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The circadian clock is necessary throughout almost all life forms in order to 

control physiological changes throughout the ~24 hour day. At the molecular level, a 

transcription-translation feedback loop is the foundation for eukaryotic clocks, and this 

loop is entrained by external cues to the change in environment. In this study, both the 

positive arm of the loop and the method of entrainment by light have been investigated 

for proteins involved in the circadian clock of the fruit fly Drosophila melanogaster.  

Cycle (CYC) is a transcription factor that dimerizes with its partner Clock 

(dCLK) through two tandem Per-ARNT-Sim domains to activate clock controlled 

genes. In this study, the structure of the PAS B domain of Cycle was investigated by 

crystallography, and the behavior of this domain was investigated. We reveal by 

comparing the solved structure with that of homologous mammalian protein 

mBMAL1 what structural changes occur upon binding of partner CLK, and we point 

out differences in the structure between CYC and mBMAL1. We show the importance 

of a tryptophan residue in mediating homodimerizion of CYC and heterodimerization 

of CYC with CLK and Period (PER). We also discover a novel glycerol binding mode 

in CYC, and discuss possible roles for this binding. 

Cryptochrome (CRY) provides the major light entrainment mechanism in 

Drosophila by using light to alter conformation, bind partners Timeless (TIM) and 

Jetlag (JET), and lead to their degradation. In this study we investigate how CRY 



 

senses light mechanistically by reducing its FAD cofactor, whether this reduction is 

sufficient to lead to partner binding, and why FAD reduction causes conformational 

changes.    
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CHAPTER 1 

MOLECULAR BASIS OF THE DROSOPHILA MELANOGASTER CIRCADIAN 

CLOCK 

Introduction 

Control of biological function with respect to time is essential to survival for 

almost all higher organisms, from cyanobacteria to humans. Some examples of 

functions under circadian control are photosynthesis and growth in plants, activity and 

body temperature in insects, and a wide variety of functions in humans including sleep 

cycle, plasma level, blood pressure, and heart rate. Among others, disruption of the 

correct circadian clock is associated with obesity, diabetes, and cancer 1,2. 

Temporal control is regulated by an organism’s circadian clock. Circadian rhythms are 

the means by which an organism can adapt to changes in their environment that occur 

on a day to day basis. Organisms have many molecular changes that occur over time, 

but in order to respond to the hourly changes in environment, oscillations in activity 

must occur on about a 24 hour cycle without any external input. However a true 

circadian clock must also be set to the correct day-night timeframe, and be able to 

correct itself to match with the 24 hour clock, so it must have some way of getting 

entrained by the environment. 

 

Molecular Basis of Circadian Rhythms 

On a molecular level, this means that all known circadian clocks contain an 

oscillator which contains both positive and negative elements in order to provide 

autoregulatory feedback loops. Positive elements increase activity whereas negative 
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elements reduce activity, and the interaction between these two elements creates a 24 

hour cycle.  

  Circadian clocks are found mostly in higher order organisms. Cyanobacteria, 

however, are one of the only single-celled organisms which contain a clock. In 

Cyanobacteria, circadian rhythms are controlled by a post-translational feedback loop 

(PTFL) in which post-translational modifications of proteins occur under circadian 

control. Under this system, the protein KaiC controls circadian output, and its activity 

is regulated by the positive element KaiA and the negative element KaiB. KaiA 

phosphorylates KaiC, while KaiB dephosphorylates KaiC, and the interplay between 

these two processes occurs on a ~24 hour cycle. In fact, it has been shown that with 

only these three proteins and ATP, KaiC undergoes phosphorylation cycles in a 

circadian rhythm. PTFLs of different types have also been seen in mammalian blood 

cells and algae, leaving an open question as to whether PTFLs are more widespread in 

higher organisms. 3,4 

In eukaryotes, the clock is controlled at the translational level using a 

mechanism called the transcription translation feedback loop (TTFL). The specific 

mechanisms of this loop differ in many organisms, but the underlying architecture 

remains the same. Positive elements activate the clock by activating transcription of 

certain clock controlled genes (ccgs), which in turn are translated into proteins. These 

proteins then go on signal other proteins to change their activity, causing a signaling 

cascade that eventually leads to changes in the cell which cause an increase in 

circadian activity. However, some ccgs are used to control the circadian clock. When 

these proteins are translated, they go on to interact and block the positive elements 
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from activating ccgs, including their own gene, and reduce circadian activity (Fig. 1). 

Once the negative elements are degraded, the positive elements are once again free to 

activate circadian genes, and the loop starts again. 5–7. The interplay between these two 

processes occurs on a 24 hour cycle, causing circadian rhythms.  

 

Fig. 1: Transcription-translation feedback loop (TTFL). Positive elements 

(transcription factors) promote the translation of clock controlled genes (ccgs), which 

lead to the production of clock controlled proteins, the basis of circadian output. A 

subset of ccgs are clock genes, which control the circadian clock. These genes lead to 

the translation of negative elements, which inhibit the positive elements on a ~24 hour 

cycle. 

 

In order to entrain the circadian clock to the day-night cycle, an organism must 

be able to sense its environment. The two main ways that this has been shown to occur 

are by temperature and light. Light has been shown to play many different mechanistic 

roles in the clock, depending on the organism. Light can affect either the positive or 

negative elements. By performing its role at the same time every day, light can act as a 

cue to “set” the clock at the same activity on a day-to-day cycle.  
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Drosophila melanogaster, a fruit fly, is used as a model organism to study the 

circadian clock. The molecular basis for the Drosophila clock has a lot in common to 

that of humans, however using Drosophila as a model organism allows researchers to 

perform genetic studies and in some cases provides for more tractable proteins to 

study. Drosophila has a short life cycle and relatively easy maintenance of cultures, 

allowing fly geneticists quick access to results.  

 

Architecture of the Drosophila Circadian Clock 

 The first circadian clock gene to be discovered was the Drosophila gene 

period(PER)  in 1971 by Konopka and Benzer 8. This was done by mutating flies and 

looking for changes in the rhythm of eclosion or locomotor activity of the flies. The 

next fly gene to be discovered was of Period’s partner, called timeless(TIM), in 1994 

by Michael Young’s lab, 9 where mutants of TIM also had defects in eclosion and 

locomotor activity, and also affected levels of PER mRNA. It was then confirmed that 

the proteins PER and TIM interact in the cytosol, leading to nuclear entry 10. In 1998 

Michael Rosbash’s lab discovered two partner transcription factors involved in the 

circadian clock called clock(CLK) 11 and cycle(CYC) 12  The mutant forms of this 

genes caused low levels of PER and TIM mRNA and protein, and it was proposed that 

these were the positive element of Drosophila’s clock, binding the E box of per and 

tim DNA and promoting their transcription. Since then, this hypothesis has been 

confirmed and it has been discovered that after entering the nucleus, PER and TIM 

bind CLK and CYC, inhibiting their own transcription. Thus, the transcription factors 



5 

CLK and CYC are generally considered the main positive elements of the Drosophila 

clock, whereas PER and TIM are considered the primary negative elements 5,7.  

 

Fig. 2: Architecture of the Drosophila melanogaster circadian clock. Transcription 

factors Clock (CLK) and Cycle (CYC) promote the production of proteins Timeless 

(TIM) and Period (PER), which dimerize and enter the nucleus, inhibiting their own 

translation. Phosphorylation of PER by the kinase Doubletime (DBT) regulates 

dimerization and nuclear entry. The clock is entrained by the protein Cryptochrome 

(CRY), which, upon light exposure, binds to TIM and leads to its ubiquitination by the 

F-box protein Jetlag (JET) an E3 ubiquitin ligase. Both TIM and CRY are then 

degraded by the proteasome.  

 

 

 How Drosophila entrained its clock was an open question until the discovery 

of the fruit fly version of the protein Cryptochrome (CRY) by the Rosbash lab, of 

which the mutant had poor light synchronization and a defective clock  13,14. The 

Arabidopsis thaliana versions of CRY had previously been discovered and 

characterized to some extent, so a light sensing role in Drosophila was not a surprise 

15. It was then discovered in 2004 that CRY carries out its role of entraining the 
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circadian clock by binding TIM in a light dependent manner and committing it to 

ubiquitination and degradation by the proteasome16. 

 

Timeless 

 Timeless (TIM) is a large protein of ~1350 amino acids that, due to difficulties 

with expression and purification, has not been studied much in vitro. PER is stabilized 

by interaction with TIM, and this interaction is required for movement of the proteins 

from the cytosol to the nucleus where they can inhibit CLK/CYC. TIM is predicted to 

be a largely unstructured protein with repeating armadillo alpha helical motifs 17. Light 

regulates the amount of TIM, and thus the stability of PER, by changing TIM’s 

interaction with dCRY. In the presence of light, CRY recruits the E3 ubiquitin ligase 

JETLAG (JET) to a complex containing TIM which leads to the ubiquitination and 

degradation of TIM by the proteasome5.    

 

Period 

 Period is the first circadian clock gene to have been discovered, and thus it is 

probably the most widely studied. Drosophila period is 1,224 amino acids in size 

contains two Per/Arnt/Sim (PAS) domains, labeled PASA and PASB which span from 

amino acids ~240-500. Mammals have three versions of PER, called PER1-3, which 

are about 30% identical in the PAS domains to dPER, but contain little other 

homology (Fig. 3)18.  
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Fig. 3: Domain architecture of dPER and mouse Period2 (mPER2). The two PAS 

domains (PAS-A and PAS-B); the cytoplasmic localization domain (CLD, orange 

bar); nuclear localization signals (NLS, red bars); nuclear export signal (NES, green 

bars); the conserved C-domain; the threonine-glycine (TG) repeat region; and the 

dCLK:CYC inhibition domain (CCID) of dPER and/or mPER2 are shown 

schematically. Binding sites of CK-1ε, dTIM, DBT, and mCRY1/2 are depicted. 

Fragments of dPER and mPER2 that have been crystallized are shown by black bars. 

(PLoS Biol. 2009 Apr; 7(4): e1000094) 

 

 Transcription of dPER and its partner TIM is activated by dCLK and CYC, 

and after translation  dPER and TIM reenter the nucleus and inhibit their own 

transcription, acting as negative elements of the circadian clock5. Time dependent 

changes in dPER and TIM levels, localization and activity are influenced by post 

translational modifications and interactions with the kinase Doubletime (DBT) and 

casein kinase II (CKII)19. In mammals, instead of TIM, mPER1-3 directly binds to 

mCRY1/2 to act as negative elements of the clock19.   

 The highest homology between PER proteins is found in their PAS domains, 

which mediate both homo and hetero-dimerization20. In mammals, CRY binds the C-

terminus of PER and stabilizes PER, preventing ubiquitination and degradation 20,21. In 
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drosophila, dPER instead binds TIM, stabilizing both from degradation and promoting 

nuclear localization 5. The interaction between dPER/TIM as well as nuclear 

localization and activity have been found to be affected by a number of post 

translational modifications.  A key player in these modifications is the kinase 

Doubletime (DBT or CK1), which phosphorylates dPER, leading to ubiquitination by 

the f-box protein Slimb and degradation. dTIM can block this phosphorylation, 

stabilizing dPER22. In mammals the CK1 homolog similarly interacts with mPER, 

regulating the circadian clock by modulating mPER’s interaction with mCRY23.  

 In addition to dimerization with TIM, a series of phosphorylations by other 

kinases may be needed for nuclear localization of the PER/TIM dimer. Some kinases 

that are suggested to mediate this localization are glycogen synthase kinase 3 (GSK-

3)24,25 and casein kinase 2α (CK2α)26–28. Furthermore, glycosylation in the form of O-

linked N-acetyl glucosamine modifications (O-GlcNAcylation) of dPER by O-

GlcNAc transferase (OGT) can modulate PER nuclear accumulation29,30. Intriguingly, 

O-GlcNAcylation and phosphorylation by DBT may compete for the same sites on 

dPER. OGT knockout mice have altered circadian rhythms and mPER2 has been 

shown to be glycosylated and the same sites as CK1 phosphorylation suggesting a 

similar role for mOGT in mammals29.   
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Fig. 4: Molecular architecture of the mammalian circadian clock. Transcription factors 

Clock (CLK) and brain-muscle ARNT-like 1 (BMAL1) promote production of 

proteins Period (PER) 1/2 and Cryptochrome 1/2 (CRY) which dimerize and reenter 

the nucleus to inhibit their own transcription. 

 

PAS Domains 

 Per/Arnt/Sim (PAS) domains were first identified in 1991 as being found in 

three proteins: period, single-minded, and aryl hydrocarbon receptor nuclear 

translocator. Then, in 1993 PAS domains were characterized as being dimerization 

domains found in many different transcription factors and other signaling proteins in 

all different types of life31. PAS domains are ~100-120 residues long, and although 

they have a common fold, they often exhibit low sequence identity with other PAS 

domains. PAS domains have been shown to bind cofactors including small 

molecules/metabolites, hemes, and flavins, but many PAS domains are thought to 
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have no ligand binding. PAS domains  are often used to mediate interactions between 

proteins by dimerizing 32.  

 PAS domains can bind cofactors either covalently or non-covalently, and the 

function of the cofactor can vary depending on the signal that the protein needs to 

carry. Some PAS domains use their cofactor directly detect a signal, for example 

oxygen sensing PAS domains which bind heme or light sensing domains which bind 

flavins. Other PAS domains receive a signal in the form of ligand binding, which then 

is used to change its  function, such as the CitA citrate sensor binding citrate, DcuS 

binding malate, or DctB binding succinate 33. A study of PAS domain ligand binding 

found that most are bound in the same place in the protein, a conserved cleft formed 

by a beta sheet and two alpha helices 32.  

 PAS domains can be found as either single or paired (PAS-A/PAS-B) domains, 

and are often liked with signal transduction proteins. They can function as signal 

sensors as described above or can function in signal transmission and protein 

interaction for other domains 33. Thus PAS domains have been found linked to 

kinases, ion channels, transcription factors, and phosphodiesterases34. Transcription 

factors with linked PAS domains include the clock proteins CLK and CYC in 

Drosophila along with their mammalian homologs white-collar proteins and vivid in 

Neurospora, and phototropin in Arabidopsis. In these systems PAS domains with 

Flavin cofactors act as light receptors, but those without ligands also have an 

important role by mediating formation of oligomers through variable PAS packings-

with changes in PAS interactions often triggered by signal transduction35.  
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Fig. 5: Structural diversity of PAS domains-a selection of structure of PAS domains 

and their ligands taken from the protein data bank. (A) Vivid from Neurospora crassa 

in magenta with FAD cofactor in yellow (2PD7). (B) FixL PAS B from 

Bradyrhizobium japonicum in yellow with heme cofactor in magenta (1XJ3). (C) 

DcuS PAS A from E. coli in salmon with C4-dicarboxylate ligand in cyan (3BY8). 

Period from Drosophila melanogaster in light blue with no ligand bound (1WA9).  
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Table 1: List of some of the available PAS domain structures and the cofactors found 

in these structures. (Structure, 2009, 17 October)35 
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Clock and Cycle 

 Drosophila Clock (dCLK) and Cycle (CYC) are transcription factors 

homologous to the mammalian proteins Clock (mCLK) and BMAL1. These proteins 

each have helix-loop-helix (HLH) domains which bind the E-box promoter of DNA 

and two PAS domains which dimerize making a CLK/CYC heterodimer. In addition, 

both dCLK and mCLK have a long extension on the c-terminus which includes a 

glutamine-rich and poly-glutamine region.  This region has been shown to have 

histone acetyl transferase activity in mCLK, though this activity has not been 

confirmed in dCLK as of yet. 

 

 

Fig. 6: Architecture of positive transcription factors in Drosophila and mammals. 

Helix-loop-helix domain (HLH) in blue. Per-ARNT-Sim (PAS) in red. Histone-acetyl-

transferase (HAT) in purple. 
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Metabolism/Metabolites and the Circadian Clock 

Among the genes controlled by the clock are a number of genes involved in 

metabolism, and organisms with defective clock genes are also susceptible to defects 

in metabolism36,37. In addition there is evidence that changes in metabolism can also 

influence the circadian clock, For example changing the feeding schedule can change 

the phase of the circadian clock in the Superchiasmatic nucleus (SCN)38. Proposed 

methods for entraining the clock by feeding include through glucose levels or 

hormones promoted by feeding 39,40.  

In addition, the metabolic state of the cell can affect the redox equilibrium in 

the form of NAD+/NADH ratio. This ratio has been found to affect the DNA binding 

of CLK/BMAL1, perhaps through the action of the NAD+ histone deacetylase SIRT1, 

which interacts with CLK and deacetylates BMAL1 and PER, decreasing 

CLK/BMAL1 transcriptional activity41–43. SIRT1 also interacts with proteins involved 

in gluconeogenesis44, and SIRT1 activity has been shown to fluctuate with a circadian 

rhythm42. 
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Cryptochrome 

 

Fig. 7 Structural similarities between cryptochrome and photolyase. dCry (left) and 

Dm(6-4) photolyase (right) have similar 3-D structure and the C-terminal tail in CRY 

occupies the same groove as the DNA in photolyase (Nature, 2011, 480(7377), 396-

399) 

 

 Cryptochromes are proteins closely related to photolyase (PL) DNA repair 

enzymes.  Photolyase binds an FAD cofactor that carries out DNA repair by donating 

an electron through cyclic electron transfer and breaking a DNA linkage. In addition, 

PLs can bind a second pterin cofactor (usually mthenyl-trihydrofolate (MTHF)) that 

appears to act as an antenna cofactor which helps absorb light.  CRYs contain a 

domain very similar to PLs, termed the photolyase homology domain (PHD), and an 

additional extension on the c-terminus called the c-terminal tail/extension (CTT or 

CTE). The CTT forms a helix that binds in the active center groove alongside the 

flavin, in analogy to where substrate DNA lesions bind in PLs (Fig. 7). It is not 
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thought that CRYs bind an antenna cofactor, as the binding pocket is not fully 

conserved and no structures have included any cofactors there.  

 CRY/PL type proteins are usually divided into classes, depending on their 

function and presence of a CTE. These classes include 6-4 PLs, cyclobutane 

pyrimidine dimer (CPD) PLs, CRY-DASH proteins, which have a CTE but also some 

DNA repair activity, and CRYs. Cryptochromes can further be divided into type I 

CRYs, such as Drosophila CRY and Arabidopsis thaliana CRYs (AtCRYs), which 

have some light-sensing activity, and mammalian, or type II CRYs, which do not. 

 The difference between type I CRYs and type II CRYs can be seen with 

Drosophila CRY (dCRY) and mouse CRY mCRY1. In Drosophila, dCRY light-

dependently binds to TIM and targets it for degradation through recruitment of the E3 

ubiquitin ligase JET45,16,46–48,  after which dCRY itself is degraded by the ubiquitin 

ligase BRWD349. The light-dependent signaling mechanism is sent by dCRY via a 

reduction in the redox state of its FAD cofactor accompanied by conformational 

changes in its CTE48,50–52.  

In mammals, mCRY1 carries out a different function, where instead of a light 

sensor it is a member of the core TTFL, entering the nucleus and interacting directly 

with CLOCK/BMAL1 as a gene repressor5,53. mCRY1 is not thought to have any light 

sensing activity of its own, and it is not even clear that it binds FAD in vivo, though 

FAD binding can be reconstituted in purified proteins with a very similar binding 

mode to dCRY. Human CRY, which purifies without FAD bound, has been able to 

rescue light sensing to some extent in dCRY defective flies54,55. In addition, the same 

FAD binding pocket is also targeted by mCRY’s E3 ubiquitin ligase SCFFbx l3, and 
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recent high-throughput screening identified a compound that also targets the same 

FAD binding pocket of mCRY2 and disrupts the circadian rhythms in cultured cells 

(Fig. 8A). Thus, it seems possible that flavin competes with protein and small-

molecule ligands for binding within this pocket and such interactions may depend on 

the flavin redox state39,54,56. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: (a) The flavin pocket in various CRY and PL structures is used to recognize 

cofactors, substrates, regulatory elements, targets and small-molecule inhibitors, 

thereby providing mechanisms to couple molecular recognition to flavin chemistry. 

Superposition of dCRY (gray with red CTT and yellow FAD, PDB code 4GU5), 

mouse mCRY2 PL domain with FAD (residues 1–512, blue with dark blue FAD, PDB 

code 4I6G), mouse mCRY2 PL domain with a small molecule bound (purple with 

green small molecule, PDB code 4MLP) and mouse mCRY2 PL domain with the C 

terminus of FBXL3 bound in the FAD pocket (gold with teal FBXL3 residues 400–

428, PDB code 4I6J). (b) Changes in FAD redox states driven by light in dCRY, 

AtCRY and aCRY; both the ASQ and a light-excited ASQ may be signaling states of 

dCRY. Similarly, the NSQ and light-excited ASQ could be AtCRY signaling states 

(see text), and aCRY signals from a ground NSQ state. (c) dCRY and mCRY2 

residues that lie near FAD are strongly conserved. 

http://www.pdb.org/pdb/search/structidSearch.do?structureId=4GU5
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4I6G
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4MLP
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4I6J
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Photoreduction mechanism of PLs and CRYs 

 In PLs, the active state of FAD is the fully reduced state, which is then excited 

by light to start cyclic electron transfer. However, PLs are purified in the oxidized 

state which must then be reduced by light before PL can carry out its DNA repair 

activity. In 1990 it was observed that a tryptophan residue acted as an electron donor 

for this process 57, then in 1991 residue W306 was identified in E. coli PL as essential 

for this process 58. However upon publication of the first structure of PL in 1995 59 it 

was found that W306 was located too far from the FAD cofactor to be an efficient 

electron donor, and an electron tunneling/hopping mechanism was proposed using two 

other conserved tryptophan residues to lead from the FAD to W306 60.  This 

hypothesis has been supported by subsequent experiments 61–64, and the generally 

accepted method for PL reduction is that W306 donates an electron through this TRP 

triad, and then W306 is reduced by an external reductant to stabilize the fully reduced 

FAD-. 

 Since type I CRYs, such as dCRY and AtCRY are purified with FAD fully 

oxidized and FAD is reduced by light, it was thought that they might use a 

homologous TRP triad to transfer electrons65. For the most part, this has been born out 

in vitro, but has conflicting results in vivo.  

In 2002 it was found that mutating the TRP closest to FAD (sometimes called 

the proximal TRP) in dCRY, W420, to alanine allowed cells to retain light-responsive 

activity in S2 cells, while mutation of the other two tryptophans to alanine, W397 and 

W342 (called the middle and terminal TRP respectively), abolished light response. 

Mutations of W397 and W342 to tyrosine or phenylalanine, which are structurally 
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different from tryptophan but potentially could carry out the same electron transport 

function, allowed CRY to impart some light-responsive activity 66.   

 

Mutational Studies of CRY Homologs  

Mutational studies have also been carried out on Cryptochromes from other 

species, which may inform on the reduction mechanism in Drosophila. In 2005 studies 

were made in Arabidopsis thaliana AtCRY1, which showed that blocking reduction 

by mutating TRP triad residues impaired function both in vitro and in vivo 67. 

However, in 2007 and 2008, two studies of butterfly cryptochrome 1 (DpCRY1) 

showed that mutating the terminal electron donor W328 to phenylalanine blocked 

photoreduction in vitro but had no effect in vivo, and that blocking photoreduction in 

vitro did not necessarily correlate with blocking light-induced degradation in vivo for 

dCRY W342F as well as DpCRY1 proximal and terminal TRP mutations. In dCRY 

W342F and proximal and terminal tryptophan mutations in DpCRY1, the FAD is not 

reduced in vitro, though after long exposure dCRY W342F had some reduction, 

perhaps suggesting an alternate electron transfer pathway 68,69. In 2013 additional in 

vitro studies showed W397F abolishes radical formation and inhibits trypsin digest, 

but doesn’t abolish it 70, and two studies have shown that W420F abolishes the 

formation of a radical69,71. In 2011 an AtCRY2 study showed that mutating any of the 

TRP triad residues to alanine halted photoreduction in vitro, but had full activity or 

constitutive activity in vivo72.  
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Fig. 9 Redox states of FAD and their absorption spectra. FAD (Left), its redox states 

(top right) and the absorption spectrum of the redox states (bottom). (Current opinion 

in plant biology, 2010. 13(5): 578-586) 

 

 

CRY Photoreduction Mechanism is in Question 

 

 Evidence against TRP triads being the method of reduction in vivo led to 

suggestions that CRYs having a fully oxidized FAD cofactor in vitro is merely an 

artifact of purification, and that in vivo CRY would contain a reduced semiquinone 

FAD, and that the active state upon light exposure would be an excited semiquinone 

state 68,69. This theory is supported by the fact that some light-induced conformational 

change can be seen in vivo even when no reduction is seen by UV-visible 

spectroscopy 48,70. In addition, there is some evidence that if oxidized CRY is 
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chemically reduced in the absence of light, no conformational change is seen 48,73. It 

was proposed that instead of electron transport through the TRP triad, internal ET in 

the FAD would lead to reduction. Recent data on PLs indicate that internal ET 

reactions between adenine and isoalloxazine moieties of FAD could transiently (<100 

ps) generate changes in the flavin redox state that may contribute to CRY signaling74. 

However, another study contradicted these results, showing that chemical reduction 

did result in conformational change, and that this change was correlated with a change 

in binding of CRY’s partners. In addition, it was shown that conformational change 

was directly correlated with FAD redox state temporally-which would not necessarily 

be true if an excited FAD was the active state 75. In addition, EPR was used to detect 

the light-induced formation and degradation of the semiquinone state of AtCRY1 both 

in vitro and in vivo76.    

In Arabidopsis, both AtCRY1 and AtCRY2 purify from insect cell expression 

with oxidized FAD, which is then reduced to a NSQ by blue light and fully reduced to 

a HQ by green light. (Fig. 8B) One theory for light activation in AtCRYs holds that 

light excitation of an AtCRY ASQ causes rapid photoreduction, which is responsible 

for sending a signal. What would AtCRY then reduce? Notably, AtCRY1 binds ATP 

near the FAD cavity, and AtCRY1 catalyzes autophosphorylation in a light-dependent 

manner77. Thus, cyclic electron transfer between FAD and ATP may lead to 

conformational changes that promote autophosphorylation activity.  
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Other Key Residues May Play Role In Stabilizing FAD Radical of CRY 

 Deprotonation may also be involved in stabilizing the FAD radical formed in 

CRYs. In 2006 it was shown by FTIR that AtCRY1 D396 is likely deprotonated in the 

process of reduction of FAD to a neutral radical78. This position is occupied by 

cysteine in dCRY, perhaps why an anionic radical is formed instead. However this 

cysteine has been mutated to Ala in AgCRY1 or ApCRY1 and no change was seen in 

the redox state, suggesting AtCRY1 takes up proton from water. In addition, mutation 

of this cysteine to asparagine led to formation of neutral semiquinone-but this did not 

affect activity in vivo 69. This residue has also been mutated to cysteine in CrCPH1 

and it is shown that this prevents proton transfer to the FAD, shortening the lifetime of 

the radical and producing no conformational change. However, when ATP is added, 

the FAD is stably reduced to an anionic radical, which is sufficient to induce 

conformational change 79. 

It has also been proposed that a histidine may play a role as a proton acceptor. 

In 2012 a study on CrCPH1 showed that a TRP cation radical is formed in the FAD 

pocket by donating an electron to the FAD. At the same time it is potentially 

deprotonated to stabilize the radical, and it is suggested that a histidine would become 

protonated because of this80. Some evidence to support a protonation event being 

involved in the reduction of FAD is that the rate of recovery in aCRY was determined 

to be pH dependent. Thus it was suggested that a histidine residue may be responsible 

for catalyzing the deprotonation of an FADH radical at high pH, in turn inducing 

decay of the radical81. 
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 Cysteine residues may also play a role in electron transport by acting as an 

electron sink to help change potentials of nearby tryptophans. It has been shown that 

mutating cysteines next to members of the TRP triad can change reduction kinetics70. 

In dCRY C416A, next to W420 accelerates the decay of the anionic radical whereas 

C416D slows it down69, and mutating C337 next to W397 accelerates formation and 

decay of a radical species. C523A also accelerates formation and decay of a radical, 

perhaps by acting through M421 which is located near W397 and C337 70.   

 One theory as to why blocking reduction in vitro can still lead to reduction in 

vivo is that there may be alternate reduction pathways that are only accessible in vivo. 

For example, in 2011 EPR spectroscopy was used to show that frog XlCRY can use an 

alternative terminal electron donor if the original one is mutated 82. This was followed 

up in 2013 by an article showing that if the TRP triad is mutated then XlCRY can use 

alternate tyrosines and tryptophans to carry out FAD reduction83. It was also proposed 

from the structure of dCRY that there are three additional tryptophans that could 

perhaps function as an electron transfer pathway if the original TRP triad was blocked 

84. Additionally, small metabolites such as NADPH and ATP were found to promote 

photoreduction in AtCRY2, even in TRP triad mutants 85. However, this has been 

disputed by another study, which found that ATP did not rescue photoreduction in  

AtCRY1 TRP triad mutants in vitro, and that these mutants were still active in vivo86. 

In 2015 a fourth tryptophan was found to be essential for reduction in Xl(6-4)PL, and 

it was proposed that this additional residue, which was homologous to tryptophans 

present in only animal CRYs and PLs, was part of a TRP tetrad as the terminal 

electron donor.  
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Magnetosensing 

One role of CRY currently being explored is its role in light-dependent 

magnetosensing. CRY mutants were found to be defective in the response of 

Drosophila to magnetic fields, and this behavior can be rescued by the introduction of 

dCRY and mCRYs87–89. In birds, mCRY activation correlates with behavioral 

sensitivity to magnetic fields, and the wavelength sensitivity of the behavioral effect 

suggests involvement of the HQ state90. In plants, AtCRY responses are influenced by 

magnetic fields91. Although the underlying mechanism of magnetosensing is largely 

unknown, the ability of flavin to produce magnetic dipoles in the form of radical pair 

states may be the key chemical feature. In this mechanism, the conversion between the 

triplet and singlet states of a correlated spin pair is influenced by the geomagnetic 

field, and a spin state–selective chemical reaction generates signals. However, the 

difference in triplet and singlet state energies must be small, and the nuclear hyperfine 

coupling that mediates the spin conversion must be of similar strength as the field 

effect 92. This implies separation of the radical pairs within the protein to weaken their 

coupling as well as anisotropic hyperfine interactions to give directionality, and 

radical pairs composed of anionic flavin radicals and radical cation tryptophans in 

CRYs satisfy the distance constraint93. Time-resolved EPR has established such a 

spin-correlated radical pair between FAD and tryptophan upon blue-light illumination 

of frog CRY94. Additionally, magnetic fields (albeit those considerably stronger than 

earth's field) affect photoreduced flavin yields in purified CRY95. How the protein 

conformation reads out the spin-pair interaction remains to be determined, but it may 

involve modulating the rate of return to the oxidized flavin ground state92. 
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Structure and Reactivity of Drosophila Cycle and Cryptochrome 

 In this dissertation, I will discuss my recent findings concerning the structure 

and reactivity of the proteins Cycle and Cryptochrome involved in the circadian clock 

of Drosophila melanogaster.  

I will show the structure of the PAS B domain of the transcription factor Cycle, 

and our findings that confirm a key tryptophan in dimerization of this protein. In 

addition, we have shown that this domain binds a novel ligand for PAS domains, 

glycerol, which has the potential to interact with fatty acid metabolism.  

I also use mutational studies to look at the role of key residues involved in the 

light absorption and conformational change of the light sensing protein Cryptochrome. 

I confirm the importance of the tryptophan triad in electron transport, and also of a 

fourth tryptophan in this transport chain as well-the first study of this residue in 

Drosophila Cryptochrome. In addition, we show how a cysteine residue near 

Cryptochrome’s FAD cofactor is responsible for the redox state of the FAD after light 

exposure. This redox change leads to conformational change of the protein, which is 

gated by protonation of a nearby histidine residue.  

These findings provide insight into the mechanism of action for key components 

of the circadian clock of both Drosophila and mammals, and inform on further areas for 

study.  
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CHAPTER 2 

CRYSTAL STRUCTURE OF DROSOPHILA MELANOGASTER CYCLE PAS 

DOMAIN SHOWS A CONFORMATIONAL CHANGE ASSOCIATED WITH 

CLOCK INTERACTION AND REVEALS NEW LIGAND BINDING 

 

Introduction 

The circadian clock controls temporal changes of activity that occur on a 24 

hour cycle. Outputs of the circadian clock include the sleep cycle, metabolism, cell 

growth, and blood pressure. Defects in the circadian clock have been shown to be 

correlated with a variety of diseases including sleep disorders, metabolic disorders, 

and cancer1,2.  

On a molecular level, the circadian clock is composed of a transcription-

translation feedback loop, where in mammals the transcription factors Clock (CLK) 

and BMAL1 promote the transcription of a variety of proteins including PERIOD 

(PER) and Cryptochrome (CRY), which re-enter the nucleus and inhibit their own 

transcription on a 24hr cycle3. In the fruit fly Drosophila melanogaster the roles of 

these transcription factors are taken by their homologs dCLK and dBMAL1, also 

called Cycle (CYC). These factors instead promote the transcription of dPER and 

Timeless (TIM)4. CYC, BMAL1, and both dCLK and mCLK are composed of a 

Helix-Loop-Helix domain which binds DNA, and two tandem Per-Arnt-Sim (PAS) 

domains (Fig. 1). 
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Fig. 1- Schematic of dCYC and mBMAL1 showing regions previously crystallized in 

mBMAL1 and the region of dCYC crystalized and studied in this paper. 

 

PAS domains can be found as both single and paired (PAS-A/PAS-B) 

domains, and are often linked with signal transduction proteins. They can function as 

signal sensors as described above or can function in signal transmission and protein 

interaction for other domains5. Thus PAS domains have been found linked to kinases, 

ion channels, transcription factors, and phosphodiesterases6. Transcription factors with 

linked PAS domains include the clock proteins CLK and CYC in Drosophila along 

with their mammalian homologs, white-collar proteins and vivid in Neurospora, and 

phototropin in Arabidopsis. In both Arabidopsis and Neurospora, PAS domains with 

flavin cofactors act as light receptors, but PAS domains without ligands also have an 

important role by mediating formation of oligomers through variable PAS packings-

with changes in PAS interactions often triggered by signal transduction7. 

 dCLK/CYC have different interactions with dPER/TIM than 

mCLK/mBMAL1 do with their partners mPER/CRY, and no structures of dCLK/CYC 

have been published. In order to compare the structure of Drosophila cycle to the 

published structure of mCLK/mBMAL18 we have crystallized the PAS-B domain of 
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Cycle and a tryptophan mutant to 1.23 Å and performed a variety of biochemical 

assays in order to probe it’s behavior. 

 

 

Fig. 2: Alignment of Cycle PAS B with BMAL1 in BMAL1/mCLOCK heterodimer. 

mCLOCK in Green, BMAL1 in Cyan, Cycle in Yellow. 

 

 

Structure of dCYC PAS B compared to mBMAL1 PAS B 

Overall, the global structure of dCYC is very similar to that of BMAL1. The 

only main difference is in the loop between β4 and β5, which in BMAL1 is curved 

down towards mCLK to slot into a hydrophobic groove, whereas in dCYC it is 

straight up in line with the β sheets. This change in loop conformation also propagates 

into the β sheets, causing a small curvature that is not present in dCYC (Fig. 2). There 

are several changes on dCYC from the published mBMAL1 structure in residues that 

may interact with CLK. One of the hydrophobic phenylalanine residues on BMAL1 
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which appears to slot into a hydrophobic “groove” in mCLK, F421, is instead a 

charged arginine in dCYC, potentially destabilizing this interaction with dCLK. In 

addition, T437 of BMAL1, which in the BMAL mCLK structure appears to be too far 

away from mCLK to interact to any significant degree, is instead a lysine residue in 

dCYC, providing charge and length that may be needed to “reach” over to dCLK and 

interact. 

 

dCYC             311 fisrhsgegkflfidqratlvigflpqeilgtsfyeyfhnediaalmesh    360 

                     ::|||:.:|||:|:|||||.::.:||||:||||.|||||.:||..|.|.| 

mBMAL1           340 yvsrhaidgkfvfvdqratailaylpqellgtscyeyfhqddighlaech    389 

 

dCYC             361 kmvmqvpekvttqvyrfrckdnsyiqlqsewrafknpwtseidyiiakns    410 

                     :.|:|..||:||..|:|:.||.|:|.|:|.|.:|.||||.|::||::.|: 

mBMAL1           390 rqvlqtrekittncykfkikdgsfitlrsrwfsfmnpwtkeveyivstnt    439 

 

dCYC             411 vfl    413 

                     |.| 

mBMAL1           440 vvl    443 

 

Fig. 2-Alignment of dCYC and mBMAL1 PAS B using EMBOSS Water. Key mCLK 

interacting residues mentioned in the text highlighted in blue. Key pocket residues 

mentioned highlighted in red. 

 

 

 In addition to these differences in sequence, there are several sidechains that 

appear to be in different conformations in this dCYC structure compared to the 

published mBMAL1 structure, potentially showing how the sidechains move to 

stabilize interactions with CLK compared to when CYC/BMAL1 is alone. One of 

these residues is F423 of BMAL1, which appears to reach out into the groove in 

mCLK in the dimer structure, but in dCYC is instead at a 90 degree angle. Some other 

residues that may change conformation to interact with CLK include K398 and D432 

(both are glutamic acid residues in CYC) (Fig. 2 and 3). 
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Fig. 3-Alignment of CYC with BMAL1 showing residues that may interact with clock 

and possible changes. (a) Shows CYC in Yellow, BMAL1 in Cyan. (b) Shows 

mCLOCK in green and BMAL1 residues in cyan for orientation with residues that are 

altered in dCLK in black. 

 

 

Some of these changes in conformation and sequence may manifest in a slight 

difference in the charged surface calculated for these structures. The mCLK 

interacting face of BMAL1 appears to have a larger positive surface area compared to 

that of dCYC. In addition, there is a small “pocket” of neutral/negative surface on this 

face that is not present in the dCYC structure. This could be a significant difference 

given that the face of mCLK that binds BMAL1 is highly negative (Fig. 4). 
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Fig. 4-Electrostatic potentials of dCYC, mBMAL1, and mCLK PAS B domains. 

dCYC and mBMAL1 show the side interacting w/mCLK. mCLK shows the side 

interacting w/ mBMAL1.  The colors are ramped from red negative potential (-5kT/e) 

to blue positive potential (5kT/e). 

 

 

Mutations in dCLK vs. mCLK 

 

dCLK has several key interacting residues mutated from the homologous 

amino acids in the mCLK BMAL1 structure that may contribute to changes in 

dCLK/CYC interaction compared to mCLK/mBMAL1 in addition to structural 

differences explained above. The “groove” in mCLK which seems to be key for 

interaction with BMAL1 is the site of three differences between the mCLK and dCLK 

amino acid sequences. In mCLK two residues next to the key loop W427 on mBMAL, 

M329 and L282, have been mutated to an arginine and leucine respectively in dCLK. 

These changes potentially make the insertion of a tryptophan residue as in the 

mBMAL1/mCLK less favorable when looking at dCYC/dCLK. The change of V315 

to a phenylalanine in dCLK has the potential to introduce some pi stacking 

interactions with the phenylalanine residues on dCYC. A small change of A322 in 
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mCLK to a valine in dCLK is unlikely to be the cause of any significant structural 

differences (Fig. 3 & 5).  

 

dCLK             253 msiidptsneftskhsmewkflfldhrappiigympfevlgtsgydyyhf    302 

                     |..::..:.||||:||:|||||||||||||||||:||||||||||||||. 

mCLK             266 mctveepneeftsrhslewkflfldhrappiigylpfevlgtsgydyyhv    315 

 

dCLK             303 ddldsivacheelrqtgegkscyyrfltkgqqwiwlqtdyyvsyhqfnsk    352 

                     |||:::..|||.|.|.|:||||||||||||||||||||.||::|||:||: 

mCLK             316 ddlenlakchehlmqygkgkscyyrfltkgqqwiwlqthyyityhqwnsr    365 

 

dCLK             353 pdyvvcthkvvsyaev    368 

                     |:::||||.||||||| 

mCLK             366 pefivcthtvvsyaev    385 

 

Fig.5-Alignment of dCLK with mCLK PAS B using EMBOSS Water. Differences 

mentioned in the text highlighted in blue. 

 

Cycle W398 Mediates Dimerization with Period 

The W398 residue in Cycle (W427 in BMAL1) is conserved throughout many PAS 

domains involved in the circadian clock, and it is important for protein-protein 

interactions in many cases8,9. In BMAL1, W427 slots into a groove in mCLK to 

mediate their interaction, and mutation of this residue has been shown to affect 

recruitment of mCLK and to change the output of the clock8. In an effort to determine 

the importance of this residue in dCYC, W398 was mutated to an alanine residue and 

crystallized. This mutant showed no significant structural differences from the WT 

(Fig. 10), suggesting that any differences in W398A behavior would be solely due to 

the importance of the residue, and not because of any structural destabilization. 
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Fig. 6-Pulldown of WT CYC PAS B and W398A mutant by GST-PER (PAS AB) 

 

In order to test the behavior of the WT and W398A proteins, pull-downs were 

performed with GST-dPeriod (PAS-AB). In this assay, binding of Cycle PASB was 

observed with dPER to a greater extent with the WT than with W398A, suggesting 

that this residue not only plays a role in binding to dCLK, but also may play a role in 

dCLK/CYC binding to PER/TIM.  
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Fig.7-Analytical SEC Chromatography of WT Cycle PAS B (blue) and W398A 

(Orange) nickel column elutions. 

 

W398A Mutant Changes Homodimer Conformation 

During purification, the W398A mutant eluted earlier than the WT on size 

exclusion chromatography (Fig. 7), suggesting a different conformation or larger 

oligomeric state of the mutant compared to the WT. In order to elucidate the cause of 

this shift, pulsed dipolar electron spin resonance (ESR) spectroscopy (PDS) was 

performed after labeling the proteins using a native cysteine residue C379 (there is 

only one cysteine in Cycle PAS B) and MTSL nitroxide spin label. By using double 

electron-electron resonance (DEER), distances between labels can be obtained by 

observing the strength of the dipolar coupling between the unpaired spins. Both WT 

and W398A showed a dipolar coupling signal, suggesting that both proteins were 

dimerizing to some extent. However, the distances measured differed between the two, 

indicating a change in the mode of dimerization. 
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Fig.8 Distance distribution in Cycle PAS B dimer. (a)Arrangement of Cycle PAS B in 

the crystal. (b) Distance distributions calculated from PDS of MTSL-labeled Cycle 

PAS B. WT in Blue, W398A in Purple. Curves normalized for comparison. (c), (d) 

Orientation of Cycle Pas B if aligned with the PAS B domains of mCLK/mBMAL1 as 

in PDB 4F3L (c) or Hif-2α/ARNT as in 3F1N and the calculated distance between 

C379 residues. 

 

 

The WT distance distribution is centered at around 4.5nm, while W398A had a 

peak distance of ~2.7nm. Neither distance matched the ~3.6nm distance seen in crystal 

packing, so alternate conformations were sought that could explain the distances 

measured. By modeling our structure of Cycle Pas-B using other solved PAS dimers 

as a guide, we found that the W398A distance matches well with a dimerization motif 
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similar to the PAS-B domains of mCLK/BMAL1 (“face-to back”)(PDB 4F3L)8 

whereas the WT distance matches well with a dimerization similar to that similar to 

the Hif2α-ARNT heterodimer (inverted back to back) (PDB 3F1N)10. Overall these 

results suggest that as well as mediating CLK/CYC interactions and possible 

CYC/PER interactions, the conserved tryptophan residue corresponding to W398 on 

CYC can also mediate homodimerization (Fig. 8).  
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Table 1. Data collection and refinement statistics for crystal structures described in 

this study. 
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dCYC PAS B Has an Internal Pocket That Can Be Occupied by Ethylene Glycol or 

Glycerol 

Upon investigation of the electron density of dCYC, it was discovered that 

there was significant unassigned density in the internal pocket of the PAS-B domain of 

both WT and W398A proteins. This density was assigned as ethylene glycol, which 

was used as the cryoprotectant for both proteins (Fig. 9a). This assignment was further 

supported by a significant growth in this electron density when glycerol instead was 

used as a cryoprotectant for W398A crystals-suggesting that glycerol was taking the 

place of the ethylene glycol in the pocket (Fig. 9b). Crystallization of a protein without 

anything in the pocket was complicated by the fact that Cycle PasB was unstable 

without the presence of glycerol. However, by using glucose as a cryoprotectant and 

letting the crystals soak for ~15 minutes before exposure to x-rays, a structure was 

solved with much smaller density in the pocket, which could be assigned to water 

(Fig. 9c). This finding confirms our assignment of the density as ethylene glycol when 

EG is used as a cryoprotectant and glycerol when glycerol is used as a cryoprotectant. 
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Fig. 9-Electron density of the pocket without (1) and with (2) ligand modeled for 

structures of Cycle PAS B binding ethylene glycol (a), glycerol (b), and water (c).  
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Fig. 10 Alignment of four Cycle PAS B structures: WT w/ Ethylene Glycol in Green, 

W398A with EG in Magenta, W398A w/ Glycerol in Yellow, W398A w/ Water in 

Cyan. 

 

 

Although the difference in density in the pocket of Cycle PAS B is clearly 

visible in the different structures, no other significant changes were found (Fig. 10). 

The pocket that glycerol/EG binds in can generally be described as having a 

hydrophobic side (Fig. 11b), consisting of residues F348, F344, F311, and F321, and a 

hydrophilic side, (Fig. 11a), consisting of residues Y375, S389, S313, H315, and 

N409. The EG molecule seems to have the –OH groups pointed towards the 

hydrophilic side, while the carbon backbone is more situated near the hydrophobic 

side. In glycerol, the additional carbon and –OH groups are pointed towards S313. In 

addition, intermediate residues A407 and W391 are located off to the side of the 

ligands (Fig. 11a). 
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Fig. 11-Overlay of residues surrounding Ethylene Glycol (Magenta) and Glycerol 

(Grey) in Cycle PAS B (Yellow) and alignment with BMAL1. (a) Shows one side 

with more hydrophilic residues and (b) shows the opposite orientation with more 

hydrophobic residues.  

 

Discussion of Pocket and Ligand Binding 

In an attempt to determine if any other molecules could bind in the pocket, 

perhaps suggesting a physiological role for binding, thermal melt experiments were 

carried out with a variety of common metabolites and ligands that are found in vivo, 

using Sypro orange as a reporter fluorophore and Biolog metabolite plates to screen a 

total of 495 small molecules. None of these provided significant stabilization of cycle 

melting temperature, though both glycerol and ethylene glycol did (data not shown). 

Of note is the fact that high concentrations of glycerol and ethylene glycol were 

needed to see this stabilization, perhaps suggesting that the stabilization seen is from 

global solvation effects and not binding in the pocket-and that binding of a ligand in 

the pocket of Cycle PAS B does not provide sufficient stabilization effects to register 
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using this assay. In addition, crystals were soaked with a variety of small molecules, 

including ribose, arabinose, pyruvate, and Zn(SO4)2, with no change in electron 

density in the crystal structures.  

PAS domains can bind cofactors either covalently or non-covalently, and the 

function of the cofactor can vary depending on the signal that the protein needs to 

carry. Some PAS domains use their cofactor directly detect a signal; for example, 

oxygen sensing PAS domains which bind heme or light sensing domains which bind 

flavin. Other PAS domains receive a signal in the form of ligand binding, which then 

is used to change its  function, such as the CitA citrate sensor binding citrate, DcuS 

binding malate, or DctB binding succinate 5. A study of PAS domain ligand binding 

found that most are bound in the same place in the protein, a conserved cleft formed 

by a beta sheet and two alpha helices 11. This is where glycerol/EG is found in our 

structure.  

Although the heterodimer of mCLK/BMAL1 also contained glycerol in the 

buffer, and BMAL1 has an almost entirely conserved pocket to CYC, no density was 

observed in the pocket of BMAL1. It could be that the divergent residues, F311, F344, 

and A407 in CYC (Y340, C373, and S436 in BMAL1) cause a change in glycerol 

binding, or that binding to CLK in the dimer structure prevents glycerol from binding 

in the pocket. However, the authors describe cryoprotecting the protein by stepwise 

transfer in solutions of PEG 3350 and xylitol, which likely reduced the concentration 

of glycerol in solution enough to remove the ligand from the crystal. 

Of note is the fact that the PAS-B of the Hif-2α protein (33% identical to CYC 

pas B) has also been found to bind ethylene glycol molecules10, although glycerol 
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binding has not been identified, even in a Hif-1α structure (35% identical) with 2% 

glycerol in the buffer12. In addition, the heterodimer of Hif-2α in this structure, ARNT, 

is even more homologous to CYC than Hif-2α (38% identical), but shows no binding 

to ethylene glycol. However, there are several key residues surrounding the pocket 

that are not conserved in these proteins, including a tryptophan residue (W391 in 

CYC) positioned next to the proposed Ethylene glycol/glycerol binding site. The 

absence of this residue in Hif-2α makes the pocket much larger, allowing for the 

binding of two ethylene glycol molecules, and this pocket has been shown to bind a 

variety of small molecules found in screens10,13. Of the pocket residues which are 

divergent between BMAL1 and CYC, Hif2α is also divergent in CYC residues F344 

and A407 (tyrosine and cysteine in Hif2α). 

One other PAS domain in the PDB has been deposited with a glycerol ligand 

bound, the methyl-accepting chemotaxis protein from Vibrio parahaemolyticus (PDB 

ID 2QHK). However, the electron density surrounding the glycerol molecule has 

significant unassigned density casting doubt on the validity of the assignment (Fig. 

12). In addition, the methyl-accepting chemotaxis protein contains no significant 

structural or sequence similarity to CYC, so any binding of glycerol seen is likely to 

be of a different mode. No paper has been published linked to this structure, so it is not 

known if any further experiments have been done to confirm this assignment. 
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Fig. 12: Structural model and electron density from pocket and glycerol assignment in 

methyl-accepting chemotaxis protein from Vibrio parahaemolyticus (PDB ID 2QHK). 

2mFo-DFc density shown in gray mesh. mFo-DFc density shown in red mesh. 

Electron-density map generated by the Uppsala Electron Density Server. 

 

It seems very unlikely that EG is the physiological ligand of dCYC in the cell, 

since it has no known metabolic role. However, the presence of glycerol in the pocket 

of Cycle PAS-B opens up some intriguing possibilities. Interestingly, BMAL1 has 

been found to play a role in glycerol metabolism and brown adipose tissue 

formation14,15. During periods of energy shortage, the breakdown of lipids from 

adipose tissue to free fatty acids (FFAs) and glycerol (lipolysis) becomes an energy 

source for the cell. This process has been found to be mediated by CLK and BMAL1 

in mice, with the timing of glycerol levels severely altered by BMAL1 mutations. This 

is thought to be the cause of reduced circadian production of adipose triglyceride 

lipase and hormone-sensitive lipase. However, with the possible discovery of glycerol 

binding by CYC, the intriguing possibility of feedback from cell glycerol/FFA levels 

directly to the circadian clock transcription factors CLK and BMAL1 is raised. 
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Fig. 13: Iso-thermal-calorimetry data for WT Cycle PAS B and the addition of 

glycerol, with data shown in blue and model fitted shown in red.  

 

 

 Isothermal titration calorimetry (ITC) was used to calculate the binding 

constant of glycerol with WT Cycle PAS B, and a Kd was found to be ~17µM (Fig. 

13). Levels of glycerol in mouse serum have been found to be as high as 7mM15, with 

similar levels found in fly larvae16, meaning that binding of glycerol might not have to 

be extremely tight or specific in order to provide some feedback. This possibility is 

further supported by the fact that feeding levels of flies has been shown to alter 

circadian activity16. 

 

Conclusion 

Transcription factors Cycle and Clock are important regulators of the circadian 

clock in Drosophila melanogaster. Our crystal structure of the PAS B domain of 
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Cycle shows several differences between Cycle and the mammalian homolog 

mBMAL1 that could be relevant in further assays see a difference in behavior between 

the two. In addition, SEC chromatography, PDS measurements, and pulldowns by 

dPER all show a difference between WT and W398A Cycle PAS B, further 

emphasizing the importance of a conserved tryptophan on the circadian clock by 

showing that this residue also mediated Cycle homodimerization and binding to dPER 

in addition to regulating binding with CLK.  

 Our structure showed a binding of glycerol into the pocket of Cycle PAS B. 

This is the first evidence of ligand binding by CYC, and glycerol is a novel ligand for 

PAS domain binding. Physiological relevance of this binding remains to be 

investigated, perhaps by finding a mutant of CYC which does not bind glycerol and 

testing its activity in vivo. 

 

Methods 

Growth and Purification-CYC PAS B cDNA was cloned from a plasmid 

ordered from the Drosophila Genomics Resource Center. It was cloned into pET28 

using the sites NdeI and XhoI. This plasmid was expressed in BL-21(DE3) cells. The 

cells were grown till density at A600~.8, induced with .4mM IPTG, and grown 

overnight at room temperature (~25 degrees). Cells were harvested and frozen at -80 

degrees C. 

For purification, cells were lysed by sonication in lysis buffer containing 

150mM NaCl, 50mM Tris pH 8, and 5mM imidazole. Insoluble cell debris was 

removed by centrifugation at 48,384g for 35min. The clarified cell lysate was applied 
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to  Nickel NTA Agarose Beads (Gold Biotechnology) equilibrated with lysis buffer 

and the protein was eluted with elution buffer 150mM NaCl, 50mM Tris pH8, 200mM 

Imidazole, and 40% glycerol. Protein was further purified using a Superdex75 gel 

filtration column with gel filtration buffer (GFB) 10% glycerol, 150mM NaCl, 50mM 

Tris pH8, 5mM DTT. Purified protein was flash frozen in liquid nitrogen and stored at 

-80 degrees C. 

GST-PER (PAS AB) was expressed as previously described9. Protein was 

purified in the same method as CYC PAS B above, except a Superdex300 gel filtration 

column was used. 

Crystallization and Data Collection- Cycle crystals were grown at room 

temperature in hanging drop vapor diffusion crystal trays (Hampton). The reservoir 

solution consisted of 75mM Tris pH 7, 100mM (NH4)2SO4 and was mixed with the 

protein at ~2mg/mL in a 1:1 ratio. Crystals of W398A formed more reliably and larger 

than those of WT. Crystals formed overnight and reached a size of ~5um. For the WT 

structure, 40% ethylene glycol was used as a cryoprotectant. For W398A, either 40% 

ethylene glycol, 40% glycerol, or 500mM glucose was used as a cryoprotectant.  

Data was collected at Cornell High Energy Synchrotron Source (CHESS) at 

Cornell University in Ithaca, NY. The diffraction images were indexed, merged, and 

scaled using HKL2000, and refined using a mixture of automated refinement from 

phenix.refine and manual refinement using Coot. 

Site-directed Mutagenesis-Site directed mutations were performed as 

previously described17 and confirmed by DNA sequencing. 
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Spin labeling and DEER measurements-Protein samples were labeled using 

MTSL by incubating on column overnight at 4 degrees before elution. Samples were 

concentrated and put in 35% glycerol before data collection. PDS was used to 

determine the distance between dimers as previously described. Protein concentrations 

of ~100 µM dimer were prepared and the dipolar evolution at 17.35 Ghz was 

measured on a home-built 2D Fourier-transform-ESR instrument using four-pulse 

double-electron electron resonance with a 16-ns pump pulse17. 

Pulldowns By GST-PER PAS AB-500 µL of GST-PER PAS AB was incubated 

with 5µL of Glutathione Sepharose 4 Fast Flow resin (GE Healthcare) for 20 minutes 

before washing 3x with 500µL of GFB by spinning on a tabletop centrifuge (VWR) 

before removing excess liquid. 200uL of .25mg/mL Cycle PAS B was then added and 

incubated for 20min before washing 4x with 500µL of GFB. 10µL of SDS sample 

buffer was added and bands were visualized by SDS-PAGE and coomassie staining. 

Iso-thermal Calorimetry- Nano-ITC LV (TA instruments) was used to run 

samples of 200µL of 300µM Cycle PAS B in 1M Sucrose, 50mM HEPES pH 8.0, 

150mM NaCl. Heats of injection of 2.5µL 1mM Glycerol in the same buffer were 

recorded and the data was fit by the software provided with the instrument using an 

independent model and a constant blank. A control experiment of injecting 1mM 

glycerol into buffer was used as a blank. 

Size-exclusion chromatography-Data shown is from running purified Cycle 

PAS B (WT and W398A) in column Superdex 200 10/300 GL using GFB in an 

AKTA prime. 



 

57 

Structure modeling-Structure figures for this paper were made using Pymol. 

Electrostatic potential images were made using the APBS plugin in Pymol. Electron 

density images were made using COOT. 
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CHAPTER 3 

MUTATIONAL STUDIES OF DROSOPHILA MELANOGASTER 

CRYPTOCHROME MUTANTS SHOW ROLE FOR HISTIDINE RESIDUE AND 

EMPASIZE IMPORTANCE OF TRYPTOPHANS FOR ELECTRON TRANSPORT 

 

Introduction 

 Cryptochromes are proteins closely related to photolyase (PL) DNA repair 

enzymes, and are involved in the circadian clock of both mammals and insects1–3.  

Photolyase binds a FAD that carries out DNA repair by donating an electron through 

cyclic electron transfer and breaking a DNA linkage. CRYs contain a domain very 

similar to PLs, termed the photolyase homology domain (PHD), and also bind FAD, 

but they also carry an additional variable length extension on the c-terminus called the 

c-terminal tail/extension (CTT or CTE). The CTT forms a helix that binds in the active 

center groove alongside the flavin, analogous to where substrate DNA lesions bind in 

PLs1–3 (Fig. 1).  

 CRY/PL type proteins are usually into classes, depending on their function and 

presence of a CTE. These classes include 6-4 PLs, cyclobutane pyrimidine dimer 

(CPD) PLs, CRY-DASH proteins, which have a CTE but also some DNA repair 

activity, and CRYs. Cryptochromes can further be divided into type I CRYs, such as 

Drosophila CRY and Arabidopsis thaliana CRYs (AtCRYs) which have some light-

sensing activity, and mammalian, or type II CRYs, which do not1–3. 

 In the fruit fly Drosophila melanogaster, Drosophila CRY (dCRY) functions 

as the primary light sensing protein involved in entrainment of the circadian cock. In 
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Drosophila, the translation of genes encoding proteins Timeless (TIM) and Period 

(PER) are upregulated by the transcription factors Clock (CLK) and Cycle (CYC). 

After translation, TIM and PER dimerize, enter the nucleus, and inhibit CLK/CYC, 

thus downregulating transcription tim and per. This transcription-translation feedback 

loop (TTFL) occurs on a ~24 hour cycle, and composes the core clock4–6. dCRY 

entrains the clock to the day/night cycle by binding to TIM in a light-dependent 

manner and targeting it for degradation through recruitment of the E3 ubiquitin ligase 

JET7–11, while dCRY itself is degraded by the ubiquitin ligase BRWD312. The light 

signal is sent by dCRY through a reduction in the redox state of its FAD cofactor 

accompanied by conformational changes in its CTE. Changes in this CTE are needed 

for light-dependent interactions with TIM and JET11,13–15.  

 

Fig. 1: Structural similarities between cryptochrome and photolyase. DmCry (right) 

and Dm(6-4) photolyase (left) have similar 3-D structure and the C-terminal tail in 

CRY occupies the same groove as the DNA in photolyase. FAD is yellow, DNA is 

Orange, CTT of dCRY is Light Blue. 
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Fig. 2 Redox states of FAD and their absorption spectra. FAD (Left), its redox states 

(top right) and the absorption spectrum of the redox states (bottom). (Current opinion 

in plant biology, 2010. 13(5): 578-586) 

 

 The mechanism of light sensing in dCRY is in poorly understood. Although 

PLs contain an antenna pterin cofactor (usually methenyl-tetrahydrofolate (MTHF)) 

that appears to help absorb light, it is not thought that CRYs bind an antenna cofactor, 

as the binding pocket is not fully conserved and no structures have included any 

cofactors there13,16. It has been shown that upon light exposure, the FAD cofactor of 

dCRY is reduced from the fully oxidized state (FADOX) to the anionic semiquinone 

state (FAD*-/ASQ)1,3,13(Fig. 2). By studying the UV-visible spectrum of purified 

dCRY, the redox state of the FAD cofactor can be followed, with reduction to the 
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ASQ state correlating with an increase in absorbance at 365nm and 403nm, with a 

decrease in absorbance at 450nm. 

 

Fig. 3: Schematic of important residues discussed in this paper. Tryptophan “triad” in 

cyan. CRY CTT and FFW motif in light blue. FAD in yellow. C416 and H378 in 

magenta.  

 

The source of the electron needed for this reduction has long been thought to 

be from a series of three tryptophans, called the TRP triad, which would serve as a 

pathway for tunneling/hopping transport of electrons from an external reductant to the 

FAD cofactor. This pathway was proposed for CRY because a similar mechanism had 

been shown to reduce FAD using homologous residues in PL1,3,17,18, and has largely 

been supported by mutational studies19,20. However, some mutations to the TRP triad 

which seem to have blocked FAD reduction in vitro, still had light sensing activity in 

vivo, casting doubt on to the validity of this mechanism in the environment of the 

cell11,21–24 Recently, a fourth member of the tryptophan triad was proposed as being 
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important and conserved in animal cryptochromes and photolyases-making a TRP 

tetrad25(Fig.3). 

In addition to the source of electrons for FAD reduction, there has been 

question as to whether reduction of the FAD cofactor to the ASQ is sufficient to 

induce conformational change of dCRY, or if additional excitation is needed. One 

model  proposes that dCRY contains oxidized FAD in the ground state (as purified) 

and light induced photoreduction to the anionic semiquinone is sufficient to send 

conformational signals and engage targets18,26. In the second model, dCRY contains 

ASQ in the ground state in vivo, and light drives conversion to a short-lived excited 

state or a further reduced state, which leads to conformational changes11,27,28. Lastly, 

the mechanism by which reduction/excitation of the FAD cofactor leads to 

conformational change is unclear.  

In an effort to investigate these questions we have undertaken a variety of 

biochemical studies designed to study the source of electrons needed for FAD 

reduction in dCRY, how this reduction could cause conformational change, and 

whether FAD reduction is sufficient to introduce this change and cause binding of 

dCRY’s partners. 

 

Results 

In order to assess a wide variety of mutations, it was desirable to express CRY 

in E. coli cells instead of insect cells, as the protein had previously been expressed. In 

order to do this, CRY was cloned into pET-28 and expressed in C41 cells 

supplemented with FAD. WT CRY purified from E. coli had very similar UV-visible 
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spectra and reduction/reoxidation kinetics as those of the protein purified from insect 

cells. From this we concluded that expression in E. coli did not cause any major 

structural changes to CRY and is a valid expression system for this protein (Fig. 4). 

 

Mutations in the TRP Triad of dCRY 

 In order to determine the importance of TRP triad residues to the 

photoreduction of CRY’s FAD cofactor, mutations were made to these residues and 

the spectra were recorded both before and after exposure to laser light of wavelength 

440nm for 15min. All mutants studied experienced any reduction within the first 5 

min., then laser light was kept on the sample for an additional 10min. to ensure that 

the spectra reached equilibrium.  

 
Fig. 4: UV-Vis Spectra of dCRY purified from E. Coli in the dark (blue) or after 

20min of laser light (orange) compared with dCRY purified from S2 insect cells in the 

dark (gray) or light (yellow). The dip in absorbance at ~440nm in light spectra is from 

the laser overexposing the spectrometer. 
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Overall, we found that mutating any residues in the TRP triad/tetrad had an 

inhibitory effect on the ability of dCRY to reduce FAD, though the severity of that 

inhibition varied. All mutants studied appeared to retain at least a small ability to 

reduce FAD. The results are tabulated in Table 1, with full spectra shown in Appendix 

1.  

 

Reduction 

t(1/2) (sec) 

Recovery 

t(1/2) (sec) Δ450nm Δ365nm Δ403nm 

WT 42 400 8.3E-02 -8.0E-02 -7.0E-02 

W420L 80 150 2.6E-02 -6.1E-02 -2.5E-02 

W420F 130 360 2.8E-02 -1.5E-02 -9.7E-03 

W420Y 110 820 4.7E-02 -4.4E-02 -3.3E-02 

W342L 200 250 2.6E-02 -1.5E-02 -7.0E-03 

W342Y 400 220 3.7E-02 -2.5E-02 -1.9E-02 

W342F   1.0E-02 -9.2E-04 -3.8E-03 

W397F 150   5.3E-02 -6.0E-02 -4.1E-02 

W397Y 90   2.2E-02 -3.4E-02 -4.0E-02 

Table 1: Reduction capability of dCRY TRP triad mutants compared to WT. 

Magnitude of FAD reduction at equilibrium is shown by change in peaks of 450nm, 

365nm, and 403 nm of normalized spectra. Kinetics of these changes are represented 

by t(1/2) of the reduction with light and recovery in the dark. 

 

  

There are a wide range of reduction capabilities shown, from W342F, which 

had such a small reduction that kinetics could not be calculated, to W397F, which had 

a fairly robust reduction of ~65% compared to the WT change of the 450nm peak 

upon light exposure. In general, the kinetics results seem to correlate well with the 
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extent of reduction. For example, W342L had a very low magnitude of reduction at 

equilibrium compared to wild type, which is caused by the fact that it has both much 

slower reduction kinetics and faster recovery kinetics. However, W420Y, although it 

had slower reduction kinetics than WT, also had slower recovery kinetics, which 

resulted in a fairly substantial equilibrium reduction of ~57% yield compared to WT. 

 

Mutations of a Potential Fourth TRP Essential for FAD Reduction 

A fourth tryptophan, W394, has been proposed as essential for FAD reduction 

in cryptochromes. Mutation of this residue caused a drastic decrease in the ability of 

dCRY to reduce FAD. W394Y did not express with a sufficient yield to enable 

successful purification, so only W394F and W394L were compared. Both W394F and 

W394L showed only a very small ability to reduce FAD (Fig. 5). Of note is the fact 

that the dark state spectrum of W394L had a much larger peak at ~425nm compared to 

WT, such that it was around the same absorbance as the peak at 450nm. This was 

attributed to contamination of the sample, since the residue mutated is sufficiently far 

away from the ligand binding pocket that altering binding in such a way seems 

unlikely.  
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Reduction 

t(1/2) (sec) 

Recovery 

t(1/2) (sec) Δ450nm Δ365nm Δ403nm 

WT 42 400 8.3E-02 -8.0E-02 -7.0E-02 

W394L 300   2.3E-02 -9.1E-03 -1.9E-03 

W394F 500 560 2.5E-02 -1.4E-02 -1.4E-02 

Fig. 5: (A) Spectra of WT and W394 mutants both before (D) and after (L) 20min of 

light exposure. (B) Reduction capability of dCRY W394 mutants compared to WT. 

 

Mutation of Cysteine Opposite FAD Affects Active Redox State 

One residue that has been shown to be important in cryptochromes is the 

amino acid located directly across from N5 of the FAD isoalloxazine ring. This 

nitrogen is thought to hold negative charge when FAD is reduced, and thus it is a 

prime location for reactions to occur. In some light sensing proteins such as Vivid in 

Neurospora, this takes the form of a covalent bond being formed to an adjacent 
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cysteine. In plant cryptochromes such as AtCRY1, this position is taken by an aspartic 

acid, D396, and it is thought that when FAD is reduced in AtCRY1 N5 deprotonates 

D396 and takes up a proton, which is why the FAD of AtCRY1 is reduced to NSQ 

instead of ASQ as in dCRY. In dCRY this position is taken by Cysteine 416. In order 

to study the importance of this residue, we have mutated it to alanine, serine, and 

asparagine and investigated the results.  

 

 

Reduction 

t(1/2) (sec) 

Recovery 

t(1/2) (sec) Δ450nm Δ365nm Δ403nm 

WT 42 400 8.3E-02 -8.0E-02 -7.0E-02 

C416S 6 440 7.8E-02 -5.8E-02 -6.5E-02 

C416A 22 320 6.4E-02 -2.2E-02 -2.1E-02 

C416N 72 300 9.8E-02 2.2E-02 1.3E-02 

Fig. 6: (A) UV-Vis Spectra of WT and C416N mutants in the dark and after light 

exposure. (B) Reduction capability of C416 mutants compared to WT. 
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 All C416 mutations appeared to retain almost full ability to reduce FAD. 

Alanine and serine mutations reduced more quickly than WT, though they had similar 

recovery times. However, with C416N, the formation of some neutral semiquinone 

was seen (Fig. 6). This finding was recently shown in another study as well29.  

Role of Histidine Protonation in CRY Conformational Change 

Although the effect of light on conformational changes and the path of 

electrons in reducing CRY’s FAD has been studied to some extent, the mechanistic 

cause of these conformational changes is unclear. Since movement of the CTT of 

CRY has been shown to be linked with reduction of FAD and binding of TIM, this 

movement was chosen as our target for computational studies in an effort to determine 

how reduction of FAD induces a conformational change. The CTT contains a 

conserved FFW motif that is separated from the FAD by a conserved histidine-

H37816,23,30. In 6-4 PLs, the analogous His has been shown to protonate in response to 

changes in FAD redox state31,32. To test the importance of H378 protonation on CTT 

movement, we performed molecular dynamics simulations and principal component 

analysis.  

The results of the MD simulations showed that protonation of H378 in 

correlation with reduction of FAD to ASQ flavin caused the residue to leave the flavin 

pocket and drift towards the FFW motif (data not shown-personal correspondance 

Ganguly, A.). PCA of the FFW motif revealed the motions of the CTT as a result of 

this protonation and movement. When H378 was not protonated, no significant CTT 

movement was seen. However, upon single H378 protonation CTT movement was 

seen with an ASQ flavin, and with a doubly protonated H378, CTT movement was 
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seen both with an ASQ flavin and with an oxidized flavin (data not shown-personal 

correspondance Ganguly, A.).  From this, it was concluded that protonation of H378 

may be associated with movement of the CTT. However, experimental studies were 

needed to determine the exact role of protonation in CTT movement. 

In order to determine the role of protonation in the movement of the CTT, 

reduction kinetics of CRY were determined using buffers of varying pH, from 7 to 9.  

It was found that WT CRY in buffer pH 7 reduced much more quickly than WT CRY 

at pH 9, with pH 7 CRY reducing in about 100s, while CRY at pH 9 took about 300 

sec. CRY at pH 7.5, 8, and 8.5 had intermediate times associated with their respective 

pHs.  This difference suggests that there is indeed a protonation event involved in the 

stable reduction of CRY’s FAD cofactor at equilibrium (Fig. 8A). 

In order to confirm it is the H378 is the residue that is undergoing protonation, 

we created an H378N mutant and investigated the results of this mutation. The spectra 

of H378N reduced fairly similarly to WT, with slightly quicker reduction kinetics 

(Fig. 7A,C). Partial trypsin digest, used to probe light dependent conformational 

changes, showed no large differences between WT and H378N, showing that making 

this mutation alone does not render the protein irresponsive to light (Fig. 7B). 
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Reduction 

t(1/2) (sec) 

Recovery 

t(1/2) (sec) Δ450nm Δ365nm Δ403nm 

WT 42 400 8.3E-02 -8.0E-02 -7.0E-02 

H378N 22 300 6.5E-02 -7.7E-02 -5.8E-02 

 

Fig. 7: (A) Spectra of WT and H378N mutant CRY in the dark and after light 

exposure. (B)SDS-PAGE gel showing bands for dCRY and H378N in the dark and 

after light exposure both with and without partial trypsin digest. (C) Reduction 

capability of H378N mutant CRY compared to WT. 
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Fig. 8: Reduction of WT dCRY (A) and H378N mutant (B) during exposure to light vs 

pH. Absorbance at 365nm plotted vs time of light exposure with maximum normalized 

to 1 and minimum to 0. 
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pH dependence of H378N mutant dCRY was tested as well. Asparagine should 

have a much different pKa than histidine, and thus experience a different pH effect 

than WT CRY. Indeed, with H378N CRY we saw little to no pH dependence in the 

rate of FAD reduction (Fig. 8B). However, H378N CRY under all conditions reduced 

at a similar rate to WT CRY at pH 7, the pH with the fastest rate recorded in this 

study.  

 If protonation of H378 is needed to stabilize ASQ and produce conformational 

change in dCRY, we would expect that mutating this reside would slow down 

reduction kinetics or inhibit conformational change. The fact that we see a pH 

dependence on reduction kinetics with WT but not with H378N tells us that H378 is 

indeed protonated upon FAD reduction in dCRY, but the fact that dCRY continues to 

retain reduction and conformational change activity perhaps shows that other 

pathways for ASQ stabilization and conformational change are allowed.  

 

Light Dependent Binding to TIM Peptide 

In order to test that a conformational change is directly linked to the redox 

state of FAD, we attempted to show that reduction of CRY leads to binding of its 

partner TIM. TIM is a very large (1398a.a.) unstructured protein that has not been 

successfully purified in any form. However, upon investigating the sequence of TIM, 

it was discovered that it contains a FFW motif, similar to the FFW motif on the CTT 

of CRY that binds next to the FAD cofactor (Fig. 9A). Since it is known that FAD 

reduction results in a conformational change in the CTT, it was hypothesized that the 

FFW motif on TIM could take the place of the CTT upon light exposure.  
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Fig. 9: Interaction of dCRY with the TIM-CTL. (A) dCRY CTT motif is conserved by 

TIM. (B) dCRY (W536F) was pulled down by a biotin-tagged peptide containing the 

TIM-CTL via streptavidin-conjugated agarose beads much more in the L than in the D 

and when dCRY is reduced. CE, dCRY treated with Cr:EDTA for 15 min; CE+, 

treatment for 2 h; R w/, dCRY 2 h recovery after light exposure with peptide; R w/o, 

dCRY 2 h recovery after light exposure without peptide; AAA, TIM-CTL with FFW 

mutated to AAA and incubated in either the D or the L. Quantification of dCRY band 

intensities from four independent experiments is shown. (C) ASQ recovery kinetics 

are slowed down by increasing concentrations of TIM-CTL but not by the AAA 

peptide. (D) Effect of TIM-CTL in dCRY-mediated TIM degradation. (Upper) 

Western blot analysis of TIM and dCRY expressed with JET in S2 cells under light or 

dark conditions. T10 represents TIM with the 10-residue CTL changed to poly-Ala; 

T10 and TIM both show dCRY-mediated degradation in the light. (Middle and Lower) 

Quantification of relative protein levels is shown below. 

 

To test this hypothesis, a short peptide consisting of 23 residues surrounding 

the FFW motif on TIM with a biotin label called the TIM-c-terminal tail-like (TIM-
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CTL) was used to pull down dCRY using streptavidin linked beads both with and 

without exposure to light. The result of this was that CRY is indeed pulled down by 

this peptide only in the presence of light. In addition, letting dCRY recover from light 

exposure before adding the peptide showed no binding, meaning that the 

conformational change induced by light exposure is reversible (Fig. 9B).  

Letting dCRY recover in the presence TIM-CTL showed that some dCRY was 

still bound, suggesting that dCRY FAD recovery and/or conformational change 

recovery is slowed by the presence of TIM-CTL (Fig. 9B). This was confirmed by 

following recovery of ASQ CRY kinetically using UV-Vis spectroscopy. In the 

presence of TIM-CTL, both at 2X and 5X the concentration of dCRY, ASQ recovery 

was slowed significantly (Fig. 9C). This could be because TIM-CTL blocks access to 

the FAD cofactor, so it cannot by oxidized by oxygen, or because TIM-CTL locks 

dCRY into a conformation where the ASQ is more stable than the fully oxidized FAD. 

In addition, when 2X TIM-CTL was added to dCRY and the reduction kinetics were 

studied, an increase in reduction rate was seen with the presence of TIM-CTL, likely 

because of a slower rate of oxidation (Fig. 9C). 

In order to test whether reduction of the FAD cofactor is sufficient to cause 

conformational change or if light, which would cause further excitation of the 

cofactor, is needed, we subjected dCRY to chemical reduction by Cr:EDTA before 

incubating with TIM-CTL. Our results showed that Cr: EDTA was able to reduce the 

FAD of dCRY to ASQ state, and that this reduction was sufficient to cause binding to 

TIM-CTL even without light (Fig. 9B). 
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To determine the importance of the FFW motif, a peptide was instead used 

where FFW had instead been mutated to AAA. When using this peptide dCRY was 

not pulled down in the dark or the light, and the recovery of ASQ to oxidized FAD 

was not slowed, showing that the FFW motif is needed for TIM-CTL binding to 

dCRY (Fig. 9B). 

 

Fig. 10. Inability of dCRY-CTL peptide (CRY-CTP) to interact with dCRY. Pull-

down assays of dCRY with a biotin-labeled CRY-CTP peptide are shown. (Inset) 

Peptide corresponding to the C-terminal tail (CTT) of dCRY, CRY-CTP, does not 

interact with dCRY as tightly as the TIM-CTL. Furthermore, the CRY-CTP, although 

present at a higher concentration than dCRY, does not compete effectively with the 

covalently attached CTT on recovery. This may indicate that the interactions of the 

CTT with the FAD pocket and/or CTT dynamics are influenced by other regions of 

dCRY that are unable to perform these functions with the free peptide. D, dark; L, 

light; R w/, recovery of the ASQ in the presence of CRY-CTP; R w/o, recovery in the 

absence of CRY-CTP. 

 

One question was why dCRY would preferentially bind the FFW motif on 

TIM-CTL instead of the FFW motif on its own CTT. To confirm that this was the 
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case, and that it was not for some other reason such as concentration dependence, a 

peptide was created similar to the CTT of dCRY, called the CRY-CTP, and pulldowns 

were attempted with this peptide. However, pulldown with this peptide showed only a 

small amount of dCRY binding (Fig. 10). This suggests that while the FFW motif is 

needed for binding to dCRY by TIM-CTL, it is not sufficient, and other parts of the 

peptide are needed as well. 

To test the importance of this CTL peptide of TIM in vivo, protein levels were 

investigated in S2 insect cells by performing western blots on samples with and 

without light. Overexpressed CRY showed light dependent degradation both with and 

without TIM overexpression, while WT TIM was only degraded in the light. TIM with 

the ten residues listed in Fig. A mutated to poly-alanine (T10) showed lower baseline 

levels, but still showed light dependent degradation (Fig. 9D). This shows that in-vivo 

other parts of TIM are able to counteract TIM-CTL mutation and still allow for light 

dependent binding and degradation of TIM by dCRY. 

 

Discussion 

 Several other studies have attempted to study the importance of the TRP triad 

in dCRY by mutating these residues, so there are often similar experiments that we 

can compare our results with. However, these comparisons are complicated by the fact 

that there is no standard for conditions under which dCRY photoreduction is tested. 

dCRY concentration, reductant type, light intensity and wavelength are all variable 

between studies, and these can all cause significant differences in the ability of dCRY 

to photoreduce. 
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 Our mutational studies of members of the TRP triad of CRY have shown that 

these residues are indeed all important for reduction of the FAD cofactor in response 

to light. All mutations impeded FAD reduction to some extent, with some mutations 

almost eliminating reduction and some allowing a fair amount. The role of these TRP 

triad residues in-vivo are still debated11,33, but the fact that some reduction can be seen 

in all mutants may help explain why some light-dependent activity is still seen in-vivo 

with many TRP triad mutants. 

 Due to a recent report that an additional tryptophan may be needed to transport 

electrons in animal photolyase and cryptochromes, we also mutated W394 to 

phenylalanine and tyrosine and saw a significant reduction in reduction activity in the 

mutants. This agrees with data studying the Xl(6-4)Photolyase25, and supports the 

theory that W394 may play a role as a fourth essential tryptophan in electron transport 

in dCRY.  

 Overall, our results suggest that tyrosine is the most effective substitute for 

tryptophan in the TRP triad, with both W342Y and W420Y showing significantly 

more reduction activity compared to their phenylalanine counterparts. Leucine 

mutants always had poor reduction activity, perhaps because they are sufficiently 

different from tryptophan as to introduce structural instability. 

Of note is the fact that changing pH and the addition of reductants caused a 

large change in the ability of WT CRY and mutants to reduce FAD. This means that 

depending on the exact environment of CRY in vivo, its behavior may be greatly 

accelerated and/or reduced, perhaps explaining why in-vivo activity of CRY mutants 

does not always correlate with what is observed in vitro.  
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We have also shown the important of C416 in dCRY in determining the active 

state of FAD upon light exposure. All mutants studied showed full reduction activity, 

with C416A and C416S looking fairly similar to WT. Interestingly, C416N showed 

the production of NSQ upon light exposure, confirming that this residue can affect the 

most stable state of FAD upon light exposure. Further mutational studies will be 

conducted to investigate the possibility of changing dCRY to form fully reduced 

flavohydroquinione upon light exposure. 

Studies on H378 show a possible mechanism for conformational change in 

dCRY. Histidine residues had been suggested as possible proton acceptors in 

cryptochromes previously34, and a pH dependence on the rate of recovery had been 

found in aCRY35. However, as far as we know, this is the first time that H378 has been 

investigated specifically. A pH dependence in WT that is not conserved in the H378N 

mutant supports this theory. However, full conformational change seen by trypsin 

digest and the fact that FAD reduction rate in H378N is still as fast as WT at low pH 

mean that an alternate mode for conformational change is occurring that needs to be 

further investigated. 

Investigation of binding by TIM-CTL, show a possible region for binding by 

the dCRY pocket on TIM, and show that binding of this region occurs in a light 

dependent manner. By chemically reducing dCRY with Cr:EDTA, we have also 

shown that binding and conformational change is directly related to redox state of the 

FAD cofactor, and that further excitation is not needed for dCRY to function.  

Importance of the TRP triad has been confirmed by seeing a decrease in light 

responsiveness from a series of mutants. Overall, our laser light was ~50-200X 
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stronger than previous studies on dCRY mutants. While likely not a physiologically 

relevant intensity, this light allows us to show that all mutants studied were capable of 

some light response. This could explain why WT-like function in vivo, where the 

environment is likely more amenable to FAD reduction, was seen by mutants which 

appeared unresponsive to light in vitro.  Our mutational studies of W394 support the 

inclusion of it as a fourth member of the TRP triad. Investigation of H378 proposes a 

novel mechanism for conformational change in dCRY, though several questions still 

remain about its role. Peptide binding by a section of TIM advises on how dCRY 

conformational change leads to partner binding, and full activity after exposure to 

chemical reductants support to theory that FAD redox state is directly linked to 

conformational change. This study explains several discrepancies in previous studies 

and opens up several areas for experimentation in the future. 

Methods 

Expression and Purification-dCRY was cloned from constructs previously 

used to express in insect cells13 and inserted in pET-28 using NdeI and XhoI sites. 

This plasmid was expressed in C41 cells. The cells were grown till density at A600~.8, 

induced with 4mM IPTG and supplemented with FAD, and grown overnight at room 

temperature (~25 degrees). Cells were harvested and frozen at -80 degrees. 

For purification, cells were lysed by sonication in lysis buffer containing 

150mM NaCl, 50mM HEPES pH 8, .5mM Triton-X, .5mM TCEP, and 5mM 

Imidazole. Insoluble cell debris was removed by centrifugation at 48384g for 35min. 

The clarified cell lysate was applied to a Nickel NTA Agarose Beads (Gold 

Biotechnology) equilibrated with lysis buffer and the protein was eluted with elution 
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buffer 150mM NaCl, 50mM HEPES pH8, 200mM Imidazole, .5mM TCEP, and 10% 

glycerol. Protein was further purified by anion exchange chromatography and 

Superdex200 gel filtration column with gel filtration buffer (GFB) 10% glycerol, 

150mM NaCl, 50mM HEPES pH 8.0. Purified protein was flash frozen in liquid 

nitrogen and stored at -80 degrees. Point mutations were made as described 

previously36 and checked by DNA sequencing. 

Spectroscopy-Spectra were collected using a quartz cuvette with path length 

1cm. All spectra were normalized by subtracting the absorbance at 700nm. Light 

spectra were collected after shining the sample with a 440nm laser (WSTech) for 

20min.  

Timeless C-Terminal Tail-Like Peptide Pull-Down-Timeless C-terminal tail-

like (TIM-CTL) peptide Biotin-SNAKVPIDTSHFFWLVTYFLKKK (0.8 nmol; 

Biomatic) was added to 3 μL of High Capacity Streptavidin Agarose Resin (Thermo 

Scientific) in 15 μL of buffer 1 [50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 10% 

glycerol] and incubated for 10 min. Beads were then washed with 1,000 μL of GFB 

before adding 0.4 nmol of dCRY in GFB with 5 mM DTT, and they were incubated 

for 12 min either under high-intensity blue light or wrapped in tin foil (dark). Samples 

were then washed three times with 1 mL of GFB before being run on NuPAGE 4–12% 

Bis-Tris gel. For Cr:EDTA samples, dCRY was first anaerobically incubated in 15 

mM Cr:EDTA for either 15 min or 2 h before addition to resin. For recovery samples, 

dCRY was allowed to recover in the dark at 4 °C for 2 h either after addition to beads 

or before addition to the resin before washing three times with 1 mL of GFB. In case 

of Cr:EDTA samples, the resin was washed with anaerobic buffer in the glove box. 
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For AAA mutants, 0.8 nmol of AAA peptide 

BiotinSNAKVPIDTSHAAALVTYFLKKK (Biomatic) was substituted for peptide 

TIM-CTL. The gel was stained with coomassie blue per standard procedure, and gel 

bands were analyzed using the integrated density function in ImageJ. dCRY values 

were normalized to the intensity of streptavidin, and the band intensity of dCRY 

(light) was set to 100. Identical experiments were performed with a biotin labeled 

peptide that corresponds to the dCRY C-terminal tail: Biotin-

SNEEEVRQFFWLADKK (Biomatic). 

Trypsin digest assay-3uL of 100uM CRY was added to 3uL of 10uM trypsin 

and quenched after 30s with 3uL of 20uM trypsin inhibitor and 10uL of SDS loading 

buffer followed by 10min of heating at 900 C. For the light samples, CRY was 

exposed to laser light of 440nm for 20min before addition of trypsin, and the sample 

was kept under light for the 30s digestion period. Samples were run by SDS-PAGE 

and visualized using coomassie blue staining. 

Cell Culture Stability Assays. dCRY, Drosophila ls-TIM (dTIM, long and short 

allele), and Drosophila Jetlag (JET), or site-directed mutants thereof, were N-

terminally tagged with three myc epitopes, C-terminally tagged with three HA 

epitopes, or C-terminally tagged with a FLAG epitope, respectively, and cloned into 

the pAc5.1/V5 vector (Invitrogen) using standard cloning protocols. S2 cells were 

grown in Schneider’s medium supplemented with 10% FBS and 

penicillin/streptomycin. dCRY was cotransfected with either empty vector, dTIM 

plasmid, or dTIM + JET plasmid with effectene (Qiagen) using the manufacturer’s 

protocols. Cell medium was refreshed after 24 h in the transfection mixture, and the 
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cells were divided into two populations. Twenty-four hours later, each population was 

lysed in a modified radioimmunoprecipitation assay under red light or after being 

exposed to white light for 1 h (∼600 lux). Equal amounts of lysates were run on 6% 

SDS/PAGE gels and immunostained using myc (Sigma), HA (Roche), antiFLAG 

(Sigma), and tubulin (Sigma) antibodies. Transfections were performed in triplicate, 

and each triplicate was repeated at least twice with similar results. 

Principal Component Analysis: We performed a PCA on the motions of the 

FFW motif residing in the dCRY CTT. Trajectories were aligned to remove rotational 

and translational motions by first calculating root mean squared fluctuations (RMSFs) 

of all residues from each independent MD trajectory after aligning the trajectory to the 

protein backbone of the crystal structure. The average RMSFs of each residue from all 

the MD trajectories were calculated, and each trajectory was re-aligned based on only 

those residues that had average RMSFs below a threshold of 1.3 Ǻ. The coordinates of 

the atoms corresponding to the FFW motif were extracted from these various aligned 

trajectories and concatenated into a single trajectory on which the PCA was 

performed. 

To explore correlated motions in dCRY we constructed dynamic cross-

correlation matrixes (DCCMs) for all MD trajectories. The DCCM of a trajectory was 

generated by normalizing the covariance matrix of the entire trajectory according to  

𝐶𝑖𝑗
𝑐𝑜𝑟𝑟 = 𝐶𝑖𝑗 √𝐶𝑖𝑖𝐶𝑗𝑗⁄  

The DCCMs were generated for coarse-grained trajectories where each residue from 

the atomistic MD trajectories was replaced with a particle at its center of mass. All 
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analysis related to PCA and DCCMs were performed using various GROMACS tools, 

namely trjconv, g_covar, and g_anaeig.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE STUDIES  

 

Drosophila Cycle 

 We have solved the crystal structure of the PAS B domain of the transcription 

factor Cycle (CYC) of Drosophila melanogaster.  While the structure of the full 

length mammalian homolog mBMAL1 and its dimer mCLOCK have previously been 

solved, our structure showed a variety of structural changes that occur when the 

monomeric form binds to its partner.  In the cell, CYC is much more abundant than 

dCLK1, so we can expect the majority of the protein to be in monomeric or 

homodimer form, making this information useful.  

 A novel finding from the structure of dCYC PAS B is the fact that it binds 

glycerol in an internal pocket. This is the first evidence of ligand binding by any of the 

PAS domains involved in Drosophila’s circadian clock, and a novel ligand for binding 

by any PAS domain. mBMAL1 has been implicated in glycerol metabolism and 

brown fat formation2,3, so binding of glycerol could be a feedback mechanism. 

Although binding of glycerol did not appear to cause any major structural changes in 

our crystal structures, it is possible that ligand binding regulates CYC stability or 

ability to bind partners. 

 To validate the finding that CYC binds glycerol, it would be desirable to test 

mutants in-vivo. This has already been done with mBMAL1 to some extent, where 

BMAL1-/- cells had lower levels of glycerol and no circadian control3,  however the 

same studies have not been carried out in flies.   Studies of BMAL1-/-  or CYC-/- flies 
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would not differentiate between CYC binding of glycerol and CYC promotion of 

another gene that is involved in metabolism. To do this we would need to find mutants 

of CYC/BMAL1 that are unable to bind glycerol. Several mutants have been purified, 

however we have been unable to crystallize them as of yet. Therefore, we would need 

to utilize an assay which can measure glycerol binding-perhaps ITC. Once mutants are 

identified, in-vivo testing of glycerol circadian control could be carried out to 

determine if there is some feedback from glycerol levels to CYC/BMAL1. 

 In addition, it would be useful to validate glycerol binding in BMAL1. This 

could be done by purifying BMAL1 and testing binding by ITC, or by crystallizing a 

complex with mCLK as before but using glycerol as a cryoprotectant if possible. It 

would be desirable to test this binding both with and without mCLK to see if glycerol 

binding affects the interaction in any way. We have attempted to express and purify 

dCLK and its domains, but have had little success. Pure dCLK would allow us to carry 

out these assays with CYC, which we have largely already characterized. 

Drosophila Cryptochrome 

 We have studied a variety of dCRY tryptophan triad mutants and their ability 

to reduce FAD spectroscopically with a much brighter light than has been used 

previously, with the result being that all mutants inhibited, but did not eliminate, FAD 

reduction to ASQ in-vitro.  This, in addition to our finding that buffer conditions can 

influence reduction ability greatly, could explain why many previous labs reported no 

FAD reduction in-vitro but still saw light-dependent activity in-vivo4–6. We have also 

tested a proposed fourth member of the TRP triad in dCRY, the first study of this 
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residue in Drosophila, and found that, like other members of the TRP triad, mutation 

of W394 severely inhibit FAD reduction by light in-vitro. 

 In order to validate these results, it would be desirable to test the ability of 

these mutants to undergo conformational change and partner binding both in-vitro and 

in-vivo.    We have already stated preforming partial trypsin digests in-vitro to look at 

conformational change and we have also carried out some binding assays using GST-

JETLAG pulldowns.  Further in-vivo studies would be useful to further corroborate 

our results. 

 In addition to TRP triad mutations, we have also studied the role of histidine 

378 in dCRY conformational change, the first time this residue has been studied in 

Drosophila. Molecular Dynamics studies suggested that FAD reduction to ASQ would 

cause a shift of as much as 4 pH units in the local pH of H378, which is likely to cause 

a change in protonation. Additionally, principal component analysis showed that 

protonation along with FAD reduction is likely to cause a change in CTT 

conformation. 

 In order to test these results, we purified H378N dCRY and compared FAD 

reduction at a range of pH values to WT. The result was that WT dCRY reduction rate 

was correlated with pH, with low pH reducing faster than high pH, which would agree 

with the theory that protonation is involved in FAD reduction stability. In addition, 

H378N mutants did not see a similar change in rate with pH, suggesting that it is H378 

that is protonated.  Some unanswered questions remain, however. H378N reduction 

rate was as fast as the fastest reduction of WT dCRY, which we would not expect if 

H378 protonation was desirable to stabilize ASQ. One possible explanation for this is 
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that H378 does not reduce to the same extent as WT dCRY, at least when looking at 

abs. 450nm (Fig. 1). So if the maximum reduction is set to 1, that value is actually a 

different magnitude of absorbance change for WT vs H378N. So if H378N is reducing 

to a smaller extent than WT, it is possible that the ΔAbsorbance is actually slower than 

that of WT. Unfortunately this is hard to test since the initial absorbances need to be 

exactly the same. However, it should be possible with multiple trials and time. 

 

Fig. 1:  Spectra of WT and H378N dCRY at pH 9 both before (D) and after (L) 20 min 

of light exposure. 

  

 

 Another test to look at the pH dependence of reduction would be to measure 

the midpoint potential to reduce the FAD. If a proton is indeed being taken up by 

H378, then we should see a difference in midpoint potential of ~59mV/pH unit with 

WT, but not with H378N. We have put significant effort into measuring these 

potentials, but we have not yet reached the accuracy to confirm that this is the case.  

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

300 350 400 450 500 550 600

WT vs H378N Reduction

WT pH9 D WT ph9 L H378N pH9 D H378N pH9 L



 

93 

 Although a large variety of dCRY mutants have been tested for behavior both 

in-vitro and in-vivo, no TRP mutants have been crystallized. It has been suggested that 

reduced reduction activity in TRP mutants may be due to structural instability and not 

because of impaired electron transport cabilities7. We have had preliminary evidence 

that this may be the case for W342 mutants. In our hands, partial trypsin digest shows 

a broadening of the band of WT in the light. A similarly broad band was seen both in 

the dark and the light state W342Y mutant (Fig. 2), suggesting that W342Y is either 

stuck in a light state conformation or that it is unstable, so the CTT is accessible to 

trypsin in the dark when it is not in the WT. Solving a crystal structure of a TRP triad 

mutant may help confirm or deny this assertion.    

Fig. 2: Partial trypsin digest of WT and TRP Triad mutants of dCRY. SDS-PAGE 

bands of dCRY alone (no descriptor) or with partial trypsin digest in the dark (D) or 

the light (L). 

 

  

 Although we have made some intriguing discoveries as to the behavior of 

Drosophila Cycle and Cryptochrome, many of our conclusions remain to be validated, 

and the importance of our discoveries remain to be seen. 
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APPENDIX 1 

SPECTRA OF CRYPTOCHROME MUTANTS 

 

 In order to determine the importance of TRP triad residues to the 

photoreduction of CRY’s FAD cofactor, mutations were made to these residues and 

the spectra were recorded both before and after exposure to laser light of wavelength 

440nm for 20min. All mutants studied experienced any reduction within the first 5 

min, then laser light was kept on the sample for an additional 10min to make sure that 

the spectra were equilibrated.  

Of interest is the fact that the addition of external reductants to the buffer 

significantly affected the ability of mutant CRYs to reduce FAD.  For WT dCRY, full 

reduction was seen in all cases (Fig. 1), but for several variants, while significant 

reduction was seen even with no external reductants, the addition of 2mM TCEP 

caused a significant change, and the addition of 5mM DTT caused even more 

reduction. Some mutants had hardly any reduction with TCEP, but saw significant 

reduction in the presence of DTT, perhaps suggesting a different reduction mechanism 

than with TCEP, which can be seen with W342F (Fig. 4B). For this reason, unless 

stated otherwise, 2mM TCEP was used for all mutants. For all TRP Triad mutants, we 

attempted to mutate the residues of interest to phenylalanine, tyrosine, and leucine. 

The reason for this was that the different substitutions may have varying abilities to 

serve as an electron tunneling/hopping site in the absence of a tryptophan residue. 

Thus, if mutating a residue inhibited reduction, this range of substitutions would give 

us a better idea as to the importance of that residue. 



 

96 

 

Fig. 1: Spectra of dCRY in the dark (blue) and after exposure to 440nm laser for 20 

min in the presence of no reductants (orange), 2mM TCEP (gray), and 5mM DTT 

(yellow). The negative peak at ~440 nm is due to the laser light used. 

 

 

Overall, we found that all mutations to any residues in the TRP triad/tetrad had 

an inhibitory effect on the ability of dCRY to reduce FAD, though the severity of that 

inhibition varied. All mutants studied appeared to retain at least a small amount of 

ability to reduce FAD. 

Mutation of W420, the tryptophan closest to the FAD cofactor, seemed to have 

a large effect. Both W420F and W420L contained ~75% of the original FADox levels 

at equilibrium, while W420Y had ~50%. In addition, W420R was purified, and while 

it appeared to contain some ligand (red coloration) the spectrum did not resemble an 

FAD redox state, and it was not changed by the addition of light. Interestingly, W420L 

seemed to shift the peak location of FAD ~3nm to the blue side, most likely by 
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changing the environment around the FAD cofactor. This change was not seen with 

W420Y and W420F (Fig. 2). 

 

Fig. 2: Spectra of WT and W420 mutants both before (D) and after (L) 20min of light 

exposure. 

 

Mutation of W397, the middle tryptophan in the canonical TRP triad, had a 

moderate effect on dCRY’s ability to reduce FAD. W397L did not express/purify with 

sufficient yield to study, so only W397F and W397Y were compared to WT. Looking 

at both A450 and A403, both W397F and W397Y retained a significant ability to reduce 

FAD, though both were stunted compared to WT.  Unlike W420, the phenylalanine 

mutant W397F retained slightly more activity than the tyrosine mutant, W397Y (Fig. 

3). 
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Fig. 3: Spectra of WT and W397 mutants both before (D) and after (L) 20min of light 

exposure. 

 

Mutation of W342, originally thought to be the terminal electron donor in the 

tryptophan triad, produced a dramatic decrease in FAD reduction ability with all 

mutants. W342L and W342F showed almost no reduction after light exposure, while 

W342Y had a slight decrease in A450 peak height, though A365 and A403 did not 

increase much, perhaps suggesting that the change is only due to degradation and not 

FAD reduction. However, similar to W420, the tyrosine mutant seemed to have the 

most activity of the three mutations tested (Fig. 4). 
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Fig. 4: (A) Spectra of WT and W342 mutants both before (D) and after (L) 20min of 

light exposure. (B) Spectra of W342F before and after 20min light either with 2mM 

TCEP or 5mM DTT. 

 

A fourth tryptophan, W394, has been proposed as essential for FAD reduction 

in cryptochromes. Mutation of this residue caused a drastic decrease in the ability of 

dCRY to reduce FAD. W394Y did not express with a sufficient yield to enable 
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successful purification, so only W394F and W394L were compared. Both W394F and 

W394L showed only a slight ability to reduce FAD. Of note is the fact that the dark 

state spectrum of W394L had a much larger peak at ~425nm compared to WT, such 

that it was around the same absorbance as the peak at 450nm. This was attributed to 

contamination of the sample, since the residue mutated is sufficiently far away from 

the ligand binding pocket that altering binding in such a way seems unlikely (Fig. 5). 

 

Fig. 5 Spectra of WT and W394 mutants both before (D) and after (L) 20min of light 

exposure. 

 

 

One residue that has been shown to be important in cryptochromes is the 

amino acid located directly across from N5 of the FAD isoalloxazine ring. This 

nitrogen is thought to hold negative charge when FAD is reduced, and thus it is a 

prime location for reactions to occur. In some light sensing proteins such as Vivid in 

Neurospora, this takes the form of covalent bond formation with an adjacent cysteine. 
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In plant cryptochromes such as AtCRY1, this position is taken by an aspartic acid, 

D396, and it is thought that when FAD is reduced in AtCRY1, N5 deprotonates D396, 

which is why the FAD of AtCRY1 is reduced to the NSQ instead of the ASQ as in 

dCRY. In dCRY this position is taken by cysteine 416. In order to study the 

importance of this residue, we have mutated it to alanine, serine, and asparagine and 

investigated the results.  

All C416 mutations appeared to retain full ability to reduce FAD. In 

accordance with previous studies1, C416N saw the formation of some NSQ(Fig. 6A). 

Intriguingly, all mutations saw faster reduction kinetics than WT CRY as observed 

through the 365nm peak. C416N showed a quick rise in absorbance, and then a fall as 

ASQ was converted to NSQ (Fig. 6B). The overall rate of reduction is actually a 

combination of the forward rate and the reverse rate for FAD reduction, since ASQ is 

constantly being oxidized back to FADox. By looking at the recovery rate, we can see 

whether an increase in reduction rate is because of a faster reduction or a slower 

recovery. Both C416S and C416A have a very similar rate of recovery as WT Cry 

(416S in Fig.7), suggesting that mutating C416 to an alanine or a serine is increasing 

the rate of reduction but not significantly changing the rate of oxidation of FAD. This 

may be due to a change in the midpoint potential for reduction of the FAD cofactor. 

Direct comparison of C416N to WT was not possible given the fact that it is reduced 

to NSQ by light. Similar to W420L, we see a shift in the peak position to the blue side 

from C416N and C416A, but not with C416S (Fig 6A). 
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Fig. 6: (A) Spectra of WT and W394 mutants both before (D) and after (L) 20min of 

light exposure. (B)Change in absorbance at 365nm of WT and C416 mutants over 

time in the presence of light. Maximal absorbance has been normalized to 1 and 

minimum has been normalized to 0. 
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Fig. 7: Rate of recovery of WT and C416S dCRY. Absorbance at 450nm was plotted 

vs time with maximum set to 1 and minimum set to 0. 

 

Discussion 

 Several other studies have attempted to study the importance of the TRP triad 

in dCRY by mutating these residues, so there are similar experiments for comparison 

with our results. However, these comparisons are complicated by the fact that there is 

no standard conditions for testing dCRY photoreduction. . Protein concentration, 

reductant type, light intensity and wavelength are all variable between studies, and, as 

we have shown, these can all cause significant differences in the ability of dCRY to be 

photoreduced. 

The tryptophan in the TRP triad closest to the FAD, W420, has been mutated 

in several papers. Our experiments have shown that W420F and W420L severely 

ablated light responsiveness of CRY in vitro, while W420Y retained some activity. In 

2002, Froy et al showed that W420A still had some light response in vivo, though less 

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000 1200 1400 1600 1800 2000

%
 R

ed
u

ce
d

 (
4

5
0

n
m

)

Time (sec)

Recovery Kinetics

WT C416S



 

104 

than WT, which would agree with our data2. Another study by Czarna et al showed 

that W420F had no reduction activity in vitro in the presence of 5mM BME3, whereas 

we saw a slight amount. Having not tested the effect of BME on dCRY reduction, we 

cannot refute their claim, though the fact that we used a different reductant, likely used 

a stronger light (~235 mW/cm2 at 440nm vs 5 mW/cm2 at 450nm)3 , and  exposed our 

samples for a longer time (30 seconds vs. up to 20 minutes) could explain the 

discrepancy. In 2014, Ozturk et al. showed that W420R did not bind FAD in the same 

way as WT, and that it was unresponsive to light both in vitro and in vivo4. Our data 

agrees with this. 

 The middle tryptophan in the TRP Triad, W397, has also been mutated in other 

studies. We found that both W397F and W397Y retained significant activity. In the 

same study by Froy et al. mentioned above, it was found that W397F and W397Y 

retained activity in S2 cells, which would agree with our data. However, contrary to 

our results, Ozturk and Czarna found no light-responsiveness of W397F in vitro via 

UV-Vis spectroscopy, though Ozturk et. al reported full conformational change by 

trypsin digest and light responsiveness in vivo4, while Czarna et al showed dampened, 

but still active, conformational change by partial trypsin digest5. Ozturk et. al used a 

lamp of 5mW/cm2 with an emission maxima at 366nm for 10min, which could explain 

the difference with our results. The fact that we saw some reduction of mutant W397F 

could explain why some light dependent activity of W397F mutants could be seen by 

partial trypsin digest and in vivo assays in other studies even though no reduction had 

been seen by UV-visible spectroscopy. 
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 The original proximal tryptophan, W342, showed significant reduction in light-

responsiveness when mutated to tyrosine or phenylalanine. Froy et al showed that both 

W342Y and W342F retained almost full light responsiveness in S2 cells, which 

perhaps suggests that in some cases even a small amount of light response by dCRY in 

vitro is sufficient to induce signaling in vivo, where a different environment is likely to 

make reduction more favorable2. Once again, Ozturk et al. found that W342F showed 

to reduction in vitro, but retained activity in vivo6. However, a 366nm light at a rate of 

1 mW/cm2 was used for in vivo measurements, while a 1.2mW/cm2 lamp at 450nm 

was used for in vitro spectroscopy, which could explain the discrepancy. 

 Based on a recent report that an additional tryptophan may be needed to 

transport electrons in animal photolyase and cryptochromes, we also mutated W394 to 

phenylalanine and tyrosine and saw a significant decrease in reduction activity. This 

agrees with data from a study on the Xl(6-4)Photolyase7, and supports the theory that 

W394 may play a role as a fourth essential tryptophan in electron transport in dCRY.  

 Overall, our results suggest that tyrosine is the most effective substitute for 

tryptophan in the TRP triad, with both W342Y and W420Y showing significantly 

more reduction activity compared to their phenylalanine counterparts. Leucine 

mutants always had poor reduction activity, perhaps because they are sufficiently 

different from tryptophan as to introduce structural instability. 

Of note is the fact that changing pH and the addition of chemical reductants 

caused a large change in the ability of WT CRY and mutants to reduce FAD. This 

means that depending on the exact environment of CRY in vivo, its reduction kinetics 
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may be significantly altered, perhaps explaining why in vivo activity of CRY mutants 

does not always correlate with in vitro observations. .  

Our results with C416 mutants in general agree with previous studies. All 

mutants studied showed full reduction activity, however C416A and C416S showed 

faster reduction than WT with about the same recovery time. This is in contrast to 

Czarna et al, who showed similar photoreduction time but quicker recovery3. In 

agreement with several other studies, C416N showed the production of NSQ upon 

light exposure, though we saw a lower yield than some other studies1,6. 
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