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ABSTRACT

Kathale, Nimish Deepak, Ph.D. The University of Memphis. January 2018.
Biochemical Characterization of the Oscillatory Function of CLOCK.
Major Professor: Dr. Andrew C. Liu.

Circadian clocks are oscillator systems that drive rhythms in behavior and physiology in an
organism to coordinate with the light-dark cycle. The molecular clock is made up of core clock
genes acting in a transcriptional negative feedback loop. Transcriptional activators BMAL1 and
CLOCK form a heterodimer which binds to cis E/E’-box elements present in the promoter region
of target genes including Per1,2,3 and Cry1,2. PER and CRY proteins then translocate to the
nucleus to repress BMAL1/CLOCK-mediated transcription. This transcriptional negative
feedback mechanism underlies circadian oscillations. BMAL1 and CLOCK are bHLH and PAS
domain transcription factors and play a central role in the positive limb of the negative feedback
loop. In cell-autonomous clock models, absence of Clock leads to loss in rhythmicity. Previous
studies and our recent results have demonstrated that Npas2, a Clock paralog, cannot
complement Clock function in tissue- or cell-autonomous clock models including peripheral
tissues, cells and dissociated SCN neurons. Promoted by our previous studies on BMAL1
biochemistry, we systematically investigated the CLOCK protein. We use cell-based genetic
complementation and real-time bioluminescence recording and demonstrate that Clock alone can
enable and maintain cell-autonomous circadian rhythms, while Npas2 cannot. Despite
similarities in sequence, domain structure and biochemical activity, they play distinct roles in the
clock function. We demonstrate that the C-terminal regions of CLOCK, downstream from the
core bHLH and PAS domains, therefore named here the C-terminal Regulatory Domain (CRD),
is key in enabling circadian oscillation and rendering its core clock function. We further identify
a ~60 amino acid residue region, encompassing two motifs, within the CLOCK CRD that are
required for clock function and distinguish CLOCK from NPAS2. These findings provide novel
insights into the evolution of the diverse functions of the bHLH/PAS family of proteins involved
in the circadian cycle and offer new opportunities for mechanistic studies of CLOCK function.
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INTRODUCTION
Circadian clocks have evolved to help organisms living on Earth to adapt to daily and seasonal
changes in environment brought about by the day-night cycle as a result of the Earth’s rotation.
The circadian clocks are endogenous time-keeping systems that are present in almost all
organisms ranging from unicellular organisms like cyanobacteria to complex organisms like
fungi, plants, insects and vertebrates, including humans. With respect to the length of a day,
these clocks have a period length of ~24 hrs and have evolved to regulate different physiology
and behavior according to the time of the day. These clocks are thought to provide an adaptive
advantage by enabling organisms to anticipate daily environmental changes for their survival and
tailor their behavior and physiology to the specific time of the day

1,2

. This endogenous time-

keeping system drives and regulates daily behavioral and physiological rhythms such as
sleep/wake cycle, hormone production, body temperature, blood pressure, and metabolism in
mammals 3,4. Perturbation of this time-keeping system by genetic and environmental factors can
cause clock-related disorders such as diabetes, sleep disorders (delayed or advanced sleep phase
syndrome), metabolic disorders, and cancer 5–7.
This internal time-keeping system is synchronized every day with the light-dark cycle of the
natural environment. Resetting of the clock on the daily basis allows organisms to keep track of
not only the daily cycles of day and night but also the change in duration of light-dark periods.
This daily time-keeping system is known as circadian clock. In Latin, circa (about), diem (day);
circadian (about a day). The external cues are so-called “zeitgebers” or time-givers. Light is the
primary zeitgeber to the clock in almost all living things. As a result, specific photoreception and
transduction mechanisms have evolved in these organisms

8,9

. However, circadian clocks are

self-sustainable oscillators; they run even in the absence of external zeitgebers. Circadian clocks
1

are also temperature compensated

10

therefore, organisms can maintain their circadian rhythms

over a range of environmental temperatures.
My dissertation focuses on mammalian circadian clocks. Here, I will first discuss the mammalian
circadian time-keeping system followed by its underlying molecular mechanisms. Then, I will
present the most current understanding of the structure and function of CLOCK, a core
component of the mammalian circadian clock. I will present in vivo and in vitro genetic
evidences that demonstrate the differential functions in the clock mechanism of CLOCK and its
ortholog NPAS2. Prior to my study, the underlying biochemical basis of their differential
functions was elusive. My dissertation aims at the understanding of the genetic and biochemical
basis of the oscillatory function of CLOCK.

2

Hierarchy of mammalian circadian time-keeping system
The circadian time-keeping system in mammals consists of three main components; input signals
(environmental cues like light), a multi-oscillator network (circadian rhythm generator) and
output signals (overt circadian rhythms)

11

. The multi-oscillator network has a hierarchical

organization in mammals. At the organismal level, the suprachiasmatic nucleus (SCN) present in
the anterior hypothalamus acts as the master oscillator. The SCN regulates circadian behavioral
activities. Ablation of SCN resulted in complete loss of circadian rhythms whereas
transplantation of intact SCN from a wild type animal to a mutant resulted in reestablishment of
circadian rhythm 12,13. Therefore, SCN is accepted as the master oscillator. The SCN is made up
of a few thousand neurons and the molecular machinery of this master pacemaker is contained in
those individual neurons. Intercellular coupling among these neurons serves to synchronize their
rhythms and also confers system robustness to the SCN, a special attribute of the SCN network
14,15

. Almost every cell in a mammal is a clock. These cell- or tissue-autonomous peripheral

oscillators (slave oscillators) are present in all the tissues of the body

16

. The presence of

peripheral oscillators was demonstrated by rhythmic gene expression in different tissue explants
and in cultured fibroblasts

17–19

. The peripheral oscillators cannot be entrained by light cues, but

the SCN can. The SCN functions to synchronize all the peripheral slave oscillators throughout
the body

20,21

. The SCN synchronizes peripheral oscillators using systemic, neuronal and

humoral routes

22

. Upon synchronization, these peripheral oscillators generate overt circadian

rhythms such as sleep-wake cycle, rhythms in hormone secretion, blood pressure, metabolism as
outputs (Fig. 1). Genetic studies have shown that the molecular machinery of the timing
mechanism present in the SCN clock and peripheral oscillators is similar

14,23

. Thus, cultured

cells are the functional units for rhythm generation and maintenance and provide an

2

experimentally more tractable in vitro system for mechanistic studies and gene discovery related
to circadian clocks.

Figure 1. Hierarchy of mammalian circadian time-keeping system.
Eyes directly perceive daily oscillation of light/dark cycle. The light cue is then transported through retinohypothalamic tract (RHT) to the master oscillator, suprachiasmatic nucleus (SCN) located in the anterior
hypothalamus. The SCN acts as the master oscillator, which is entrained by the light/dark cycle and generates
concerted rhythms in its output. The output signals from SCN entrain the peripheral oscillators located in different
organs in the body. Upon synchronization, the peripheral oscillators generate overt rhythms in different physiology
and metabolisms of the organism. The external cues for entrainment, the master and slave oscillators, and the output
rhythms are the three basic components of mammalian circadian time-keeping system 24.

3

The molecular mechanism of the circadian clock.
Overt circadian rhythms in behavior and physiology are generated ultimately from the cellautonomous clocks. In general, all circadian systems described so far are based an autoregulatory transcriptional and translational negative feedback mechanism that contains both
positive and negative components 20,25–27. In the mammalian system, the molecular clock consists
of two inter-connected transcription/translation feedback loops. The positive elements
(activators) in the core loop include the two basic helix-loop-helix (bHLH)/PAS domain
containing transcription factors, BMAL1 (brain and muscle ARNT-like protein or ARNTL1) and
CLOCK (circadian locomotor output cycle kaput). They form a heterodimer which binds to the
E-box element within the promoter region of clock-controlled genes (CCGs) and activates the
transcription of many genes including Periods (Per1, 2 and 3), Cryptochromes (Cry 1 and 2) and
Rev-Erbα. PER and CRY proteins translocate to the nucleus where they interact with
BMAL1/CLOCK heterodimer and inhibit BMAL1/CLOCK activity, thereby repressing their
own transcription. In a separate auxiliary loop (interconnected with the core loop), circadian
oscillation of Bmal1 expression is regulated by a balanced act of transcription activators Rora, b,
c and repressors RevErbα and β

27,28

(Fig. 2). Thus, in the auto-regulatory negative feedback

loops, positive components drive the expression of negative components which in turn repress
the activity of the activators and therefore the expression of the repressors. Post-translational
mechanisms play critical roles in regulating protein turnover of the key components, thus
temporally separating the positive and negative components and preventing the clock from
reaching equilibrium, thereby causing rhythmic gene expression with a period length of ~24 hr
23,29–31

.

4

Figure 2. Mammalian Circadian Clock Network.
The mammalian circadian clock network constitutes of positive (green) and negative (red) feedback loops.
The heterodimer BMAL1/CLOCK acts as transcription activator on the E-boxes located in the promoter
region of genes including Per and Cry. PER and CRY proteins in turn negatively feedback to inhibit
BMAL1/CLOCK transcriptional activity 26.

Circadian rhythms in all living organisms consist of several basic characteristics and parameters
(Fig. 3). Circadian rhythms are entrainable to environmental cues known as zeitgebers. The most
dominating zeitgeber for most of the organisms is the daily light:dark (LD) cycle. Circadian
rhythms are self-sustainable; they persist even in the absence of external cues and these rhythms
are known as free-running rhythms. In mammals, free-running rhythms are generally referred to
as behavioral rhythms under constant darkness. Similarly, cell- or tissue-autonomous rhythms
are also observed when they are cultured under constant conditions. The phase of a circadian
5

rhythm is defined as the timing of peaks relative to a fixed event (e.g., light on or immediately
after synchronization). The time-lapse between two phase reference points (e.g., two peaks) is
known as period length of the rhythms. The difference between the peak (or trough) and the
mean value is called amplitude (Fig. 3).
In the mammalian system, circadian transcription of clock controlled genes is regulated by at
least three cis DNA elements; morning time element E/E’-box
21,35

21,32–34

, day-time element D-box

, and night-time element RRE 21,36–38. E/E’-box-regulated transcription is mediated by at least

11 transcription factors, including four bHLH-PAS domain containing transcription activators
CLOCK, NPAS2, BMAL1 and BMAL2

39–41

, two transcription repressors, CRY1 and CRY2

and three period proteins, PER1, PER2 and PER3

42–44

29

. The D-box mediated transcription is

regulated by four bZIP transcription factors, DBP, HLF, and TEF as activators, and E4BP4 as a
repressor

45–48

. The RRE-mediated transcription is controlled by five orphan nuclear receptors,

REV-ERBα and REV-ERBβ repressors (also known as NR1D1 and NR1D2) and ROR-a, RORb and ROR-c activators

27,37,38,49,50

. These circadian elements, in combination or individually,

form a complex clock network and give rise to several distinct expression phases of clock
controlled genes.

6

The Clock gene
Clock (Circadian Locomotor Output Rhythms Kaput) is one of the core clock genes in the
mammalian clock machinery. It is involved in the positive arm of the feedback loop along with
BMAL1. The CLOCK protein is a bHLH (basic helix-loop-helix) and PAS (Per-ARNTL-Sim)
domain containing transcriptional activator

31

. The expression of Clock is controlled by the

RORE element in its promoter region, which is regulated by REV-ERB and ROR nuclear
hormone receptor proteins. 28,37. CLOCK binds to BMAL1 to form a heterodimer which binds to

Figure 3. Parameters of circadian rhythms.
Circadian rhythms in all living organisms have certain characteristics. The time lapse between two peaks is called a
period length (~24hrs) and difference between the peak and trough is called as the amplitude.

7

the E-box promoter region and activates the expression of many clock controlled genes. This
heterodimer forms when the PAS-A and PAS-B domains on both proteins interact with each
other

33,51

. The Clock gene was among the first circadian parameters to be discovered in the

mammalian circadian system. Using forward mutagenesis, the mutant Δ19 with exon 19 deleted
from the Clock gene was discovered to have extremely long period length rhythms (~27hrs) in
animal locomotor behavior 31,40. Among other attributes, a study over 10 years ago suggested that
Clock has an intrinsic acetyltransferase activity, which enables circadian chromatin remodeling
by acetylating histones and non-histone proteins, including its own partner BMAL1 52.

The Npas2 gene
NPAS2 (Neuronal PAS-domain), also a bHLH-PAS domain containing protein, is a paralog of
CLOCK

53

. NPAS2 shares considerable sequence similarity with CLOCK, especially in the

bHLH, PAS-A and PAS-B containing N-terminal half of the protein

40

. At the organismal level

and in the SCN, NPAS2 maybe compensate for CLOCK function, in its absence

54,55

. This

compensation is absent in the peripheral clocks suggesting that CLOCK plays a prominent role
in the circadian clock 56.

8

CLOCK protein structure
The crystal structure of CLOCK protein alone has not yet been resolved. But recently, the crystal
structure of BMAL1-CLOCK heterodimer containing the bHLH and the PAS domains has been
resolved. (Fig. 4) In the structure the heterodimer is made up of truncated proteins, with the Cterminal halves of BMAL1 and CLOCK being absent. The heterodimer of CLOCK (residues 26384) and BMAL1 (residues 62-447) was crystallized and its crystal structure determined. The
structure of this heterodimer provides valuable information about their interactions. Both the
PAS domains present in the N-terminal halves of these proteins are tightly intertwined with each
other to form the heterodimer. Each domain interacts with its corresponding motif/domain on the
other protein: CLOCK bHLH interacts with BMAL1 bHLH domain and CLOCK PAS-A and
PAS-B domains interact with BMAL1 PAS-A and PAS-B, respectively. The Leu57 and Leu74
residues of CLOCK bHLH are important for interacting with BMAL1 bHLH and binding to Ebox elements

51

. Mutational studies also show that these residues are important for heterodimer

stability. Studies indicate that CLOCK Trp284 and BMAL1 Trp427 are important for PAS-B
interaction of both proteins. Previous investigations also suggest that CRY interacts with the
PAS-B domain of CLOCK along with BMAL1 to repress their transcriptional activity and
residues Gln332, His360, Gln361, Trp362 and Glu367 of the CLOCK PAS-B domain are
important for repression with CRY 51. The structure does not contain information about the CTD
(C-terminal domain) of either protein as the C-termini of BMAL1 and CLOCK are structurally
flexible, which has been shown to play an important role in regulating dynamic protein
interactions and enabling circadian oscillations

57

. The CTD is believed to undergo structural

changes to be able to interact with several molecules to regulate the circadian interactions of
CLOCK. Likely due to this inherent structural flexibility, it is difficult to resolve the structure of

9

CTD of both proteins. It is evident that CLOCK plays a central role in the circadian cycle and
detailed understanding of clock protein structure and function will help us better understand the
functions of individual clock components and the autoregulatory negative feedback loop that
underlies circadian rhythms in gene expression and ultimately in behavior and physiology.

Figure 4. Structure of the N-terminal domains of CLOCK (left) and CLOCK:BMAL1 heterodimer (right).
CLOCK (green) and BMAL1 (blue) are displayed with labelled domains. CLOCK (left) alone is shown to
illustrate its different spatial arrangements. The linker regions between domains in the complex (L1 and L2) are
highlighted in red or orange 51.

10

The overlapping roles of Clock and Npas2
The traditional genetic, biochemical and molecular research conducted on the circadian
timekeeping system, suggested that Clock is a core component of the circadian clockwork. But
when studies on Clock-/- mice were performed

58

it was observed that Clock deficient mice

maintained robust circadian behavioral patterns, with only slightly shorter period lengths
compared to wild-type mice. It was also observed that these Clock-/- mice may have altered
resetting responses to light with reduced phase delays or exaggerated phase advances

59

. It was

also suggested that CLOCK might have a role in the light input pathway or in regulating SCN
responsiveness to light. mPer1, Rev-erbα and Bmal1 rhythms were reduced in the Clock-/- mice
compared to wild type. These data indicated that CLOCK protein is not required for rhythmic
gene expression within the SCN, but might contribute to amplitude of rhythmic gene expression.
These studies suggest presence of another BMAL1-partner that can contribute to partial
fulfillment of functions of CLOCK within the circadian oscillator 59.
Mouse CLOCK and NPAS2 proteins are both paralogs of Drosophila CLOCK

40

. NPAS2 is

known to form transcriptionally active complexes with BMAL1, but the complex maybe
unstable

55,59

. Studies on the possibility of complementation of CLOCK function by NPAS2

showed that CLOCK-deficient mice carrying one normal allele of Npas2 (Clock--/-, Npas2+/-) had
substantially shorter circadian periods as compared to WT mice. Clock deficient mice with no
functional Npas2 (Clock-/-, Npas2-/-) exhibited arrhythmic locomotor activity. This suggests that
NPAS2 is able to compensate for CLOCK function in its absence, but CLOCK might have a
more prominent role than NPAS2 in the SCN clock, supported by the fact that the molecular
defects in Npas2-/- SCN are more subtle than those observed on CLOCK-deficient mice. Effects
of Npas2-/- in the SCN include reduced Per gene expression and increased Bmal1 expression, but

11

the molecular clock is not affected to a large extent. Furthermore, rhythmic gene expression
studies conducted on peripheral oscillators in Clock-/- mice, demonstrate that although NPAS2
maintains rhythmicity in SCN, endogenous NPAS2 is unable to generate rhythmicity in
peripheral tissues like liver and lung. Though the SCN and peripheral clocks share the same
mechanism, rhythmicity in the SCN in Clock-deficient mice can be imparted by the robustness of
the SCN clock network due to its tightly-coupled neurons which make it resistant to
perturbations. In cell-autonomous clock models the inter-cell coupling is absent leading to a
much more tractable clock and NPAS2 is unable to compensate for the oscillatory function of
CLOCK

34,43,56

. As CLOCK can heterodimerize with BMAL1, via PAS domains, in the SCN to

maintain molecular and behavioral rhythmicity and NPAS2 can also form the heterodimer with
BMAL1 with the PAS domains, the functional significance and prominence of CLOCK protein
lies elsewhere in its structure and not in the N-terminus containing the conserved PAS domains.
CLOCK and NPAS2 share significant sequence similarity and the similarity is striking in the Nterminal regions of both proteins (92.3% similarity), suggesting functional conservation in this
core bHLH-PAS regions; however, the CTDs of both proteins are substantially more divergent
(less than 60%) (Fig. 5).

12

Figure 5. Protein sequence alignment of mCLOCK and mNPAS2.
CLOCK and NPAS2 sequences are divided into several identifiable regions: 1) bHLH
domain 2) PAS-A domain 3) PAS-B domain 4) exon 19 5) HAT region containing the acetyl-CoA binding site
and 6) poly-Q region.

13

Significance
So far we understand that in the circadian hierarchical system there is a master clock located in
the SCN, which is entrained by light and in turn synchronizes peripheral clocks in the peripheral
tissues/organs that themselves contain self-sustained molecular clocks. The core mechanism
underlying this clock oscillatory function is an auto-regulatory negative feedback loop in which
BMAL1 and CLOCK act as transcriptional activators and heterodimerize to up-regulate
transcription of many genes including Per and Cry. The resultant PER and CRY proteins
translocate back to the nucleus and repress their own transcription by inhibiting the
transcriptional activity of BMAL-CLOCK heterodimer, thus closing the loop. Previous studies
demonstrate that CLOCK plays a prominent role in maintaining circadian rhythmicity and its
close paralog NPAS2 is unable to complement for the oscillatory function of CLOCK in
peripheral tissues and cell-autonomous clock models. CLOCK and NPAS2 share significant
sequence similarity, particularly in the N-terminal bHLH and the PAS core domains.
This suggests that the prominence in functionality of CLOCK over NPAS2 in maintaining
rhythms must lie outside the conserved bHLH and PAS domains. We hypothesize that the
understudied C-terminal domain (CTD) of CLOCK is key for oscillatory function of CLOCK
and enables it to have a prominent role in maintaining circadian rhythms in peripheral and cellautonomous clocks, which NPAS2 is unable to perform. As the bHLH and PAS domains have
been considered to be essential for oscillatory function of CLOCK, the structural and functional
studies have been concentrated on that half of the protein i.e. the N-terminus. However, the Cterminus of CLOCK is structurally flexible, allowing it to be able to interact with many potential
regulators and clock components. It raises the possibility that the C-terminus holds the key for
the oscillator function of CLOCK. Also, our previous studies with BMAL1 show that the C-
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terminus is essential for BMAL1 function. We intend to dissect the C-terminal half of the protein
and investigate its role in oscillatory function of CLOCK. In the C-terminal half of CLOCK, lie
three previously identified specific regions: Exon 19, reported HAT region containing a acetyl
CoA binding site and a glutamine rich (Poly Q) region. The C-termini of CLOCK and NPAS2
share less sequence similarity especially in these three regions. We reason that these regions
might play an important role in the oscillatory function of CLOCK. My thesis work aims to
study these domains individually and demonstrate their role in oscillatory function of CLOCK,
as well as identify the essential regions required for CLOCK to function as core clock
component. Further, our studies will focus on identifying specific motifs and specific amino acid
residues responsible for imparting oscillatory function to CLOCK. We intend to generate
chimeras and mutants of CLOCK and NPAS2 and study their functional importance and ability
to interact with other clock components. Although the function of CLOCK in the circadian
feedback loop has been known for quite a while, the underlying biochemical mechanism is still
unclear. Our research plan aims to conduct experiments which will allows us to describe a
biochemical mechanism for the oscillatory function of CLOCK.
Understanding the biochemical mechanism of CLOCK function is necessary for understanding
the underlying biochemical mechanism of the negative feedback loop. Our studies will
contribute significantly towards better understanding of the core clock mechanism.
Understanding the molecular mechanism of clock will increase our knowledge of how gene
mutations of the molecular clock contribute to clock-related disorders like depression, seasonal
affective disorder, and bipolar disorder. Similarly, such understanding should lead to new
strategies for pharmacological manipulation of the human clock to improve the treatment of jet
lag and ailments affecting shift workers, and of clock-related sleep and psychiatric disorders.

15

RESEARCH OBJECTIVES
Aim 1: To establish the prominence of CLOCK in cell-autonomous clock models in generating
and maintaining circadian rhythms.
In previous research, NPAS2 has been shown to be able to compensate for absence of CLOCK in
SCN and in mice
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. It has also been demonstrated that NPAS2 is not able to compensate for

absence of CLOCK in peripheral tissues. The SCN clock network is very robust due to its tightly
coupled neurons and is able to sustain rhythms even in less than ideal conditions such as under
genetic and environmental perturbation. This makes studies of clock gene function in the SCN
difficult or less straightforward, because intercellular coupling in the SCN can mask clock gene
defects. Cell-autonomous clock models on the other hand are more advantageous because they
allow for detection of cell-autonomous clock defects; they retain the same basic circadian
mechanism but are tractable and sensitive to genetic perturbations. By introducing a circadian
reporter in peripheral tissue-derived cell lines, like hepatocytes (MMHD-3), fibroblasts (3T3)
and adipocytes (3T3-L1) we developed tractable cell-autonomous clock models. We collected
tail fibroblasts from Clock-/-;Per2Luc mice for our study. These fibroblasts are arrhythmic owing
to the absence of a functional Clock gene and lack of functional coupling among individual cells.
We developed the genetic rescue assay to restore circadian rhythms in these cells by
reintroducing Clock or Npas2 via lentiviral infection. We demonstrate that only Clock is able to
regenerate rhythms in these cells. Clock expression under different promoters is able to rescue
rhythms, whereas Npas2 under similar promoters, similar and higher dosages is not.
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Aim 2: To identify the specific domain that underlie the oscillatory function of CLOCK.
Despite the well-established roles of the N-terminal bHLH and PAS domains in DNA binding
and heterodimer formation with the cognate domains of BMAL1, we show that the understudied
C-terminal half of CLOCK is key to generating rhythms. NPAS2 and CLOCK have high
sequence similarity (92.3%) in the N-terminal half of the protein, especially in the bHLH and
PAS domains and less sequence similarity (60%) in the C-terminal half of the protein. The basis
of functional differences observed in these two proteins must therefore not lie within the highly
conserved N-terminal core domains that display high sequence similarity but in the divergent Cterminal half, which imparts differential function to CLOCK and NPAS2. We used NPAS2 as a
tool to identify key sequences that impart the oscillator function to CLOCK. As NPAS2 and
CLOCK have high sequence similarity, and Npas2 is not able to complement for absence of
Clock, we propose to generate chimeras of CLOCK and NPAS2 using overlapping PCR
technique. These mutants have various domains swapped from the two proteins. We cloned these
constructs into pLV7 expression vector, under the control of a suitable promoter for Clock or
Npas2 expression. To test the functionality of these chimeric constructs, we introduced them in
Clock-/-;Per2::Luc mouse fibroblasts derived from Clock-/- knock out harboring the Per2::Luc
fusion reporter gene. These fibroblasts display arrhythmic bioluminescence expression when
monitored in LumiCycle. The chimeric constructs were introduced in these cells and were tested
for rhythm rescue. Expression levels of chimeras were examined by western blotting and clock
phenotype was monitored through bioluminescence recordings by LumiCycle. After testing these
chimeras in the rhythm rescue assay, we expected to identify CLOCK region(s) which are
indispensable for generation of rhythms i.e. the critical domains of CLOCK required for its
oscillatory function.
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The CTD of CLOCK contains four regions, exon 19 (amino acids or aa. 514-564), a linker
region (aa. 564-647), the HAT (Histone Acetyl Transferase) region containing an acetyl CoA
binding site (aa. 653-685), and a Q-rich region (aa. 738-855). We planned to study these domains
individually to assess the role they play in CLOCK’s oscillatory function. We demonstrate that
the oscillatory function of CLOCK does not reside in the exon 19 or the linker region, but is
present in the HAT region.

Aim 3: To identify the specific motifs and sequences responsible for the oscillatory function of
CLOCK.
Our studies in BMAL1 have led us to identify specific motifs and even amino acid residues that
are essential for BMAL1 function which has led to a better understanding of the biochemical
mechanism behind role of BMAL1 in the circadian feedback loop. We show the unchartered
CTD imparts the clock-specific oscillatory function to CLOCK. Once we identified the critical
regions/domains present in the CTD of CLOCK, responsible for its oscillatory function, we
planned to delve deeper in the protein, identifying specific motifs and/or amino acid residues in
those regions/domains that are critical for the oscillatory function of CLOCK. We performed
additional substitutions between CLOCK and NPAS2 and site-directed mutagenesis and tested
their function in the rhythm rescue assay to precisely identify motifs and specific amino acids
that underlie to the oscillatory function of CLOCK.
Sequence motifs conserved across species usually show similar function across organisms and
species. We identified two such short motifs that are highly conserved in CLOCK proteins across
species but divergent from NPAS2. One of these motifs lies in the acetyl CoA binding site of the
HAT region and the other on the flanking region of the HAT region. We demonstrate that both
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these motifs are indispensable for the oscillatory function of CLOCK. It would be interesting to
study these motifs at the biochemical level to deduce the mechanism behind their role in
imparting oscillatory function to CLOCK.

Materials and Methods
Chimeric constructs with CLOCK and NPAS2
Chimeric constructs were obtained by performing overlapping PCR with cDNA of mouse Clock
and mouse Npas2 and appropriate primers. (Table 1) The primers were designed so that swap
junctions reside in highly conserved or identical sequences, so as to minimize major structural
changes and protein folding problems. The PCR products were first cloned into pENTR-D
TOPO (Invitrogen) vector according to manufacturer’s protocol. Following cloning in pENTR-D
TOPO, the cloned genes were inserted into the final vector pLV7 vector using LR Clonase II
cloning techniques. The appropriate promoter was also introduced in this step. For all constructs
the CAG promoter was used. All constructs were tagged on the N-terminus with 3xFLAG-tag.
Constructs were verified by sequencing and Western Blots.
Mutant constructs. Site-directed mutagenesis using overlapping PCR was performed to generate
single mutations within the CLOCK and NPAS2. The primers (Table 1) were designed in such a
way that they already incorporated the corresponding nucleotide substitutions to achieve
expected mutation. To generate deletion mutant, same overlapping PCR strategy was employed.
As described above, all the PCR products were first cloned in pENTR-D-TOPO followed
cloning into the pLV7 vector.
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Real-time bioluminescence assay to measure cellular rhythms.
Mouse embryonic fibroblasts (MEF) from Clock-/- knockout mice; Clock-/- cells (E0708) were
cultured in DMEM (Hyclone) supplemented with 10% FBS (Hyclone) and antibiotics (100
µg/ml penicillin and 100 µg/ml streptomycin, Hyclone). The most advanced and widely accepted
method of characterizing the circadian mechanism is the real-time bioluminescence reporter
assay. This assay has a better temporal resolution and sensitivity than other methods of
measurement like Northern Blot or qPCR to assess mRNA levels. Real-time circadian reporter
assays were performed using a photomultiplier tube (PMT) based Lumicycle luminometer
(Actimetrics, Inc.) as previously described

11,60

. We cultured the cells in 35mm dishes to 100%

confluency. Then we changed medium to a HEPES-buffered serum free medium, 0.1 mM
luciferin, B-27 and 2% serum. After changing the medium, we sealed the dishes with coverslips
and loaded onto LumiCycle to record luciferase reporter activity in real-time over an extended
period of time. Bioluminescence from each dish was continuously recorded with a
photomultiplier tube for ~70 sec at intervals of 10 min at 36˚C

61

. Raw data (counts/sec) were

baseline fitted and then fitted to a sine wave and were plotted against time (days) in culture and
are presented in the figures.

Analysis of circadian rhythm parameters
For analysis of rhythm parameters, we used the LumiCycle Analysis program (version 2.31,
Actimetrics, Inc.). Raw data were baseline fitted, and the baseline data were fitted to a sine wave
(damped), from which the period was determined. For samples that showed persistent rhythms,
goodness-of-fit of >80% was usually achieved. Due to high transient luminescence upon medium
change, the first cycle was excluded from rhythm analysis. Amplitude of bioluminescence
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rhythms was determined as described previously

60

. First, a moving average of the linearly

detrended bioluminescence was calculated. The window size of the moving average was set to
half of the estimated period. The moving average was smoothed by the smoothing spline method,
resulting in an amplitude trend, which was then removed by dividing by the trend curve of the
original time series.

Lentiviral preparation
Recombinant lentiviral particles are produced by transient transfection in HEK293T cells using
the calcium phosphate method or the PEI protocol. For infection of Clock-/-:Per2Luc fibroblasts,
culture medium containing viral particles were harvested at 48-hr post transfection and used for
subsequent infection of cells. Infected cells underwent selection with 5μg/ml Blasticidin for 4-5
days.

qPCR analysis
For qPCR analysis, parallel infection experiments were performed with bioluminescence
recording. Cells were harvested for total RNA preparation.Total RNAs were obtained using the
RNeasy 96 kit (Qiagen), as previously described 62. Reverse transcription was perfomed using a
high capacity RNA to cDNA kit (Applied Biosystems), and qPCR was performed using SYBR
Green PCR master mix (Thermo Scientific) on an iCycler thermal cycler (BioRad). Appropriate
primers were designed for each specific gene. Transcript levels for each gene were normalized to
Gapdh (housekeeping gene) and values expressed as percentage of expression in control cells, as
previously described 63. In the time-course experiments samples were collected at specified times
after synchronisation using dexamethasone 16.
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Western blot analysis.
For testing viability and stability of the chimeric proteins of CLOCK and NPAS2, we carried out
Western Blots. Each chimeric or mutant construct was generated with 3X-FLAG-tag on its Nterminus. Forty-eight hours after transfection, cells were washed thrice with phosphate buffered
saline (PBS) and trypsinized. Next, trypsinized cells were collected in 1.5 ml microcentrifuge
tubes and lysed in 100 ul RIPA buffer containing 150 mM sodium chloride, 1.0% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl sulphate), 50 mM Tris, pH 8.0 and
protease inhibitors (aprotinin, PMSF, pepstatin and leupeptin). The lysates were cleared by
centrifugation at 4˚C, 10,000 rpm for 20 min and supernatants were collected in new tubes for
protein sample preparation. Samples for SDS-PAGE were prepared by adding 6X loading
sample loading dye and boiling for 5 min at 100 ˚C. Proteins samples were then separated by
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Protein
expression and stability was determined by Western Blot analysis using an anti-FLAG
monoclonal antibody. For all western assays PVDF or nitrocellulose membranes were used for
protein transfer and SuperSignal West Pico substrate (Thermo Scientific) was used for
chemiluminescent detection.

Transcription activation assay.
For transient transfection, we used a pGL3-3E-box reporter vector that we generated. This vector
was transfected in HEK293T cells using Lipofectamine 2000 (Thermo Fisher) following
manufacturer’s protocol alongwith BMAL1 and appropriate CLOCK, NPAS2 or chimeric
constructs. Empty vector (pLV7) was added to make up the total amount of DNA constant.
Experiments were performed in 96-well dishes and approx 20,000 HEK293T cells were used per
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well. 24 hrs post-transfection, Bright-Glo luciferase (Promega) was added to the wells and
incubated for 10 mins and then luciferase activity was measured using BioRad plate reader.
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Results
Clock, but not Npas2, can restore circadian bioluminescence rhythms in Clock-/- fibroblasts.
We used primary fibroblasts from PER2::LUC (Per2Luc) knock-in mice expressing a fusion of
PER2 and firefly luciferase
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crossed with Clock-/-. These Clock-/-;Per2Luc fibroblasts display

arrhythmic bioluminescence expression patterns. To confirm the differential functions of Clock
and Npas2 in clock function, we first tested their ability to restore circadian rhythms in otherwise
arrhythmic Clock-/- fibroblasts through genetic complementation and kinetic bioluminescence
recording.
As expected, Clock was able to restore rhythms in these arrhythmic Clock-/-;Per2Luc cells (Fig 6).
In contrast, however, Npas2 was unable to restore robust circadian oscillation in Clock-/-;Per2Luc
fibroblasts comparable to CLOCK-WT, (Fig. 6) confirming results found for tissues from
Clock-/-;Per2Luc mice
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. Clock and Npas2 were co-transfected into HEK293T cells, along with

the lentiviral packaging vectors to generate lentiviral particles61 which were used to infect the
Clock-/;Per2Luc cells. These cells were selected using the antibiotic Blasticidin to generate stable
cell lines expressing Clock or Npas2. Cells were recorded on LumiCycle. This rescue of rhythms
is not due to the amount of respective protein expressed in the cells; Western Blot analysis shows
comparable protein expression levels, of CLOCK and NPAS2 used for rescue across time-points
(every 4 hrs for 24 hrs). (Fig 7).

24

Figure 6. CLOCK, but not NPAS2, can restore circadian clock function in Clock-/- fibroblasts.
CLOCK expressed in Clock-/-;Per2Luc fibroblasts was able to restore rhythmicity. Npas2 was unable to rescue the
rhythms in these cells comparable to the levels of CLOCK. EGFP was used as vector control. These rhythms were
sustained over a period of more than 5 days. LumiCycle Analysis program (Actimetrics) was used for data analysis.

Differential expression of circadian core clock genes in Npas2-rescued cells and Clock-rescued
cells.
The circadian network is an intricate interconnected transcriptional-translational loop. As the
regulatory mechanism is feedback inhibition, when one core clock gene is affected all are
affected in some manner. In order to test the effects of absence and presence of Clock, we
investigated core clock gene expression patterns across time in Clock-/- cells with or without
exogeneously expressed CLOCK and NPAS2. The differential effect between CLOCK-rescued
cells and NPAS2-rescued cells becomes evident 2 days after synchronization. So we collected
cells for mRNA after 48 hrs of dexamethasone induced synchronisation (for 2 hrs). Cells were
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collected every 4 hrs for a total of 24 hrs. These cells were prepared for total mRNA collection
and we carried out qPCR for several core clock genes. The differences in the expression patterns
of core clock genes are evident as seen in Fig 8. Bmal1 expression is completely repressed in
Clock-/- cells expressing Npas2. This could explain the lack of rhythms in rescue by NPAS2, as
Bmal1 expression is very low. The E/E’-box dependent gene Nr1d1 expression is also very low
in NPAS2 rescued cells, when Clock is absent, leading to the conclusion that the E-box mediated
transcription is not activated enough by BMAL1-NPAS2 complex to support rhythmicity.

Figure 7. Western Blot of CLOCK and NPAS2 expression.
Western blot of Flag-tagged CLOCK and NPAS2 in Clock-/-;Per2Luc fibroblasts across time, (hours after
synchronisation). Both CLOCK and NPAS2 were expressed at comparable levels, but only CLOCK and not
NPAS2, was able to restore rhythms to the cells.
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Figure 8. Expression profiles of clock genes in CLOCK rescued (orange) or NPAS2 rescued (blue) Clock-/fibroblasts.
Expression of clock-controlled genes in Clock−/− Per2Luc fibroblasts expressing Clock or Npas2, determined by
quantitative reverse-transcription PCR. Values are expressed as percentage of maximum expression (set to 100%)
for each gene except for Npas2, which was normalized to Clock on the basis of PCR amplification efficiency to
reflect relative levels.

The data suggests that NPAS2/BMAL1 is unable to activate the E-box to levels by
CLOCK/BMAL1, and when CLOCK is absent, BMAL1 levels are low, further supporting that it
is Clock that is able to sustain rhythms and not Npas2. Cry1 levels are constitutively higher in
cells expressing Npas2 than in those expressing Clock and thus may cause Nr1d1 to be
constitutively repressed to low levels. Thus we can surmise that E-box mediated transcription is
substantially attenuated in cells expressing Npas2 due to lower activation of transcription and
higher repression, leading to the conclusion that Clock and Npas2 are not redundant.
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Npas2 is able to activate E-box dependent transcription with Bmal1, albeit at lower levels
compared to Clock.
The ability to heterodimerize with BMAL1 and induce transcription can be tested using transient
transfection on HEK293T cells to perform steady-state transcription assays. It was observed that
CLOCK in the presence of BMAL1 is able to induce transcription at 3xE-box reporter construct
containing cells. NPAS2 on the other hand is able to induce transcription with BMAL1 at the EBox, albeit at significantly lower levels than CLOCK and BMAL1. (Fig. 9). This might be one of
the reasons that NPAS2 is not able to complement CLOCK functionally, owing to its lower
transcriptional activation.
We tried NPAS2 at various dosages in the same transcription assay, to test whether higher
amounts of NPAS2 can achieve comparable levels of transcriptional activity to CLOCK. We
show that higher amounts of NPAS2 are unable to achieve transcriptional activation levels of
CLOCK (Fig. 9).

CLOCK is able to generate and maintain rhythms under different promoters.
We wanted to test whether expression of Clock under different promoters affects its ability to
generate and maintain rhythms. We created constructs of Clock regulated by three different
promoters. We used the the RORE circadian cis-element containing promoter and the
constitutive promoters CAG and UBC. The RORE promoter is a rhythmic promoter, whereas
both UBC and CAG are constitutive promoters. We observe that CLOCK is able to rescue
rhythms in Clock-/-;Per2Luc fibroblasts under the control of any of these promoters (Fig 10). To
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test whether expression of Npas2 under different promoters enhances its ability to compensate
for absence of CLOCK, we tested NPAS2 constructs under the same three promoters. Our data
shows that, NPAS2, under the regulation of constitutive CAG and UBC promoters, can rescue
the rhythms in Clock-/-;Per2Luc fibroblasts. Rescue by Npas2 under RORE promoter is weak and
not robust as compared to that by Clock. (Fig. 11).

Figure 9. NPAS2 at high dosages is not able to activate E-box mediated transcription alongwith BMAL1, to
levels similar to BMAL1-CLOCK activity.
Different amounts of NPAS2 were used in this transient transactivation assay to asess its ability to activate E-Box
mediated transcription. Same amount of BMAL1 was used in all samples. Compared to the activation by
BMAL1-CLOCK, (CLOCK 25ng) high amount of NPAS2 added with BMAL1 were not able to activate the
transcriptional activity in the same manner. (E:E-box, B:BMAL1 and C:CLOCK).
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Figure 10. CLOCK is able to rescue rhythms under the regulation of several promoters.
Clock expression under the regulation of rhythmic (RORE) or constitutive (CAG, UBC) promoters was able to
generate and maintain rhythms in Clock-/-;Per2Luc fibroblasts.
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Figure 11. NPAS2 is unable to rescue rhythms in Clock-/-;Per2Luc fibroblasts under the control of different
promoters.
Npas2 expression under the regulation of rhythmic (RORE) or constitutive (CAG, UBC) promoters was unable to
maintain robust rhythms in Clock-/-;Per2Luc fibroblasts with a comparable amplitude to Clock rescued cells.

Clock dosage has no significant effect on its ability to restore rhythms in Clock-/-;Per2Luc
fibroblasts.
In our previous studies with Bmal1 we have observed that the dosage of BMAL1 has no effect
on its function 57. To test whether similar effect is seen for CLOCK, we tested different dosages
for CLOCK in the rescue assay. We concentrated the viral particles to denoted amounts to have
overexpression of the protein. We demonstrate that as observed in the case of BMAL1, dosage of
CLOCK does not affect the ability to rescue rhythms in Clock-/-;Per2Luc fibroblasts (Fig.12)
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There is an argument made that the inability of NPAS2 to rescue rhythms in Clock-/-;Per2Luc
fibroblasts is due to possibly to lower expression of NPAS2 in the cells. To test that possibility
we performed overexpression studies of NPAS2 in these cells. It was observed that even at high
expression levels of NPAS2, it is unable to rescue rhythms in the arrythmic Clock-/-;Per2Luc
fibroblasts (Fig. 13). Validity of the dosages for both experiments were confirmed by performing
western blots (Fig. 14 and 15).

Figure 12. CLOCK dosage has no effect on the ability to rescue rhythms.
CLOCK was overexpressed at various dosages to ascertain the effect of dosage on the ability to rescue rhythms in
Clock-/-;Per2Luc fibroblasts. As seen above, the level of expression of Clock doesn’t contribute to the ability to
restore rhythms in the Clock-/- fibroblast cells.
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Figure 13. Npas2 even at high dosages does not restore rhythms in Clock-/- fibroblast cells.
Over expression of NPAS2 to higher levels was not able to restore rhythms in Clock-/-;Per2Luc fibroblasts. The
possibility that lower expression of NPAS2 leading to its inability in compensating for CLOCK’s function in
peripheral cells is thus indeed not true.

So, Npas2 even with similar or higher levels of expression than Clock (determined by WB using
same tag), and under the regulation of same promoters, is unable to rescue the rhythms in
Clock-/-;Per2Luc fibroblasts but Clock can and thus Clock has to have special physical and/or
biochemical attributes which impart it an oscillatory function and make it a core clock protein.
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Figure 14. Western Blot to demonstrate the expression level of CLOCK in Clock-/- fibroblast cells.
CLOCK was over-expressed in different dosages from the lentiviral expression vector in Clock-/-;Per2Luc
fibroblasts. The cells were then collected and the total protein extracted from the cells. Western blot was carried
out using respective antibodies to detect the proteins.

Figure 15. Western Blot to demonstrate dosage of NPAS2 in Clock-/- fibroblast cells.
NPAS2 was over-expressed in different dosages of the lentiviral titer in Clock-/-;Per2Luc fibroblasts. The cells
were then collected and the total protein extracted from the cells. Western blot was carried out using respective
antibodies to detect the proteins.
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The C-terminus of CLOCK is key for the oscillatory function of CLOCK and distinguishes
from NPAS2.
The N-terminal halves of CLOCK and NPAS2 share high sequence similarity and have three
known domains of bHLH, PAS A and PAS B. The functions of all these domains is well
established and these domains have been studied previously with regards to their contribution in
generating and maintaining rhythms in cells
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. However, the divergent C-termini in both

CLOCK and NPAS2 have not been studied and their function is not well understood. To
investigate the functional significance of the C-terminus we employed overlapping PCR
techniques to create chimeric constructs of CLOCK and NPAS2 (Fig. 16): [C-N] has the Nterminal half of CLOCK and the C-terminal half of NPAS2, whereas [N-C] has the N-terminal
half of NPAS2 and the C-terminal half of CLOCK. These constructs were then introduced into
the Clock-/-;Per2Luc fibroblasts using lentiviral expression system as described in methods. The
cells were then selected and their rhythms recorded in the LumiCycle by real-time
bioluminescence recording. We made a very important finding: the N-terminal haves of the
CLOCK and NPAS2 are functionally interchangable; the N-terminus could be derived from
CLOCK or of NPAS2, but what really matters for the oscillatory function is that the CRD is
derived from CLOCK. So the difference in the oscillatory function between CLOCK and NPAS2
lies in the CRD of CLOCK. As seen in Fig.17 chimera C-N is not able to rescue rhythms but
chimera N-C is clearly able to rescue rhythms with circadian parameters comparable to WT
CLOCK (Fig. 18).
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Figure 16. Domain organization of CLOCK and NPAS2 proteins and diagram of chimeric constructs to
determine the importance of the NRD and CRD of CLOCK for the oscillatory function.
CLOCK (blue) and NPAS2 (red) were used to create chimeric constructs as shown above. These constructs
were then introduced in the Clock-/-;Per2Luc fibroblasts and then the rhythms rescue assay was carried out to
ascertain the importance of CRD both proteins.

The oscillatory function of CLOCK lies in the region downstream of Exon 19.
We established that the CLOCK CRD is responsible for conferring the oscillatory function to the
CLOCK protein. The CLOCK CRD consists of 4 identifiable domains: 1) A linker region
between the PAS B domain and Exon 19, 2) Exon 19, 3) A HAT domain encompasing an acetyl
CoA binding site, and 4) a polyQ region. The oscillator function lies within these regions. We
investigated each of these domains systematically. We created chimeric constructs that had each
of these domains swapped from CLOCK and NPAS2 onto each other as shown in Fig. 19. Each
of these constructs were introduced in the Clock-/-;Per2Luc fibroblasts and then tested in the
rhythm rescue assay. We demonstrate that the linker region is not responsible for the oscillator
function. Further, the exon 19 is also not responsible for oscillator function. These two regions
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Figure 17. The CRD of CLOCK is responsible for its oscillatory function.
Chimeric constructs (C-N) and (N-C) alongwith WTs of both CLOCK (blue) and NPAS2 (red) were introduced
in the Clock-/-;Per2Luc fibroblasts and then the cells were recorded in the LumiCycle for real-time
bioluminescence. The construct N-C (green) which has N-terminus from NPAS2 and C-terminus from CLOCK
was able to restore rhythms in the Clock-/- fibroblasts, whereas C-N chimeric construct (purple) was not able to
restore rhythms.

are not responsible for the disparity between CLOCK and NPAS2 function. When the construct
[CLOCK-Linker A]-NPAS2 that contains CLOCK from its N-terminus to the Linker region and
NPAS2 from the corresponding region to the C-terminal end is used to rescue rhythms it is
unable to do so (Fig. 20). In the reverse construct [NPAS2-Linker A]-CLOCK is used in the
rhythm assay, it is able to rescue rhythms, leading to the conclusion made above (Fig. 21).
Similarly, construct [CLOCK-Exon19]-NPAS2 is unable to restore rhythms in Clock-/-;Per2Luc
fibroblasts (Fig. 20), whereas [NPAS2-Exon19]-CLOCK is able to restore rhythms comparable to
WT, leading to the conclusion made above (Fig. 21). Circadian parameters are seen in Fig. 22.
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Figure 18. The chimeric N-C construct rescues rhythms similar to CLOCK-WT.
Period length of chimeric construct N-C (23 hrs 48mins) was comparable to CLOCK-WT (23 hrs 24 mins) and
amplitude was observed to be better than CLOCK-WT.The circadian parameters are shown above for the
chimeric constructs alongwith controls.

Figure 19. Diagrammatic representation of the chimeric constructs
1. [CLOCK-Linker A]-NPAS2, 2. [CLOCK-Exon19]-NPAS2, 3. [NPAS2-Linker A]-CLOCK and 4. [NPAS2-Exon19]CLOCK.
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Figure 20. The oscillator function of CLOCK does not lie in the Linker region or in the Exon 19.
The constructs [CLOCK-Linker A]-NPAS2 (green) and [CLOCK-Exon19]-NPAS2 (red) were introduced in Clock-/;Per2Luc fibroblasts and observed for rhythms rescue assay. Compared to WT (blue), both these constructs were
unable to sustain robust rhythms in the cells.

Figure 21. The oscillator function of CLOCK lies beyond the Exon 19 of CLOCK.
The constructs [NPAS2-Linker A]-CLOCK (green) and [NPAS2-Exon19]-CLOCK (red) were introduced in Clock-/;Per2Luc fibroblasts and observed for rhythms rescue assay. Compared to WT (blue), both these constructs were
able to rescue rhythms in the cells, suggesting that it is the region beyond Exon 19 in CLOCK (HAT + polyQ)
that is responsible for its oscillatory function.
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The HAT domain is important for the oscillatory function of CLOCK .
Our data suggests that the oscillatory function of CLOCK lies in the region beyond exon 19, i.e.
in the HAT and the polyQ region. To determine whether one or both these regions are important
in conferring the oscillatory function to CLOCK, we constructed chimeras with these two
regions swapped individually between CLOCK and NPAS2. Using overlapping PCR technique,
the constructs CLOCK-[NPAS2-HAT]-CLOCK, CLOCK-[NPAS2-polyQ], NPAS2-[CLOCKHAT]-NPAS2

and NPAS2-[CLOCK-polyQ] were created (Fig. 23). These chimeras were then

introduced in the Clock-/-;Per2Luc fibroblasts to ascertain their ability to restore rhythms in these
arryhthmic cells. Cellular rhythms were recorded in the LumiCycle by real-time bioluminescence
recording. We observed that the HAT domain present individually from CLOCK is enough to
confer rhythmicity comparable to WT (Fig. 24). NPAS2-[CLOCK-polyQ] construct is rhythmic
but dampens out and is not able to sustain rhythms (Fig. 24) with parameters comparable to WT.

Figure 22. The chimeric [NPAS2-Linker A]-CLOCK (green) and [NPAS2-Exon19]-CLOCK (red)
rescue rhythms with parameters compared to CLOCK-WT.
Period length of chimeric construct was comparable to CLOCK-WT

and so was amplitude, albeit

[NPAS2-Linker A]-CLOCK amplitude was observed to be lesser than CLOCK-WT.The circadian
parameters are shown above for the chimeric constructs alongwith controls.
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Figure 23. Diagrammatic representation of chimeric constructs.

1. CLOCK-[NPAS2-polyQ], 2. NPAS2-[CLOCK-polyQ], 3. CLOCK-[NPAS2-HAT]-CLOCK and 4. NPAS2[CLOCK-HAT]-NPAS2

Figure 24. The HAT domain is responsible for the oscillatory function of CLOCK
Chimeras CLOCK-[NPAS2-HAT]-CLOCK, CLOCK-[NPAS2-polyQ], NPAS2-[CLOCK-HAT]-NPAS2 and
NPAS2-[CLOCK-polyQ] were introduced in Clock-/-;Per2Luc fibroblasts and tested for their ability to rescue the
rhythms. NPAS2-[CLOCK-HAT]-NPAS2 (red) was able to restore the rhythms comparable to WT (blue). All
other chimeras faiedl to restore rhythms to similar robustness and circadian parameters.
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The other chimeras were unable to rescue the arrhythmic phenotype leading to the conclusion
that the polyQ regions may be needed for WT phenotype but HAT domain is enough to confer
rhythmicity (Fig. 24) The polyQ region most probably enhances the rhythm robustness and
sustainibility but not for generating rhythms. Circadian parameters are shown in Fig. 25.

Figure 25. The chimeric construct NPAS2-[CLOCK-HAT]-NPAS2 is able to rescue rhythms with parameters
comparable to WT.
The construct NPAS2-[CLOCK-HAT]-NPAS2 was able to restore rhythmicity in Clock-/-;Per2Luc fibroblasts and the
construct NPAS2-[CLOCK-polyQ] was able to improve on the arrhythmic phenotype but not comparable to WT with
its robustness and amplitude.

Two highly conserved motifs in the HAT domain are responsible for the oscillatory
function of CLOCK.
Once we figured out the importance of the HAT domain for the oscillatory function of CLOCK,
we dissected the HAT domain further. The HAT domain contains an acetyl CoA binding site
(AcBS) flanked by two peripheral regions. Firstly, we wanted to ascertain the importance of the
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acetyl CoA binding site and to find out whether it was sufficient to confer oscillatory function to
CLOCK. We generated CLOCK-[NPAS2-AcBS]-CLOCK and NPAS2-[CLOCK- AcBS]-NPAS2
chimeric constructs using overlapping PCR techniques (Fig. 26). These constructs were then
introduced in the Clock-/-;Per2Luc fibroblasts and then tested for their ability to restore rhythms.
We observed that both these constructs were unable to restore rhythms in the Clock-/-;Per2Luc
fibroblasts (Fig. 27). This observation led to the conclusion that the acetyl CoA binding site is
important as the construct CLOCK-[NPAS2-AcBS]-CLOCK is unable to restore rhythms but
also not sufficient for the oscillatory function of CLOCK as the construct NPAS2-[CLOCKAcBS]-NPAS2

is also not able to restore rhythms (Fig. 27).

Figure 26. Diagrammatic representation of chimeric constructs.
1.

CLOCK-[NPAS2-AcBS]-CLOCK and 2. NPAS2-[CLOCK-AcBS]-NPAS2
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Figure 27. Acetyl CoA binding site alone is not sufficient for the oscillatory function of CLOCK.
Chimeras
-/-

CLOCK-[NPAS2-AcBS]-CLOCK

Clock ;Per2

Luc

and

NPAS2-[CLOCK-AcBS]-NPAS2

were

introduced

in

fibroblasts and then tested for rhythm rescue assay in the LumiCycle. Both the chimeras failed to

restore rhythmicity to the cells compared to Clock-WT leading to the conclusion that AcBS alone is not sufficient
enough for the oscillatory function of CLOCK.

To further investigate we looked at the regions flanking the acetyl CoA binding site. Using
bioinformatics tools we analysed CLOCK proteins across species, and looked for conserved
sequences across them. We found two highly conserved motifs present in the HAT region. One
motif is in the acetyl CoA binding site and the other is at the C-terminus of the HAT region (Fig.
28). We decided to study these two motifs individually. Motif A (aa 657-677) and Motif B (aa
704-736) are highly conserved in CLOCK or CLOCK-like proteins across species but are
divergent in NPAS2 protein as seen in pBLAST (Fig. 29).
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Figure 28. The two highly conserved motifs present in the CRD of CLOCK across species, that are divergent
from NPAS2.
After conducting extensive sequence analysis of CLOCK and CLOCK-related proteins across several species we
discovered two motifs that were highly conserved (red box) and divergent from NPAS2.

We generated chimeric protein constructs using overlapping PCR techniques to have these two
motifs swapped in CLOCK and in NPAS2. We generated Clock-[Npas2-P657-P677]-Clock,
Clock-[Npas2-P704-G736]-Clock, Npas2-[Clock-P636-P656]-Npas2 and Npas2-[Clock-Q683-T715]Npas2 constructs (Fig. 30) and then introduced them into Clock-/-;Per2Luc fibroblasts to assay for
their ability to restore rhythms. We observed that all of these four constructs were unable to
restore rhythms comparable to WT leading to the conclusion (Fig. 31 and 32) that these motifs
individually are not sufficient to confer oscillatory function to CLOCK, but are important
because its absence or replacement causes arryhthmicity. It leads to the hypothesis that these two
motifs might be required together for generating rhythms. To test it, we generated two additional
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Figure 29. The two motifs in HAT region are highly conserved across different species.
Motif A and Motif B are highly conserved across different species. Sequences in red are not similar to the
consensus sequence.

Figure 30. Diagrammatic representation of chimeric constructs.
1.
4.

Clock-[Npas2-P657-P677]-Clock , 2. Clock-[Npas2-P704-G736]-Clock, 3. Npas2-[Clock-P636-P656]-Npas2 and
Npas2-[Clock-Q683-T715]-Npas2.
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Figure 31. Motif 657-677 and 704-736 in CLOCK are not sufficient individually to confer oscillatory function to
CLOCK.
Constructs Npas2-[Clock-P636-P656]-Npas2 and Npas2-[Clock-Q683-T715]-Npas2 were unable to restore
rhythms in Clock-/;;Per2Luc fibroblasts leading to the conclusion that these motifs are not sufficient individually to
confer oscillatory function to CLOCK.

Figure 32. Motifs 657-677 and 704-736 in CLOCK are very important for the oscillatory function.
Constructs Clock-[Npas2-P657-P677]-Clock and Clock-[Npas2-P704-G736]-Clock were unable to rescue rhythms in
Clock-/-;Per2Luc fibroblasts leading to the conclusion that both are very important for the oscillatory function of
CLOCK.
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Figure 33. Diagrammatic representation of the chimeric constructs.
1.

Clock-[Npas2-P657-P677 and P704-G736]-Clock and 2. Npas2-[Clock-P636-P656 and Q683-T715]-Npas2.

constructs; Clock-[Npas2-P657-P677 and P704-G736]-Clock and Npas2-[Clock-P636-P656 and Q683T715]-Npas2

(Fig. 33). These constructs had both the motifs swapped in tandem rather than

individually. We introduced them in Clock-/-;Per2Luc fibroblasts and tested them for rhythm
rescue assay. As expected Clock-[Npas2-P657-P677 and P704-G736]-Clock was unable to rescue
rhythms as it lacks both these motifs (Fig. 34). On the other hand, importantly, the Npas2[Clock-P636-P656 and Q683-T715]-Npas2 construct was able to rescue rhythms (Fig. 34) with
shorter period length and lower amplitude, but otherwise robust rhythms that are comparable to
WT (Fig. 35). This result was a revelation, as it demonstrates the importance and sufficiency of
the two motifs for oscillatory function of CLOCK. Presence of these motifs can confer
oscillatory function to NPAS2 protein as well. Thus, the oscillatory function of CLOCK lies in
two motifs present in the HAT region of CLOCK.
Further avenues of research will be directed towards understanding the biochemical mechanism
behind the importance of these two motifs in CLOCK. We will be employing bioinformatical
analysis to find putative function of the motifs and further understand the two motifs. We hope to
narrow down the motifs further to a few a.a residues and perform interaction assays with other
clock proteins to deduce their importance. It is exciting to be able to pinpoint the exact location
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of the oscillatory function of CLOCK, as it is crucial for our understanding of overall circadian
machinery and function.

Figure 34. Motifs 657-677 and 704-736 in CLOCK in tandem are responsible for the oscillatory function in
CLOCK.
The motifs 657-677 and 704-736 were swapped together in constructs Clock-[Npas2-P657-P677 and P704-G736]Clock and Npas2-[Clock-P636-P656 and Q683-G715]-Npas2. Construct Clock-[Npas2-P657-P677 and P704-G736]-Clock
(green) was unable to restore rhythms in Clock-/-;Per2Luc fibroblasts whereas construct Npas2-[Clock-P636-P656
and Q683-T715]-Npas2 (red) was able to rescue rhythms comparable to WT (blue).
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Figure 35. The chimeric construct Npas2-[Clock-P636-P656 and Q683-T715]-Npas2 is able to rescue rhythms
in Clock-/-;Per2Luc fibroblasts comparable to WT.
The construct Npas2-[Clock-P636-P656 and Q683-T715]-Npas2 rescues rhythms in Clock-/-;Per2Luc fibroblasts with
shorter period length and lower amplitude but comparable robustness in rhythmicity.

Discussion
Unlike hourglass type timers, oscillator type timers such as the circadian clock regulate cyclic
processes that repeat upon completion of a cycle. The mechanism underpinning this circadian
oscillation in mammals is an autoregulatory transcriptional-translational negative feedback loop
26,66

, in which transcriptional activation by CLOCK and BMAL1 and repression by the PER and

CRY lies at the heart of this mechanism

21,29,67

. To gain basic understanding of this biochemical

mechanism, we sought to investigate the unique biochemical and structural aspects of the
CLOCK. Through a systematic analysis of protein structure-function relationships, we identified
the distinct sequences that distinguish Clock function from Npas2 and demonstrated that two
motifs in the HAT domain of CLOCK are required for CLOCK’s oscillatory function and hence
mammalian clock function. This study provides insights into the unique biochemical and
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structural properties of CLOCK and presents new opportunities for future dissection of its
precise role in the circadian clock mechanism.
Genetic complementation of Clock in Clock-deficient cells provides a functional clock
model for mechanistic studies
In our studies we demonstrated, through genetic complementation in Clock-/-;Per2Luc fibroblasts,
that Clock expression and not Npas2 expression is required for generation and maintenance of
cell-autonomous circadian rhythms. This Clock rescue assay provided us with a unique
opportunity to study CLOCK function in clock cells and confirmed that Clock and Npas2 indeed
have differential functions in clock regulation. This assay also enabled us to uncover the
different potency in transcriptional activation exhibited by Clock and Npas2, which plays a role
in their differential roles in clock function.
In our study, Clock expression, under the control of the constitutively active or rhythmic
promoters, is able to drive circadian rhythms whereas Npas2 under several different promoters is
unable to generate and maintain rhythms. CLOCK expression levels did not significantly affect
the ability to generate rhythms and NPAS2 at high dosages was still unable to rescue rhythms in
the Clock-/-;Per2Luc fibroblasts.
HAT domain of CLOCK is important for its oscillatory function
Previous research on CLOCK has mostly been focused on N-terminal half of the protein which
includes the bHLH and the PAS domains. Although these domains are essential in CLOCK’s
function as they facilitate the binding to E-box and BMAL1 respectively, these domains do not
explain the oscillatory function of CLOCK. Our findings showcase the importance of the Cterminal regulatory domain for the oscillatory function of CLOCK. Not only is the C-terminal
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domain important but is essential for the oscillatory function of CLOCK. We demonstrate that
with the help of chimeric constructs possessing the N-terminal half from NPAS2 and the Cterminal half from CLOCK (N-C). These constructs are able to restore rhythms in the
Clock-/-;Per2Luc fibroblasts indicating that the oscillatory function of CLOCK lies in the CTD.
We further narrowed down the location of the functional domain to two short motifs present in
the HAT domain of CLOCK.
Sequence and domain structural features that distinguish CLOCK from NPAS2.
In this study, we demonstrated that the functional difference between CLOCK and NPAS2 lies
primarily at the CLOCK (a.a 657-677 and 704-736) motifs present in the reported HAT domain
in the C-terminal region of CLOCK. The CLOCK-CTD (657-677 and 704-736) is important for
its acetyltransferase activity. Compared to WT, the chimera Npas2-[Clock-636-656 and 683-715]Npas2 containing the two motifs from CLOCK in a NPAS2 background has a shorter period
length, indicating that the remaining CTD plays a role in period regulation if not for rhythm
generation. However, the exact mechanism behind the oscillatory function of CLOCK remains
unknown, but as we have demonstrated the two motifs responsible for it, now further research
can be directed towards understanding the role they play at a biochemical level for generating
and maintain circadian rhythms along with BMAL1.
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FUTURE PERSPECTIVE
Importantly, the mechanism by which the two motifs in the HAT domain of CLOCK confers
oscillatory function onto CLOCK remains elusive. Our findings that CLOCK, but not NPAS2,
plays an essential role in clock function, and that CLOCK possesses unique biochemical
features, especially within the key CTD (657-677 and 704-736) domain, suggest that Clock holds
the key to our understanding of the activation mechanism along with BMAL1. Though studies
show that NPAS2 is able to compensate for CLOCK at tissue and animal level, at cellular level
that is not the case. NPAS2 doesn’t possess the biochemical functionality to compensate for
CLOCK at cellular level, where the circadian clock is most sensitive. At animal and tissue level
the circadian clock is robust and it is difficult to perturb at that level. At cellular level all
masking effects and robustness are not evident and it is much easier to tease apart circadian clock
function. At the cellular level, we demonstrate only CLOCK is able to generate and maintain
rhythms and not NPAS2.
Future studies first need to focus on the identifying of key residues in the motifs to precisely
locate the oscillatory function. More chimeric constructs need to be constructed with shorter
swapped regions or single amino acid substitutions between CLOCK and NPAS2 to shorten the
essential sequences for the oscillatory function.
Once we have the shortened the motifs, we focus on identifying the precise biochemical
mechanism by which the motifs confer oscillatory function onto CLOCK. The functional assay
established in this study provides new opportunities for future investigations into CLOCK
structure-function relationships. Our findings shed new light on the functional importance of the
CLOCK- CTD (657-677 and 704-736) for the clock mechanism. The functional significance of
these amino acid sequences and structural features in CLOCK function will need to be tested
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using the assays developed in this study. These future studies will ultimately provide important
insights into the biology of CLOCK and the role in the circadian mechanism.
Our previous research with BMAL1, displayed that NMR structural studies can be extremely
effective in understanding the biochemical mechanism of the protein function. We hope to
employ the same strategy to understand the biochemical mechanism behind the important
domains in CLOCK for its oscillatory function. We also will undertake interaction studies using
the chimeric constructs and protein-protein interaction studies with other core clock proteins like
BMAL1, PERs, CRYs, CBP/p300 etc… to better understand the role of the motifs in the HAT
domain of CLOCK in its oscillatory function. Dynamics of protein-protein interactions can be
extremely important as seen in our previous BMAL1 work where we observed the difference
between BMAL1 and BMAL2 is not the ability to activate E-Box or to interact with key proteins
but the dynamics of the interactions with CRY1 and p300/CBP57. We will examine the
interactions of the key constructs in a similar manner to understand the basis of their importance
in the oscillatory function of CLOCK. Once we understand the biochemical mechanism behind
the oscillatory function we will have a much better understanding of the circadian machinery on
a whole. Understanding how the clock works is important as the circadian clock is central to
regulation of most physiological and functional aspects of the mammalian body.
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APPENDIX
Table 1. Primer list for generation of domain swapping chimeric constructs.

Name of the
construct
pLV7-[ClockPASB]-Npas2

Round
of PCR
First

Primer sequence
Reaction 1

f: CACCATGGACTACAAAGACCATGAC

Reaction 2

r: GGCCTCTGTGGGTGGGTCTTCCAGAGCAAGTTCTCGCCGTCTTTCAGCCCTAAC
f:
GTTAGGGCTGAAAGACGGCGAGAACTTGCTCTGGAAGACCCACCCACAGAGGCC
r: TCTAGATTAGGACTCTGACAGCCG

Second

f: CACCATGGACTACAAAGACCATGAC
r: TCTAGATTAGGACTCTGACAGCCG

pLV7-[Clock-Sec A]Npas2

First

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: GCTGAATTGTGCTGAAAACTGTGTCTGTGACATGCCTTGTGGAATTGG

Reaction 2

f: CCAATTCCACAAGGCATGTCACAGACACAGTTTTCAGCACAATTCAGC
r: TCTAGATTAGGACTCTGACAGCCG

Second

f: CACCATGGACTACAAAGACCATGAC
r: TCTAGATTAGGACTCTGACAGCCG

pLV7-[Clock-Exon
19]-Npas2

First

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: GGACACAGCTGGCTGCTGCAGAAACATCTGTAGCCCTTGACCATGGACCATCTG

Reaction 2

f: CAGATGGTCCATGGTCAAGGGCTACAGATGTTTCTGCAGCAGCCAGCTGTGTCC
r: TCTAGATTAGGACTCTGACAGCCG

Second

f: CACCATGGACTACAAAGACCATGAC
r: TCTAGATTAGGACTCTGACAGCCG

pLV7-Clock-[AcBSNpas2]

First

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: TGAACGGCCGCTGGCAGGCAGCAGCGTCTGCTGACTGTGTCCACTCAT

Reaction 2

f: ATGAGTGGACACAGTCAGCAGACGCTGCTGCCTGCCAGCGGCCGTTCA
r: TCTAGATTAGGACTCTGACAGCCG

Second

pLV7-[Clock-AcBS]Npas2]

First

f: CACCATGGACTACAAAGACCATGAC

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: CTGGCTGTCATCCTGAGGGGTGGGGGATGGAATCTGGACCATGCTCCC

Reaction 2

f: GGGAGCATGGTCCAGATTCCATCCCCCACCCCTCAGGATGACAGCCAG
r: TCTAGATTAGGACTCTGACAGCCG

Second

f: CACCATGGACTACAAAGACCATGAC
r: TCTAGATTAGGACTCTGACAGCCG
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Name of the
construct

Round
of PCR

pLV7-[Npas2PASB]-Clock

First

Primer Sequence
Reaction 1

f: AGATCTGATGGACGAAGATGAGAAG
r: TGTCTCAGGAAGAGACTCTTCAATGCCCAGCTCCTGTCTCCTTTCCACTCGAAC

Reaction 2

f: GTTCGAGTGGAAAGGAGACAGGAGCTGGGCATTGAAGAGTCTCTTCCTGAGACA
r: CTACTGTGGCTGGACCTTGGAA

Second

f: AGATCTGATGGACGAAGATGAGAAG
r: CTACTGTGGCTGGACCTTGGAA

pLV7-[Npas2-Sec
A]-Clock

First

Reaction 1

f: AGATCTGATGGACGAAGATGAGAAG
r: TCCTAACTGAGCTGAAAACTGAAACACTGGAGCAGGTGGACTCTGCAA

Reaction 2

f: TTGCAGAGTCCACCTGCTCCAGTGTTTCAGTTTTCAGCTCAGTTAGGA
r: CTACTGTGGCTGGACCTTGGAA

Second

f: AGATCTGATGGACGAAGATGAGAAG
r: CTACTGTGGCTGGACCTTGGAA

pLV7-[Npas2-Exon
19]-Clock

First

Reaction 1

f: AGATCTGATGGACGAAGATGAGAAG
r: TCCAGGGTTTGATTGCTGCAAAAACATCTGGACGTTGGAGTCCTGGACCAGGCA

Reaction 2

f: TGCCTGGTCCAGGACTCCAACGTCCAGATGTTTTTGCAGCAATCAAACCCTGGA
r: CTACTGTGGCTGGACCTTGGAA

Second

f: AGATCTGATGGACGAAGATGAGAAG
r: CTACTGTGGCTGGACCTTGGAA

pLV7-Npas2-[AcBSClock]

First

Reaction 1

f: AGATCTGATGGACGAAGATGAGAAG
r: GCTCGGTGTCTGACTTGGAAGAGACTGGGAACTTCTCATTGGCTTTGG

Reaction 2

f: CCAAAGCCAATGAGAAGTTCCCAGTCTCTTCCAAGTCAGACACCGAGC
r: CTACTGTGGCTGGACCTTGGAA

Second

f: AGATCTGATGGACGAAGATGAGAAG
r: CTACTGTGGCTGGACCTTGGAA

pLV7-[Npas2AcBS]-Clock

First

Reaction 1

f: AGATCTGATGGACGAAGATGAGAAG
r: CTGGGTACTGTTCTGTGGCATACTAGCAATCGTGGTGAGGCTCAGGCC

Reaction 2

f: GGCCTGAGCCTCACCACGATTGCTAGTATGCCACAGAACAGTACCCAG
r: CTACTGTGGCTGGACCTTGGAA

Second

f: AGATCTGATGGACGAAGATGAGAAG
r: CTACTGTGGCTGGACCTTGGAA

pLV7-Clock-[Npas2Exon19]-Clock

First

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: GCTGAATTGTGCTGAAAACTGTGTCTGTGACATGCCTTGTGGAATTGG

Reaction 2

f: CCAATTCCACAAGGCATGTCACAGACACAGTTTTCAGCACAATTCAGC
r: CTGGGTACTGTTCTGTGGCATACTAGCAATCGTGGTGAGGCTCAGGCC

Reaction 3

f: GGCCTGAGCCTCACCACGATTGCTAGTATGCCACAGAACAGTACCCAG
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Name of the
construct

Round
of PCR

Primer Sequence
r: GAGGGGTCACAGGGATGCCA

Second

f: CACCATGGACTACAAAGACCATGAC
r: GAGGGGTCACAGGGATGCCA

pLV7-Clock-[Npas2AcBS]-Clock

First

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: TGAACGGCCGCTGGCAGGCAGCAGCGTCTGCTGACTGTGTCCACTCAT

Reaction 2

f: ATGAGTGGACACAGTCAGCAGACGCTGCTGCCTGCCAGCGGCCGTTCA
r: CTGGGTACTGTTCTGTGGCATACTAGCAATCGTGGTGAGGCTCAGGCC

Reaction 3

r: GAGGGGTCACAGGGATGCCA
f: CACCATGGACTACAAAGACCATGAC

Second

pLV7-Npas2-[ClockExon19]-Npas2

First

r: GAGGGGTCACAGGGATGCCA

Reaction 1

f: CACCCCGTCAGAATTAACCATG
r: TCCTAACTGAGCTGAAAACTGAAACACTGGAGCAGGTGGACTCTGCAA

Reaction 2

f: TTGCAGAGTCCACCTGCTCCAGTGTTTCAGTTTTCAGCTCAGTTAGGA
r: GGACACAGCTGGCTGCTGCAGAAACATCTGTAGCCCTTGACCATGGACCATCTG

Reaction 3

f: CAGATGGTCCATGGTCAAGGGCTACAGATGTTTCTGCAGCAGCCAGCTGTGTCC
r: GAGGGGTCACAGGGATGCCA

Second

f: CACCCCGTCAGAATTAACCATG
r: GAGGGGTCACAGGGATGCCA

pLV7-Npas2-[ClockAcBS]-Npas2

First

Reaction 1

f: CACCCCGTCAGAATTAACCATG
r: GCTCGGTGTCTGACTTGGAAGAGACTGGGAACTTCTCATTGGCTTTGG

Reaction 2

f: CCAAAGCCAATGAGAAGTTCCCAGTCTCTTCCAAGTCAGACACCGAGC
r: CTGGCTGTCATCCTGAGGGGTGGGGGATGGAATCTGGACCATGCTCCC

Reaction 3

f: GGGAGCATGGTCCAGATTCCATCCCCCACCCCTCAGGATGACAGCCAG
r: GAGGGGTCACAGGGATGCCA

Second

f: CACCCCGTCAGAATTAACCATG
r: GAGGGGTCACAGGGATGCCA

pLV7-Clock-[Npas2HAT]-Clock

First

Reaction 1

f: CACCATGGACTACAAAGACCATGAC
r: GGACACAGCTGGCTGCTGCAGAAACATCTGTAGCCCTTGACCATGGACCATCTG

Reaction 2

f: CAGATGGTCCATGGTCAAGGGCTACAGATGTTTCTGCAGCAGCCAGCTGTGTCC
r: CACCACCTGACCCATAAGCATGGTACTGCTGACTTCTGAGGGCTGCCTGGCATC

Reaction 3

f: GATGCCAGGCAGCCCTCAGAAGTCAGCAGTACCATGCTTATGGGTCAGGTGGTG
r: CTACTGTGGCTGGACCTTGGAA

Second

f: CACCATGGACTACAAAGACCATGAC
r: CTACTGTGGCTGGACCTTGGAA
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Name of the
construct
pLV7-Npas2-[ClockHAT]-Npas2

Round
of PCR
First

Primer Sequence
Reaction 1

f: AGATCTGATGGACGAAGATGAGAAG
r: TCCAGGGTTTGATTGCTGCAAAAACATCTGGACGTTGGAGTCCTGGACCAGGCA

Reaction 2

f: TGCCTGGTCCAGGACTCCAACGTCCAGATGTTTTTGCAGCAATCAAACCCTGGA
r: TGCATACTTGACTTGCCGTCCAGTTCTTGGTACCATGACGGCCCCACAAGCTAC

Reaction 3

f: GTAGCTTGTGGGGCCGTCATGGTACCAAGAACTGGACGGCAAGTCAAGTATGCA
r: TCTAGATTAGGACTCTGACAGCCG

Second

f: AGATCTGATGGACGAAGATGAGAAG
r: TCTAGATTAGGACTCTGACAGCCG

pLV7-Clock-[Npas2657-677]-Clock

First

Reaction 1

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: AGCTGTACTGCTAAACTGGGATGGGGCTGTGAGAGT

Reaction 2

f: ACTCTCACAGCCCCATCCCAGTTTAGCAGTACAGCT
r: ACTGTTCTGTGGCATAGCAATCGTGGTGAGGCTCAG

Reaction 3

f: CTGAGCCTCACCACGATTGCTATGCCACAGAACAGT
r: CACGGCTCGAGCTACTGTGGCTGGACCTTGGAA

Second

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: CACGGCTCGAGCTACTGTGGCTGGACCTTGGAA

pLV7-Clock-[Npas2704-736]-Clock

First

Reaction 1

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: AGGCATCATAGGCTGGATGGGCTGACCTTGAGAAAA

Reaction 2

f: TTTTCTCAAGGTCAGCCCATCCAGCCTATGATGCCT
r: CTGTTGTGTGGCGAACATCACTTGGCTCTGTGCATA

Reaction 3

f: TATGCACAGAGCCAAGTGATGTTCGCCACACAACAG
r: CACGGCTCGAGCTACTGTGGCTGGACCTTGGAA

Second

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: CACGGCTCGAGCTACTGTGGCTGGACCTTGGAA

pLV7-Npas2-[Clock636-656]-Npas2

First

Reaction 1

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: AATCACCATCGTATTGTACAGTGGCAGGCTGCTCAG

Reaction 2

f: CTGAGCAGCCTGCCACTGTACAATACGATGGTGATT
r: ATCCTGAGGGGTGGGACTGGATGGAATCTGGACCAT

Reaction 3

f: ATGGTCCAGATTCCATCCAGTCCCACCCCTCAGGAT
r: CACGGCTCGAGTTAGGACTCTGACAGCCGGCTG

Second

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: CACGGCTCGAGTTAGGACTCTGACAGCCGGCTG
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Name of the
construct
pLV7-Npas2-[Clock683-715]-Npas2

Round
of PCR
First

Primer Sequence
Reaction 1

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: CACTAATTTGGTCACAAGTTGCTGGCTCAGCAACAG

Reaction 2

f: CTGTTGCTGAGCCAGCAACTTGTGACCAAATTAGTG
r: GTCTGGACTTGGAAAGGTAGGATAGGCAGTCACCAC

Reaction 3

f: GTGGTGACTGCCTATCCTACCTTTCCAAGTCCAGAC
r: CACGGCTCGAGTTAGGACTCTGACAGCCGGCTG

Second

f: CGGCCAAGCTTCCGTCAGAATTAACCATGGACTAC
r: CACGGCTCGAGTTAGGACTCTGACAGCCGGCTG

67

Table 2. Antibodies used for immunoblotting

Primary Antibody
Catalog
Number
Mouse
anti-Flag

F-1804

Source

Dilution

Sigma

I:500

Secondary antibody
Catalog
number
Goat anti- 1858413
mouse

Guinea pig
anti-Clock

Lee
lab
(Lee et al., I:1000
Cell,
2001)

Rabbit
antiGuinea pig

Goat anti- SC-1615
β-actin

Santa
Cruz
Biotech
Inc

Donkey
anti-goat

I:500
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Source

Dilution

Pierce

I:4000

Lee lab
(Lee et I:2000
al., Cell,
2001)
sc-2033

Santa
Cruz
Biotech
Inc

I:4000

