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ABSTRACT 

 

 

 

In this dissertation, I used the GAL4-UAS binary expression method to overexpress 

mutant and wild type forms of the circadian protein kinase DBT in order to address several 

basic questions about DBT’s biological functions. Different dbt mutations either shorten or 

lengthen the circadian period, although they all possess lower kinase activity in vitro. 

Therefore, I first addressed whether these period-altering mutations of DBT act 

independently of any effects on DBT’s intrinsic kinase activity by analyzing them in a kinase 

inactive background (DBT
K/R

) in cis. All three double mutants shortened the DBT
K/R

 period 

in cis and enhanced PER oscillations, supporting our hypothesis.  

Next, I addressed whether DBT has different roles in the cytoplasm and the nucleus with 

opposite effects in these two compartments (lengthening period in the cytoplasm and 
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shortening it in the nucleus). I mutated the putative nuclear localization sequence 

(DBT
WT

NLS-) and added a strong NLS (DBT
WT

 stNLS) to make DBT cytoplasmic or 

nuclear, respectively. In contrast to my predictions, the DBT
WT

NLS- shortened period, while 

DBT
WT 

stNLS did not alter period. The NLS- mutation affected amino acids that are part of a 

proposed phosphate-binding domain. Additional mutations in the vicinity of the NLS 

shortened period, while mutations that were not close lengthened period. The shortening of 

period by some mutations suggests that they affect a TAU-like domain involved in a protein-

protein interaction that lengthens period. 

 A third question addressed was whether DBT has specific roles in the brain morning and 

evening oscillator cells. I investigated these cellular interactions by expression of DBT
K/R

 in 

different subsets of cells to damp just one oscillator. Our experiments suggest the evening 

oscillator is necessary for suppressing the morning startle response, in addition to its role in 

production of evening activity.  

The final part of my thesis employed a fly eye model for tauopathy to investigate whether 

DBT might have a role in neurodegeneration. Overexpression of the dominant negative 

DBT
K/R

 enhanced the eye neurodegeneration produced by expression of human TAU in the 

fly eye. Our investigation suggests that DBT phosphorylates a caspase (DRONC), thereby 

preventing it from cleaving TAU and thus preventing its toxicity. 
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CHAPTER 1 

BACKGROUND AND SIGNIFICANCE 

History of Circadian Rhythms 

Circadian rhythms are diverse biological, chemical and physiological processes that 

manifest an approximately 24-hour period. These rhythms can be entrained (set to a 

particular phase) by external signals such as light and temperature changes, although they 

can exist in the absence of these signals and hence are generated endogenously. 

Organisms ranging from cyanobacteria to humans possess these endogenous rhythms. 

Multiple circadian clocks in an organism can combine to form a circadian system that lets 

the organism anticipate environmental cues and respond to them (Dunlap 1999; 

Roenneberg and Merrow 2002; Sehgal 2004). 

The first known report of circadian rhythms was of the leaf movements of mimosa 

plants by French astronomer Jean-Jacques d’Ortous de Mairan in 1729 (Mairan 1729). 

He saw that, contrary to his expectations, the leaves of the mimosa plants moved 

rhythmically even in the absence of sunlight. Although he was the first to identify 

circadian rhythm, being an astronomer and working on earth’s rotation, he suggested that 

biological clocks might be driven by unidentified environmental influences created by the 

earth’s rotation. 

The existence of endogenous clocks became accepted only in the 20
th

 century largely 

due to the work of Colin Pittendrigh and Jurgen Aschoff.  Colin Pittendrigh demonstrated 

that the eclosion time in Drosophila occurred at the same time despite variations in 

temperatures and therefore exhibited temperature compensation (Pittendrigh 1954) 

(Pittendrigh, Bruce et al. 1958). There were still debates about the existence of 
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unidentified geophysical forces that controlled circadian rhythms. However, precise 

measurements of circadian periods showed that they typically differed from the 24-hr 

period of the earth’s rotation, making it difficult to envision how circadian rhythms could 

be directly driven by the earth’s rotation. The existence of geophysical forces exerting 

their influence on circadian rhythms was ended when Karl Hamner in 1960 published his 

results of experiment performed at the south pole with various organisms (hamsters, fruit 

flies, Bean plants and Fungi) which showed that these organisms maintained their 

biological rhythms with no changes to their magnetic axis with regard to the rotations of 

earth (the organisms were rotated on a platform that rotated with or opposite to the 

earth’s rotation) (Hamner 1960). 

Despite the evidence of endogenous clock in the early sixties, it was a decade before 

mutants that affected the circadian oscillators were isolated. Konopka and Benzer isolated 

the first mutations in a gene involved in circadian rhythms (Konopka and Benzer 1971). 

The gene was called period and was identified in a screen for mutations which altered the 

time of eclosion (emergence of the adult from pupae – an event which is gated by the 

circadian clock and occurs only in the morning in wild type flies). Alleles which 

shortened circadian period, lengthened circadian period, or abolished rhythmicity were all 

identified in this initial screen. The very next year, the rat circadian rhythm was 

determined to be controlled by neurons in the suprachiasmatic nucleus of the 

hypothalamus. The Suprachiasmatic Nucleus (SCN) was shown to control the circadian 

rhythm in rats, since lesions in this region eliminated the circadian rhythm (Moore and 

Eichler 1972). It is now known that the gene PER and its mechanistic function are well 
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conserved from flies to mammals. (Dunlap 1999; Loudon, Semikhodskii et al. 2000; Yu 

and Hardin 2006). 

Circadian Clock Concepts 

The circadian system consists of three integral pathways that interact with each other: 

1. The input pathways that transmit environmental signals such as light or temperature 

2. A core clock oscillator that receives these input signals, is entrained by them, 

maintains the circadian period even in the absence of environmental oscillations and 

transmits signals into output pathways. 

3. Output pathways that carry signals from the circadian clock and manifest them in 

molecular, biochemical, physiological and biological rhythms. Multiple output pathways 

can be controlled by a single clock (Sehgal 2004).  
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Figure 1 Basic circadian clock model 

A circadian clock consists of a central oscillator or clock that is entrained by signals such 

as light and temperature from input pathways, generates the circadian oscillation and 

conveys changes to output pathways. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure made by Mike Muskus 
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A variety of model organisms such as mice, Drosophila, cyanobacteria, and 

Neurospora are currently employed to study the behavior and the circadian oscillation 

that are common themes of these systems (Sehgal 2004). The most commonly used 

method to represent the activity bouts in flies, hamsters, and humans is the actogram 

(Figure 2). An actogram plots the amount of activity in vertical black bars over a certain 

period of time (for example fig 2 shows activity over a period of 8 days). The actogram is 

plotted in such a way that two 24hr intervals are plotted on each horizontal line, and each 

day is plotted again to generate a double plot, which allows an easy visualization of 

activity or circadian behavior by scanning horizontally and vertically. Above the 

actogram, the horizontal black bars are filled or open depending on the environmental 

stimuli used in the experiment (light in this case). The black bars represent when the 

lights are turned off and the white portion represents the time when lights are turned on 

(mimicking the day and night cycles). The amount and the duration of the light phase can 

be altered depending on the question at hand and the experiment to be validated. The 

actogram shown below represents an animal reared in a 12h light and 12h dark conditions 

(termed  12h L:12h D or more commonly LD). The exogenous cue that is provided to the 

animal to entrain the endogenous clock is termed Zeitgeber (“time giver” in German) and 

is reported as Zeitgeber time or ZT. In the example shown below, the Zeitgeber is light, 

the strongest Zeitgeber for photic animals and plants. Other non-photic cues include 

temperature, food, social interactions and pharmacological interventions. In the actogram 

shown below, the animal shows the most activity in the “lights on” period (L) and no 

activity when the lights are turned off (D). The organisms are initially entrained by the 

external light cue in order to synchronize them to the LD cycle, represented in the first 4 
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days in the actogram. To determine the period emerging from the endogenous clock, the 

organisms are maintained in complete darkness (DD) for the next few days. This in turn 

allows the circadian clock to free run in the absence of these cues, represented by the 

downward arrow in fig 2 (Sehgal 2004). This phase of the free running rhythm is 

determined by the environmental cue that was provided previously and can be reset by 

entraining the organism in a different LD condition. Although the actogram is the 

commonly used visual representation of the activity of an organism, the instruments that 

are used to measure these activity bouts vary depending on the organism. For example in 

the flies, the period is determined using locomotor assays (described below), whereas in 

humans it is measured using a wrist monitor that detects movement and in mice and 

hamsters “wheel running assays” are used to determine the activity and period.  

The primary focus of my work is to study the molecular mechanisms involved in 

controlling the Drosophila circadian clock. To do this, the adult flies are placed in 

individual cylindrical cuvettes, with food at one end and a cotton plug at the other.  Next 

these cuvettes are placed in a monitor that has multiple channels for the cuvettes. Each 

channel has an infrared beam at the centre that is deflected by the movement of the flies, 

and these deflections are detected by a detector and recorded as activity. The fly’s visual 

and circadian system is insensitive to light in the far red region and hence the fly clock is 

not affected by the presence of the infrared beam. Typically at the start of an experiment 

the flies are collected in individual vials and entrained to an LD cycle for 3 days and then 

placed in individual cuvettes during the lights on phase. These cuvettes are placed in the 

monitors and further entrained for a day in these monitors. They are then transferred to 
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the DD incubator during the dark phase so as to not reset the circadian clock. The activity 

is then recorded in DD as described above and plotted in an actogram shown below.  
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Figure 2.  Actograms are used to analyze the circadian behavioral activity of model 

organisms.   

 

The numbers of activity bouts collected at time increments over the course of a day are 

shown by the height of the black vertical bars for each day.  Plot 1 displays the activity 

recordings for day 1 on the top horizontal line and subsequent days as indicated.  The 

activity recording for next day is displayed below the previous day.  For instance, the 

activity recording for day 2 is displayed directly below day 1 as indicated in the Figure 

above.  Plot 2 day 2 displays the same activity data that is shown in plot 1 day 2, except 

plot 2 displays the activity data from day 2 on the first horizontal line.  The activity of the 

organism over the course of 2 days can be visually analyzed by observing the height of 

the black bars for each line from left to right.  Shown above the activity recordings are 

black and white bars which correspond to a light or dark environment.  This example 

depicts an organism that is active during the lights on phase and inactive in the dark.  

Shown at the right is a bracket indicating that the light and dark environment persists for 

four days and during this time, the activity of the organism is entrained to the light.  After 

the fourth day, the lights are not turned on, thus placing the organism in constant 

darkness as indicated by the DD abbreviation and the arrow.  Removal of the light 

entrainment cue allows the endogenous clock to free run, thus revealing the underlying 

circadian behavior conferred upon the organism by its endogenous clock.  Indications of 

deviations from the 24 hour behavior of the organism previously placed in LD can be 

visualized by scanning the pattern of activity from the top of the actogram to the bottom.  

In this example, when the organism is placed in DD, the activity bouts progressively 

begin and end earlier every day.  This is an example of an organism that has a clock 

which produces periods shorter than a 24 hour period.     

Figure made by Mike Muskus 

(Sehgal 2004) 
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The Components and Mechanism of the Drosophila Circadian Clock 

 The transcriptional feedback loop is central to the clock mechanism in all organisms 

(Young and Kay 2001). Although most of the proteins involved are not conserved 

between lower and higher organisms they are fairly conserved among higher animals 

such as Drosophila and mammals (Dunlap 1999; Loudon, Semikhodskii et al. 2000; Bell-

Pedersen, Cassone et al. 2005). More recently it has been shown that the protein involved 

in the clearing of hydrogen peroxide (peroxiredoxin) is rhythmic in most organisms 

ranging from bacteria to mammals even in the absence of clock proteins, leading to the 

idea that clock rhythmicity existed even before the core clock was formed (Edgar, Green 

et al. 2012).The rhythmic phosphorylation of clock proteins is present in nearly all model 

organisms studied at the molecular level (Loudon, Semikhodskii et al. 2000; Allada, 

Emery et al. 2001; Bell-Pedersen, Cassone et al. 2005; Yu and Hardin 2006). 

Drosophila melanogaster has been widely used for genetic analysis of many different 

pathways including circadian rhythms. Many of the gene products that are involved in the 

circadian clock have been identified in Drosophila including the first discovered clock 

gene (period) using the eclosion rhythm as a paradigm (Dunlap 1999; Loudon, 

Semikhodskii et al. 2000; Allada, Emery et al. 2001; Bell-Pedersen, Cassone et al. 2005; 

Yu and Hardin 2006).  Central to the clock mechanism is the interlocked transcriptional-

translational feedback loop that provides the main control for rhythmic gene protein 

expression. In Drosophila, some of the main genes involved in this pathway are period 

(per), timeless (tim), clock (clk) and cycle (cyc). The basic clock mechanism occurs as 

follows: During the day, mRNA levels of some of the proteins start to build up but the 

proteins do not build up due to posttranslational modifications such as phosphorylation 
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and ubiquitination, which are discussed in detail in the following paragraphs. The 

proteins start accumulating in the night and subsequently translocate into the nucleus and 

repress their own transcription by binding to the transcription factors. This rhythmic rise 

and fall of protein levels (also mRNA) happens over approximately 24hrs a day, thus 

leading to a clock that outputs a period of approximately 24hr. Drosophila have multiple 

oscillators in their body, but the central clock in Drosophila is located in the brain in a 

subset of neurons that control locomotor activity rhythms. In mammals, the 

suprachiasmatic nucleus (SCN) consists of the core clock which transmits signals to the 

clock in the other tissues such as the liver and kidneys. 

 The Drosophila circadian clock mechanism is represented in Fig 3. The mRNA levels 

of per and tim rise during the day along with those of the Vrille (vri) and Par domain 

protein1ε (pdp1ε) (Glossop, Houl et al. 2003). The transcriptions of these mRNAs are 

controlled by the transcription factor complex CLOCK/CYCLE that positively regulates 

the expression of these mRNAs during the day (Allada, White et al. 1998; Darlington, 

Wager-Smith et al. 1998). VRI accumulates in the nucleus at a faster rate than PDP1ε and 

binds to the Vri/PDP1ε box (V/P-Box), which represses the clock (Clk) gene and the 

cryptochrome (cry) gene (Glossop, Houl et al. 2003).The opposite happens during the 

dark. In addition, CRY levels are low during the day, despite the high initial levels of cry 

mRNA, because CRY is stable in the dark but not in the light (Blau and Young 1999; 

Ceriani, Darlington et al. 1999; Glossop, Houl et al. 2003).  

 

 



11 

 

 

 

A 

B 



12 

 

 

 

C 

D 

Degradation 



13 

 

Fig 3. The molecular mechanisms of the Drosophila circadian clock  

The molecular model of the Drosophila circadian oscillator is comprised of two interlocked 

feedback loops in gene expression, consisting of the per/tim loop (or the negative loop) and the 

Clk loop (or the positive loop).  The known factors that regulate the clock include kinases, such 

as DBT, CK2 and SGG, a protein phosphatase, PP2A, and a circadian photoreceptor, CRY.  The 

panels A through D depict different times of the day as indicated by the portrait insert in the 

upper right corner and described below.   

A.  During the evening the CLK:CYC heterodimer binds to upstream E-box sequences of clock 

genes per, tim, pdp1ε,and vri, causing high level of mRNA transcription followed by increasing 

amounts of cytoplasmic PER, TIM, PDP1ε, and VRI.  The PER and TIM heterodimer forms in 

the presence of continued phosphorylation by CK2 and DBT.  In addition, DBT is also found 

bound to PER at this time.  Levels of cytoplasmic VRI also increase at this time and translocate 

into the nucleus to repress Clk and cry transcription by binding to the V/P-Box promoter 

element.  Despite the repression of cry transcription, cry mRNA is translated and CRY protein 

begins to accumulate.   

B.  During the night, SGG phosphorylates TIM while in the PER: TIM heterodimer and PER: 

TIM translocates, with DBT, into the nucleus to interact with CLK: CYC. This interaction 

removes CLK: CYC from the E-Box to repress the transcription of clock genes per, tim, pdp1ε 

and vri.  Meanwhile, PDP1ε translocates into the nucleus and outcompetes VRI for V/P-Box 

binding to promote transcription of Clk and cry mRNA and levels of CLK and CRY protein.   

C.  During the early morning light-activated CRY binds to and promotes rapid degradation of 

TIM, thus allowing DBT to hyperphosphorylate and target PER for subsequent degradation by 

the proteasome. A DBT-dependent kinase phosphorylates CLK and targets it for degradation or 

otherwise inactivates its capacity to activate transcription.  

D.  Newly synthesized CLK or PP2A-mediated de-phosphorylated CLK binds to CYC to 

form the CLK:CYC heterodimer, which binds to the E-Box promoter to promote expression 

of per, tim, pdp1ε and vri mRNA, and VRI proteins begin to accumulate.  The levels of 

cytoplasmic PER are regulated by CK2 and DBT phosphorylation, which targets PER for 

degradation, and also by PP2a, which generates hypophosphorylated PER that is not targeted 

for degradation.  TIM degradation is signaled by a light-dependent interaction with CRY.  

Meanwhile, VRI translocates to the nucleus, outcompetes PDP1ε for binding to the V/P-Box 

and inhibits the transcription of Clk and cry genes.  
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 The protein levels of period (PER) and timeless (TIM) rise constantly through the 

night. These two proteins form a heterodimer and enter into the nucleus wherein they 

repress their own transcription by binding and negatively regulating the CLK/CYC 

transcription factor complex (Allada, White et al. 1998; Darlington, Wager-Smith et al. 

1998). This negative regulation of the CLK/CYC transcription factors not only inhibits 

the transcription of per and tim mRNA but also the transcriptions of other cellular output 

genes that are controlled by the circadian transcription complexes and which eventually 

manifest cellular output pathways. The physical association of PER and TIM leads to the 

stabilization of PER and prevents its degradation by DBT (Gekakis, Saez et al. 1995; 

Price, Dembinska et al. 1995; Price, Blau et al. 1998; Muskus, Preuss et al. 2007). Hence 

the per and tim mRNA levels cycle opposite to that of the PER and TIM proteins. The 

expression of clk is activated when PER/TIM binds CLK/CYC and the repression of clk 

transcription by CLK/CYC-induced VRI is relieved. Once the light comes on, TIM is 

degraded by CRY in a light dependant manner and hence the PER/TIM complex is 

dissociated. (Darlington, Wager-Smith et al. 1998; Emery, So et al. 1998; Stanewsky, 

Kaneko et al. 1998; Ceriani, Darlington et al. 1999). This dissociation of TIM and PER 

likely triggers the protein kinase Doubletime (DBT), which phosphorylates PER and 

targets it to degradation through ubiquitination (Price 1995; Price, Blau et al. 1998; 

Muskus, Preuss et al. 2007). The degradation of the PER/TIM complex relieves the 

repression on the CLK/CYC transcription factors leading to the synthesis of per and tim 

mRNA once again. This rhythmic process repeats approximately every 24hr leading to 

the endogenous clock producing a ~24hr rhythm even in the absence of external cues 

such as light. Recent studies have shown that DBT not only affects the stability of PER 
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but also might act as a bridge to recruit or allow the proximity of other factors that are 

part of the clock machinery, thus providing a complex mechanism of regulation(Yu, 

Zheng et al. 2009). Several DBT alleles have been identified that have different effects on 

period (Price, Blau et al. 1998; Rothenfluh, Abodeely et al. 2000; Suri, Hall et al. 2000). 

Two of the chapters herein present evidence that kinase activity is not the only way DBT 

brings about changes in period 

Overview of My Dissertation Research 

The basis of my dissertation work builds upon a significant finding in the field by Dr. 

Price during his postdoctoral work in the laboratory of Dr. Michael Young at Rockefeller 

University.  His work identified the dbt gene which encodes a protein kinase that is one 

of the integral parts of the circadian clock, regulates the stability of PER through a post 

translational feedback loop and maintains the ~24 hr rhythm. The work also extends our 

analysis of the classically generated (identified during an EMS screen) DBT mutants 

(dbt
S
 and dbt

L
) that produce short and long periods respectively (Price, Blau et al. 1998). 

These mutants produced similar periods when overexpressed in a wildtype background 

(Muskus, Preuss et al. 2007) suggesting that these mutants are dominant and affect some 

aspect of the clock process. Although dbt
S
 and dbt

L
 mutants have opposite effects on 

period, when tested in vitro they all showed similar lower kinase activity (Preuss, Fan et 

al. 2004). This result was intriguing because elevated or diminished kinase activity would 

have readily explained the opposite effect of these mutants, but in fact the results were 

different. Another spontaneous mutation that was identified in hamster (called TAU) 

produces a short period of 21hr and also possessed lower kinase activity in-vitro 
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(Lowrey, Shimomura et al. 2000). Three general hypotheses have been considered to 

explain the opposite effects of these mutations on circadian period. 

1. The opposite effects on period of these mutants, which have general lower general 

kinase activity on substrates casein and PER, might arise because these mutations affect 

the kinetics of phosphorylation at specific sites differentially. Some phosphorylation sites 

may increase PER levels and others decrease them (Suri, Hall et al. 2000; Preuss, Fan et 

al. 2004; Xu, Padiath et al. 2005; Vanselow, Vanselow et al. 2006; Kivimae, Saez et al. 

2008; Fan, Preuss et al. 2009; Chiu, Ko et al. 2011). 

2. Another possibility is that these mutants might affect something besides the kinase 

activity of DBT (i.e., interactions with other clock proteins). A recent study has suggested 

the DBT may function as a scaffold to promote interaction with another unidentified 

kinase to phosphorylate clock (Yu, Zheng et al. 2009). Recent studies have also shown 

that another kinase Nemo (nmo) is also actively involved in phosphorylating CLK and 

PER to slow down the clock (Chiu, Ko et al. 2011; Yu, Houl et al. 2011). DBT might 

interact with NMO to bring about the changes in the period.  

3. DBT has also been suggested to perform different roles in cytoplasm and the nucleus. 

It has been hypothesized that  increasing the activity of DBT in the cytoplasm might lead 

to lengthening of period, since PER entry into the nucleus might be delayed thus leading 

to a longer period, while  increased nuclear DBT activity might speed up the clock by 

relieving the repression of PER on its own transcription earlier (Preuss, Fan et al. 2004). 

      Locomotor activity records of flies in LD show that they have two activity peaks, one 

in the morning after the lights are turned on, followed by brief period of sleep in the 

middle of the day (siesta) and another peak of activity in the evening followed by sleep 
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when the lights are turned off. In DD conditions, the activity is represented only by the 

evening peak. Flies can increase their activity before the time of lights on or off, a 

phenomenon termed “anticipation.”  Recent studies using ablation of some clock neurons 

have proposed a dual oscillator model in Drosophila where a subset of the cells in the 

core clock of the brain control the morning activity and another subset controls the 

evening activity (Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004). DBT might have 

different roles in these neurons, and reduction of its activity specifically in one group of 

cells might alter the circadian clock differently than simply eliminating these cells by 

activation of cell death pathways.  

Finally recent studies have shown involvement of kinases in the TAU pathology in 

Alzheimer’s disease and other debilitating neuronal disorders (Kuret, Johnson et al. 1997; 

Jackson, Wiedau-Pazos et al. 2002; Shulman and Feany 2003; Nishimura, Yang et al. 

2004). One of the chapter details my analysis of the role of DBT in this process. 

The questions addressed by my thesis are:  

1. Do the period-altering mutations of DBT act independently of any effects on DBT’s 

intrinsic kinase activity to alter circadian period in a dominant negative background? 

2. Does DBT have different role in the cytoplasm and the nucleus and do these different 

roles affect the overall period in opposite directions? 

3. Does DBT have specific roles in the morning and evening oscillator cells of the brains? 

4. Does DBT have a role in producing neurodegeneration in tauopathies? 

Chapter 3 of the thesis was done in collaboration with Michael Muskus and Ed Bjes. 

Chapters 4 and 5 were undertaken by me with some help from Ed Bjes.  

Chapter 6 was done in collaboration with John Means (Figure 35 and 36) 
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Chapter 7 of the thesis presents an analysis of the effects of a recently discovered clock 

gene (BDBT) on PER levels in fly brains; this work constitutes my contribution to a work 

principally conducted by Dr. Jin-Yuan Fan. 

 To address question 1, a mutant form of DBT which is normal except that it lacks any 

detectable kinase activity was used. This mutant was generated by Michael Muskus in 

our lab (Muskus, Preuss et al. 2007).  It specifically changes the lysine (K) residue at 

amino acid position 38 to arginine (R) (referred to as DBT
K/R

) and specifically eliminates 

kinase activity but does not abolish DBT’s interaction with PER. The DBT
K/R

 mutant was 

shown to bind PER and keep it hypophosphorylated at all time points by antagonizing the 

activity of endogenous wild type DBT. It therefore acts as a dominant negative. The flies 

produced long period ranging from 27-34 hrs with high degree of arrhythmicity (Muskus, 

Preuss et al. 2007), with residual rhythmicity produced by incomplete antagonisms of 

endogenous DBT. We hypothesized that the period altering mutants of DBT should affect 

the period even in the absence of kinase activity if these mutations affect interactions 

with other clock components rather than the kinase activity of DBT. To test this, the 

period altering mutants of DBT (DBT
S
, DBT

L
 and DBT

TAU
) were generated in a DBT

K/R
 

protein in-cis (in the same protein). Michael Muskus initially generated the double 

mutants in the lab using the P-element insertions and tested them. The results were 

inconclusive because the flies exhibited a wide range of period with these mutations; the 

location of their insertions on the chromosome brought about different levels of 

expression. To overcome this I used the mutants generated by Michael Muskus and 

cloned those into a site specific integration vector system (Bischof., Maeda. et al. 2007).  
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The flies were tested for changes in period of locomotor activity rhythms using the 

methods described above. I also generated flies with the DBT
K/R

 mutation using the site 

specific integration system to compare with the other mutants. The DBT
K/R

 mutant flies 

produced with this method showed more consistent periods with an average period of 32 

hr for multiple lines, validating the use of this site specific integration system for 

analyzing the double mutants. All the three period altering DBT mutants showed a 

shortening of the DBT
K/R

 phenotype in-cis. The level of DBT protein expression was also 

comparable between the various DBT
K/R

 mutants confirming that the effects were not 

produced by different levels of protein expression but by the mutations themselves. The 

differences in period between the double mutants were statistically significant compared 

to the period of DBT
K/R

 suggesting kinase independent effects of these mutations. The 

DBT
K/R+TAU

 showed the highest level of rescue in period and in PER phosphorylation 

profile. A detailed analysis of this study and the results are presented in chapter 3. These 

results are consistent with the hypothesis that the period-altering mutants affect 

interactions of DBT with other clock components to modulate period length. A study for 

potential interactors of DBT by Dr. Jin-Yuan Price in the lab has identified a gene that 

might be a potential binding partner of DBT. Chapter 7 of my thesis includes some of the 

experiments and their results that I carried out for this project. 

To address the question 2 (whether DBT has different effects in the cytoplasm vs. 

nucleus) I engineered mutations in the putative NLS domain of DBT
WT

 that would confer 

cytoplasmic localization of DBT. Alternatively I added a strong SV40 NLS domain to 

DBT to make it nuclear. These mutants showed exclusive cytoplasmic and nuclear 

localization respectively in S2 cells. However, when tested in the flies using the site 
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specific integration system, DBT
WT

 with a mutation in its NLS domain shortened the 

circadian period (20 hrs) and conferred cytoplasmic localization of DBT in adult and 

larval brains while the addition of a strong NLS did not alter the localization of DBT and 

did not have an effect on period. The shortening of circadian period by the cytoplasmic 

form of DBT was contrary to the previous hypothesis that increasing activity of DBT in 

the cytoplasm would lengthen the period. The site of the period-shortening NLS mutant 

was close in the 3D-structure to the original hamster TAU mutation (21 hr). One of the 

residues that was mutated as part of the NLS domain was a part of a triad of amino acids 

proposed to interact with the phosphates in the substrate to target the kinase activity to a 

downstream serine of threonine (i.e., it was part of the substrate recognition domain). The 

original TAU mutation was also proposed to be part of this triad. So we decided that we 

might have uncovered new “TAU” like mutants that were part of this recognition domain. 

We mutated another amino acid which was also part of the putative recognition domain 

and tested to see if it had any effect on the period, but it did not. The mutation that did not 

produce any change in the period may have destabilized the protein. Other mutations 

affecting charged residues on the surface of DBT and close to the proposed recognition 

site also shortened period, while mutations outside of this domain produced a long period 

but the level of protein expression was similar among the different lines except the 

G215E mutation that did not alter period. We conclude that the mutations which shorten 

circadian period in this region are affecting substrate recognition or another protein 

interaction domain; a detailed analysis of this project is presented in chapter 4. 

The Drosophila brain consists of ~150 neurons that are a part of the clock network. 

Recent studies have indicated that several subsets of neurons control different aspects of 
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the clock in LD. The neurons are categorized based on their location in their brain and 

their expression of the neurotransmitter PDF (Pigment Dispersion Factor). The cells that 

stain positive for PDF (the small and large lateral neurons) control the morning 

anticipatory rhythm of behavior. The dorsal lateral neurons that do not express PDF are 

responsible for the evening anticipatory behavior (Grima, Chelot et al. 2004; Stoleru, 

Peng et al. 2004). These studies used cell ablation techniques by expressing UAS-hid that 

results in apoptosis of the neurons (Stoleru, Peng et al. 2004) or expressed PER in only 

certain neurons in a per
0
 background (Grima, Chelot et al. 2004). Ablation of the 

morning cells results resulted in the loss of morning anticipation and of the evening cells 

results in loss of evening anticipation. Similar results were obtained by eliminating 

oscillator function in these cells with the per
0
 mutation.  

I attempted to study the roles of these cells without killing them or rendering them 

per
0
 mutant. Instead I expressed the kinase inactive form of DBT (DBT

K/R
) in these cells 

using the GAL4/GAL80 activator/repressor system to selectively inhibit the turnover of 

PER in just the morning or evening cells. Expression of DBT
K/R

 in all the clock cells of 

the brain results in loss of both the morning and evening anticipatory activity but 

produced a strong startle response in the morning activity. Surprisingly, when DBT
K/R

 

was expressed just in the evening cells both the morning and evening anticipation were 

blocked, although the morning cells were intact in this paradigm. Expression of DBT
K/R

 

in just the morning cells eliminated the morning peak of activity without affecting the 

evening peak. Adult brains were stained for PER, to see if they exhibited rhythmic PER 

at ZT1 and 13. The flies that expressed DBT
K/R

 in all cells resulted in high levels of 

hypophosphorylated PER in all brain neurons similar to Muskus et al 2007. PER was 
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highly nuclear at both time points in both the morning and evening cells. By contrast, 

expression of DBT
K/R

 in only the morning or evening cells led to high levels of PER at 

both  time points only in the morning or evening cells, respectively. The PER expressions 

levels in the brain neurons validated our experimental setup and that the cells were intact 

in our study. Thus the changes in the anticipation were due to the expression of DBT
K/R

 

in these cells and not due to any extraneous factors. Our experiment shows that the 

effects of DBT
K/R

 on PER are cell autonomous. Interestingly, the effects on amount of 

activity are more pronounced than in the study which ablated these cell groups, 

suggesting that lack of clock function in morning and evening cell groups that survive 

suppresses the amount of activity normally regulated by that cell group, and that the 

evening cell groups also suppressed morning activity. A detailed description and 

discussion are done in chapter 5. 

Alzheimer’s disease is a debilitating disorder that results in formation of amyloid 

plaques and neurofibrillary tangles with TAU protein and results in the death of neurons. 

The formation of tangles containing TAU (tauopathy) is a hallmark of a few neuronal 

diseases such as Alzheimer’s, Progressive supranuclear palsy, Frontotemporal dementia 

and parkinsonism linked to chromosome 17 (FTDP-17). Multiple kinases are involved in 

phosphorylation of TAU and formation of tangles. The kinases that have been implicated 

in the phosphorylation of TAU so far are GSK3β, PAR-1and CK1. In fly models of 

tauopathy, there has been no direct evidence of DBT’s involvement in this phenomenon. 

GSK3β and PAR-1 have been shown to phosphorylate tau (Jackson, Wiedau-Pazos et al. 

2002; Nishimura, Yang et al. 2004). Although CK1 δ has been shown to be associated 

with Tau and its mRNA upregulated in Alzheimer’s diseases brain (Kuret, Johnson et al. 

http://en.wikipedia.org/wiki/Progressive_supranuclear_palsy
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1997; Yasojima, Kuret et al. 2000; Li, Yin et al. 2004), DBT’s role has not been 

extensively studied. I undertook the project to analyze the role of DBT in this process. To 

analyze this, flies over expressing Human TAU (hTAU) in the eye were crossed to either 

DBT
WT

 or DBT
K/R

 using an eye specific driver and the eyes were analyzed to determine 

the effects of DBT overexpression. To our surprise, the flies expressing the kinase 

inactive form of DBT (DBT
K/R

) exacerbated the rough eye phenotype while the 

overexpression DBT
WT

 did not. Analysis of head extracts indicated no significant 

changes in TAU phosphorylation or levels, or of expression of Armadillo, the ortholog of 

β-catenin in Drosophila. 

John Means, who joined the lab in 2010, took the project in a different direction. He 

was looking at the effects of gene spaghetti on the clock and saw that DBT levels were 

reduced with knockdown of spaghetti with RNAi. He also looked at caspases to see if 

there were any changes in its activation since the eyes defects with DBT
K/R

 looked like a 

cell death process. Caspases have been recently shown to regulate TAU cleavage and 

TAU toxicity (Gamblin, Chen et al. 2003). He found that the caspase DRONC is 

activated in spaghetti knockdowns and also in flies expressing DBT
K/R

. I assisted him in 

the analysis of adult brains to determine if there was an elevation of caspases in clock 

cells. With DBT
K/R

 overexpression we saw that caspases were elevated in the clock cells 

of the brain. I also performed the kinase assays to show that there was direct 

phosphorylation of caspases by DBT
WT

. The experiments done by us lead us to the 

conclusion that DBT may be involved in TAU pathology. The effects of DBT are 

mediated not by phosphorylation of TAU but by phosphorylation of caspases, keeping 
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them inactive and preventing it from cleaving tau. The experiments I carried out for this 

project are detailed in chapter 6. 
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MATERIALS AND METHODS 

 

Site-directed Mutagenesis 

Generation of the double mutants (DBT
K/R+S

, DBT
K/R+L

, and DBT
K/R+TAU

) was done 

by mutating the existing pMT clones of short (S), long (L) and tau (TAU) mutants 

generated in the lab (Preuss, Fan et al. 2004; Fan, Preuss et al. 2009). The pMT clones of 

the period altering mutants were mutagenized to introduce the DBT
K/R

 mutation using the 

QIAGEN QUIKCHANGE (Parisi, Riccardo et al.) (Stratagene CA) procedure with the 

following oligonucleotide primers:  

QCdbtK38R forward primer, 5’-GATGCACTCCAGCCTGATGGCCACCTC-3’         

QCdbtK38R reverse primer, 5’-GAGGTGGCCATCAGGCTGGAGTGCATC-3’  

This was done earlier in the lab by Michael Muskus. The presence of the mutations 

was confirmed using DNA sequencing (In house sequencing facility UMKC). For 

mutational analysis of nuclear localization and the putative TAU domain region, the 

pMT-DBT
WT

- MYC (Preuss, Fan et al. 2004) was used to generate different mutants with 

the QIAGEN QUIKCHANGE (Parisi, Riccardo et al.) (Stratagene CA) using the 

following primers. The List of mutants and the oligonucleotide primers are as follows: 

 DBTNLS
-
 Forward, 5’-

GCTTAAAGGCAGCCAACAACAATCAAAACTACGAGAGGATCTCGG 3’,  

DBTNLS
-
 Reverse, 

5’-CCGAGATCCTCTCGTAGTTTTGATTGTTGTTGGCTGCCTTTAAGC 3’,  

DBT 574 Forward, 5’-GGGCATTGAGCAATCGAACCGTGACGACCTGGAGTC 3’,  

DBT 574 Reverse, 5’-GACTCCAGGTCGTCACGGTTCGATTGCTCAATGCCC 3’,    
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DBT 577 Forward, 5’ –GCATTGAGCAATCGCGTAACGACGACCTGGAGTCCCTG 

3’, 

DBT 577 Reverse, 5’ –CAGGGACTCCAGGTCGTCGTTACGCGATTGCTCAATGC 

3’, 

DBT 643 Forward, 5’ –CGCCTTGCCCTGGCAGGAATTAAAGGCAGCCAACAAG 

3’,  

DBT 643 Reverse, 5’ –CTTGTTGGCTGCCTTTAATTCCTGCCAGGGCAAGGCG 3’,  

DBT 649 Forward, 5’ –CTGGCAGGGCTTAAACGCAGCCAACAAGAGG 3’, 

DBT 649 Reverse, 5’ –CCTCTTGTTGGCTGCGTTTAAGCCCTGCCAG 3’, 

DBT 661 Forward, 5’ –

GCTTAAAGGCAGCCAACAACAACCAAAAGTACGAGAGGATC 3’, 

DBT 661 Reverse, 5’ –

GATCCTCTCGTACTTTTGGTTGTTGTTGGCTGCCTTTAAGC 3’,  

For the insertion of a strong SV40 NLS site to the DBT’s, the following primers were 

used. 

DBT stNLS Forward, 5’-CCGGTCCAAAGAAAAAGCGTAAAGTCTGAGTTT- 3’,  

DBT stNLS Reverse, 5’-AAACTCAGACTTTACGCTTTTTCTTTGGA-3’ 

These primers were annealed to create a restriction site (PmeI and AgeI). The pMT-

DBT plasmid DNA was digested with the same restriction enzymes, and the strong NLS 

sequence was introduced. 

For the expression of Drosophila TAU (dTAU) in S2 cells, the pFLC1-TAU cDNA 

(Drosophila Genomics Resource Center, Bloomington, Indiana, Clone no RE16764) was 

amplified using the following primers. 
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TAU Forward, 5’ -CCAAGTCCAAAATCGGTTCGC 3’, 

TAU Reverse, 5’ -GCGCTTCGAAGCTTTGTTGATTTAAATTTTCATCAGCGCC 3’ 

The PCR product was digested with the XcmI and BstBI followed by insertion into the 

pAC vector which was also digested with the same enzymes. The Insertion of a HA tag to the 

N-terminus of TAU was done using the following primers 

TAU NTER Forward, 5’ -

GCGCGAATTCGCGACCCTATGGCGTACCCTACGACGTGCCGGACTACGCGATGG

CGGATGTCCTGGAGAAAAGCTCACTG 3’, 

TAU NTER DRA Reverse, 5’ –GGCGCATGTCCGACTTGTACC 3’ 

The DNA was digested with DraIII and EcoRI and swapped for the original fragment in 

the pAC-TAU, also digested with these restriction enzymes. The sequence and the presence 

of the HA tag was confirmed by in house sequencing facility. 

Expression of Proteins in S2 Cells 

The generation of the pMT-DBT
WT

-MYC (NLS mutants) expression plasmids is 

described above. The plasmids expressing the MYC-tagged DBTs were transfected into 

Drosophila S2 cells with Cellfectin, as described by the supplier of Cellfectin (Invitrogen, 

Carlsbad, CA).  Low levels of DBT
WT

-MYC were produced with 0.2 ug of plasmid, 5 mls of 

cells in the transfection (~30 million cells), and 0.05 mM CuSO4 in the growth medium.  

Intermediate levels were produced with 0.2 ug of plasmid and 0.5 mM CuSO4, and high 

levels were produced with 1.9 ug of plasmid and 0.5 mM CuSO4.  An empty pMT vector 

containing no dbt gene was also used in the transfections in various amounts so that the total 

amount of plasmid transfected in all experiments equaled 4.5µg.  42 hours after the addition 

of CuSO4, the cells were collected and further processed for Immunoflourescence of DBT
WT

-

MYC contructs or DBT
K/R

-MYC (see below). 
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Plasmids expressing MYC-tagged DBTs, V5-tagged LACZ and HA-tagged dTAU were 

transfected into S2 cells with Cellfectin, as described above. 1.9 ug of each of these plasmids 

was used to express each of the proteins in S2 cells. For expression of DBT, 0.5 mM CuSO4 

was used. 42 hours after induction, the cells were collected and processed for western blot 

analysis. 

Immunoflourescence Analysis of DBT in S2 Cells 

Cells with different levels of expression of DBT was placed on to a glass slide and fixed 

with 2% Paraformaldehyde. The slides were washed with 1XPBS (Phosphate buffered saline; 

0.02 M NaH2PO4 pH 6.8 and 150 mM NaCl) twice followed by PBT (2% BSA, 0.1% Triton 

X-100 in 1XPBS). Following the washes, the slides were incubated in PBTN (PBT with 

0.5% -4% Goat Serum). This was followed with the incubation of the slides overnight in 

primary antibody (1:1000 dilution of mouse anti-MYC antibody in 4%PBTN). The slides 

were then washed twice with 1XPBS and once with PBT. The slides were incubated with the 

appropriate secondary antibody (1:1000 dilution of anti-mouse IgG alexa-568). The slides 

were then washed and the cover slip was mounted with 1:1 ratio of 1XPBS and 50% glycerol 

(with DAPI). The cells were then visualized with a Nikon fluorescence microscope with 

200X magnification.  

Purification of DBT from S2 Cells 

Drosophila S2 cells stably expressing DBT-Myc-His were induced with Copper Sulfate 

(0.5 mM) and allowed 24h for expression. Cells were harvested and spun down at 1000 x g 

for 3 minutes. Cell pellets were stored at -80
o
C for at least one day. Cell pellets were 

resuspended in cell lysis buffer (200mM Tris-Cl pH 8, 0.4M Ammonia sulfate, 10mM 

MgCl2, 10% glycerol, 20mM NaF + protease inhibitors) and incubated on ice for 30 minutes 
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followed by sonication. After sonication cell debris was removed by centrifugation at 1000 x 

g for 3 minutes. Supernatant was then incubated with Talon Metal Affinity Resin (Clonetech) 

to pull out the His tagged protein (DBT) for 1 hour at 4
O
 C. The sample was spun down and 

the liquid was pipetted off. Beads (which have DBT bound) were washed with Wash buffer 

2X (10 mM Imidazole pH 8, 0.5 M NaCl, 100mM KCl, 0.2% TX-100, 25 mM Hepes pH 7.6, 

10% glycerol). Beads were then resuspended with 4 mL wash buffer and loaded into an 

empty column and DBT was eluted with 3 mL elution buffer (100 mM Imidazole, 0.5 M 

NaCl, 100mM KCl, 0.2% TX-100, 25mM Hepes, 10% glycerol, 100mM EDTA) and 500 uL 

fractions were collected. A Coomassie-stained PAGE gel and immunoblot (anti-myc) were 

performed to confirm DBT purification. Full length DRONC was also purified separately in 

the same manner using the Talon resin since it has a His-tag. 

In Vitro Kinase Assay 

DBT
WT

 or DBT
K/R

 was purified using the methods described above. To perform in vitro 

kinase assays, 25 ul (500 ng) of either DBT
K/R

 or DBT
WT

 was added to the tube, followed by 

25 ul (1 ug) of full length DRONC (quantified by coomassie stain), 60ul of ATP (200 uM) 

followed by addition of 1ul of 
32

P-ATP (1 uCi). DBT
WT

 or DBT
K/R

 without DRONC added 

was used as control. DRONC without DBT was also used as a control. Alternatively S2 cell 

lysate was added to the tubes containing either DBT
WT

 or DBT
K/R

 with DRONC to see if 

there were any changes to the phosphorylation. The final volumes were made up to 300 ul 

using 1X kinase buffer. The mixture was incubated at room temperature for 2 hours. After 

the incubation, the reactions were incubated with talon resin to immunoprecipitate DRONC 

and DBT. The beads were spun down then washed with kinase buffer three times. 50ul of 5X 

SDS buffer was added to the beads and heated to 100
o
C for 5 minutes and then spun down at 
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13000 rpm for 2 minutes (250 ul final volumes). 25ul of the supernatant was collected and 

ran on a 10% gel. The gel was then fixed (30% methanol and 10% acetic acid) for 30 minutes 

followed by incubation with 50%methanol/glycerol mixture for 30 minutes. The gels were 

wrapped in cellulose paper and dried overnight. The gels were then held in a cassette for 30 

minutes with an X-ray film and the signal was detected using autoradiography.  

Generation of Transgenic Flies 

Transgenic constructs were made by using the Φc31 integrase system (Bischof., Maeda. et 

al. 2007). In order to clone the DBT constructs (DBT
K/R

, DBT
K/R+S

, DBT
K/R+L

 and 

DBT
K/R+TAU

,
 
the NLS

 
mutants and Tau domain mutants) into the insertion vector pUAST-

attB, the pUAST-attB polylinker was first modified by inserting a PmeI site. This site was 

introduced by digesting the plasmid with NotI and XhoI, followed by ligation of a double-

stranded oligonucleotide produced by annealing two single-stranded oligonucleotides, 

5′GGCCGCCCAAGGTTGTTTAAACC3′ and 5′TCGAGGTTTAAACAACCTTGGGC3′. 

Successful insertion of the oligonucleotide created a PmeI site in the pUAST-attB polylinker, 

which was consecutively digested with PmeI and EcoRI to allow oriented insertion of PmeI-

EcoRI-digested fragments obtained from our various pMT-DBT-MYC constructs. The 

cloning placed the DBT gene under control of the upstream activation sequence (UAS) 

promoter. Transformants were produced by model system genomics of Duke University 

(Durham, NC) at the attP2 locus on chromosome III (Bischof., Maeda. et al. 2007). The lines 

were generated and were all mapped by standard procedure to the third chromosome. The 

lines were balanced with TM3SbSer, a third chromosome balancer. 
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Fly Entrainment and Locomotor Assays 

The transgenic DBT lines were crossed to a timGAL4 driver (yw; P (w [+mC] = GAL4-

tim.E) 62) (from Bloomington stock center, stock number 7126), limiting expression to clock 

specific neurons because the GAL4 expression was dependent on the activity of the timeless 

promoter.  The crosses were entrained at 23.5°C under a 12h: 12h light-dark (LD condition) 

with cool fluorescent bulbs (ca 3000 lx).  The F1 progeny containing the timGAL4 driver and 

the UAS-DBT responder were collected and were entrained for a further 72 hrs in separate 

vials at 23.5°C. The flies were sorted into males and females, and the males were used for 

locomotor assays while the females were used for head extracts for immunoblot analysis. The 

male flies were first entrained for three days in LD and then were loaded into individual 

cuvettes and were placed in a monitoring device connected to a computer (Trikinetics Inc, 

Waltham, MA). TM3SbSer siblings that inherited the balancer chromosome rather than the 

UAS-DBT responder served as wild type controls for the behavioral and immunoblot 

analyses. Lights were kept off after this further entrainment, effectively placing the flies in 

constant darkness (DD), and their locomotor activity was monitored as previously described 

(Price, Blau et al. 1998).  Using analytic software (Clocklab, Inc, Evanston, IL) the average 

period length of each fly was determined by Chi-square Periodogram analysis, and the 

overall activity pattern across the recorded time period (actogram) was used to confirm 

rhythmic or arrhythmic behavior of each tested individual.  Rhythmic flies produced a single 

major Periodogram peak with P<0.01 and produced discernibly rhythmic actograms.  The 

average period, percent rhythmicity and statistical values for each genotype, were tabulated 

using Microsoft Excel Software and the results reported in Tables 1, 2, 3 and 4. Comparisons 

between genotypes were accomplished by one-way ANOVA followed where indicated by 
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Tukey–Kramer post hoc tests, with significant differences defined as p<0.05. Group values 

were expressed as mean ± SEM. Statistics were performed using Statistica (Statsoft Inc., 

Tulsa, OK). 

For the determination of morning and evening activities, the flies were crossed to different 

activator/repressor combinations outlined in chapter 5 and the adults that emerged were 

maintained in LD for 3 days. They were then loaded onto individual cuvettes and the activity 

rhythms were recorded in LD incubators. The activity profile was analyzed using the 

clocklab program.  
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Figure 4.  The use of the GAL4-UAS binary expression system technique to study the effects 

that DBT’s kinase activity confers on circadian rhythms.    
 

The GAL4/UAS technique for controlled gene mis- or over-expression in Drosophila is 

achieved by generating a fly transgenic for two separate constructs.  In the example 

shown, one construct consists of the coding sequence of the yeast gal4 transcription 

factor fused directly downstream of the timeless promoter to promote the expression of 

the GAL4 specifically in neurons of the fly brain that contain circadian clocks.  The 

second construct consists of GAL4-binding uas elements which are fused directly 

upstream to the various dbt-myc- expressing genes.  A male fly carrying the tim-GAL4 

transgene expressing the GAL4 protein (see top left panel) produces viable flies with 

wild type circadian periods, while a fly carrying the UAS-dbt-myc transgene (shown top 

right panel) does not express the dbt-myc transgene because of the absence of the GAL4 

protein and therefore also has wild type rhythms.  A mating of these two flies produces 

progeny flies that express the GAL4 protein which then binds to the UAS element and 

promotes the expression of the dbt-myc transgene in the tim-expressing neurons (see 

bottom panel).   

 

 

 

 

 

Figure made by Mike Muskus 
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Drivers and Fly Lines 

The expressions of DBT transgenes were done using the GAL4-UAS binary 

expression system described above. For expression of DBT in the clock cells timGAL4 

driver was used unless otherwise mentioned.  The flies expressing the TAU in the fly 

eyes were received from Dr. George Jackson at UCLA. The expression of TAU was 

under the control of Glass (gl) promoter and the flies also had a GMR-GAL4 (on X 

chromosome) or elav-GAL4 driver (on II chromosome) which drove the expression of 

DBT or Shaggy (SGG). UAS-DBT
WT

 or UAS-DBT
K/R

, UAS-SGG
WT

 (from Bloomington 

stock center, stock number 5435), UAS-SGG
S9A 

(from Bloomington stock center, stock 

number 5255) were expressed with the following drivers: 

P {w [+mW.hs] =GawB} z elav [C155] (from Bloomington stock center, stock number 

458) – for expression in all the neurons 

W [1118]; P{w[+mC]=Cha-GAL4.7.4}19B/CyO, P {ry [+t7.2] =sevRas1.V12} FK1 

(from Bloomington stock center, stock number 6798) – for expression in cholinergic the 

neurons 

P {GMR-GAL4. w [-]}2 (from Bloomington stock center, stock number 9146) – for 

expression in the eye 

The Following RNAi lines were used for different knockdowns. 

Y [1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01194}attP2 – For Knockdown of Spaghetti 

(Bloomington Stock center, stock no 31253) 

Knockdown of Bride of DBT (BDBT) was done using the RNAi line obtained from 

Vienna (Vienna Drosophila RNAi center, stock number v100028). 
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In Vivo Immunoblot Analysis 

For  immunoblot analysis of PER and DBT, the fly heads were chopped off with a 

razor blade and homogenized with 7µl of 1.1X sodium dodecyl sulfate (SDS) Laemmli 

gel loading buffer per fly with a Kontes pellet pestle homogenizer, and incubated at 95°C 

for 5 min.  3-5 µl of the extracts were analyzed by SDS-PAGE (10% acrylamide for 

DBT; 5.7% for PER) followed by transfer onto nitrocellulose membrane and immunoblot 

analysis as described previously (Preuss, Fan et al. 2004). Depending on the experimental 

setup, immunoblot analysis was performed using a 1:5,000 dilution of Invitrogen anti-

MYC antibody (Invitrogen, Carlsbad, CA), a 1:2,000 dilution of rabbit anti-DBT 

antibody (see above), a 1:25,000 of anti-PER antibody (produced by the Price Lab), or a 

1:5,000 dilution of mouse monoclonal anti-tubulin or anti-actin antibody (Developmental 

Studies Hybridoma Bank, Iowa City, IA), followed by a 1:5,000 dilution of the 

appropriate Horseradish-Peroxidase labeled secondary antibody and visualization of the 

signal with the  ECL Plus™ Western Blotting Detection Reagents (Amersham – GE 

Healthcare, Piscataway, NJ).  

For Immunoblot analysis of TAU, head extracts were obtained using methods 

described above and four different antibodies were used. For detection of TAU 

phosphorylated at Serine 202/ Threonine 205, 1:1000 dilution mouse AT8 antibody was 

used (Pierce Endogen, Rockford, IL). For detection of Serine 396/404 phosphorylation 

1:1000 dilution of PHF1 antibody (Abcam, Cambridge MA) was used. For detection of 

total TAU in the head extracts, 1:1000 dilution of mouse 5A6 (T46) antibody 

(Developmental Studies Hybridoma Bank, Iowa City, IA) or 1:1000 dilution of TAU5 

antibody was used (Biosource, Camarillo, CA).  The primary antibody incubations were 
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followed by a 1:5,000 dilution of the appropriate Horseradish-Peroxidase labeled 

secondary antibody and visualization of the signal with the ECL Plus™ Western Blotting 

Detection Reagents (Amersham – GE Healthcare, Piscataway, NJ). For detection of 

Armadillo in the head extracts, a 1:1000 dilution of mouse N27A1 Armadillo antibody 

was used (Developmental Studies Hybridoma Bank, Iowa City, IA), followed by 

appropriate secondary antibodies. dTAU was visualized using the HA antibody (Covance 

research Product, Berkeley, CA). 

Immunoflourescence Analysis of Drosophila Brains 

Larval or adult brains were collected from timGAL4>UAS-DBT-MYC larvae after 

entrainment of the larvae or adult, and were processed for detection of DBT-MYC and 

Pigment Dispersing Factor (PDF). The larval and adult brains were collected at ZT1 (1 hr 

after lights are turned on) and collected in ice cold 1XPBS. The brains were then fixed 

with 4% Paraformaldehyde in 1XPBS. The brains were then washed three times with 1% 

Triton X-100 (Danyluk, Interiano Villeda et al.) in 1X PBS. The blocking was done with 

10% horse serum diluted in 0.5% TX in 1XPBS. Primary and secondary antibodies were 

diluted in the 10% horse serum blocking buffer. For visualization of DBT and PDF, the 

brains were incubated with goat anti-MYC primary used at a 1:2000 dilution and 1:10000 

mouse anti-PDF for 2 hours at 4°C. This was followed by washes with 0.5% TX in 1X 

PBS. The brains were then incubated with Alexa-flour 488 anti-goat (for DBT) and 

Alexa-Flour 568 anti-mouse (for PDF) (Invitrogen, Carlsbad, CA). The Z-stacks were 

obtained with Olympus Confocal microscope with a 60X water immersion lens and a 4X 

zoom.  
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For visualization of PER and PDF, adult brains were collected at ZT1, ZT7, ZT13 and 

ZT19 and the same steps were used as above but the rabbit anti-PER primary antibody was 

used at a dilution of 1/5000, while anti-PDF (kindly deposited by Justin Blau in the 

Developmental Studies Hybridoma Bank, University of Iowa) was used at 1/1000.  

Secondary antibodies were Alexa-Fluor 488 anti-rabbit IgG and Alexa-Fluor 568 anti-mouse 

IgG (Invitrogen, Carlsbad, CA). In experiments where Caspase and DBT were visualized, the 

same steps were performed. The brains were collected at ZT1 and ZT7 and were incubated 

with 1:300 dilution of mouse anti-caspase antibody (Bruce Hay Cal Tech, Pasadena CA) and 

either the rabbit anti-DBT-C-terminal antibody (1/2000) or the goat anti-MYC antibody 

(1/2000), and the antibodies were visualized with appropriate secondary antibodies and 

imaged with an Olympus confocal microscope. 

To visualize Armadillo in the eye imaginal discs, the imaginal discs were dissected in cold 

PBS and fixed with paraformaldehyde. The rest of the steps are similar to the ones used for 

the brain dissection. For detection of the armadillo in the disks, 1:1000 dilution of N27A1 

armadillo antibody (Developmental Studies Hybridoma Bank, Iowa City, IA) was followed 

by Alexa Fluor 568 anti-mouse IgG (Invitrogen, Carlsbad, CA) 

Quantification of DBT and Phospho-TAU 

The DBT blots were analyzed using the Imagequant program (Amersham Biosciences, 

Waltham, MA). Areas for the Tubulin and DBT were calculated using the line method with 

the Imagequant software (MD apps). The area of DBT was each normalized to Tubulin by 

dividing the areas of DBT by Tubulin. The values post Tubulin normalization were further 

normalized to a Tubulin-normalized DBT signal from a single line which was used in all the 

blots (DBT
K/R+TAU

 A1). These relative values obtained for each DBT lane was then averaged 



38 

 

between three experiments and multiple blots for each line and plotted in the Y-axis with the 

X-axis denoting the various lines of DBT. The blots were repeated twice for each experiment 

and the final results were averaged for each genotype. 

For the analysis and normalization of TAU, the gels were first probed with either AT8 or 

PHF1 antibody, followed by stripping and reprobing the gel with TAU5 or 5A6 (T46) 

respectively. Both the blots were analyzed using the Image Quant program (Amersham 

Biosciences, Waltham, MA) with the line method. The areas of both total TAU and 

phosphorylated TAU were calculated using the MD apps program. The phosphorylation 

levels of TAU were normalized by dividing either the AT8 of PHF1 areas by the 

corresponding total TAU areas, and each of these values was further normalized to the 

average value for gl-hTAU; GMR-GAL4 flies. Two to three blots were repeated for each of 

the antibodies and the final values were obtained by averaging these values. Statistics were 

obtained using Statistica software (Statsoft, OK) with ANOVA and post hoc Tukey analysis. 

Determination of eye size of flies 

Fly eye size was measured using the ImageJ program (open source program, NIH). A 

circumference was drawn around the eye and the area was obtained from the measure 

command. The values were then tabulated and averaged (10-15 flies for each genotype) and 

statistics were performed using the Statistica (Statsoft OK) software. 
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CHAPTER 3 

DROSOPHILA DBT PERIOD-ALTERING MUTATIONS IN CIS SHORTEN 

CIRCADIAN PERIODS PRODUCED BY EXPRESSION OF A KINASE INACTIVE 

DBT 

Introduction 

The circadian clock mechanism in Drosophila consists of both the transcriptional and 

post-translational feedback loops as discussed earlier. One of the main mechanisms for 

the post-translational loop is the regulation PER stability by the protein kinase 

Doubletime (DBT). There are several period-altering mutants of DBT. DBT
S
 shortens the 

period to 18 hours and the DBT
L
 lengthens it to 27 hours, whether expressed as the sole 

allele or overexpressed in a wildtype background (Price, Blau et al. 1998; Muskus, Preuss 

et al. 2007; Fan, Preuss et al. 2009). Another mutation identified in hamsters (TAU) 

produces a short period of 21 hrs (Lowrey, Shimomura et al. 2000).When this mutant was 

generated in DBT and expressed in flies (DBT
TAU

) it produced a period similar to that of 

the mammalian mutation (Fan, Preuss et al. 2009). Although these mutants produce 

different effects on period, all these mutations exhibit a lowered kinase activity compared 

to their wildtype counterpart. It is puzzling that each of these mutations has lowered 

kinase activity but opposite effects on period. It has been proposed that these mutants 

affect the phosphorylation of PER at different sites producing different effects on 

negative feedback or PER localization, in turn affecting the period in opposite directions 

(Xu, Padiath et al. 2005; Vanselow, Vanselow et al. 2006; Meng, Logunova et al. 2008). 

These hypotheses propose either increased or decreased phosphorylation at specific sites.  

On the other hand, we have hypothesized that these mutants might affect something other 
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than the kinase activity of DBT to alter the period (e.g. interactions with other clock 

components) (Preuss, Fan et al. 2004; Muskus, Preuss et al. 2007; Fan, Preuss et al. 

2009). 

In order to test this alternative hypothesis, this chapter details the investigation of 

various double mutants on circadian period and PER oscillations. If the period-altering 

mutants of DBT affect the circadian period by a mechanism other than by affecting its 

intrinsic kinase activity then they should retain that effect even in a kinase inactive 

background and alter the same functions as when they were in the kinase active 

background. The dominant negative form of DBT (DBT
K/R

) lacks kinase activity but still 

binds to PER (Muskus, Preuss et al. 2007). It has been shown that it antagonizes the 

endogenous DBT leading to high levels of hypophosphorylated PER. The PER 

oscillations in the DBT
K/R

 mutants are dampened and the period is lengthened to 27-33 

hrs. Lower levels of expression of DBT
K/R

 (line 13.F.1.A) produce a lengthening of 

period to 27 hours and the highest expression levels of DBT
K/R

 (17.M.1.A) produces a 33 

hour period with high degrees of arrhythmicity (Muskus, Preuss et al. 2007). In these 

mutants the PER oscillation is dampened and PER is nuclear at all timepoints (Muskus, 

Preuss et al. 2007). To test our hypothesis we made the period altering mutants in cis (in 

the same protein) with DBT
K/R

 (DBT
K/R+S

, DBT
K/R+L

 and DBT
K/R+TAU

) (Figure 5). Since 

DBT
K/R 

lacks kinase activity, any changes in the 27-33 hr period of DBT
K/R

 flies can only 

be attributed to kinase-activity independent affects of the period altering mutants and not 

alterations in the site-specificity of the DBT
K/R

 kinase activity. Since the residual 

rhythmicity in these lines is due to the incomplete antagonism of endogenous DBT, the 

effects of the period-altering mutants might still be due to modulation of the activity of 
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endogenous DBT, but the effects would be produced by altered protein-protein 

interactions or signaling within clock protein complexes, rather than by direct effects of 

the mutations on DBT’s catalytic properties. These double mutations were previously 

generated in our lab by Mike Muskus (chapter 4 of Muskus MJ thesis) and transgenic 

flies were made by P-element transposition. These flies showed some highly variable 

alterations in period, but the different levels of expression of DBT due to insertion of our 

mutant gene in different chromosomes and locations made it difficult to interpret the 

results in a meaningful way. To counter the different levels of expression, I generated 

flies using the phiC31 insertion system with a pUASTattB plasmid which targets the 

insertion to the specific site on the genome (on the 3
rd

 chromosome). I also generated 

transgenic flies of DBT
K/R

 using the similar approach for comparison. 

The results presented here show that these mutants affect something aside from direct 

alterations of the kinase activity of DBT to alter period. All the three double mutants 

shorten the period of the DBT
K/R

 genotype and increase the oscillation of PER protein 

levels relative to DBT
K/R

 flies. The DBT
K/R+TAU

 mutant showed the highest level of 

rescue compared to the DBT
K/R

 genotype followed by the DBT
K/R+S

 and DBT
K/R+L

 in 

terms of both circadian period and PER protein oscillation. 
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Figure 5 Representation of double mutants of DBT
K/R

 

The short (S), Long (L) and TAU mutants were generated in-cis (within the same protein) 

with the DBT
K/R 

mutation. The figure shows the three mutants and the amino acids 

changes that were made in the DBT
K/R 

mutant. The blue N-terminal domain contains the 

catalytic activity and exhibits a high degree of amino acid sequence identity with 

vertebrate CKIδ/ε, while the green C-terminal domain is not conserved with vertebrate 

CKIδ/ε but inhibits kinase activity in both the Drosophila and vertebrate enzymes (Fan, 

Preuss et al. 2009). 
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Results 

All three period-altering mutants of DBT reduce period when expressed in cis 

with DBT
K/R

, relative to the periods produced by DBT
K/R

 alone. 

 

All the three period-altering mutants have different effects on circadian period and yet 

possess lower kinase activity, which suggests that some of these mutants might affect a 

property other than the intrinsic kinase activity of DBT to alter period. We reasoned that 

if these mutants act through a mechanism that is not mediated by direct effects on the 

activity of DBT (e.g., interactions with other protein) then the effects might still persist in 

a kinase inactive background. Therefore, we introduced the DBT
K/R

 mutation together 

with the S, L and TAU mutations using-site directed mutagenesis. The mutations were in 

cis; i.e. both the kinase inactive and the period altering mutation were in the same protein. 

The DBT
K/R

 (K38R) mutation is located in the ATP hydrolysis domain of DBT and hence 

renders it kinase inactive. DBT
K/R

 acts as a dominant negative kinase and outcompetes 

endogenous DBT when overexpressed, thereby leading to hypophosphorylated PER at all 

time points, long periods and frequent arrhythmicity (Muskus, Preuss et al. 2007). The 

residual rhythmicity was suggested to be due to incomplete antagonism of endogenous 

wild type DBT, because period length increased as the level of DBT
K/R 

transgenic protein 

increased (Muskus, Preuss et al. 2007). The period altering mutants and their location are 

shown in figure 6. 
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Figure 6:  An alignment of Drosophila DBT with various vertebrate CKIε/δs 

 The conserved Lys38 which has been mutated to Arg is indicated, as are the location of 

the conserved amino acids which are mutated in dbt
S
, dbt

L
 and the cki

Tau
.    
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Mutant lines containing a UAS-DBT gene were generated with the phiC31 procedure, 

which introduces each transgene by site-specific recombination to the same genomic 

locus (attP2) (Bischof., Maeda. et al. 2007), and then were crossed to a timGAL4 driver 

that drives the expression of the corresponding UAS-DBT in the clock neurons of brain.  

Because all of the transgenic insertions occur at the same genomic locus, there should be 

no differential effects of insertion position on transgenic DBT expression levels in 

different lines, and in fact no differences in DBT expression were detected in these lines 

(see below). All three of the double mutants produced shorter circadian period compared 

to the original randomly inserted DBT
K/R

 lines ((Muskus, Preuss et al. 2007); Table 1) 

and  the new, site-specific DBT
K/R

 lines, although the periods of all lines were longer 

than those of typical wild type flies (~24 hours; e.g.,(Muskus, Preuss et al. 2007), Table 1 

and figure 7). DBT
K/R+TAU 

showed the most compelling shortening of period of about 6 

hrs (DBT
K/R

 -32hrs to DBT
K/R+TAU 

25.8hrs). The different DBT
K/R+TAU

 lines produced 

average periods ranging between 25.5 -26.1 hrs, and all of these were shorter  than even 

the shortest DBT
K/R 

line (28 hrs, 13F1A), which produces a shorter circadian period 

because it expresses the DBT transgene at low levels ((Muskus, Preuss et al. 2007)and 

Table I). The period of DBT
K/R+S

 ranged from 25.8 – 27.2hrs with an average of 26.7hrs. 

The period of DBT
K/R+L

 flies ranged from 27.4 – 28.7 hrs with an average of 27.9 hrs.  

All the three double mutant genotypes displayed significantly shorter periods compared 

to the DBT
K/R

 lines without the period altering mutation (p<0.001 by ANOVA with post 

hoc Tukey). 
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Table 1: Average periods and rhythmicities of DBT double mutants in DD 

Line     Genotype   Avg Period (h) ± SEM (SD)    % Rhythmicity (n) 

DBT
K/R+L δ

                       27.9±0.2             66+6 

   A2  timGAL4>UAS-DBT
K/R+L

  28.7±0.8 (2.7)             86 (14) 

   A5  timGAL4>UAS-DBT
K/R+L  

27.4±0.2 (0.9)             73 (30) 

   B2  timGAL4>UAS-DBT
K/R+L  

28.4±0.2 (1.2)             74 (46)  

   A3  timGAL4>UAS-DBT
K/R+L  

27.5±0.3 (1.5)             49 (43) 

   B1  timGAL4>UAS-DBT
K/R+L  

27.4±0.5 (1.9)             57 (30) 

   A4  timGAL4>UAS-DBT
K/R+L  

27.9±0.5 (2.0)             57 (30) 

DBT
K/R+S δ                             

26.7±0.2   70+9 
    

A6  timGAL4>UAS-DBT
K/R+S  

25.8±0.4 (1.1)  56 (16) 

   A5  timGAL4>UAS-DBT
K/R+S  

26.6±0.2 (0.6)  81 (16) 

   B1  timGAL4>UAS-DBT
K/R+S  

27.2±0.2 (0.8)  75 (32) 

   A4  timGAL4>UAS-DBT
K/R+S  

27.0±0.2 (0.7)  79 (14) 

   A2  timGAL4>UAS-DBT
K/R+S  

26.6±0.4 (2.2)  67 (43) 

   A1  timGAL4>UAS-DBT
K/R+S  

26.8±0.1 (0.6)  72 (29) 

   A3  timGAL4>UAS-DBT
K/R+S  

26.9±0.7 (2.1)  63 (16) 

DBT
K/R+TAU

*
 δ

           25.8±0.1              66+3 

   A1  timGAL4>UAS-DBT
K/R+TAU   

25.8±0.2 (0.9)  70 (46) 

   B1  timGAL4>UAS- DBT
K/R+TAU  

25.5±0.3 (1.0)  69 (16) 

   A2  timGAL4>UAS- DBT
K/R+TAU  

26.1±0.4 (1.7)  59 (29) 

   B2  timGAL4>UAS- DBT
K/R+TAU  

25.6±0.2 (0.8)        60 (47) 

   A3  timGAL4>UAS- DBT
K/R+TAU  

26.1±0.1 (0.6)  72 (32) 

DBT
K/R a       

32.3+1.5  33+14 
 1.M.1.C             timGAL4>UAS-DBT

K/R  
33.2±0.8 (2.9)  38 (39) 

 17.M.1.B  timGAL4>UAS-DBT
K/R  

34.9±1.0 (2,6)        9 (81) 

 13.F.1A  timGAL4>UAS-DBT
K/R  

28.0±0.2 (1.3)  69 (48) 

 12.F.1A  timGAL4>UAS-DBT
K/R  

33.0±1.9 (6.2)  16 (70) 

DBT
K/R b  

           32.1±0.5  34+7 
2.M.B  timGAL4>UAS-DBT

K/R
  32.4±0.7 (2.0)  57 (14) 

1.M.A  timGAL4>UAS-DBT
K/R

  31.4±0.6 (1.3)  38 (13) 

2.F.B  timGAL4>UAS-DBT
K/R

  31.4±0.7 (1.8)  47 (15) 

10.F.B  timGAL4>UAS-DBT
K/R

  34.4±2.0 (4.0)  27 (15) 

 4.M.B  timGAL4>UAS-DBT
K/R

  32.3±1.1 (2.2)  25 (16) 

1.M.B  timGAL4>UAS-DBT
K/R

  30.8±0.3 (0.4)  13 (16) 

 

timGAL4; TM3SbSer     23.8 ±0.1 (0.9)  42 (108) 
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The different genotypes and different lines tested are indicated, along with the mean 

period, Standard deviation (S.D), Standard error of mean (SEM), % rhythmicity and total 

no. of flies tested (n). The flies expressing all three double mutant constructs showed a 

shortening of period compared to the DBT
K/R

 protein expression. DBT
K/R+TAU

 showed the 

shortest average period among the three constructs. The periods were shortened up to 8 

hrs compared to DBT
K/R

 (at its highest expression levels). The period of the highest 

expressing DBT
K/R

 construct is about 34hrs. The DBT
K/R+TAU

 expression reduced the 

period to about 25.8. *ANOVA with the post-hoc Tukey analysis showed that the period 

of DBT
K/R+TAU

 is significantly reduced compared to DBT
K/R+L 

or DBT
K/R+S

 (Statsoft OK), 

showing a statistical significance of P<0.01. 
δ
ANOVA showed that all three genotypes 

were significantly different from DBT
K/R

 (a – data from Muskus et al 2007, b- newly 

generated site-specific insertion lines) with a p<0.001. 
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Figure 7: Averaged actogram and periodograms of mutants. 

 

All of the DBT
K/R 

double mutants show a shortened period compared to the DBT
K/R

 lines. 

Flies that were rhythmic and produced a period were grouped and averaged using the 

clock lab program and the actograms and periodograms were generated. Approximately 

10-16 flies were used for averaging for each of the genotypes listed above. A. Actogram 

and periodograms of DBT
K/R

 with P-element insertions. B. Actogram and periodograms 

of DBT
K/R 

and double mutants with phiC31 targeted insertions. 

 

 

 

A 

B 
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The Double Mutants Express DBT Protein at Levels Comparable to DBT
K/R

 

In order to produce strong phenotypes, the levels of transgenic protein expression must 

be high enough to be able to out-compete the endogenous DBT for access to PER and 

perhaps other circadian substrates. Recent studies have shown that high levels of 

expression of DBT or vertebrate CKI can out-compete endogenous DBT and produce 

changes in circadian rhythms. The effects of DBT
K/R 

were variable and less pronounced 

when expression levels were low (Muskus, Preuss et al. 2007), presumably because 

endogenous DBT is less effectively titrated from clock protein complexes. Therefore, it is 

possible that the shorter periods seen in these double mutants relative to the DBT
K/R 

mutants might be due to lower levels of expression of these double mutant proteins 

compared to the DBT
K/R

 protein. To test whether this was the case, fly heads were 

collected at two different time points ZT1 (1 hr after lights on) and ZT13 (1 hr after lights 

off) and were subjected to immunoblot analysis. The relative levels of transgenic DBT-

MYC were comparable between the different lines of double mutants and two of the 

DBT
K/R 

mutants (Figure 8 bottom gel).  The other DBT
K/R

 line (DBT
K/R

 13.F1.A) is the 

lowest expressing line, with a period of 28 hrs (table 1 and (Muskus, Preuss et al. 2007)). 

DBT-MYC levels for all the double mutant lines tested are higher than that of the DBT
K/R

 

13.F.1.A line (Fig 8; compare lanes e& f to other lanes), despite the longer period 

produced by DBT
K/R 

13F1A than those of all but the DBT
K/R + L

 lines, and are at 

comparable levels with the other high expressing DBT
K/R

 lines. To confirm that the levels 

of expression are similar across all the lines, the gels were quantified for DBT levels, 

using Tubulin as loading control. The levels were then normalized to DBT
K/R+TAU

 A1 line 

which was used in all the three blots. The average levels of DBT in all the double mutant 
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lines were lower than in the highest expressing DBT
K/R

 line (17.M.1.B; which contains 

two UAS-DBT inserts; (Muskus, Preuss et al. 2007); figure 10 and lanes O and P in 

figure 8), but the relative DBT-MYC levels in the double mutants were in all cases higher 

than in the lowest expressing DBT
K/R

 line (13.F1.A; figure 10). Only the levels of 

DBT
K/R 

DBT-MYC in 13F1A and 17M1B differed significantly from those of some 

double mutant DBT-MYCs (p<0.05 by one-way ANOVA and post hoc Tukey); average 

levels of DBT
K/R

-MYC in line 1M1C did not differ significantly from those of any 

double mutant DBT-MYC, and yet the average circadian period of this line (33.2 hrs, 

Table 1) was longer than that of any double mutant line. Therefore, the shorter periods 

produced by the double mutant DBT-MYC lines are not a consequence of lower 

expression levels than those produced by the DBT
K/R 

lines. 
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Figure 8: Detection of PER and DBT-MYC from various double mutants  

 

The F1 progeny with the genotype (timGAL4/+>UAS-DBT-MYC/+) were collected at 

the indicated times (ZT 1: one hour after lights on; ZT13: one hour after lights off) and 

the head extracts were analyzed by SDS-PAGE and immunoblot analysis. The blots were 

probed with anti-PER antibody (top), or anti-MYC antibody (for DBT-MYC) and anti-

Tubulin (as a loading control; lower panels). The levels of DBT-MYC between various 

constructs are comparable in levels, and are between the levels expressed by the low-

expressing DBT
K/R 

line 13F1A and the high-expressing (double transgene) DBT
K/R

 line 

17M1B. All the DBT
K/R

 double mutants show some daily change in PER phosphorylation 

state compared to the original DBT
K/R

 constructs, with the exception of the low-

expressing line DBT
K/R 

13F1A, which also shows some slow-mobility PER at ZT1 but 

not at ZT13. None of the lines show the clear change in PER mobility produced in the 

wild type controls, which were sibling progeny carrying the TM3 balancer rather than the 

UAS-DBT transgene. 
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ZT1    ZT13 

Figure 9. Difference between PER mobilities at ZT1 and ZT13 

A. The width of each PER peak (from half maximum on each side) was 

calculated based on the values from imagequant program and were plotted for 

different genotypes (n=2). 

B. The distances between the non specific peak and mid point of PER rise. 

C. Representative peaks of PER profile for different genotypes. 

 

C 



54 

 

 

Figure 10: Comparison of DBT-MYC expression levels for different timGAL4>UAS-

DBT-MYC lines. 

 

The levels of DBT-MYC were quantified from 2 immunoblot analyses each of 3 

independent experiments and averaged together for each line. Since there is no oscillation 

in DBT-MYC levels (figure 8 and Muskus et al., 2007), data from ZT1 and ZT 13 

timepoints were pooled, and each genotype was assayed 2-6 times. The levels of DBT-

MYC and Tubulin were quantified individually and each corresponding lane of DBT-

MYC was normalized to its Tubulin counterpart. These values were further normalized to 

the DBT
K/R+TAU

 A1/Tubulin average, which was present in all blots, and the averages of 

these normalized values are plotted + SEM. In a one-way ANOVA and post host Tukey, 

there was a statistically significant effect of genotype on period (F(15, 52)=4.4161, 

p<0.001), but most of the significant pairwise differences (p<0.05) involving the double 

mutants were with DBT
K/R

 13.F.1.A  , which has a period of about 28.0 - comparable 

with the longest DBT
K/R + L 

lines, despite having lower levels of DBT-MYC expression 

than the double mutant lines. The highly expressing DBT
K/R

-MYC line 17M1B had 

statistically significant differences with only two double mutant lines+. Therefore, the 

shorter circadian periods of the double mutants do not correlate with lower levels of 

expression than those of the DBT
K/R 

lines.   

 

 

 

 

+ 
+ 



55 

 

We next looked levels of endogenous DBT to see if the shortened periods seen in these 

double mutants were due to the decreased levels of transgenic DBT-MYC relative to 

endogenous DBT, compared with  these relative levels in timGAL4 > UAS-DBT
K/R

. The 

levels of endogenous DBT were much lower compared to transgenic DBT across 

different lines and were equivalent in the presence of the different DBT transgenes 

(figure 11). Lower levels of endogenous DBT were detected than in control lines which 

did not express any transgenic DBT (TM3 control), but the lower levels were detected in 

all genotypes and did not correlate with differences in circadian period (Table 1). 

Therefore, altered ratios of transgenic DBT-MYC to endogenous DBT cannot explain the 

difference in period between DBT
K/R

 and the double mutant DBT flies. 

Period Protein Exhibits Less Robust Changes in Phosphorylation State in the 

Double Mutants than in Wild Type Flies, but More Robust Oscillations than in 

timGAL4>UAS-DBT
K/R 

Flies 

 

To check for a change in electrophoretic mobility of PER (due to its phosphorylation 

by DBT) with the DBT double mutants, the head extracts were analyzed by immunoblot 

for PER mobility shifts. The double mutants showed a slight change in the 

electrophoretic mobility of PER at ZT1 (fig 8, top gel). The wildtype electrophoretic 

mobility shift for PER is shown on lanes g, h, s & t. At ZT1, PER in wild type a fly (TM3 

controls) is highly phosphorylated and shows a lower electrophoretic mobility, while at 

ZT13 it is hypophosphorylated and shows a higher mobility band. In DBT
K/R

 PER is 

hypophosphorylated and stable at all timepoints (lanes I, J, O, P; (Muskus, Preuss et al. 

2007)), with the exception of the DBT
K/R

13F1A flies that have relatively short circadian 

periods and low levels of DBT
K/R

 expression (lanes e, f; figure 8). The DBT
K/R

 double 

mutants show a slight shift in mobility of the PER at ZT1 compared to DBT
K/R

, although 
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the change is less than that produced in the wildtype lanes (figure 8, 9). Measurement of 

PER peak width and distance of the leading edge of the PER band from the preceding 

non-specific band confirmed that the double mutants produced more dispersed PER 

bands that were closer to the non-specific band at ZT1 compared to DBT
K/R 

(figure 9).  

Therefore, while PER phosphorylation is blunted in the DBT double mutant flies relative 

to wild type flies, it is more robust than in DBT
K/R

 flies, consistent with the longer 

periods than in wild type flies but the  shorter periods of the DBT double mutant flies 

than those of DBT
K/R

 mutant flies. 
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Figure 11. Detection and Quantification of endogenous DBT levels.  

 

A. The F1 progeny with the indicated timGAL4/+>UAS-DBT/+ genotype were collected 

and heads extracts were analyzed by immunoblot analysis. The blots were probed with 

anti-C-terminal DBT antibody for DBT (detects both endogenous and transgenic DBT) 

and anti-Tubulin (as a loading control). The endogenous DBT shows lower levels than 

transgenic DBT-MYC across all the different genotypes (bottom band), so different 

levels of endogenous DBT do not correlate with differences in circadian period. 

Transgenic DBT-MYC is the middle band and Tubulin is the top band used as a control.  

B. Amounts of endogenous DBT and Tubulin were calculated using the line method in 

(Imagequant). The levels of DBT were first normalized to tubulin and then to tm3 

controls. The averages for each genotype are plotted.   

 

 

A 
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Discussion 

DBT has been shown to play a major role in circadian rhythms, by altering the 

stability of PER and thus maintaining the feedback loop that confers the molecular 

oscillations in the clock cells. DBT plays a dual role on PER in control of this core 

mechanism i) by relieving the effects of PER on the transcriptional repression when it 

targets nuclear PER for degradation and ii) by delaying PER’s nuclear localization when 

targeting its degradation in the cytoplasm.  Although the period shortening mutants of 

DBT (DBT
S
 and DBT

TAU
) mutants have been shown to have opposite effects on the 

period from the period lengthening mutations (DBT
L
, DBT

G
 and DBT

H
;(Price, Blau et al. 

1998; Suri, Hall et al. 2000; Muskus, Preuss et al. 2007; Fan, Preuss et al. 2009), they all 

possess lower kinase activity in vitro (Suri, Hall et al. 2000; Preuss, Fan et al. 2004). It 

has been proposed that the effects of these mutations may alter the intrinsic DBT kinase 

activity at different sites, some of which lengthen and some of which shorten circadian 

period when phosphorylated (Suri, Hall et al. 2000; Preuss, Fan et al. 2004). The TAU 

mutation in hamster has been suggested to be a gain of function mutation that more 

rapidly phosphorylates certain sites of PER, thus leading to accelerated degradation of the 

nuclear PER in hamsters (Meng, Logunova et al. 2008). 

However, DBT protein clearly affects other aspects of clock function besides PER 

stability. The DBT
S
 mutation has been shown to delay nuclear accumulation of period 

protein and affect the feedback regulation of per mRNA (Bao, Rihel et al. 2001), 

although it remains uncertain whether DBT kinase activity promotes or antagonizes PER 

nuclear localization (Bao, Rihel et al. 2001; Nawathean and Rosbash 2004; Cyran, 

Yiannoulos et al. 2005; Muskus, Preuss et al. 2007)). DBT has also been suggested to be 
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essential for the repressor activity of PER, since the absence of DBT protein lead to 

decreased repression by PER on its own transcription (Nawathean and Rosbash 2004). 

Intriguingly however, PER’s repression is present if a catalytically impaired or inactive 

DBT is present (Cyran, Yiannoulos et al. 2005; Yu, Zheng et al. 2009), suggesting that 

DBT’s kinase activity does not directly produce repression but may contribute to 

recruitment of other clock proteins which mediate PER’s repression (Yu, Zheng et al. 

2009). DBT also targets CLK (Kim, Ko et al. 2007; Yu, Zheng et al. 2009) for 

phosphorylation which acts as another control point in the clock mechanism, although 

CLK is targeted by the catalytically inactive DBT
K/R

, suggesting that DBT targets another 

kinase to CLK (Yu, Zheng et al. 2009).  Because DBT is part of a clock protein complex 

that contains other proteins in addition to PER, some of these effects may be mediated by 

DBT’s protein/protein interactions with other clock complex components, rather than 

directly as a consequence of its kinase activity. 

We sought to determine if the effects of period-altering DBT mutations are exerted by 

alteration of the intrinsic kinase activity of DBT or by their effects on interactions of 

DBT with its other clock components. The catalytically inactive DBT
K/R

 protein has been 

shown to bind with PER, to antagonize phosphorylation of PER by wild type DBT 

(Muskus, Preuss et al. 2007) and to target another kinase to CLK (Yu, Zheng et al. 2009), 

thereby establishing that it is incorporated into clock protein complexes and can alter the 

activity of other clock components. If the period altering mutants were exerting their 

effects in a kinase-independent fashion, expression of these mutants in cis with a kinase 

inactive DBT should exhibit similar effects as the original period altering mutants.  Our 

results here suggest that the interactions of DBT with other proteins in the complex might 
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be a determining factor on how these mutations affect period. The double mutants that we 

made all shorten the period of DBT
K/R

 flies and show a slight rescue in the mobility shifts 

of PER relative to those produced in DBT
K/R

 flies, although these are not as robust as the 

wildtype electrophoretic mobility of PER.   These results suggest that endogenous wild 

type DBT, which is still present in these lines, can more effectively phosphorylate PER in 

the DBT
K/R

 double mutants than in the DBT
K/R

 single mutant. Importantly, this enhanced 

phosphorylation does not arise from an effect of the period altering mutations on the 

intrinsic kinase activity of the DBT protein in which they are encoded, leading to the 

possibility that they affect interactions with other proteins with which DBT may form 

complexes. The TAU (DBT
TAU

) and Short (DBT
S
) mutants may facilitate a better 

interaction of endogenous wild type DBT with the complex and lead to a faster 

degradation of PER, thereby shortening the period. The long (DBT
L
) mutation on the 

other hand could bring about an opposite effect on DBT interaction. The fact that the dbt
L
 

mutation does not additively lengthen the DBT
K/R

 period is intriguing, because it suggests 

that the dbt
L
 mutation is dictating a set point for period that is intermediate between that 

of wild type flies and timGAL4>UAS-DBT
K/R

 flies; this set point is dominant in the 

context of the DBT
K/R

 protein, because the average period of the timGAL4>UAS-DBT 

K/R + L
 lines (27.9 hours; table 1) is very close to that of the timGAL4>UAS-DBT

L
 flies 

(27.3 hrs; (Muskus, Preuss et al. 2007). Although all three double mutants shorten the 

DBT
K/R

 period, DBT
K/R+L

 mutant shows a period which is slightly longer than the 

original DBT
L
 mutation. It is possible that the amino acid mutated in DBT

L
 might be 

essential for an interaction with another factor antagonizing DBT action on other clock 

components, and that lack of this factor therefore partially suppresses reduced DBT 
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activity of DBT
K/R

. DBT has been found in different cellular compartments at different 

time of the day and might complex with different components of the circadian pathway 

depending on its localization. These mutants with opposite effects on period may affect 

different aspects of DBT’s interactions depending on its localization when they produce 

the effect. The dbt
S
 and dbt

tau
 mutations affect amino acids exposed on different parts of 

the DBT surface, and therefore are positioned to directly alter contact surfaces for other 

proteins. 

The results do not rule out an effect of these mutations on differential phosphorylation 

of PER at different sites, but argue that these effects are not produced by changes in 

DBT’s intrinsic kinase activity but by altered interactions between DBT and other clock 

components.  For example these mutants change the affinity of DBT for another kinase 

and thereby affect the ability of another kinase to affect period. These mutants might alter 

DBT’s interaction with other clock components (e.g. PER) and thus alter period. Recent 

mass spectrometry analysis in our lab for binding partners of DBT has identified a novel 

protein that interacts with DBT - dubbed bride of DBT (BDBT) (for details see chapter 

7). These mutants will be tested using the co-immunoprecipitation technique to see if 

they affect the interaction of DBT with BDBT and thus alter period. These mutants might 

also be altering the period by affecting a subset of clock cells in the brain (a detailed 

discussion of these cells is presented in chapter 5) and thus affecting one component of 

the clock network. This aspect can be tested using different GAL4 drivers  that can 

express these mutants in subsets of these cells and thus affect only one network 

component of the clock. Finally although these mutants were generated using the site 

specific integration vector, different lines between the same genotype shows slight 
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differences in the period. A whole genome PCR using primers to amplify the specific 

region where DBT has been integrated will confirm that the differences are not due to the 

variations in integration sites. If the period-altering mutants and the double mutants show 

differences in interaction with BDBT it will confirm our hypothesis that these mutants 

modulate DBT’s interaction with clock proteins rather than its kinase activity. The 

analysis of these mutants can be either combined with the next chapter if the interactions 

are altered with PER or BDBT, or be presented as a separate paper after the above 

mentioned analysis is completed. 
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CHAPTER 4 

A MUTATIONAL ANALYSIS OF DBT REVEALS A UNIQUE DOMAIN THAT 

PRODUCES SHORT PERIODS 

Introduction 

Drosophila DBT has been widely shown to play a vital role in the process of circadian 

rhythm by altering PER stability and thus affecting the core clock. It shuttles from the 

cytoplasm to the nucleus in a complex with PER, and therefore is largely cytoplasmic 

when PER is cytoplasmic (e.g., ZT13) and largely nuclear when PER is nuclear (e.g., 

ZT1) (Kloss, Rothenfluh et al. 2001). Although DBT is hypothesized to play different 

roles in both the cytoplasm and the nucleus, how it affects the core clock in the nucleus 

and cytoplasm is still unclear.  In this chapter we set out to determine if increasing the 

activity of DBT in just the nuclear or cytoplasmic compartment has opposite effects on 

period.  DBT has a putative Nuclear Localization Signal (NLS) (figure 12), and therefore 

to reduce or eliminate nuclear localization three lysines or arginine residues in the NLS 

sequence were mutated to asparagine (NLS- mutant). Alternatively, a strong NLS 

sequence (SV40 NLS sequence; stNLS) was added to the DBT C-terminus to increase 

nuclear localization. 

We tested to see if these mutations affect the localization of DBT in Drosophila S2 

cells. The mutation of the NLS sequence rendered DBT cytoplasmic and the addition of a 

strong NLS rendered DBT nuclear in S2 cells. We hypothesized that increasing DBT 

expression in the cytoplasm would lead to increased degradation of PER, thus delaying 

the PER nuclear entry, and slow down the clock. Alternatively increasing the activity in 

nucleus would shorten the clock by leading to early phosphorylation and degradation of 



64 

 

PER. To our surprise, the DBT
WT

–NLS
-
 mutant exhibited short periods (20 hrs) and the 

DBTWT-stNLS mutant did not exhibit any changes in period. We looked at the clock 

neurons in the brain to see if they mirror the localization of DBT seen in the S2 cells. The 

DBT
WT

 NLS
-
 mutant localized to the cytoplasm as expected, but the DBT

WT
 stNLS 

mutants did not show preferential localization to the nucleus, thereby explaining why 

there was no change in the period. On closer inspection, we realized that the period 

shortening produced by the DBT
WT

 NLS
-
 was reminiscent of the short period produced 

by DBT
TAU

 mutants both in its original form (Lowrey, Shimomura et al. 2000) and when 

expressed in a wildtype background (Fan, Preuss et al. 2009). With help from Dr. Samuel 

Bouyain I analyzed the crystal structure of CKIδ to see on what part of the protein these 

mutations were located. One of the bases mutated in the DBT
WT

 NLS
-
 is part of a putative 

phosphate-binding site postulated to target CKI kinase activity two amino acids C 

terminal to an already phosphorylated site (Lowrey, Shimomura et al. 2000). Since the 

hamster tau mutation also affects one of three amino acids that contribute to this site, we 

hypothesized that the NLS mutation might be shortening period by eliminating the 

binding triad for phosphate. If this were the case, mutation of any of the three amino 

acids contributing to this triad would be predicted to produce short periods. Yet another 

hypothesis would be that the NLS mutation and the original tau mutation affect a binding 

interface for a DBT regulator, as proposed in the previous chapter. If this is the case, 

additional mutations affecting amino acids outside the NLS or the phosphate-binding 

triad are predicted to shorten period if they affect this binding interface.   We mutated the 

residues that were part of the putative phosphate binding triad and also other positively 

charged amino acids in this region and found that mutation of several positively charged 
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residues shorten the circadian period, while mutation of a Glycine in the phosphate-

binding triad has no effect on circadian period. These results strengthen the hypothesis of 

a TAU domain which mediates an interaction between DBT and either substrate or a 

regulator. 
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Figure 12: Conserved residues mutated in the vicinity of the TAU mutation 

 

Sequence comparison of DBT and CKI from other vertebrates. The residues that were 

mutated are shown in red or green boxes. The residues in the green box are the amino 

acids that form the putative NLS sequence in DBT. The lysine and arginine in the NLS 

sequence were mutated to asparagine. 
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Results 

Mutation of the NLS resulted in exclusively cytoplasmic DBT and the addition of 

strong NLS made it mostly nuclear in Drosophila S2 cells 

 

We initially tested to see if the mutations that we made in DBT resulted in differential 

localization in the S2 cells. DBT NLS- and DBT stNLS (both DBT
WT

 and DBT
K/R

) were 

overexpressed in S2 cells under the control of metallothionein promoters. Mutation of the 

NLS domain of DBT rendered it exclusively cytoplasmic and the addition of a strong 

nuclear localization signal made DBT nuclear. This trend was seen with the NLS mutants 

of both DBT
WT

 and DBT
K/R

 but not with the overexpression of DBT
WT

 or DBT
K/R 

(figure 

13). This confirmation of localization suggested that the mutations were working as 

predicted in cell culture and so we proceeded to test them in the flies. 

The mutation of the putative NLS domain in DBT shortens period but addition of 

a strong NLS does not affect period. 

 

We initially overexpressed DBT
WT

 and DBT
K/R

 using the timGAL4 driver and looked 

at the localization of DBT in the larval brains to see if they were localized preferentially 

to either the cytoplasm or the nucleus at different timepoints. The initial analysis showed 

that although the DBT
K/R

 localized to the nucleus more than the DBT
WT

 at different 

timepoints there was no clear indication of a preferential localization with this mutant (fig 

14 & 15). Hence we decided to make mutants of DBT that would make it preferentially 

nuclear or cytoplasmic.  Mutant lines containing the DBT
WT

 with either the NLS 

mutation or with the strong NLS were generated with the phiC31 procedure as described 

in materials and methods and were crossed to timGAL4 driver which expresses DBT in 

all clock neurons. The DBT
WT

NLS
-
 showed a shortening of period (20hr) compared to 

the DBT
WT

 overexpression (24hr), but the addition of a strong NLS to the DBT did not 
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alter the wildtype period (table 2 and(Muskus, Preuss et al. 2007)). As predicted if 

reduction of DBT activity in the nucleus stabilizes PER and retards its degradation, the 

DBT
K/R

-stNLS mutant produced very long circadian periods that were even longer than 

the original DBT
K/R

 mutants (table 2 & chapter 3)  
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Figure 13: Localization of NLS mutants in S2 cells  

 

The NLS mutations were introduced both in the DBT
WT

 and DBT
K/R

, the pMT constructs 

were transiently transfected into S2 cells, induced to low medium or high levels, and the 

cells were probed with anti-myc antibody and visualized with fluorescent secondary 

antibodies. Nuclei were visualized with DAPI. 15-20 cells were scored blind to the 

genotype for nuclear localization (score = 2), localization to both the nucleus and 

cytoplasm (score = 1) or cytoplasmic localization (score = 0), and the average nuclear 

score (NS) is tabulated here.  

 

DBT
WT

 NLS1 

DBT
K/R

 NLS1 
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Figure 14: Localization of DBT-myc in larval brains:  

Larval brains of flies expressing either DBT
WT

 or DBT
K/R

 were dissected at ZT1 (1 hr 

after lights on) and ZT13 (1 hr after lights off) probed with anti-myc and appropriate 

secondary antibodies and visualized with laser confocal microscopy. 
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WT
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Figure 15. Nuclear score for localization of DBT
WT

 and DBT
K/R

 in the clock cells of 

larval brains. 

While DBT
K/R

 exhibits more nuclear localization than DBT
WT

 at some times during the 

day, there is no clear indication that DBT
K/R

 is positioned to affect either cytoplasmic or 

nuclear processes. There is no clear evidence of oscillation and localization of DBT
K/R

 or 

DBT
WT

. * DBT
K/R

 nuclear score differs from DBT
WT

 nuclear score at this time (P<0.05, 

by Kruskal-Wallis nonparametric H ANOVA, with a multiple comparisons post hoc test). 

Nuclear score was calculated by giving different values for nuclear, cytoplasmic and both 

for DBT staining, summing the scores for all cells observed (n = 10-12) and then dividing 

by the total number of cells to give the final average score (Nuclear = 2, Cytoplasmic = 0 

and both = 1). 
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Table 2: Average periods and rhythmicities of different NLS mutants in DD  

Line                          Genotype               Avg Period (h) ± SEM (SD)   % Rhythmicity (n) 

DBT
WT

 NLS1                20.9 ± 0.6       77+8  

A17           timGAL4>UAS-DBT
WT

 NLS1
 

20.2 ± 0.1 (0.5) 81 (11) 

B4         timGAL4>UAS-DBT
WT

 NLS1          20.4 ± 0.1 (0.4) 88 (16) 

B18  timGAL4>UAS-DBT
WT

 NLS1
 

23.2 ± 0.1 (0.4) 82 16) 

A6   timGAL4>UAS-DBT
WT

 NLS1
 

20.5 ± 0.1 (0.4) 44 (16) 

A2   timGAL4>UAS-DBT
WT

 NLS1
 

20.7 ± 0.2 (0.8) 88 (16)  

DBT
WT

 stNLS
           

23.8 ± 0.2  70+8 

14.F.A  timGAL4>UAS-DBT
WT 

stNLS
 

24.2 ± 0.3(1.5)  53(15) 

9.F.A  timGAL4>UAS-DBT
WT 

stNLS
 

24.1 ± 0.4(1.3)  56 (16) 

6.M.A  timGAL4>UAS-DBT
WT 

stNLS
 

23.4 ± 0.2(0.6)  67 (15) 

2.M.A   timGAL4>UAS-DBT
WT 

stNLS
 

23.2 ± 0.1(0.4)  80 (15) 

16.F.B  timGAL4>UAS-DBT
WT 

stNLS
 

24.0 ± 0.1(0.7)  94 (16) 

DBT
WT

                  24.7±0.1              46+8 

21M1C  timGAL4>UAS-DBT
WT   

24.7±0.2 (0.7)  77 (22) 

6M3B  timGAL4>UAS- DBT
WT  

24.2±0.2 (0.8)  36 (67) 

45F2B  timGAL4>UAS- DBT
WT  

24.9±0.2 (0.9)  49 (57) 

12M1B  timGAL4>UAS- DBT
WT  

24.8±0.5 (1.0)        31 (13) 

22M1A  timGAL4>UAS- DBT
WT  

24.9±0.2 (0.5)  38 (16) 

DBT
K/R 

stNLS
                               

38.7±0.4  67+4 

1MB  timGAL4>UAS-DBT
K/R 

stNLS
 

39.2±2.2 (7.5)  56 (13) 

2MB  timGAL4>UAS-DBT
K/R 

stNLS
 

39.3±1.7 (5.6)  63 (16) 

10M  timGAL4>UAS-DBT
K/R 

stNLS
 

37.7±2.1 (7.4)  75 (16) 

6FB   timGAL4>UAS-DBT
K/R 

stNLS
 

37.8±2.4 (8.8)  80 (15) 

4MA  timGAL4>UAS-DBT
K/R 

stNLS
 

39.5±3.1 (10.1) 63 (16) 

DBT
K/R b  

           32.1±0.5  34+7 
2.M.B  timGAL4>UAS-DBT

K/R
  32.4±0.7 (2.0)  57 (14) 

1.M.A  timGAL4>UAS-DBT
K/R

  31.4±0.6 (1.3)  38 (13) 

2.F.B  timGAL4>UAS-DBT
K/R

  31.4±0.7 (1.8)  47 (15) 

10.F.B  timGAL4>UAS-DBT
K/R

  34.4±2.0 (4.0)  27 (15) 

 4.M.B  timGAL4>UAS-DBT
K/R

  32.3±1.1 (2.2)  25 (16) 

1.M.B  timGAL4>UAS-DBT
K/R

  30.8±0.3 (0.4)  13 (16) 

 

timGAL4; TM3SbSer     23.8 ±0.1 (0.9)  42 (108) 

The different genotypes and different lines tested are indicated, along with the mean 

period, Standard deviation (S.D), Standard error of mean (SEM), % rhythmicity and total 

no. of flies tested (n). The flies expressing DBT
WT

 NLS- shortened the period of 

otherwise wildtype flies while DBT
WT

 stNLS did not alter period.  
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The expression level of DBT
WT

 NLS
-
 is comparable to other DBT constructs but 

the DBT
WT 

stNLS has lower levels of expression. 

 

We looked at DBT-myc expression in fly heads to see if difference in levels of 

expression might explain the absence of period alteration by the DBT
WT

 stNLS mutation. 

The expression levels of DBT
WT

 NLS
-
 were comparable to that of DBT

K/R
 but the 

expression levels of DBT
WT

 stNLS and DBT
K/R

 stNLS were much lower (figure 16; top 

and bottom panels). The fact that DBT
WT

 stNLS is expressed at lower levels might 

explain its lack of effect on period. The addition of strong NLS domain to DBT might be 

affecting its stability and hence leading to lower expression levels. We next checked the 

localization of these mutants in the adult and larval brain to see if the mutation restricted 

DBT to either one of the compartments as they did in the S2 cells. DBT
WT

 NLS
-
 was 

localized to the cytoplasm as expected but the addition of a strong NLS to DBT
WT

 did not 

render it nuclear, consistent with the lack of change in period (Fig 17).  On the other 

hand, DBT
K/R

-stNLS was apparently exclusively nuclear and strongly detected, thereby 

offering an explanation for its strong period lengthening effects. The PER expression and 

mobility were comparable to wildtype control in both the DBT
WT 

NLS- mutants and 

DBT
WT

 stNLS.  
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Figure 16: Detection of PER and DBT-MYC from various NLS mutants  

 

The F1 progeny with the genotype (timGAL4/+>UAS-DBT-MYC/+) were collected at 

the indicated times (ZT 1: one hour after lights on; ZT13, one hour after lights off) and 

the head extracts were analyzed by SDS-PAGE and immunoblot analysis. The blots were 

probed with anti-PER antibody (middle), or anti-MYC antibody (for DBT-MYC) and 

anti-Tubulin (as a loading control; top panels and bottom panels). The final panel on the 

bottom is a 15% gel designed to detect any low molecular weight cleavage products in 

the DBT stNLS proteins, while the others are 10% gels.  
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Figure 17: Localization of DBT-myc constructs in larval and adult brains: 

Larval and adult brains from different DBT-myc constructs were collected and ZT1 and 

probed with anti-myc antibody to visualize DBT and anti-PDF which marks the 

cytoplasm in the lateral neurons in the brain hemisphere. Both the DBT
WT

 NLS
-
 and 

DBT
WT

 stNLS localized to the cytoplasm but the DBT
K/R

 st NLS localized to the nucleus 

in both larval and adult brains. (sLNVs – Small ventral lateral neuron, lLNVs - Large 

ventral lateral neuron) 
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The NLS mutation is a part of the domain that includes the putative 

phosphopeptide binding triad of CK1δ 

 

Since it was puzzling that the addition of a strong NLS did not affect period and the 

cytoplasmic localization of DBT shortened period rather than lengthened circadian 

period, we looked into the crystal structure of CKIδ to determine the location of these 

mutations in DBT so that other hypotheses for the phenotype of the DBT
WT

 NLS- could 

be formulated. The analysis revealed that the third Lysine (K224) which was part of the 

NLS
-
 mutation was one of the amino acids that forms a proposed triad phosphate-binding 

site conferring site preference for CKIs (the recognition site: phosphoamino acid –X2-

Ser/Thr) (Lowrey, Shimomura et al. 2000).  The other two amino acids in this triad are 

Glycine 215 and the TAU mutation Arginine 178 (figure 18 and (Lowrey, Shimomura et 

al. 2000)). We decided to extend the mutational analysis to the residues that comprise the 

putative phosphate-binding triad. Since the TAU mutation has already been studied in 

detail, we mutated G215 individually to see if it affects the period. Alternatively we also 

mutated just the first two amino acids in the NLS domain (K221 and R222) in the same 

protein to see if they were required for the short period produced by the DBT
WT

 NLS- 

mutant (table 2). Finally we mutated few other residues that were closer to the original 

TAU mutation discovered in hamsters (R192 and R 193) to see if these mutations also 

affect the period similar to the TAU mutation and K217 close to the G215 (Figure 18). 
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Figure 18: Crystal structure of CK1δ around the TAU mutation: 

Crystal structure of CKI delta showing the triad (R178, G215 and K224) that binds 

vanadate (green) in the crystal structure and therefore has been proposed to bind a 

phosphorylated amino acid 2 sites N-terminal to the site that is ultimately phosphorylated 

by the catalytic loop. The lysine involved in the actual ATP hydrolysis has already been 

mutated and has been shown to be vital for the activity of DBT (Muskus, Preuss et al. 

2007). The R178 or TAU mutation has already been characterized before in both flies 

and mammals (Lowrey, Shimomura et al. 2000; Fan, Preuss et al. 2009). We mutated the 

other residues that are proposed to interact with the phospho-amino acid recognition site 

to see if they produced a period similar to the TAU mutant (Taken from (Lowrey, 

Shimomura et al. 2000)), as well as other positively charged amino acids in the area. 
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Mutation of the TAU domain shortens period 

The mutations to the TAU-like domain were generated using a approach similar to that 

for the mutants described in the other chapters. The flies were tested using locomotor 

assays to determine if they showed any changes in the period. All the residues were 

mutated to asparagine except G215, which was mutated to glutamate to introduce a 

negative charge that should prevent phosphate binding. The mutation of the R192 or 

R193 produced lengthened period (33.5 hrs) in a wildtype background. Mutation of the 

Lysine next to the Glycine in the triad led to a shortening of period to about 22 hrs, which 

is close to the period of TAU mutation, suggesting that it might be a TAU like mutation. 

Interestingly however mutation of the first two residues of the NLS domain which are not 

part of the phosphate-binding triad produced a short period which was lower than that of 

the NLS mutation itself (DBT
WT

NLS1 - 20hrs and DBT
WT

 NLS2 – 17hrs) (Table 3 and 

figure 20). The mutation of G215, which is part of the phosphate binding triad, had no 

effect on circadian period, but immunoblot analysis demonstrated that this mutant DBT is 

not expressed at detectable levels while the other mutants are expressed at comparable 

levels to the expression of DBT
WT 

(Figure 21). Hence, several of the mutations which 

produce a tau-like period are part of the phosphate binding site of DBT or the 

surrounding surface, while the long period mutations affect residues (R192 & R193) that 

are inside DBT and are therefore likely to affect DBT folding (figure 19). The 

consistently short periods produced by altering the positively charged residues on the 

surface of DBT in this region strongly argue that they are disrupting a protein-protein 

interaction – either with the phosphorylated substrate or a regulator.  
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Figure 19. Schematic representation of the list of mutations in the TAU domain of  

DBT and the location of the residues on the crystal structure of CK1δ. Mutation of the 

green residues shorten period, mutation of the orange residues lengthen period and 

mutation of the blue residue had no effect. 
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Figure 20 Averaged actogram and periodogram for TAU domain mutants in DD. 

 

All of the DBT
WT 

mutations that were a part of the phosphate binding site or the adjacent 

surface region loop
 
showed a shortened period compared to the DBT

WT
 lines except 

G215E. Flies that were rhythmic and produced a period were grouped and averaged using 

the clock lab program and the actograms and periodograms were generated. 

Approximately 10-16 flies were used for averaging for each of the genotypes listed 

above. 
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Figure 21: Detection of DBT-MYC and Actin from various Tau domain mutants  

 

The F1 progeny with the genotype (timGAL4/+>UAS-DBT-MYC/+) were collected at 

the indicated times (ZT 1: one hour after lights on; ZT13, one hour after lights off) and 

the head extracts were analyzed by SDS-PAGE and immunoblot analysis. The blots were 

probed with anti-MYC antibody (for DBT-MYC; Top gel). The blots were stripped and 

reprobed with anti-actin antibody which is used as the loading control (bottom gel). 
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Table 3 Average Periods and Rhythmicities of Different TAU mutants in DD. 

 

Line                        Genotype                  Avg Period (h) ± SEM (SD)   % Rhythmicity (n) 

DBT
WT

 NLS1
δ
                20.9 ± 0.6        77+8 

A17           timGAL4>UAS-DBT
WT

 NLS1
 

20.2 ± 0.1 (0.5) 81 (11) 

B4         timGAL4>UAS-DBT
WT

 NLS1          20.4 ± 0.1 (0.4) 88 (16) 

B18  timGAL4>UAS-DBT
WT

 NLS1
 

23.2 ± 0.1 (0.4) 82 16) 

A6   timGAL4>UAS-DBT
WT

 NLS1
 

20.5 ± 0.1 (0.4) 44 (16) 

A2   timGAL4>UAS-DBT
WT

 NLS1
 

20.7 ± 0.2 (0.8) 88 (16)  

DBT
WT 

NLS2
δ
      16.7±0.2  81+5 

 B3   timGAL4>UAS- DBT
WT 

NLS2
 

16.6±0.1 (0.2)  75 (12) 

A17  timGAL4>UAS- DBT
WT 

NLS2
 

17.4±0.7 (2.6)   88 (16) 

B6   timGAL4>UAS- DBT
WT 

NLS2
 

16.6±0.1 (0.4)  75 (16) 

A9   timGAL4>UAS- DBT
WT 

NLS2
 

16.8±0.1 (0.3)   94 (16) 

B11  timGAL4>UAS- DBT
WT 

NLS2
 

16.7±0.1 (0.5)  100(16) 

B13  timGAL4>UAS- DBT
WT 

NLS2
 

16.5±0.1 (0.3)   75 (16) 

A10  timGAL4>UAS- DBT
WT 

NLS2
 

16.6±0.1 (0.3)  63 (16)     

DBT
WT

 stNLS*
           

23.8 ± 0.2  70+8 

14.F.A  timGAL4>UAS-DBT
WT 

stNLS
 

24.2 ± 0.3(1.5)  53(15) 

9.F.A  timGAL4>UAS-DBT
WT 

stNLS
 

24.1 ± 0.4(1.3)  56 (16) 

6.M.A  timGAL4>UAS-DBT
WT 

stNLS
 

23.4 ± 0.2(0.6)  67 (15) 

2.M.A   timGAL4>UAS-DBT
WT 

stNLS
 

23.2 ± 0.1(0.4)  80 (15) 

16.F.B  timGAL4>UAS-DBT
WT 

stNLS
 

24.0 ± 0.1(0.7)  94 (16) 

DBT
WT a

*
       

24.7 ± 0.1  46+8 

21.M.1.C  timGAL4>UAS-DBT
WT 

  24.7 ± 0.2(0.7)  77(22) 

6.M.3.B  timGAL4>UAS-DBT
WT 

  24.2 ± 0.2(0.8)  36(67) 

45.F.2.B  timGAL4>UAS-DBT
WT 

  24.9 ± 0.2(0.9)  49(57) 

12.M.1.B  timGAL4>UAS-DBT
WT 

  24.8 ± 0.5(1.0)  31(13) 

22.M.1.A  timGAL4>UAS-DBT
WT 

  24.9 ± 0.2(0.5)  38(16) 

DBT
TAU bδ       

21.6 ± 0.5  54+8 

2.1   timGAL4>UAS-DBT
TAU 

  20.8 ± 0.4(0.9)  40(15) 

1.3   timGAL4>UAS-DBT
TAU

  23.2 ± 1.1(1.9)  60(5) 

15.4  timGAL4>UAS-DBT
TAU

  21.9 ± 0.2(1.0)  34(59) 

XL5  timGAL4>UAS-DBT
TAU

  20.6 ± 0.2(0.6)  80(10) 

4.2   timGAL4>UAS-DBT
TAU

   21.6 ± 0.5(1.6)  56(18) 

DBT
WT 

K217N
δ
      21.9±0.2  75+7 

B8   timGAL4>UAS- DBT
WT 

K217N
 

21.8±0.2 (0.6)  81 (16) 

A15  timGAL4>UAS- DBT
WT 

K217N
 

21.8±0.1 (0.4)  81 (16) 

A1   timGAL4>UAS- DBT
WT 

K217N
 

21.8±0.2 (0.7)  53 (15) 

B7   timGAL4>UAS- DBT
WT 

K217N
 

21.9±0.2 (0.6)  67 (15) 

B6   timGAL4>UAS- DBT
WT 

K217N
 

22.4±0.1 (0.5)  93 (15)     

DBT
WT 

G215E*      24.2±0.2  53+7 

B15  timGAL4>UAS- DBT
WT 

G215E
 

23.6±0.2 (0.5)  44 (16) 
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B7   timGAL4>UAS- DBT
WT 

G215E
 

23.6±0.2 (0.5)  53 (15) 

B11  timGAL4>UAS- DBT
WT 

G215E
 

23.9±0.1 (0.3)  75 (16) 

B3   timGAL4>UAS- DBT
WT 

G215E
 

25.0±0.6 (1.8)  63 (16) 

A3   timGAL4>UAS- DBT
WT 

G215E
 

25.7±1.1 (2.1)  25 (16) 

A4   timGAL4>UAS- DBT
WT 

G215E
 

24.1±0.1 (0.2)  64 (11) 

DBT
WT 

R192N
δ
          30.7±0.9   48+7 

A13  timGAL4>UAS- DBT
WT 

R192N 31.9±0.4 (1.2)  50 (16) 

B7   timGAL4>UAS- DBT
WT 

R192N
 

31.5±0.7 (1.9)  57 (14) 

B2   timGAL4>UAS- DBT
WT 

R192N
 

32.6±0.7 (1.9)  53 (15)  

B14  timGAL4>UAS- DBT
WT 

R192N
 

32.3±0.2 (0.7)  69 (13) 

A5   timGAL4>UAS- DBT
WT 

R192N
 

27.8±0.2 (0.4)  25 (16) 

A7   timGAL4>UAS- DBT
WT 

R192N
 

28.0±0.1 (0.1)  31 (13) 

DBT
WT 

R193N
δ
 

      
34.4±0.5  60+7 

 
A11  timGAL4>UAS- DBT

WT 
R193N

 
34.6±1.4 (3.9)  57 (14) 

A9   timGAL4>UAS- DBT
WT 

R193N
 

37.8±0.1 (0.2)  31 (16) 

A5   timGAL4>UAS- DBT
WT 

R193N
 

33.5±0.4 (1.2)  69 (16) 

B5   timGAL4>UAS- DBT
WT 

R193N
 

33.6±0.4 (1.3)  69 (16) 

A3   timGAL4>UAS- DBT
WT 

R193N
 

33.3±0.7 (1.7)  47 (15) 

B6   timGAL4>UAS- DBT
WT 

R193N
 

33.9±0.3 (1.3)  93 (15) 

A13  timGAL4>UAS- DBT
WT 

R193N
 

34.4±0.2 (0.5)  53 (15) 

B8   timGAL4>UAS- DBT
WT 

R193N
 

34.1±0.4 (1.2)  50 (16) 

 

Lines containing the indicated type of UAS-DBT insertion were crossed to flies 

containing the tim-GAL4 driver, and progeny hemizygous for both the driver and 

responder were assayed in DD for locomotor activity. Each line (except those denoted 

“a” and “b”) contained an independent insertion of the responder UAS-DBT gene, 

generated at the AttP2 locus (at 68A4) by phiC31-mediated integration.
 b

Data from Fan et 

al 2009 The circadian period was determined by chi-square periodogram analysis. 

Rhythmic flies produced single strong peaks in the periodogram analysis and rhythmicity 

that was obvious by inspection of actograms. The mean period + SEM and the mean 

percentage of rhythmicity (n = total number of flies tested for each genotype class) are 

tabulated in boldface at the top of each class. 
δ
ANOVA with a post-hoc Tukey showed a 

significant effect of these genotype on period [F (8,43)=154.46, p<0.001], with 

differences between the average period of these genotypes and the average period of the 

original randomly inserted DBT
WT 

lines (data taken from Muskus et al., 2007)
a
.*These 

genotypes did not have periods that significantly differ from each other (P>0.05).  
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Discussion 

DBT has an important role in the regulation of the post-translational loop of the clock 

by rhythmic phosphorylation and degradation of PER. DBT has been suggested to 

regulate nuclear entry of PER and the stability of PER in the cytoplasm and the nucleus. 

DBT might play a role in both the cytoplasm and the nucleus to strike a balance between 

the relative PER levels in these compartments to change the dynamics of repression and 

activation. It has been suggested that DBT might function as the inhibitor of nuclear entry 

of PER by phosphorylating it and thus leading to slowing down the clock. This 

phosphorylation of PER in the cytoplasm would limit the amount of PER entering the 

nucleus and thus hence prolong the synthesis of per and tim mRNA, slowing down the 

clock. Alternatively in the nucleus, phosphorylation of PER would lead to the relieving of 

repression of PER on the CLK/CYC promoter and speed up the clock. Overall the 

hypothesis is that increasing activity of DBT in the cytoplasm should produce long 

periods and in the nucleus would lead to short periods. To analyze the function of DBT, I 

generated mutants of DBT that would increase the activity in just one compartment of the 

cell. DBT has a putative nuclear localization signal, which I mutated to generate a DBT 

that should not be able to enter the nucleus and would generate a DBT whose activity 

would be limited to cytoplasm (increased activity in the cytoplasm). Alternatively I 

engineered a strong nuclear localization signal to the C-terminus of DBT that would 

make it more nuclear. These mutants were first tested in the S2 cells to see if they were 

able to produce exclusively cytoplasmic or nuclear DBT. The mutation of the NLS in the 

DBT sequence rendered it exclusively cytoplasmic and the addition of the strong NLS 

sequence made it nuclear (Figure 13). The mutants were then expressed in the flies using 
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the binary expression system and were tested for changes in period using locomotor 

assays. To our surprise, the mutation of NLS in DBT
WT

 shortened the period (20 hrs) 

whereas there was no change in period with the addition of a strong NLS sequence to 

DBT
WT

. The addition of a strong NLS sequence to the DBT
K/R

 mutation leads to a period 

which was longer than that of the original DBT
K/R

 mutation (Table 2). The DBT
WT

 NLS
-
 

localized exclusively to the cytoplasm but the DBT
WT

 stNLS did not move into the 

nucleus as expected, and that in part explains why there was no change in the period. The 

DBT
K/R

 stNLS was exclusively nuclear (figure 17) like the S2 cell results we obtained 

earlier (Figure 13). The long period that was seen with the DBT
K/R

 stNLS might be due to 

excess of DBT
K/R

 in the nucleus. 

It was still intriguing that increasing the activity of DBT
WT

 in the cytoplasm should 

produce a short period, since longer periods were predicted. The result suggests that the 

short periods are not produced by the cytoplasmic localization of this DBT protein which 

may already be in excess with the expression of DBT from the endogenous gene. The 

period shortening produced by the DBT
WT

 NLS- was close to the short period produced 

by the original TAU mutant. The TAU mutant may affect  part of the phosphate 

binding/recognition site of DBT that was suggested to preferentially target DBT to 

phosphorylate PER downstream from previously phosphorylated sites to shorten period 

(Lowrey, Shimomura et al. 2000; Meng, Logunova et al. 2008). We looked at the crystal 

structure to see any of the mutations in the NLS domain were a part of phosphate binding 

site. One of the bases mutated in DBT
WT

 NLS
-
 was indeed a part of this site. We decided 

to mutate some of the residues that were involved in this domain individually to see if 

they produced a short period. Alternatively we also mutated amino acids that were away 
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from this phosphate-binding domain to see if short periods might be produced by 

mutations in a larger interaction domain. All the amino acids were mutated to asparagine 

to eliminate the electrostatic positive attraction of the negatively charged phosphate 

except for one amino acid (G215) which was mutated to glutamate. All the amino acid 

mutations that were close to this triad produced a short period (DBT
WT

NLS1 - 20hrs, 

DBT
WT

 NLS2 – 17hrs DBT
WT

 K217 -21 hrs). The mutation of the R192 or R193 

produced lengthened period (33.5 hrs) in a wildtype background. (Table 3 and figure 20) 

but these were not part of the phosphate recognition domain but instead were located 

inside the protein; their mutation therefore would likely contribute to unfolding or the 

protein and alteration of the catalytic site. The mutation of Glycine (G215), although 

affecting the phosphate binding site, did not produce a change in period because it might 

affect the stability of the protein itself.  

Based on the above evidence we can conclude that we have uncovered a domain of 

DBT we have termed “TAU domain” which shortens period when mutated. The domain 

is larger than the triad proposed to comprise the phosphate recognition triad and therefore 

may affect interactions with regulators. These residues when mutated might affect the 

interaction of DBT with either PER or the novel interacting protein bride of DBT 

((BDBT; see chapter 7 of this dissertation), thereby modulating the phosphorylation of 

PER at different sites. I intend to look at these interactions using co-immunoprecipitation 

experiments to see if the interaction of DBT with any of the components is altered in the 

“TAU” mutants. Since the mutations that shorten the period are located on the surface 

and the mutations that lengthen period are located inside the protein it is likely that they 

may alter the interaction of DBT with BDBT. The analysis of these mutants along with 
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the original TAU mutation for differences in interaction with BDBT will reveal whether 

all these mutants alter the period by a similar mechanism. This  work can be published as 

an individual paper or together with chapter 3. 

The DBT
WT

 stNLS did not alter period or localize to the nucleus in our analysis and 

we hypothesize that this might be due to the fact that all DBT is bound to PER in the 

cytoplasm and hence does not enter the nucleus. If this interaction of DBT with PER is 

what is keeping it from entering the nucleus, in the absence of PER, the
 
DBT

WT
 stNLS 

mutant should be able to move into the nucleus. The DBT
WT

 stNLS and DBT
WT

 NLS- 

mutants can both be expressed in a per
0
 background to test if this is the case.  

It has been hypothesized that inhibiting the kinase activity of DBT in the cytoplasm 

would shorten period and inhibiting activity in the nucleus would lengthen period. In our 

hands, inhibiting the activity of DBT
K/R

 in the nucleus using the DBT
K/R

 stNLS lengthens 

the original DBT
K/R

 period by about 5 hrs, and DBT
K/R 

stNLS is also completely nuclear 

in the clock cells as predicted. Alternatively the expression of DBT
K/R

 in the cytoplasm 

might shorten period if the prediction is correct. The expression of DBT
K/R

 can be 

restricted to the cytoplasm by mutating the putative NLS sequence of DBT
K/R

 just as in 

the case of DBT
WT

 (DBT
WT

 NLS- confers cytoplasmic localization of DBT). If the 

DBT
K/R

 NLS- does shorten period, then that can be published as a separate paper. 
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CHAPTER 5 

EXPRESSION OF DBT
K/R

 IN THE CLOCK CELLS AFFECTS  PER  IN A CELL-

AUTONOMOUS MANNER BUT REVEALS A NEED FOR A FUNCTIONAL 

CIRCADIAN CLOCK IN THE EVENING CELLS TO PRODUCE HIGH LEVELS OF 

EVENING ACTIVITY AND TO SUPPRESS THE MORNING ACTIVITY 

Introduction 

Drosophila DBT has a significant role in the circadian mechanism to maintain 

approximately 24 hour rhythm. DBT does this by preferentially phosphorylating period 

protein (PER) at different times of day and targeting it for degradation. Through the 

course of the day, PER does not accumulates in the cytoplasm because DBT slows down 

the buildup of PER by phosphorylating it and targeting it for degradation. Another 

protein called Timeless (TIM) is degraded in a light-dependent manner. During the night, 

PER forms a heterodimer with TIM, in which DBT cannot phosphorylate and degrade 

PER. This allows the entry of PER into the nucleus along with TIM and this complex 

represses the expression of their own mRNA and other mRNA. The complex represses 

the transcription factors clock (CLK) and Cycle (CYC) which exist in a complex and are 

positive regulators of per/tim mRNA expression (Yu and Hardin 2006).  

In a light: dark cycle (LD) flies exhibit 2 bouts of activity per day with a rest period in 

the middle. Flies show the first bout of activity starting before lights come on, followed 

by a period of rest in the middle of the day (termed siesta) followed by another bout of 

activity in the evening (figure 22). These separate bouts of activity arise from different 

groups of circadian cells in the brain. The Drosophila fly brain consists of ~150 clock 

neurons, of which some have been characterized and well studied. The main neurons 
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have been divided into different subsets based on their location in the brain. The first 

subset of neurons is the lateral neurons which are further subdivided into large ventral 

lateral neurons (l-LNv), small ventral lateral neurons (s-LNv) and dorsal lateral neurons 

(LNd) (figure 23). The s-LNv and the l-LNv can be distinguished from the LNd since 

they express pigment dispersion factor (PDF) – an important neuropeptide regulating 

circadian outputs. The other subgroup of neurons are the dorsal neurons (DNs) which are 

found on the dorsal side of the brain and are further divided into Dorsal neurons 1,2 and 3 

(DN1, DN2 and DN3) (figure 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 

 

 

 

 

Figure 22: Averaged activity of wildtype (Canton S) flies in LD 

When the flies are assayed in LD (12h light: 12h dark) to simulate real life conditions, 

they show a burst of activity when the light comes on (dark bars to light bars) and another 

spurt of activity when the lights go off (light bars to dark bars) and show very little 

activity in the subjective night (dark bars). The fly can anticipate the light coming on and 

increase its activity before the lights are illuminated (increase in activity before time 0 in 

X-axis) and also the lights turning off (increase and then drop of activity in the white bars 

before time 12 on X-axis). LD activity was calculated for 16 flies and averaged using the 

Clocklab program. 
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Figure 23: A pictorial representation of fly brain and the distribution of clock neurons. 

The fly brain with the different subsets of clock neurons labeled. The clock cells are 

named depending on their location in the fly brain.  
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Since the circadian rhythms are endogenous, flies can maintain their rhythms in the 

absence of any environmental cues, and the morning and evening activities cannot be 

differentiated when they are tested under constant dark conditions (DD), but once a light 

cycle is applied, they entrain to the lights on and off and can anticipate the time of lights 

turning on and off. The anticipation of the lights on and off can be seen on an activity 

profile. Flies show an anticipation of lights on (morning anticipation) and also a drop of 

activity before the lights off (Evening anticipation) (figure 22). Recent studies have 

proposed a two oscillator model, governed by two distinct subsets of cells that interact 

with each other to produce a ~ 24 hour rhythm. Targeted ablation of the small lateral 

neurons (s-LNv) with the expression of the cell death gene resulted in the dampening of 

morning activity, whereas the ablation of the LNd produced a loss of lights off 

anticipation (Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004). The small and large 

lateral neurons express PDF that distinguish them from the dorsal lateral neurons and are 

hence termed PDF+ cells, although of the total of 5 cells of the s-LNv, only four of them 

express PDF. The 5
th

 one does not and hence is termed PDF- along with the LNd, which 

also do not express PDF. All these cells express Cryptochrome (CRY) which is a light 

activated protein that targets TIM for degradation. Ablation of the PDF+ cells resulted in 

the loss of morning peak and the ablation of the PDF- cells resulted in the loss of evening 

peak and anticipation. It was possible to rescue the morning and evening anticipation by 

expressing PER in the morning and evening cells, respectively, or just the evening cells 

in LD but not with expression in the morning cells (Grima, Chelot et al. 2004; Stoleru, 

Peng et al. 2004). Expression of PER in the morning cells (sLNvs) was enough to drive 
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the clock in DD suggesting that these cells were sufficient for the clock function in DD 

(Grima, Chelot et al. 2004). 

Although it was possible to manipulate the clock by selectively knocking out the 

morning or the evening rhythms, the studies employed ablating the cells or rescuing per 

gene function in subsets of cells in a per
o
 mutant instead of knocking out one of the clock 

components in a subset of cells(Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004). The 

ablation studies do not comprehensively address the coupling or uncoupling of the clock 

cells since they are dead. We decided to employ a different approach to study the 

coupling and uncoupling of these cells by using the binary expression system (for details 

see chapter 2). We used the combination of the binary expression system with the GAL80 

repressor system to selectively manipulate the clock cells and block the cycling of PER 

(figure 24). When GAL4 and GAL80 are expressed in the same fly, GAL80 binds to the 

GAL4 and prevents it from transcriptional activation of genes with UAS promoters, and 

hence no gene expression from the UAS-containing gene is triggered. We used the UAS-

DBT
K/R

 construct developed in our lab which out-competes endogenous DBT for PER 

binding but cannot phosphorylate PER, leading to long periods and arrhythmicity 

(Muskus, Preuss et al. 2007). We expressed DBT
K/R

 using the GAL4/GAL80 system to 

selectively block PER phosphorylation and degradation in the subset of clock cells to see 

if we can selectively block either the morning or evening oscillators; with such an 

approach, the affected clock cells should be in the opposite state (high PER) to the one 

produced in the earlier study (Grima, Chelot et al. 2004) with the per
0
 mutant (no PER). 

The timGAL4 drives the expression of a gene linked to the UAS promoter. This when 

coupled with the pdfGAL80 repressor, it leads to the expression of DBT
K/R

 only in the 
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cells that are PDF
-
 (LNd and some DN cells). So in theory this should repress the activity 

of DBT only in the evening cells and should not affect the morning activity. Alternatively 

the expression of DBT
K/R

 with the pdfGAL4 driver should have the opposite effect on the 

activities and anticipation (morning oscillator rhythms damped). So we employed these 

techniques to selectively manipulate the clock mechanisms while keeping the cells intact 

to see how they affect the clock. 

This result shown here explains how the selective manipulation of the clock in a subset 

of cells affects the morning or the evening oscillator autonomously. We demonstrate that 

blocking the DBT activity in all clock cells lead to loss of both morning and evening 

anticipation but leaves a strong morning startle response, which is triggered directly by 

light even in flies without a circadian clock. A startle response which lacks anticipation is 

typically interpreted as evidence for a lack of circadian rhythm in the relevant oscillator. 

Selectively blocking it in just the morning cells leads to loss of the morning activity but 

the evening activity persists. Selectively blocking DBT activity in the evening cells 

reduces the evening peak of activity, while leaving a robust morning peak. PER 

oscillations are blunted only in the cells in which DBTK/R is expressed. Taken together, 

our results suggest that a functional clock is required for the evening peak of activity, but 

the morning peak can be directly light-driven as long as the evening oscillator is not 

active to suppress it. 
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Figure 24: Cross scheme to disrupt different subset of cells in the fly brain 

 

When GAL4 and GAL80 are expressed in a fly, GAL80 binds to GAL4, inactivates it 

and hence represses the expression of UAS-transgene. The table lists the combination of 

drivers and repressors used and how the expression will be limited in the crosses. The red 

boxes represents the repression of expression of the transgene and the green boxes 

represents activation of expression. 
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Results 

DBT activity in the ventral lateral neurons is necessary and sufficient for free-

running locomotor activity rhythms 

 

The over expression of DBT
K/R

 in all clock cells using the timGAL4 driver 

(timGAL4>DBT
K/R

) has been shown to lead to long periods and arrythmicity, with high 

levels of nuclear PER at all timepoints (Muskus, Preuss et al. 2007). We first looked at 

the locomotor rhythms of the different combinations of these GAL4/GAL80 lines to see 

if the DD activity was affected. The expression of DBT
K/R

 in all clock cells leads to long 

periods and arrythmicity as shown before (Muskus, Preuss et al. 2007). Driving 

expression of DBT
K/R

 in the PDF+ cells using pdfGAL4 driver (pdfGAL4>DBT
K/R

) also 

leads to long period lengthening with much higher degree of arrythmicity than timGAL4 

confirming that the small lateral neurons are one of the most important part of the clock 

components. The repression of DBT
K/R

 expression in PDF+ cells using the 

timGAL4/pdfGAL80 leads to a wildtype period again confirming that the PDF+ cells are 

integral to the process of circadian rhythm. The overexpression of DBT
WT

 using any of 

these combinations did not affect the circadian rhythm in DD (table 4). 
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Table 4: Average periods and rhythmicities with targeted expression of DBT in DD 

Genotype                    Avg Period (h) ± SEM (SD)       % Rhythmicity (N) 

timGAL4; cryGAL80>DBT
K/R

*  24.5±0.4 (0.8)   29(17) 

CyO/+; cryGAL80>DBT
K/R

*   24.4±1.0 (1.5)   18(11) 

 

timGAL4; cryGAL80>DBT
WT

  23.8±.0.3 (0.9)   42(19)  

CyO/+; DBT
WT

/Tm6B    23.5±0.3 (0.5)   27(11) 

 

timGAL4; pdfGAL80>DBT
K/R

*  23.8±0.3 (1.2)   70(20)  

timGAL4/CyO>DBT
K/R

   33.0±1.1 (2.4)   42(12) 

 

timGAL4; pdfGAL80>DBT
WT

  24.8±0.3 (0.7)   20(20)  

timGAL4/CyO>DBT
WT

           24.2±0.5 (0.9)   25(12)  

 

timGAL4>DBT
WT

                          24.4±0.5 (1.1)   31(13)  

timGAL4>DBT
K/R

                         34.7±0.6 (1.8)   53(15)  

pdfGAL4>DBT
K/R   

33.3±0.8(1.1)    6(27)
 
 

  

Locomotor analysis of different activator and repressor combination in DD. Expression 

of DBT
K/R

 in the PDF+ LNvs  leads to long periods and high degree of arrythmicity. 

ANOVA indicated a highly significant effect of genotype on circadian period [(F (13, 85) 

=66.5, P<0.0001]. *Mean periods for these UAS-DBT
K/R

 genotypes differed from the 

mean period of timGAL4/+; UAS-DBT
K/R

 flies with P<0.0002 (post-hoc Turkey). No 

mean period of UAS-DBT
WT

 genotype differed significantly from that of timGAL4/+; 

UAS-DBT
WT

 flies (P>0.5). N-number of flies tested  
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Expression of DBT
K/R

 in all the clock cells leads to loss of both morning and 

evening anticipation but leaves a robust morning peak, while expression in the 

morning or evening cells only produces oscillator-specific suppression of activity 

peaks. 

 

We next looked at the activity rhythms in LD to see which part of the oscillator was 

affected depending on the expression of DBT
K/R

. The expression of DBT
K/R

 in all the 

clock cells using the timGAL4 driver leads to loss of the evening activity and evening 

anticipation. There is no anticipation of the dark to light transition but the flies show a 

startle response in the morning (Figure 25). Wildtype flies can anticipate the time when 

the lights are to be turned on and increase the activity before it. Similarly, during the 

evening, they can anticipate the lights being turned off and decrease activity. With the 

expression of DBT
K/R

 in the PDF + clock cells, the flies cannot anticipate the lights being 

turned on but still exhibit a burst of activity after lights are turned on - termed the startle 

response. The expression of DBT
K/R

 in the PDF+ cells showed very little morning peak 

but showed a robust evening peak as expected (figure 25).  The combination of 

pdfGAL80 and timGAL4 produced a morning peak but not an evening peak, although the 

morning peak looked similar to the startle response seen in that of the timGAL4>DBT
K/R

 

flies because it lacked anticipation (figure 25). The amplitude of the peak in the timGAL4 

> DBT
K/R

 flies was much higher than that of the pdfGAL4>DBT
K/R

, perhaps because the 

functional evening clock is suppressing the startle response in the morning clock in this 

latter genotype. Since the timGAL4/pdfGAL80 >DBT
K/R

  flies produced close to a 

wildtype rhythm in DD (table 4), the response that was seen in LD might not be a startle 

response but instead a genuine morning activity albeit with no anticipation. The LD 

assays also show that the morning peaks might not be set to just the PDF+  cells and there 



101 

 

might be other non-tim-expressing cells that communicate with these cells to produce a 

startle response when the clock is nonfunctional in these cells.  
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Figure 25: LD assays of different driver/responder combinations. 

 

Flies were assayed for activity in LD cycle (12h light: 12h dark) with different 

driver/responder combination, and the average rhythms of at least 10-16 flies are 

presented here. Although the timGAL4/pdfGAL80 > DBT
K/R 

showed a wildtype rhythm 

in DD, they show a loss of evening peak but still have a morning activity  with 

anticipation severely diminished. 
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The adult brains show high levels of PER localization in the specific subset of 

cells in which DBT
K/R

 is expressed  

 

Previous studies have shown that PER is hypophosphorylated and nuclear in the clock 

cells of the larval brains at all time points when DBT
K/R

 is expressed with the timGAL4 

driver (Muskus, Preuss et al. 2007). Since the different subset of clock cells are not 

completely developed in the larval brains, we looked at the PER protein levels in the 

clock neurons of the adult brains to see if the pattern of PER expression corresponds to 

the combination of the drivers and the responders we were using. In wild type flies, PER 

protein shows high level and nuclear localization in all the clock neurons at ZT1 (1 hr 

after lights on) and a cytoplasmic pattern or relatively no expression at ZT13 ((1 hr after 

lights off) (Figure 26). We looked at these two timepoints to see if there was a change in 

PER levels in the different cells depending on the drivers used. PER levels were high in 

both the morning and evening cells in the timGAL4 > DBT
K/R 

brains at both the time 

points similar to that of the larval brains (Muskus, Preuss et al. 2007) & figure 26). In the 

pdfGAL4>DBT
K/R

 brains, high levels of nuclear PER were only found in PDF+ cells at 

ZT 13. The use of pdfGAL80 in conjunction with the timGAL4 showed high PER in all 

the clock cells at ZT1 similar to the wildtype flies but in the LNs the PER protein levels 

were high only in the dorsal lateral neurons (LNd) at ZT13, confirming that PER 

expression was suppressed as in wild type flies in the s-LNV and l-LNV with the 

expression of pdfGAL80 (figure 26). The results argue that DBT
K/R

 works cell 

autonomously to antagonize PER degradation. It is surprising that the anticipation of the 

morning activity is not intact in the timGAL4, pdfGAL80>DBT
K/R

 genotype since the 

DD locomotor assay and the PER expression in the LNv were intact as expected. This 

might suggest that the coupling of the oscillators is still intact in the clock cells and thus 
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the DD period is still wildtype. But since the PER cycling is blunted and perhaps slower 

in the LNd, the anticipation of morning may be affected due to the signal transmitted 

being slower from the evening cells to the morning cells. Evidence for communication 

from the evening to the morning oscillator also comes from analysis showing that it was 

possible to restore morning anticipation in per
0
 mutants by expression of PER just in the 

evening cells (Stoleru, Peng et al. 2004). In our case we were able to rescue the DD 

rhythms even when PER was not cycling in the LNd. So it was enough to have normal 

PER cycling in the LNv to have a wildtype rhythm in DD but the LD anticipation still 

needs both the clock components.  
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Figure 26: Localization of PER in adult brains from flies expressing DBT
K/R

 in different 

oscillators. 

 

Adult brains from different driver/responder combinations as listed were collected and 

ZT1 and ZT13 probed with anti-PER antibody to visualize PER and anti-PDF which 

marks the cytoplasm in the lateral neuron in the brain hemisphere.  
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Discussion 

The circadian rhythm of Drosophila is governed by an interlocking transcriptional and 

translational feedback loop. Integral to this mechanism is the rhythmic phosphorylation 

and degradation of PER in the clock cells of the brain. DBT is the kinase that 

phosphorylates PER and targets it for degradation in the clock cells, thereby reinitiating 

the clock every 24 hours. This clock is required for the switch in gene expression that 

control different biological, metabolic processes. Flies can be entrained to light stimuli to 

reset or synchronize their rhythms in a controlled environment. The light stimulus 

triggers the degradation of TIM and then DBT phosphorylates PER and targets it for 

degradation. Drosophila exhibit two distinct peaks of activity during the day (a morning 

and evening peak) with a period of inactivity in the afternoon, followed by little to no 

activity in the subjective night. Recent studies with cell ablation techniques and cell-

specific rescue of per
0
 mutants have shown that these peaks of activity are controlled by 

two distinct subset of cells termed the morning and the evening cells respectively (Grima, 

Chelot et al. 2004; Stoleru, Peng et al. 2004). These studies showed that the morning and 

evening cells are required for anticipation of both changes in light conditions (D to L, L 

to D). Our analysis herein supports the basic findings of these earlier studies with a novel 

experimental approach – constitutively elevated PER produced in a cell autonomous 

manner by expression of DBT
K/R

 in the morning or evening cells. Anticipation and 

amplitude of the evening peak are greatly reduced when the clock is blunted in these cells 

by expression of DBT
K/R

 in the evening cells. On the other hand, while anticipation of the 

morning peak is eliminated by expression of DBT
K/R

 in these cells, a robust activity peak 

can remain in these cells if the evening oscillator is also damped by DBT
K/R

 expression in 
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timGAL4 > DBT
K/R

 flies. There is also no anticipation if the evening cells lack a 

functional clock while the morning cells retain a clock. These results demonstrate that 

communication between the evening cells and the morning cells is essential for the 

normal morning peak. 

Recent studies have looked at these cells and their segregation into morning and 

evening oscillators under different conditions. Under moonlight conditions, expression of 

PER in four clock neurons was sufficient to drive the clock in Drosophila (Rieger, 

Wulbeck et al. 2009). Expression in three of the LNds and the 5th sLNv was enough to 

drive the rhythms under constant moonlight conditions. Interestingly two of the LNds 

behave as morning oscillators by advancing the phase and one of the LNd and the 5
th

 

sLNv acted as evening oscillators. This raised the question as to whether there is a rigid 

definition of M and E oscillators in flies (Rieger, Wulbeck et al. 2009). Another recent 

study involving expression of the Huntington protein selectively in the small lateral 

neurons, resulted in preserving the morning anticipation, although the morning peak was 

severely attenuated, suggesting that the lLNvs act as a light sensor and the rigid 

definitions of morning and evening oscillators might be questionable (Sheeba, Fogle et al. 

2010). These findings along with our experiments suggest that the anatomically defined 

regions for the morning and evening oscillators might not be exactly defined by their loci 

but vary depending on different light conditions and protein expression. 

Our analysis of these oscillators using DBT
K/R

 suggests that the evening oscillator is 

required to suppress the morning startle response. Since the morning oscillator persists in 

flies with ablated sLNvs, it is possible that another group of cells take their place to bring 

about a morning startle response and likewise, another group of cells may produce a 
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morning startle response when the evening oscillator is damped by DBT
K/R 

(Sheeba, 

Fogle et al. 2010). Since studies have shown that just the 4 LNds and the 5
th

 PDF- sLNvs 

is sufficient for a functional clock under moonlight conditions expression of DBT
K/R

 

using different drivers and different light conditions may suggest that the rigid definitions 

of morning and evening cells might not be exactly true. 
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CHAPTER 6 

ROLE OF DOUBLETIME IN TAU PROCESSING AND TOXICITY 

Introduction 

Several neurodegenerative diseases (e.g.,  Alzhiemer’s and Fronto temporal dementia) 

are characterized by the formation of Neurofibrillary tangles (NFT’s) that are aggregates 

of Phosphorylated TAU protein. The formation if these NFT’s occurs later in the disease 

stage and usually indicates the severity of the disease (Arriagada, Marzloff et al. 1992). 

TAU is a highly soluble microtubule associated protein found mostly in the neuronal 

cells in humans. The main function of TAU is to associate with microtubules and regulate 

their stability. In humans, TAU has six different isoforms which contain 3 repeats (3R) or 

4 repeats (4R) that are formed by the alternative splicing of the TAU gene. The 4R repeat 

isoforms of TAU are more potent at binding the microtubules than the 3R isoforms but 

also are more prone to form aggregates. There have been multiple mutations (missense, 

deletions and splicing) that have been identified in the human TAU in FTDP-17 (Buee, 

Bussiere et al. 2000). These mutations might change the ratio of the isoforms of TAU, 

reduce its affinity to microtubules or aid in fomation of aggregates. 

Human TAU (hTAU)- induced neurodegeneration has been succesfully modelled in 

flies in recent years. The first evidence of TAU-induced neurotoxicity in flies was shown 

when bovine TAU-green flourescent fusion protein was expressed in the sensory neurons 

and shown to lead to axonal degenaration (Williams, Tyrer et al. 2000). More recent 

studies using human TAU in Drosophila have provided some insight into the different 

kinases that are involved in the phosphorylation of TAU protein. Some of the kinases that 

have been implicated in Alzheimer’s diseases are CK1δ, GSK3-β, PAR-1 kinase, and 
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Cdk5 (Kuret, Johnson et al. 1997; Jackson, Wiedau-Pazos et al. 2002; Shulman and 

Feany 2003; Nishimura, Yang et al. 2004) .The expression of GSK3β along with the 

human TAU resulted in the formation of NFT like structures in Drosophila visual system 

and when the predicted phosphorylation sites were mutated, it reduced the toxicity of 

TAU and prevented formation of the NFT like structures (Jackson, Wiedau-Pazos et al. 

2002).  

In humans, CKIδ has also been implicated in the etiology of Alzheimer’s diseases. 

CK1δ mRNA levels were up-regulated in Alzheimer’s disease brain and the 

phosphorylation of TAU by CK1 in vitro converted it to an abnormal Alzheimer-like 

state (Kuret, Johnson et al. 1997; Yasojima, Kuret et al. 2000). A recent study has also 

shown that CK1δ phosphorylates TAU at different sites which leads to its dissociation 

from the microtubule (Li, Yin et al. 2004). The sites that were identified in this study 

were, Ser202, Thr205, Ser396 and Ser404. Despite this evidence, the effects of CK1δ on 

TAU phosphorylation and toxicity have not been widely studied and recognized.  In fact, 

more recent studies in humans suggest that the toxicity of TAU is not solely determined 

by phosphorylation. A cleaved form of TAU was shown to be more toxic than the full 

length TAU (Gamblin, Chen et al. 2003), suggesting that caspase cleavage of TAU 

produces the pathogenic form of TAU. 

This chapter details our investigation of effect of the Drosophila ortholog of CK1δ, 

Doubletime (DBT), on TAU phosphorylation and toxicity in the fly eyes. We used both 

the active and inactive form of DBT to investigate the effects on hTAU phosphorylation. 

We hypothesized that if DBT does phosphorylate TAU, the inactive form of the kinase 

(DBT
K/R

) that lacks any detectable kinase activity (Muskus, Preuss et al. 2007) should not 
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produce the neurodegenerative phenotype seen with the DBT
WT

. Alternatively, we 

expressed both the wildtype form of human TAU (TAU
WT

) and the S11A mutant 

(TAU
S11A

 - predicted S/T phosphorylation sites are mutated to alanine) (Chatterjee, Sang 

et al. 2009) to see if they produced different effects in a DBT
WT

 background in the fly 

eyes (Figure 27).  
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Figure 27. List of drivers and DBT constructs used for TAU expression. 

The table shows the list of drivers and the responders used for the various experiments. 

The diagram shows the construct that was used in the crosses to introduce human TAU 

and the sites of recognition for AT8 and PHF1 antibodies. The amino acids that were 

mutated to make the S11A construct are also shown (numbered serines or threonines to 

the right of the arrow were mutated to alanine). The transgenic flies expressing wild type 

or S11A hTAU were obtained from Dr. George R Jackson lab at UCLA. The S11A 

mutant has all the sites suggested to be phosphorylated by DBT mutated to alanine. 
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The expression of DBT
WT

 did not show a worsening of the rough eye phenotype seen 

with the expression of human TAU alone but seemed to show some degree of rescue. 

Interestingly however, the overexpression of DBT
K/R

 with both TAU
WT

 and TAU
S11A 

worsened the rough eye phenotype produced by expression of human TAU alone. We 

also looked for the effects on phosphorylation sites using two different antibodies (AT8 

and PHF1) that detect residues phosphorylated in the TAU protein, causing it to misfold 

and cause toxicity and previously implicated in cell culture studies as target sites for 

CKIδ (Li, Yin et al. 2004). When there were no detectable effects on phosphorylation we 

looked to see if there was an effect on the wingless signaling pathway which was 

postulated to enhance tauopathy in mouse models(Wiedau-Pazos, Wong et al. 2009). The 

Wnt/Wingless signaling pathway of Drosophila is important during development. Wnt 

protein binds to the Frizzled (Fz) receptor which in turn activates the disheveled protein, 

resulting in a change in levels of β-catenin (armadillo in Drosophila) that can enter the 

nucleus. DBT and GSK3β (Shaggy (SGG) in Drosophila), play opposite roles in the 

Wnt/Wingless signaling pathway. GSK3β along with other proteins targets the 

degradation of Armadillo whereas DBT promotes its buildup and entry into the nucleus 

by antagonizing the activity of SGG on Armadillo. We hypothesized that a similar 

mechanism was part of the TAU phosphorylation cascade since the inactive form of DBT 

had an effect on the TAU toxicity instead of the active kinase. We analyzed levels of 

Armadillo protein, the end product of active Wnt/Wingless signaling, and also its 

localization in the imaginal discs and did not detect changes in them. These results 

suggest that DBT does not affect tauopathy by enhancing TAU phosphorylation or 

activating the Wnt/Wingless signaling pathway but probably by another mechanism. 
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In collaboration with John Means, I show that DBT phosphorylates caspases in vitro, and 

DBT
K/R

 leads to elevated caspase activity and cleavage of TAU. The results presented 

here show that DBT does not directly phosphorylate TAU but may play a vital role in 

promoting TAU toxicity by differential processing of TAU by a mechanism depending 

on its kinase activity. 

Results 

DBT
WT

 does not  phosphorylate human TAU but has protective effect 

Human CK1δ has been shown to be tightly associated with Paired Helical Filaments 

(PHF’s) in the brains of patients with Alzheimer’s disease (Kuret, Johnson et al. 1997) 

and phosphorylates TAU when coexpressed with it in cultured cells (Li, Yin et al. 2004). 

Several Drosophila kinases such as shaggy (SGG) and PAR-1 kinase have been shown to 

phosphorylate human TAU in flies and result in formation of PHFs (Jackson, Wiedau-

Pazos et al. 2002; Nishimura, Yang et al. 2004). So we set out to study if the fly ortholog 

of human CK1, Doubletime (DBT), has similar roles in development of TAU tangles in 

Drosophila. If it does, Drosophila would be an excellent genetic model system to dissect 

the pathway by which this phosphorylation produces TAU tangles. Initially we cloned the 

wildtype form of Drosophila Tau (dTAU) and expressed in the S2 cells along with DBT 

to see if there were any changes in the phosphorylation state of TAU. We observed at 

best a slight change in the mobility of dTAU when DBT
WT

 was overexpressed but not 

with DBT
K/R

 (Figure 28), but there was no clear evidence for phosphorylation of TAU. 

In flies, we initially overexpressed DBT 
WT

 and DBT
K/R

 using neuronal drivers such as 

elav-GAL4 (expression in all neurons), GMR-GAL4 (expression in eyes) and cha-GAL4 

(expression in cholinergic neurons). There was no effect on the overall morphology of the 
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eye when DBT was overexpressed using these drivers (data not shown). Recent 

publications on tauopathy in flies have overexpressed the human wildtype TAU in the 

Drosophila visual system to study the effects of kinases on its toxicity and also its ability 

to form neurofibrillary tangles (Jackson, Wiedau-Pazos et al. 2002; Nishimura, Yang et 

al. 2004). We decided to employ a similar approach to study the effects of DBT on TAU 

pathology. The Drosophila eye is not essential for its survival and hence is an excellent 

model to study neurodegeneration. The overexpression of human TAU in Drosophila 

causes a rough eye phenotype (Jackson, Wiedau-Pazos et al. 2002). We overexpressed 

both active and inactive forms of DBT to see if they ameliorated or exacerbated the 

effects of human Tau overexpression. 
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Figure 28: Expression of Drosophila TAU and DBT in S2 cells 

 

Drosophila TAU was tagged with a HA epitope and cloned into a pAC vector. This 

construct was transiently transfected into S2 cells along with pMT-DBT (tagged and 

untagged versions). The cells were harvested after induction with CuSO4, which activates 

the metallothionein promoter of the construct, and the extracts were analyzed by 

immunoblot for TAU using an antibody that recognize the HA tag. There was at most a 

slight shift in mobility of TAU when DBT
WT

 was co-expressed. 
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The human TAU overexpression lines were obtained from Dr. Jackson at UCLA 

(currently at UTMB, Galveston Texas). These lines have the 4R isoform of TAU under 

the control of glass (gl) promoter which constitutively expresses TAU in the eyes leading 

to the rough eye phenotype. These flies also have a GMR-GAL4 located on the X 

chromosome or an elav-GAL4 on the 2
nd

 chromosome that can drive the expression of 

any UAS-gene. We crossed these human TAU lines to both the DBT
WT

 and DBT
K/R

 and 

asssessed the eye morphology to determine how they affected the rough eye phenotype. 

We hypothesized that, if DBT
WT

 phosphorylates TAU, then we should see a worsening of 

the rough eye phenotype as seen with the other kinases, while the DBT
K/R

 should 

ameliorate the effects caused by DBT
WT 

expressed from the endogenous gene, since it is 

functionally inactive yet retains binding to its substrate (Muskus, Preuss et al. 2007). The 

expression of DBT
WT

 did not enhance the effects seen with the expression of  hTAU 

alone (figure 29 panels c and d; Table 5). Interestingly however the overexpression of 

DBT
K/R

 in the eye using the GMR-GAL4 driver in the hTAU
WT

 background lead to 

worsening of the rough eye phenotype (figure 29 panels a and b). The worsening of rough 

eye phenotype was also present in flies co-expressing the mutated form of TAU 

(hTAU
S11A

) with DBT
K/R

, although the the effect was not as pronounced as that of the 

hTAU
WT

 overexpression (Table 5). This was the opposite of our hypothesis . Moreover,  

the worse eye phenotype in the S11A mutant suggests a pathway that is independent of 

phosphorylation, since the worsening in this mutant does not require any of the known 

TAU phosphorylation sites. The flies expressing hTAU
WT

 or hTAU
S11A

 along with 

DBT
K/R

 exhibited black patches of dead tissue in their eye suggesting that there might be 
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components of cell death pathway involved in the process and kinase activity of DBT 

might inhibit some part of this process. 
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Figure 29 Eye phenotypes with co-expression of hTAU with DBT
WT

 or DBT
K/R 

 

Images showing the degeneration of eyes with overexpression of DBT
K/R

 22F1B or 

DBT
WT

 21M2B in a gl.hTAU background with GMRGAL4 driver. The flies were sorted 

based on the presence or absence of the balancers and their sex.  
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On closer visual inspection of the eyes of flies co-expressing DBT
K/R

 and hTAU
WT

, it 

was evident that the eye size was reduced (Compare figure 29 panel a, a’ and a” or panel 

b, b’ and b”), while the flies expressing DBT
WT

 showed no change or some rescue in the 

eye size (compare figure 29 panels c, c’ and c” or d, d’ and d”). We quantified the size of 

each eye using ImageJ software by tracing an outline for each eye and measuring the 

area. It was evident that the flies expressing DBT
K/R

 with hTAU
WT

 showed a significant 

reduction in average area compared to the DBT
WT

 overexpression (Table 5). 
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Table 5: Average areas of fly eyes expressing hTAU and DBT 

Progeny             No of Flies      Average eye size SD 

gl-TAU; GMRGAL4 > DBT
K/R

 22F1B* 30  76391   11411 

gl-TAU; GMRGAL4 > CyO 22F1B 9  102731  13036 

SM6TM6; DBT
K/R

 22F1B  14  104978  15519 

gl-TAU; GMRGAL4 > DBT
K/R

 24F1B* 13  72599   12819 

gl-TAU; GMRGAL4 > CyO 24F1B 10  98168   15019 

SM6 TM6; DBT
K/R

 24F1B  7  119726  19396 

gl-TAU; GMRGAL4 > DBT
K/R

 1M1C 18  82326   24026 

SM6 TM6; DBT
K/R

 1M1C  10  110564  19341 

gl-TAU; GMRGAL4 > DBT
WT

 45F2B 19  114567  18549 

SM6 TM6 > DBT
WT

 45F2B  13  132767  18926 

gl-TAU; GMRGAL4 > DBT
WT

 21M2B 11  125645  9005 

gl-TAU; GMRGAL4 > CyO 21M2B 12  104656  16584 

SM6 TM6; DBT
WT

 21M2B  7  130090  23956 

gl-TAU
S11A

; GMRGAL4 > DBT
K/R

   19  83692   14403 

22F1B* 

gl-TAU
S11A

; GMRGAL4 > CyO 22F1B 4  121961  7967 

SM6 TM6; DBT
K/R

 22F1B  9  114599  12761 

gl-TAU
S11A

; GMRGAL4 > DBT
K/R

  21  101102  10898 

1M1C 

SM6 TM6; DBT
K/R

 1M1C  7  112960  12324 

gl-TAU
S11A

; GMRGAL4 > DBT
WT

  19  83692   14403 

21M2B 

gl-TAU
S11A

; GMRGAL4 > CyO  4  121961  7967 

21M2B 

Sm6 TM6; DBT
WT

 21M2B  9  114599  12761 

GMRGAL4 > DBT
K/R

 22F1B  19  125870  18435 

GMRGAL4 > CyO  22F1B  19  132047  11443 

GMRGAL4 > DBT
K/R

 24F1B  12  127360  16475 

gl-TAU; elavGAL4 > DBT
K/R

 22F1B 21  113608        20859 

gl-TAU; elavGAL4 > CyO 22F1B 16  118809  13240 

gl-TAU; elavGAL4 > DBT
K/R

 24F1B 9  105806  8544 

gl-TAU; elavGAL4 > CyO 24F1B 13  119936  14145 

gl-TAU; elavGAL4 > DBT
WT

 21M2B 14  123538  12767 

gl-TAU; elavGAL4 > CyO 21M2B 8  112973  10974 
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gl-TAU; elavGAL4 > DBT
WT

 45F2B 12  136655  16631 

 

A fly eyes were outlined in ImageJ using the free hand tool and the area was calculated. 

Areas were calculated for the number of flies indicated on the table for each genotype 

and averaged for the data shown on table. ANOVA indicated a significant effect  of  

genotype on eye size [*F(40,488) = 15.4, P<0.001]* Mean eye size of these flies 

significantly differed from  that of gl-tau; GMRGAL4>UAS-DBT
WT

 and other controls 

by post-hoc Tukey. 
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There are no detectable changes in TAU phosphorylation with DBT
WT 

We next looked to see if there was any phosphorylation of the TAU protein with DBT 

overexpression using two different antibodies that detect the residues that are proposed to 

be phosphorylated by human CKI and are phosphorylated in the disease form of TAU. 

AT8 detects the phosphorylation of ser202/205 and PHF1 detects the phosphorylation at 

ser 396, 404. We collected head extracts from flies expressing both DBT
WT

 and DBT
K/R

 

in the hTAU
WT

 background and probed the blots with AT8 and PHF1. Total TAU was 

also detected using the TAU5 and 5A6 (T46) antibody that detects the overall TAU in the 

sample. There was no detectable increase or decrease in phosphorylation relative to the  

levels without transgenic DBT with either one of the phospho-specific antibodies (Figure 

30 panel A for AT8 detection and panel B for PHF1).  We quantified the blots and 

normalized them to total TAU to see of there were minor changes in the levels of 

phosphorylation of TAU that was not visible to the naked eye. There were some minor 

changes in the levels of phosphorylation between different genotypes but they were not 

statistically significant, while expression of a constitutively active form of SGG (S9A) 

did produce an increase in phosphorylation at both sites (figure 31). 
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Figure 30. Detection of phosphorylated TAU with AT8 and PHF1 antibodies. 

 

The F1 progeny from the crosses were collected and the heads were ground in a 1.5ml 

centrifuge tube with 1.1X SDS Laemmli buffer and were loaded onto an SDS 

polyacrylamide gel. After transferring to a nitrocellulose membrane, the blots were 

probed with AT8 (A) or PHF1 (B) for detection of phosphorylation. These blots were 

then stripped and re-probed with 5A6 (T46) or TAU5 
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Figure 31. Quantification of phosphorylated TAU with AT8 and PHF1 

 

Western blots that were probed with AT8, PHF1 and TAU5 or T46 were quantified using 

the Image Quant program using the line method. After background subtraction, the AT8 

or PHF1 signal for each lane was normalized to the signal from T5 or T46 for  that lane, 

and these signal were further normalized to the AT8 (or PHF1)/TAU5 (or T46) signal 

from gl-hTAU; GMRGAL4 lanes and plotted. The only genotype for which strong 

evidence of elevated TAU phosphorylation was obtained was the gl-TAU; elav-

GAL4>UAS-SGGS9A, which expresses a constitutively active form of SGG. 
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The effects on TAU are not mediated via the Wnt/Wingless signaling pathway 

 

There has been some evidence that the Wnt signaling pathway in mouse is involved in tauopathy 

and processing of TAU (Wiedau-Pazos, Wong et al. 2009). Since there were no detectable 

changes in phosphorylation with the DBT
WT

 and the effects seen in the eye were mediated by the 

presence of an inactive form of DBT
K/R

 we surmised that these effects may be mediated through 

the Wnt/wingless signaling pathway. Doubletime (DBT) and Shaggy (SGG) play opposite roles 

in the wingless signaling pathway. SGG with other proteins works to promote the degradation of 

Armadillo protein (ARM), the fly ortholog of β-Catenin, while DBT promotes the accumulation 

of ARM and its entry into the nucleus (Gottardi and Gumbiner 2004). We decided to look at 

ARM expression levels in these genetic backgrounds to see if there were decreased ARM levels 

in DBT
K/R

 mutants. Western blots from head extracts obtained earlier were probed for ARM 

using the N27A1 antibody that detects both the 99KD and 103KD forms of the protein. There 

were no significant changes in the levels of ARM across the different genetic backgrounds 

(figure 32). Since the expression of DBT and hTAU were limited to the eyes the overall levels of 

ARM might be similar across different genotypes but there might be differences in the levels if 

we looked at the eye. ARM is expressed much earlier in development of the fly so we decided to 

look at the eye imaginal discs to determine if there were any morphological changes in the 

localization of ARM in the cells that are the precursors of ommatidia. The eye imaginal discs 

were dissected from 3
rd

 instar larvae and probed with the N27A1 antibody to visualize the 

organization and localization of ARM. There was no obvious difference in the levels or regions  

of expression of ARM for flies overexpressing DBT
WT

 or DBT
K/R

 together with hTAU, although 

the overall morphology of the imaginal discs was somewhat disorganized relative to that in wild 

type Canton S flies (figure 33). We concluded that the effects seen on the eye with the DBT
K/R
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overexpression were not mediated through the WNT/Wingless signaling pathway mediator 

ARM. 
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Figure 32: Detection of armadillo in head extracts. 

 

Extracts from earlier experiments were also probed with N27A1 antibody that recognizes 

the armadillo protein (β-catenin or ARM), part of the WNT/Wingless signaling pathway. 

No clear increases or decreases in ARM were detected. 

 

 

 



129 

 

 
 

Figure 33: Detection of armadillo in 3
rd

 instar larval eye imaginal discs. 

 

Eye imaginal discs were dissected out of the larvae and were probed with N27A1 

antibody to detect any changes in armadillo.  Morphogenetic furrow progression and 

ARM expression appeared largely normal, although some disorganization of disc 

structure is evident at this early stage. 
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Drosophila DBT phosphorylates DRONC and prevents it from cleaving TAU 

Recent studies have shown that the tangles formed in the neurodegenerative disorders 

are not only because of phosphorylated TAU but also cleavage of TAU. The TAU protein 

can aggregate without producing pathology, while the cleaved form of TAU that 

aggregates is toxic to the cells, leading to neuronal death. TAU is cleaved by caspases 

(DRONC in flies, the ortholog of mammalian caspase-9) which renders it toxic (Gamblin, 

Chen et al. 2003; de Calignon, Fox et al. 2010). Our experiments suggested that there was 

an exacerbation of eye phenotype that resulted from overexpression of the inactive form 

of DBT. Dr. John means had recently joined out lab and was looking at another gene 

(spaghetti) and its role in the circadian clock (it had been identified as a clock gene by 

our lab in an RNAi screen of putative phosphatases) and the aging process (recently 

identified in a Huntington disease screen). He looked at Loss of function (LOF) 

phenotypes using RNAi knockdown studies. LOF of spaghetti resulted in lengthening of 

the circadian period in flies. The levels of DBT were also reduced in both the S2 cells and 

in flies (data not shown). The levels of DBT were reduced at ZT7 (6 hrs after lights on) 

and not at other timepoints in flies. He hypothesized that the effects of DBT
K/R

 on the eye 

phenotype might be due to activation of caspases, leading to cell death. He looked at the 

LOF genotype of Spaghetti and also in the DBT
K/R 

genotype to see if there were changes 

in the level of activated caspase with DBT knockdown. The levels of activated (cleaved) 

caspases were increased under both conditions (data not shown). Since it has already 

been shown that caspases cleave TAU and in turn activate it for neurodegeneration, he 

looked at TAU cleavage in both S2 cells and in flies. There was cleavage of TAU in both 

conditions (Data not shown). We hypothesized that under normal conditions DBT 
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directly phosphorylates DRONC and keeps it inactive, thus preventing the cleavage of 

TAU. To see if DRONC was directly phosphorylated by DBT, we used an in vitro kinase 

assay with purified DBT and DRONC. We saw that addition of DBT elevated the 

phosphorylation of DRONC and addition of S2 cell extracts increased the amount of 

phosphorylation of DRONC suggesting that DBT might be a priming kinase or respond 

to priming kinases in the process (Figure 34). 

We used a timGAL4 to silence Spaghetti and saw that activated caspases levels were 

elevated in the brain and DBT levels reduced at ZT7 but not at ZT1 (Figure 35). We 

confirmed that DRONC activation was dependent on DBT kinase activity by staining for 

activated DRONC in adult brains overexpressing DBT
WT

 or DBT
K/R

 with timGAL4; 

there was an increase in level of activated DRONC in brains of flies expressing DBT
K/R

 

but not DBT
WT

. The active caspase (DRONC) signal was especially high in the cells 

overexpressing DBT
K/R

 and somewhat lower in other parts of the brain (Figure 35). 

However, in the knockdown of spaghetti with timGAL4, there was widespread elevation 

of activated DRONC in the brain suggesting that it was activated in a cell-non 

autonomous manner (figure 35).  
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Figure 34: Phosphorylation of Caspase (DRONC) by DBT purified from S2 cells. 

 

Drosophila DBT-MYC purified from Drosophila S2 cells in a His-tag purification using 

talon resin phosphorylates DRONC (caspase 9 in humans) when incubated with γP
32-

ATP 

and His-tagged DRONC purified by talon resin. Addition of S2 cell lysates increased the 

phosphorylation, suggesting synergy with other kinases. Phosphorylation was detected by 

autoradiography of reactions resolved by SDS-PAGE.  
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Figure 35: Detection of caspase and DBT in adult brains. 

Adult brains were dissected at ZT1 and ZT7 and were probed for activated DRONC and 

either DBT using a myc antibody (timGAL4>DBT) or the DBT-c antibody (Canton S and 

Spaghetti RNAi). 

 



134 

 

Discussion 

Tau neuropathology (Paired helical filaments, PHFs) and Neurofibrillary tangles 

(NFTs) are the hallmark of many debilitating disorders such as Alzheimer’s disease. The 

onset of TAU tangles and paired helical filaments in Alzheimer’s disease is preceded by 

the formation of amyloid β deposits. The formation of PHFs and NFTs is followed by the 

death of neurons in these patients (Friedrich, Tepper et al. 2010). Individuals suffering 

from Alzheimer’s disease also show memory and learning defects and are also reported 

to have changes or loss of sleep pattern (Carlesimo and Oscar-Berman 1992). It is 

possible that the circadian genes are involved in this process. A recent study has shown 

that there is an up regulation of mRNAs of many circadian genes in Alzheimer’s disease 

brains (Cermakian, Lamont et al. 2011). Earlier work had suggested that the toxicity of 

TAU results from abnormal phosphorylation of TAU which results in the formation of 

tangles in the brain (Goedert, Jakes et al. 1993). TAU gets phosphorylated under normal 

conditions, but during the disease conditions there is an extensive phosphorylation which 

has been studied in Drosophila with the over expression of hTAU and Drosophila kinases 

such as GSK3β, MARK kinase and CDK1 (Jackson, Wiedau-Pazos et al. 2002).Although 

earlier studies had suggested that CK1δ/ε might be involved in this process, not many 

experiments have been performed to study this mechanism.  

We looked into the role of DBT in this process using the techniques that had been used 

in the flies earlier. We overexpressed DBT
WT

 and DBT
K/R

 along with the human full 

length form of hTAU to see if we saw any changes in phosphorylation of hTAU. We 

used the visual system of Drosophila as the marker since this is not necessary for the 

survival of the organism. Overexpression of human TAU in Drosophila eye results in the 
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formation of a rough eye phenotype which is exacerbated when other kinases are 

expressed. We did not see any changes in the rough eye phenotype with DBT
WT

 

overexpression. Surprisingly, the overexpression of DBT
K/R

 resulted in worsening of the 

rough eye phenotype and formation of necrotic dead tissue in the eye (Figure 29). This 

indicted that the kinase activity of DBT is not directly regulating toxicity like the other 

kinases (GSK3, MARK and CDK1). We looked at the phosphorylation of hTAU with 

several previously tested antibodies that recognize the phosphorylated residues. We did 

not see any elevation of phosphorylation of hTAU under conditions of active or inactive 

kinase, which also pointed to a rather indirect interaction pathway in which DBT was 

regulating hTAU toxicity, rather than through its kinase activity on hTAU. We next 

sought to see if DBT affects the process of TAU phosphorylation through the Wnt/ Wg 

signaling pathway where DBT and GSK3 have opposite roles, which might explain the 

results seen with the expression of DBT
K/R

. We did this by analyzing the changes in 

Armadillo, the final product in the signaling cascade. There were no changes in the levels 

or processing of Armadillo in the head extracts of these flies. The pattern of Armadillo 

expression was not altered in the larval imaginal discs either. This again suggested that 

there was not a direct modulation of hTAU toxicity by the WNT pathway.  

We were able to formulate a hypothesis when Dr. John Means joined our lab. He 

suggested that there might be changes to the cell death pathway and DBT might be 

regulating one of the partners of the pathway. He is studying the effects of putative DBT 

phosphatase spaghetti which was recently identified in the Huntington disease screen by 

the Perrimon lab (Zhang, Binari et al. 2010). The loss of function studies with spaghetti 

showed that DBT levels were very low or nonexistent at ZT7. RNAi knockdown of 
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spaghetti resulted in degradation of DBT in both the S2 cells and the flies. He also looked 

at DRONC, a caspase involved in cell death to see if there were any changes to it under 

the LOF of spaghetti. He noticed that there was an elevation of active caspase when 

spaghetti was knocked down. He has hypothesized the following model to explain the 

results. 
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Figure 36. Model for regulation of tauopathy by DBT and SPG. 

Under normal wildtype conditions, Spaghetti maintains the phosphorylation state of DBT 

which in turn phosphorylates caspase (DRONC) and prevents it from cleaving TAU. 

Spaghetti also promotes the stabilization of HSP90 which in turn blocks the aggregation 

of TAU. When spaghetti is knocked out, DBT is degraded which relieves its repression 

on caspase and hence TAU is cleaved. HSP90 stability is also affected which leads to 

aggregation of the cleaved TAU leading to neuronal toxicity and eventually neuronal 

death. 
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In this model, the exacerbation of the rough eye phenotype with DBT
K/R

 might be due 

to increase in caspase activity which might lead to cleavage of hTAU, which has been 

shown before to promote TAU toxicity (Gamblin, Chen et al. 2003; de Calignon, Fox et 

al. 2010). So he looked at flies with overexpression of DBT
K/R

 to see if there was an 

elevation of caspase activation and found that caspase activation was indeed elevated in 

these flies. He also showed that TAU was indeed cleaved in vitro, under conditions of 

spaghetti knockdown or overexpression of DBT
K/R

. We looked at the adult brains of flies 

expressing DBT
K/R

 or spaghetti RNAi to see the pattern of active caspases. Staining for 

active caspases showed that there was an elevation of active caspases in spaghetti 

knockdown and it was non-cell autonomous (figure 35). In flies overexpressing DBT
K/R

, 

there was an increase in active caspase levels in the cells where DBT stain was positive 

showing a direct involvement of DBT in caspase activation (figure 35). To see if the 

activation of caspase is dependent on DBT’s kinase activity, we performed an in-vitro 

kinase assay. We saw that DBT directly phosphorylated caspase (DRONC) which might 

be a step to control caspase activity (figure 34). He also determined that HSP90 interacts 

with SPG (data not shown). Taken together, we have uncovered a new pathway that is 

involved in the processing of caspase and modulating tau toxicity (figure 36).  

Although DBT has been shown to be one of the kinases affecting the phosphorylation 

of DRONC, it’s not clear whether it’s the priming kinase in this process; additional 

studies with mutation of residues in DRONC that can be phosphorylated by DBT would 

certify DBT’s involvement in this process. John and I are also undertaking experiments to 

see if we can detect aggregated TAU in spaghetti LOF flies and S2 cells, which would 

strengthen the hypothesis suggested in figure 36. Since active caspases are detected in the 
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brain in both spaghetti LOF and overexpression of DBT
K/R

, another aspect that can be 

looked at is whether there is cleavage of TAU in both the Drosophila brains under both 

spaghetti knockdown and DBT
K/R

 overexpression. These experiments might strengthen 

our prediction that both DBT and spaghetti are necessary for this process and the 

knockdown of spaghetti would result in severe defects since it modulates HSP90. This 

chapter can be published as a paper with the above mentioned experiments. 
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CHAPTER 7 

BDBT IS NECESSARY FOR DESTABILIZATION OF PER IN THE LATERAL 

NEURONS OF THE ADULT BRAINS 

 

DBT is a vital part of the circadian clock. It relieves the repression on per mRNA 

synthesis by phosphorylating PER and targeting it for degradation (Price, Blau et al. 

1998; Suri, Hall et al. 2000; Kloss, Rothenfluh et al. 2001). This cyclic process might 

require interaction of DBT with other clock components besides PER. Genetic analysis of 

the components of the clock might have missed the possible interactors with DBT 

because mutants are lethal. Dr. Jin-Yuan Fan in our lab conducted a mass spectroscopy 

analysis to determine potential binding partners using DBT purified from S2 cells. The 

analysis revealed a novel protein which was immunoprecipitated with full length DBT
WT

 

or DBT
K/R

 and was identified to be CG17282. CG17282 is a previously unstudied 

predicted gene in Drosophila genome database. This protein was dubbed Bride of DBT 

(BDBT). 

Dr. Fan carried out various binding studies to confirm the interaction of BDBT and 

DBT. She also performed LOF studies using RNAi lines to knockdown BDBT with the 

lines listed in materials and methods section. The LOF of BDBT in all circadian cells 

resulted in arrhythmia in DD and loss of evening peak of activity in LD. BDBT has 

shown to trigger DBT degradation in S2 cells to be related to FK506 binding proteins 

(data not shown). 

I was involved in analyzing the effects of this knockdown in Drosophila clock neurons 

in the adult brains. The expression of the RNAi line was driven with a timGAL4 driver 

along with a UAS-DCR transgene to increase the efficiency of the RNAi. Fly brains were 
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stained for PDF and PER at four different time points (ZT1, ZT7, ZT13 and ZT19).In 

wild type flies high levels of nuclear PER were detected only at ZT 1 and not at ZT 13 

(Fig 37 C-D). In pdfGAL4>UAS-DCR; UAS-BDBT RNAi flies, high levels of PER were 

detected in both the LNd and LNv at ZT1, but only in the LNv (detected with anti-PDF) at 

ZT 13 (Fig 37A and 37C-D). High levels of PER were detected in nuclei of the LNv and 

in the LNd at all times of day in timGAL4>UAS-DCR; UAS-BDBT RNAi flies (Fig 37B-

D). Hence, elevated levels of nuclear PER are observed at ZT 13 in the cells in which 

BDBT is knocked down, but not (in the case of the pdfGAL4 driver) in neurons in which 

the driver is not expressed, suggesting that the effect of BDBT knock down is cell-

autonomous. While the rhythms of PER are largely blunted in the timGAL4>UAS-DCR; 

BDBT RNAi flies, the levels of nuclear PER in the sLNvs are somewhat elevated at ZT7, 

suggesting a weak long-period rhythm (Fig. 37C). Because the pdfGAL4>UAS-DCR; 

BDBT RNAi flies do not exhibit arrhythmic locomotor activity (data not shown) but do 

exhibit blunted PER oscillations in the PDF
+
 cells (Fig. 37A,C), the rhythms in behavior 

may arise from other circadian neurons under these conditions – potentially the evening 

oscillator cells including the LNd (Grima, Chelot et al. 2004; Stoleru, Peng et al. 2004), 

which still exhibit oscillations of PER (Fig 37A, D); intriguingly, the activity of this 

oscillator is largely absent in timGAL4>UAS-DCR; BDBT RNAi flies (data not shown). 
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Figure 37.  Localization of PER in clock cells of the brain with knockdown of BDBT. 

 

BDBT knock-down produces elevated nuclear PER at ZT13 cell autonomously.  Whole 

brains were collected at ZT 1 or ZT 13, and PER and PDF were detected by laser scanning 

confocal microscopy (A) UAS-DCR; pdfGAL4>/UAS-BDBT RNAi (from line 100028).  (B) 

UAS-DCR; timGAL4>/UAS-BDBT RNAi fly brains. Small and large ventral lateral neurons 

(s-LNv and l-LNv) colabelled with PDF, while the dorsal lateral neuron (LNd) do not. (C) The 

localization of PER in the sLNv (Cytosol detected with anti-PDF) was scored blind for 10-20 

neurons in the UAS-DCR; timGAL4 (or pdfGAL4)>/UAS-BDBT RNAi genotypes, and in 5-

15 neurons for the wild type controls. The relative percentages of sLNv showing exclusively 

nuclear PER, exclusively cytoplasmic PER or both nuclear and cytoplasmic PER are shown. 

(D) For the LNd, presence or absence of PER signal in the LNd region (adjacent to the LNv’s) 

was scored for multiple brain hemispheres (5-10), and the average number of LNds detected 

was scored. Knock-down of BDBT produces elevated PER at ZT 13 only in the cells 

expressing the driver. WT, wild type controls not containing the responder.   
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