein as well as the cofactor availability inside the cells. 

 Our results showed that the isoalloxazine ring is the main driving force to 

promote the folded structure as we observed emerging of the fully folded structure in the 

presence of riboflavin and FMN. However, riboflavin has less interaction with drosophila 

CRY and promotes the folded structure to a less extend than FMN. We found in the 

presence of FMN, the protein exhibits its fully folded structure but with a lower binding 

affinity (Kd ~ 0.5 nM) than FAD. This indicates the importance of the β-phosphate group 

in the structure of FMN. The phosphate group forms two hydrogen bonds with Ser265 

and a metal interaction with the magnesium ion.33 Although the protein was able to fold 

to its fully folded structure in the presence of adenosine and AMP, these two moieties 

were much less efficient than isoalloxazine ring in riboflavin and FMN. Surprisingly, the 

efficiency of the β-phosphate in the structure of adenosine, i.e. testing the ability of ADP 

to fold the protein to the fully folded structure, was significantly lower that FMN with 

only ~ 10 % of the population of the proteins showing the folded structure and the protein 

remained in an intermediate form similar to PHD. As expected, ATP with three 

phosphate groups was so weak to drive the fully folded structure. The results indicate that 

the phosphate groups have non-linear contributions in promoting folded structure 

depending on whether they are linked to the isoalloxazine ring or the adenosine ring. 

Moreover, the increase of negatively charged groups has negative effects on the ability of 

the protein to fold by due to their lower binding affinity and imposing a large binding 

penalty to the protein. The effects of negative charges were partially covered by addition 

of magnesium ion. Although magnesium ion interacts with residues in the structure of the 



	

	 139 

protein and the β-phosphate of FAD, we found the effect of magnesium ion in promoting 

the folded structure is only important in the presence of phosphate groups. When the 

isoalloxazine ring is present, the effect of magnesium ion is negligible. Ultimately, during 

the folding pathway of drosophila CRY in the presence of the FAD moieties, we found 

similar folding intermediates: riboflavin, adenosine and AMP mainly promoted the 

folded structure up to 80 % of the folded structural elements to the third intermediate 

observed with FAD but were unable to induce the folding of the helices connecting C-

terminal lid to the CTT; and ADP was unable to induce any driving force on promoting 

the folded structure and the intermediate observed in the presence of ADP was PHD, 

which we proposed it folds independently from FAD (Figure 4.2).  

 

Figure 4.2. FAD moieties contributions to drosophila CRY folding scale. Examining 
the effect of FAD moieties to promote the folded structure showed the FMN as the major 
contributor in which the protein folds to its fully folded structure similar to FAD but with 
lower binding affinity than FAD. Riboflavin, adenosine and AMP promotes the folded 
structure to a less extend compared to FAD. In the presence of ADP, photolyase 
homology domain is the only folded structure. ATP mostly is unable to promote any 
folded structure. 
 

No FAD FAD

ADP FMNRiboflavin
Adenosine

AMP

0 0.25 0.5 0.75 1.0

Degree of folding
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 FAD is one of the most abundant cofactors in the cells but the concentration of its 

moieties such as ATP, ADP and AMP are much higher than FAD inside the cells.87 

Therefore, even though the affinity of binding for ATP, ADP and AMP seems to be much 

lower, high concentration of these moieties should overcome the low binding affinity and 

increase the binding to the protein and formation of folded structure. However, looking 

back at the photoactivation of drosophila CRY through FAD reduction and 

conformational changes of the protein is a main function that none of the non-FAD 

cofactors are able to accomplish. Therefore, FAD is required for folding of the protein 

and more importantly for the transcriptional activity of the protein. Additionally, in the 

absence of FAD, the ubiquitin E3 ligase, JET, is able to interact with the protein leads to 

the proteasome degradation of drosophila CRY.88 Therefore FAD is essential for 

protecting drosophila CRY from proteasome degradation and homeostasis. 
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CHAPTER V 

CONCLUSION AND FUTURE OUTLOOK 

 Modern life has positive and negative aspect that one of the main concerns 

nowadays is the invention of LEDs. The increasing number of lights causes light 

pollution, an aspect that not many people are concerned about its environmental effects.89 

Light pollution causes disorientation of newly born sea turtles, death of many migrating 

birds by being attracted to skyscrapers at night and inhibiting frogs from mating and 

laying eggs.90,91 Human life is also affected by availability of LED appliances in our daily 

life and deregulation of circadian clock.92 The photosensory system has multiple core 

proteins and photoreceptors are the main regulators by being activated by light. 

Therefore, light pollution is one of the main crises of our time. The core protein 

regulating the circadian clock is cryptochrome being expressed in all species, including 

plants, insects and mammalians as well as human. This makes the study of cryptochrome 

and their mechanism of activation a hot topic. Furthermore, understanding of the 

mechanism of light activation of these proteins along with structural studies of the protein 

folding can lead scientists to drug development such as engineering protein chimeras and 

using light-activating proteins as molecular switch for the proteins that needs to be active, 

or targeting the transcription factors associated in circadian clock in which their 

activation or inactivation have physiopathological effects.  

 In this project we were successfully able to develop a single-molecule assay to 

study the conformational landscape of drosophila CRY folding coupled to FAD binding. 

In this assay by using the optical tweezers, the protein was tethered between the beads 



	

	 142 

and application of force in pN scales enabled us to mechanically unfold and refold the 

protein. The findings led us to detect different protein conformers, which previous studies 

were not able to uncover during transition of the unfolded polypeptide to the fully folded 

native structure of drosophila CRY.  

 Although optical tweezers have higher spatiotemporal resolutions to find different 

conformers of the macromolecules, here this study was limited to only light-activated 

state of the protein. The blue light illuminating from the laser and the camera during the 

measurement activates the protein and limits the study of protein conformation in the 

dark state as well as transition of the inactive protein to light activated protein. One 

solution is to use filters to reduce the illuminating light to the protein in the tweezers 

chamber. Another solution is the use of a longer DNA handle that keeps the protein far 

enough from the laser and the light in the camera set up. 

 Another interesting area about drosophila CRY to study is the interaction of the 

protein with its binding partner, drosophila TIM CTL and ubiquitin E3 ligase, JET. It has 

been proposed that JET has a higher binding affinity to TIM. Optical tweezers may be a 

great tool to observe the interaction of JET in the presence or absence of TIM-CTL. 

 Future studies of drosophila CRY by single-molecule tools can potentially 

provide information about circadian clock regulation, and gene regulation in human and 

other organisms associated with diseass. 
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APPENDIX I 

SUPPLEMENTARY FIGURES 

 

Figure S3.1. Time-dependent evaluation of degree of folding for 0 M FAD. At short 
refolding time intervals the protein mainly remain unfolded. In longer refolding times 
such as 10 s the population of fraction unfolded decreases and intermediate states start to 
emerge. However, even with longest refolding time, the structure never reaches to the 
fully folded structure and it barely reaches to 80% folded structure. Therefore, in the 
absence of FAD, the unfolded and intermediate states are in equilibrium. 
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Figure S3.2. Time-dependent evaluation of degree of folding for 𝟑.𝟎×𝟏𝟎!𝟏𝟎M. With 
addition of FAD, even at short refolding time, a fraction of folded state appears and as the 
refolding time increases, the unfolded fraction of the protein decreases where as the 
fraction of intermediate states and folded states increases. The intermediates have a wide 
range of degree of folding, meaning there are multiple intermediate states. 
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Figure S3.3. Time-dependent evaluation of degree of folding for 𝟏.𝟎×𝟏𝟎!𝟖M. By 
increasing the FAD to its saturated concentration, the fraction of unfolded state decreases 
even more than 0.3 nM and the presence of different intermediate states becomes more 
prominent as appearance of strong peaks round 0.2, 0.5 and 0.8. At longer refolding time 
intervals (20 s and 40 s), the fraction of unfolded states decreases dramatically and the 
fractions of intermediates with less structured elements shifts toward more folded 
intermediates and folded structure.   
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Figure S3.4. Contribution of FAD moieties in promoting the folded structure as a 
function of degree of folding compared to 0 M FAD and saturated FAD 
concentration. The population of drosophila CRY states (count) is plotted as a function 
of degree of folding. In the isoalloxaine side, FMN promotes the fully folded structure 
better than riboflavin. In the presence of FMN, the protein reaches 100 % folded strucutre 
whereas with riboflavin, the protein structure is mainly folded to 80 %. In the adenosine 
side, adenosine and AMP act similarly with less than 80 % folded strucutre. However, 
addition of the second phosphate group, and presence of ADP, the protein adopts mainly 
the less strucutred intermediates. ATP is unable to promote folded strucutre more than 25 
% which matches with the strucure of PHD which folds independently from FAD. Plots 
of 0 M and 10 nM FAD are for comparison with the moieties.  
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Figure S3.5. FMN binding affinity. In the presece of 0.5 nM FMN, the protein is able to 
reach to its fully folded structure with 50 % of the events. The plots of counting the 
population of each folded intermediate shows the presence of folded structure with 
degree of folding of 1 and intermediate structures with wide range of total ∆Lc. Here the 
histograms of counting population of 0.3 nM FAD (~ Kd) is compared with 0.5 nM FMN. 
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Figure S3.6. Higher concentration of phosphate groups partially overcomes the 
binding penalty. By increasing the concentration of FAD moieties in the adenosine ring 
side to 10 orders of magnitude, the fractions of folded structure for adenosine and AMP 
did not changed. A small fraction of folded structure emerged in the presence of ADP. 
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Figure S3.7. Contribution of magnesium ion in promoting the folded strucutre in 
the presence of FAD, ADP and ATP. Contribution of positively charged magnesium 
ion in combination of negatively charged FAD moieties, ADP and ATP, showed a slight 
increase in the fraction of folded structure with ADP and ATP. However it did not affect 
the fraction of folded structure in the presence of FAD. 
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APPENDIX II 

SUPPLEMENTARY TABLES 

Table S1.1. Cofactors classification. 

Cofactor Example of enzyme Enzymatic reaction 

Metal Ions 

Copper (II) Cytochrome oxidase Electron transfer 
Iron (II) and (III) Catalase Antioxidant 

Magnesium (II) Glucokinases Glucose phosphorylation  
Zinc (II) DNA polymerase DNA synthesis 

Nickle (II) Urease Urea hydrolysis 
Molybdenum (VI) Nitrogenase Reduction of Nitrogen 

Organic cofactors (non-vitamins) 

ATP Glucokinases Glucose phosphorylation  

Heme Hemoglobin Oxygen transfer 
Glutathione  Glutathion reductase Antioxidant 

S-adenosyl-methionine Methylase Cytosine biosynthesis 
UDP-glucose Glycosyltransferase Glycosidic linkages 

Tetrahydrobiopetrin Tryptophan hydroxylase Biosynthesis of serotonine 

Organic cofactors (vitamins) 

Thiamin pyrophosphate (B1) Pyruvate decarboxylase Alcohol fermentation 
FAD (B2) Acyl-CoA dehydrogenase Fatty β-acid oxidation 

Coenzyme A (B5) Pyrovate dehydrogenase Citric acid cycle 
Ascorbic acid (C) Hydroxylases Collagen synthesis 

Biotin Pyrovate carboxylase Glyconeogenesis 
Folate Thymidylate synthase Nucleic acid biosynthesis 
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Table S3.1. Fractions of each drosophila CRY state in time-dependent refolding time 
with 0 M FAD. 

 Fractions ± Standard Error  

Refolding time, s Folded Intermediate Unfolded  Number 

0 0.00 0.31 ± 0.06 0.69 ± 0.04 143 

3 0.00 0.56 ± 0.11 0.44 ± 0.05 100 
5 0.00 0.66 ± 0.12 0.34 ± 0.06 77 

10 0.00 0.74 ± 0.09 0.26 ± 0.04 126 
15 0.00 0.75 ± 0.1 0.25 ± 0.04 111 

20 0.00 0.75 ± 0.06 0.25 ± 0.03 132 
40 0.00 0.78 ± 0.11 0.22 ± 0.04 107 
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Table S3.2. Fractions of each drosophila CRY state in time-dependent refolding time 
with 𝟑.𝟎×𝟏𝟎!𝟏𝟎M FAD. 

 Fractions ± Standard Error  

Refolding time, s Folded Intermediate Unfolded Number 

0 0.05 ± 0.02 0.77 ± 0.12 0.18 ± 0.04 126 

3 0.11 ± 0.02 0.72 ± 0.09 0.17 ± 0.02 283 
5 0.16 ± 0.02 0.76 ± 0.09 0.08 ± 0.02 254 

10 0.17 ± 0.03 0.77 ± 0.11 0.06 ± 0.02 153 
15 0.33 ± 0.04 0.59 ± 0.10 0.08 ± 0.02 165 

20  0.39 ± 0.05 0.53 ± 0.11 0.08 ± 0.02 132 
40 0.54 ± 0.06 0.44 ± 0.09 0.02 ± 0.01 150 
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Table S3.3. Fractions of each drosophila CRY state in time-dependent refolding time 
with 𝟏.𝟎×𝟏𝟎!𝟖M FAD. 

 Fractions ± Standard Error 

Refolding time, s Folded Intermediate Unfolded Number 

0 0.04 ± 0.02 0.85 ± 0.11 0.11 ± 0.02 200 

3 0.18 ± 0.04 0.77 ± 0.15 0.04 ± 0.02 136 
5 0.25 ± 0.03 0.70 ± 0.09 0.05 ± 0.01 225 

10 0.27 ± 0.04 0.67 ± 0.10 0.06 ±0.01 162 
15 0.40 ± 0.04 0.57 ± 0.09 0.03 ± 0.01 170 

20 0.58 ± 0.05 0.41 ± 0.10 0.01 ± 0.01 116 
40 0.67 ± 0.04 0.33 ± 0.06 0.00 171 
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Table S3.4. Clustering results for the refolding data using model-based clustering 
with four clusters. 

 C1 C2 C3 C4 

With Zero-valued Points Center 0.041 0.37 0.68 0.96 

Variance 0.05 0.10 0.09 0.09 

N 562 964 967 922 

Without Zero-valued 
Points 

Center 0 0.26 0.65 1.01 
Variance 0 0.06  0.34 0.31 

N 490 546 1752 627 
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Table S3.5. Clustering results for refolding data at 0 M FAD. 
 C1 C2 C3 C4 C5 

With Zero-valued Points Center 0.0 0.27 0.47 0.66 -- 

Variance 0.01 0.01 0.01 0.01 -- 

N 296 186 238 85 -- 

Without Zero-valued 
Points 

Center 0 0.22 0.43 0.51 -- 

Variance 0 0.00 0.17 0.03 -- 
N 288 99 373 45 -- 
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Table S3.6. Clustering results for refolding data at 𝟑.𝟎×𝟏𝟎!𝟏𝟎M FAD. 

 C1 C2 C3 C4 C5 

With Zero-valued Points Center 0.01 0.32 0.54 0.78 1.00 

Variance 0.01 0.01 0.01 0.01 0.01 

N  136 181 243 400 303 

Without Zero-valued Points Center 0 0.30 0.53 0.77 1.00 
Variance 0 0.01 0.01 0.01 0.01 

N 128 180 243 401 311 
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Table S3.7. Clustering results for refolding data at 𝟏.𝟎×𝟏𝟎!𝟖M FAD. 

 C1 C2 C3 C4 C5 

With Zero-valued Points Center -- 0.27 0.58 0.79 1.01 

Variance -- 0.03 0.01 0.01 0.01 

N  -- 419 177 345 406 

Without Zero-valued 
Points 

Center 0 0.27 0.54 0.78 1.02 
Variance 0 0.01 0.01 0.01 0.01 

N 74 288 216 373 396 
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Table S3.8. Bootstrapped clustering results for the combined refolding and FAD titration data into five clusters. 
  C1 C2 C3 C4 C5 

With Zero-valued Points Center 0.03 ± 
0.02 0.31 ± 0.04 0.58 ± 0.08 0.84 ± 0.08 1.01 ± 0.02 

Variance 0.01 ± 
0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 

Without Zero-valued Points Center 0 ± 0 0.23 ± 0.01 0.50 ± 0.01 0.80 ± 0.005 1.02 ± 0.01 
Variance 0 ± 0 0.01 ± 0.0 0.02 ± 0.00 0.005 ± 0.001 0.01 ± 0.0 
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Table S3.9. Bootstrapped clustering results for the combined refolding and FAD titration data into four clusters for 
comparison with the five-cluster model. 

 C1 C2 C3 C4 

With Zero-valued Points Center 0.06 ± 0.01 0.38 ± 0.01 0.71 ± 0.01 0.99 ± 0.00 

Variance 0.011 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ±0.00 

Without Zero-valued 
Points 

Center 0 ± 0 0.37 ± 0.03 0.79 ± 0.02 1.03 ± 0.01 

Variance 0 ± 0 0.018 ± 0.00 0.020 ± 
0.01 0.01 ± 0.00 
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Table S3.10. Fitting parameters of Gaussian fits of individual rips in unfolding 
model. 

 C2 C3 C4 C5 

a1* 0.33 0.10 0.10 0.09 

b1** 0.21 0.14 0.14 0.11 
c1*** ± 0.08 ± 0.07 ± 0.06 ± 0.04 

a2 - 0.11 0.11 0.15 
b2 - 0.25 0.25 0.21 

c2 - ± 0.11 ± 0.10 ± 0.10 

a3 - 0.05 0.04 0.05 

b3 - 0.46 0.42 0.40 
c3 - ± 0.19 ± 0.06 ± 0.06 

a4 - - 0.05 0.04 
b4 - - 0.56 0.57 

c4 - - ± 0.09 ± 0.09 

a5 - - 0.05 0.02 
b5 - - 0.76 0.77 

c5 - - ± 0.05 ± 0.05 

a6 - - - 0.01 

b6 - - - 0.92 
c6 - - - ± 0.10 

*Fraction peak height 
** Peak center 

*** Standard deviation 
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Table S3.11. Fractions of each drosophila CRY state with higher phosphate 
concentration. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

  Fractions ± Standard Error  

Moiety [Moiety], M Folded Intermediate Unfolded Number 

Adenosine 𝟏.𝟎×𝟏𝟎!𝟑 0.34± 0.14 0.65± 0.10 0.01± 0.01 145 

AMP 𝟏.𝟎×𝟏𝟎!𝟑 0.21 ± 0.13 0.73 ± 0.10 0.06 ± 0.01 290 

ADP 𝟏.𝟎×𝟏𝟎!𝟑 0.22 ± 0.05 0.68 ± 0.15 0.05 ± 0.0 211 
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Table S3.12. Fractions of each drosophila CRY state with FAD, ADP and ATP in the 
presence of 𝟓.𝟎×𝟏𝟎!𝟒M Mg2+. 

  Fractions ± Standard Error  

Moiety [Moiety], M Folded Intermediate Unfolded N 

FAD 𝟏.𝟎×𝟏𝟎!𝟒 0.57± 0.10 0.43± 0.12 0.01± 0.0 150 

ADP 𝟏.𝟎×𝟏𝟎!𝟒 0.11 ± 0.05 0.76 ± 0.10 0.13 ± 0.01 142 

ATP 𝟏.𝟎×𝟏𝟎!𝟒 0.09 ± 0.10 0.71 ± 0.11 0.20 ± 0.0 114 
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Table S3.13. Clustering of Riboflavin and mean number of unfolding intermediates 
(rips) in each cluster. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 

 Riboflavin 

 C1 C2 C3 C4 C5 

Center ± standard 
error 

0.00 - - 0.78 ± 0.01 0.99 ± 0.01 

Mean no. of 
intermediates 

0.00 - - 2.31± 0.04 3.16 ± 0.01 

N 0.00 - - 131 80 
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Table S3.14. Clustering of Flavin mono phosphate and mean number of 
intermediates (rips) in each cluster. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 

 

 FMN 

 C1 C2 C3 C4 C5 

Center ± standard 
error 

0.00 - 0.55 ± 0.01 - 0.97 ± 0.00 

Mean no. of 
intermediates 

0.00 - 1.83 ± 0.02 - 2.47 ± 0.01 

N 0.00 - 48 - 83 
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Table S3.15. Clustering of adenosine and mean number of intermediates (rips) in 
each cluster. 

 Adenosine 

 C1 C2 C3 C4 C5 

Center± standard 
error 

0.00 0.30 ± 0.01 0.45 ± 0.01 0.77 ± 0.01 0.97 ± 0.01 

Mean no. of 
intermediates 

0.00 1.31 ± 0.03 1.90 ± 0.01 2.12 ± 0.01 3.10 ± 0.04 

N 0.00 26 53 96 40 
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Table S3.16. Clustering of adenosine monophosphate and mean number of 
intermediates (rips) in each cluster. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 

 AMP 

 C1 C2 C3 C4 C5 

Center ± standard 
error 

0.00 - 0.52 ± 0.0 0.77 ± 0.0 0.95 ± 0.0 

Mean no. of 
intermediates 

0.00 - 1.60 ± 0.01 1.68 ± 0.01 2.61± 0.02 

N 0.00 - 71 140 67 
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Table S3.17. Clustering of adenosine diphosphate and mean number of 
intermediates (rips) in each cluster. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 

 

 ADP 

 C1 C2 C3 C4 C5 

Center ± standard 
error 

0.00 0.26 ± 0.0 0.45 ± 0.0 0.74 ± 0.01 0.96 ± 0.0 

Mean no. of 
intermediates 

0.00 1.27± 0.01 2.31± 0.01 2.42± 0.03 2.31± 0.04 

N 0.00 58 39 33 16 
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