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he rotation of the

Earth causes predict-

able changes in light

and temperature in

our natural environ-
ment. Accordingly, natural selec-
tion has favoured the evolution
of circadian (from the Latin
circa, meaning ‘about’, and dies,
meaning ‘day’) clocks or
biological clocks — endogenous
cellular mechanisms for keeping track of time. These
clocks impart a survival advantage by enabling an
organism to anticipate daily environmental changes and
thus tailor its behaviour and physiology to the appropriate
time of the day. The clock is synchronized by the
day-night cycle, allowing the organism to accommodate
not only the daily cycles of light and dark attributable to
the Earth’s rotation, but also the alteration in relative span
of day and night caused by the tilting of the Earth’s axis
relative to the Sun. Thus, a circadian timing mechanism
that undergoes daily adjustment is useful as a seasonal
timer as well.

Constructing a true 24-hour clock, as opposed to a mere
sand-timer, is not a trivial task for any organism to under-
take during the course of itsevolution. Neither is the analysis
of how such a precise biological system is assembled and
maintained. Genetics of circadian rhythms in flies has eluci-
dated the working principles of the core clock, and provided
the tools by which its conservation is also seen in mammals.
More recently, genomic analysis of circadian rhythms in
flies and mammals has revealed conservation of output
physiology that has opened up new avenues in using fliesasa
model system in the understanding of the daily regulation of
behaviour at the molecular level.

As several aspects of Drosophila physiology and behaviour
are restricted to particular times of day, the organism
became a natural model system for molecular investigation
of circadian regulation. Adult flies emerge from their pupal
cases (eclose) when it is cool and moist during the early
morning, so minimizingtherisk of desiccationastheemerg-
ing fly expands its folded wings and hardens its cuticle.
Pupae exposed to a 12-h light:12-h dark cycle and subse-
quently kept in constant darkness also time their eclosion to
when they expect dawn (subjective dawn), indicating the
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presence of an internal
pacemaker'. Once emerged, adult
flies restrict flight, foraging and
mating activities to the day (or
subjective day), while they tend to
‘sleep’ (that is, they are relatively
unresponsive to sensory stimuli
and exhibit rest homeostasis*®)
during the night.

Circadian regulation of such
physiology and behaviour results
from coordination of the activities of multiple tissues and
cell types. An example is the consolidation of feeding behav-
iour to the day phase, which involves regulation of the sensi-
tivity of chemosensory organs to locate food, activity of the
wing musclesto move towards the food, and the action of the
digestive system to assimilate nutrients. This locomotor
activity rhythm is relatively refractory to acute or minor
changes in light levels, such as during lightning and full
moons, but is exquisitely sensitive to the timing of dawn and
dusk to adapt to the seasonally changing day length.

Early experiments in fly circadian biology established the
endogenous nature of the eclosion rhythm. It was found that
period length of this rhythm under constant darkness is
dependent upon the genetic make-up of the fly strain
(reviewed inref. 1), thus suggesting specific sets of genes were
involved in defining complex behaviours (acontroversial idea
three decades ago). These studies set the stage for a forward
genetics approach using eclosion rhythms as a phenotype to
identify clock components. Ron Konopka, while a graduate
student in Seymour Benzer’s laboratory, performed a pheno-
type-based screen of mutagen-exposed fliesand isolated three
period mutants in eclosion rhythm, long (per"), short (per®)
and arrhythmic (per®), which mapped to a single genetic
locus®. These mutant flies exhibited similar defects in locomo-
tor activity rhythms, the detection of which was facilitated by
an automated screen developed by Yoshiki Hotta, also in
Benzer’s laboratory. This more quantitative and persistent
trait became the preferred phenotype for mutant screens for
the next 30 years (Fig. 1), and a variant of this measure also
became a powerful circadian phenotype inrodents.

The pleiotropic effect of each per mutation on both
eclosion and locomotor activity rhythm established the
existence of a single oscillator underlying different rhythms
in different developmental stages of the animal. Restoration
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of a short-period activity rhythm in per® flies by transplantation of
adult brain from per® flies on the abdomen of the recipient demon-
strated the presence of this oscillator in the fly brain®.

Some years later in the mid-1980s, the period gene was cloned
independently by the Young and Rosbash laboratories®” and shown to
encode a large protein of more than 1,200 amino acids. In transgenic
experiments, expression of a wild-type copy of this gene restored
normal behavioural rhythms in arrhythmic per® flies. Several early
studies of these mutants shed light on the role of per in maintenance of
circadian rhythms. Behavioural analyses of flies harbouring different
copy numbers of per genes demonstrated dependence of period
length on gene dosage — higher doses of per decreased period length®,
Both per mRNA and protein levels exhibited rhythmic abundance,
which reflected the behavioural rhythm: a near 24-h molecular
rhythm in the wild-type flies, no rhythm in per® flies, a short period
rhythm in per®flies, and along period rhythm in per*flies.

Subsequent characterization of these flies using genetic mosaic
and transgenic approaches defined a group of 20-30 lateral neurons
in the adult fly brain as the anatomic site controlling activity rhythm®
(Fig. 2). Restricted expression of PER protein in these lateral neurons
of per flies restored normal behavioural rhythms™. Homologues of
the Drosophila per gene were subsequently cloned from several other
insect species™™®, and complementation studies of the per® allele
with genes derived from other insect species demonstrated conserva-
tion of the circadian system and species-specific aspects to its control
of rhythmicity®. Additionally, PER-like immunoreactivity was
shown in different orders of animal species™, suggesting a
functionally conserved clock throughout the animal kingdom.
Characterization of per in the circadian clock mechanism established
the first genetic and anatomic basis for an animal behaviour.

The successful identification of per spawned subsequent geneticand
biochemical screens to identify additional components of the circa-
dian clock. Several additional period mutants were isolated in flies.
One of these, timeless (tim), exhibited characteristics indicative of a
true clock component, including all three types of period defect that
mapped to the same locus and, more importantly, an elevated level
of cytoplasmic PER protein in the arrhythmic allele’*%. Positional
cloning was used® to isolate tim; it exhibited molecular rhythms
similar to PER, and its mMRNA and protein levels were coincident
with PER in the fly head. TIM protein was also isolated asan interac-
tion partner of PER in a yeast two-hybrid assay”?, a method for
detecting direct protein—protein interactions.

Detailed molecular genetic characterization of per and tim
offered a skeletal clock mechanism that has been a subject of several

reviews. Both genes are at the core of a transcriptional feedback loop
inwhichtheir protein products, PER and TIM, dimerize as they accu-
mulate in the cytoplasm during the day, then translocate into the
nucleus in the evening to negatively regulate their own transcription.
Both proteins are progressively phosphorylated, leading to their
eventual degradation in the late night. Neither of these transcription-
al inhibitors harbours any domain with similarity to known DNA-
binding motifs. However, adomain was identified in PER that shared
homology with a second fly protein, the single-minded gene product
SIM, and a mammalian protein ARNT (aryl hydrocarbon nuclear
translocator)®*. In SIM and ARNT, this PAS (PER, ARNT and SIM)
domain is accompanied by a basic region—helix—loop—helix (bHLH)
domain,a DNA-binding and heterodimerization surface.

PAS domains were shown to be dimerization surfaces, and given
that bHLH proteins often function as heterodimeric pairs (and that
PER lacked the bHLH domain), this suggested that PER could func-
tion as a transcriptional repressor of a bHLH-PAS heterodimeric
pair®. A key element of this mystery was revealed after analyses of per
and tim promoters defined a clock box or E-box (a bHLH protein-
binding site) regulatory element that conferred transcriptional
cycling®? . Two additional clock genes were identified in the fly with
mammalian orthologues, dClock (dCIk) and cycle (cyc), which
encode proteins containing both bHLH DNA-binding domains and
PAS domains”. These two proteins were shown to heterodimerize,
bind directly to E-box elements found in the per and tim promoters,
and activate their expression. This activation is subsequently inhibit-
ed by PER and TIM, thus closing the molecular feedback loop?’.

The identification of these new players resulted in the following
model for the generation of molecular (and the resultant behaviour-
al) rhythmicity (Fig. 3). The bHLH-PAS heterodimeric pair, dCLK
and CYC, reside in the nucleus on the E-box elements in the per and
tim structural genes, positively regulating their transcription. PER
and TIM protein levels continue to rise throughout the day to their
peak levels in the early evening — a few hours after the peak level of
per and tim mRNAs. The two proteins heterodimerize and translo-
cate into the nucleus where they inhibit the transcriptional activity of
the dCLK/CYC complex, thus repressing their own transcription. As
both PER and TIM proteins are degraded before dawn, this process is
relieved, lifting repression of the dCLK/CYC complex, thereby
starting another cycle of PER and TIM accumulation. Incredibly, this
core mechanism and several of the above mentioned components
are conserved between flies and mammals, over 600 million years of
evolutionary time® .

Drosophila genetics identified three additional circadian compo-
nents, doubletime (dbt), shaggy (sgg) and vrille (vri), which act to
refine this simple transcriptional-translational feedback loop¥*,

Table 1 Properties of fly and mammalian clock genes and proteins

Drosophila Mammal
Gene name Properties Gene name Properties
period (per) RNA and protein cycle. Binds to TIM. Inhibits dCLK/CYC Period 1 (Perl) RNA and proteins cycle. Physically associates with CRY and
function. Period 2 (Per2) among PER proteins. Activator of BMAL1 function. (Mutation
Period 3 (Per3) in Per2 is associated with FASPS.)
timeless (tim) RNA and protein cycle. Binds to PER and facilitates PER Timeless (Tim) Constitutively expressed. Closest Drosophila relative is

nuclear transport. Inhibits dCLK/CYC function. Degrades in
response to light.

timeout. Homozygous null mutant is lethal, making it
impossible to conclusively establish clock function.

doubletime (dbt) Constitutively expressed. Ser/Thr kinase (CK1g).

Phosphorylates TIM-free PER, promoting its degradation.

Casein kinase 1¢

Constitutively expressed. Protein kinase (CK1e).
Phosphorylates PER and affects PER stability.

dClock (dClk) RNA and protein cycle. bHLH-PAS protein. Heterodimerizes Circadian locomotor Constitutively expressed. Heterodimerizes with BMAL1 and
with CYC and promotes transcription from E-box. output cycle kaput (Clock) binds to E-box. Promotes transcription of Per and Cry.
cycle (cyc) Constitutively expressed. bHLH-PAS protein. Heterodimerizes Bmall/MOP3 RNA cycles. Heterodimerizes with CLOCK and binds to E-box.

with dCLK and promotes transcription from E-box.

Promotes transcription of Per and Cry.

cryptochrome (cry)  RNA cycles. Circadian photoreceptor. Promotes
light-dependent degradation of TIM. May be essential for

some peripheral clocks.

Cryptochrome 1 (Cry1)
Cryptochrome 2 (Cry2)

RNA cycles. Mutations alter rhythmicity in mice, implying a
central oscillator function. Physically associates with and
stabilizes PER. Inhibits transcription of Per and Cry.

vrille RNA and protein cycle. bZIP transcription factor. May repress Nfil3/E4BP4 In chicken, represses cPer expression’®. In mouse,
per and tim transcription. suppresses mPerl expression in cell-culture assays™.
shaggy Constitutively expressed. Ser/Thr kinase (GSK-3). Promotes TIM
phosphorylation and nuclear localization of PER/TIM complex.
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Figure 1 Assay of circadian activity rhythm in flies and mice. a, An infra-red beam
and optical sensor automatically detect activity of a single fly placed inside a
transparent tube and record it on an activity chart or actogram. Actogram of b,
individual wild-type fly, and c, per® fly (bearing a loss of function mutation at per
locus) recorded over several days. The flies were maintained under a 12-h light:12-h
dark cycle for few days and then transferred to complete darkness at the time
indicated by a red arrow. The per® mutation stops the clock and results in arrhythmic
activity under constant condition. d, Wheel-running activity of individually caged mice
gives a measurement of circadian activity rhythm. e, Wild-type (+/+) and f, mutant
mice (+/-) containing one copy of the mutated Clock gene both show similar activity
pattern under an entraining light:dark condition. After transfer to constant darkness,
the wild-type mouse exhibits a rhythm slightly shorter than 24 h, whereas the mutant
mouse has a longer period of activity rhythm. Robustness of the assay enabled
detection of this mutant in the original screen. Homozygous Clock/Clock mice behave
in a way that is similar to per° flies under extended darkness.

The dbt gene encodes the Drosophila homologue of the mammalian
casein kinase le (CKlg), and is constitutively expressed®. DBT pro-
tein associates physically with both PER and PER/TIM complexes,
and may phosphorylate PER®. Outside the PER/TIM complex,
phosphorylated PER is unstable. The interplay among PER, TIM
and DBT is critical in understanding some human circadian
disorders. In early subjective day when monomeric PER is synthe-
sized in the cytoplasm, DBT binds to PER and promotes its
phosphorylation, leading to PER degradation and TIM accumula-
tion. High concentrations of TIM promote formation of a stable
DBT/PER/TIM complex that can enter the nucleus during early
subjective night. Nuclear DBT/PER/TIM complexes are converted
to DBT/PER complexes over a period of ~8-10 h. Concomitantly,
progressive repression of per and tim transcription results in
decreased accumulation and nuclear entry of the PER/TIM/DBT
complex. DBT may progressively phosphorylate PER, leading to its
nuclear degradation and contributing to time delays that comprise
the circadian transcription—translation feedback loop by either
delaying PER accumulation in the cytoplasm or delaying PER’s feed-
back on its own transcription®*". A second constitutively produced
kinase, SGG, promotes TIM phosphorylation, which regulates the
timing of nuclear entry of the PER/TIM complex®. Finally, VR —a
basic leucine zipper (bZIP) transcription factor — cycles in the
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Figure 2 Schematic diagrams showing anatomic features of Drosophila and rodent
central oscillator. a, Diagram of Drosophila brain showing the individual neurons
expressing the period and timeless genes, as originally illustrated in ref. 80. Cell
bodies are represented as circles, and neurites as lines. The number of circles
represents the number of cell bodies, except for DN1 and DN3 (~15 and 40,
respectively). Reprinted by permission of Wiley-Liss, Inc. b, Longitudinal view of the
mouse brain illustrating input pathways to the SCN and outputs from the SCN. Light
input from the retina may reach the SCN directly (above the optic chiasm (ox)) via the
retinohypothalamic tract (RHT) or indirectly via the intergeniculate leaflet (IGL) of the
lateral geniculate nucleus. Brain regions receiving projections from the SCN include
subparaventricular zone of the hypothalamus (sPVz), dorsomedial nucleus of the
hypothalamus (DMH), paraventricular nucleus of the thalamus (PV), and arcuate
hypothalamic nucleus (Arc). These regions in turn mediate many aspects of circadian
behaviour and physiology. ¢, Based on differences in morphology, afferent inputs and
output projections, the SCN can be divided into the ventrolateral part of the SCN
(SCNvl), or “core’ SCN, and the dorsomedial part of the SCN (SCNdm), or ‘shell’ SCN.
See ref. 81 for an exhaustive review of SCN structure and function.

same phase as PER and TIM and has been implicated as a repressor
of perand timin clock function®.

Contrary to its name, CYC in the fly does not cycle with any
detectable amplitude at the RNA or protein level®. dCLK, however,
does cycle with a phase almost opposite to that of PER and TIM®.
PER has some role in promoting dClk transcription, constituting
another feedback loop®, although the nature of transcriptional
regulation of dClk remains a subject of investigation.

The fundamental anticipatory and light-responsive properties of the
circadian pacemaker are conserved between flies and rodents, raising
the possibility that the underlying timekeeping mechanism mightalso
be conserved. The first substantial genetic support for this came froma
fortuitously isolated rhythm mutant, tau, in the golden hamster, which
exhibited a short period rhythm in its wheel-running activities™. The
identification of this mutant provided the first genetic tool for the
anatomic definition of the circadian pacemaker ina manner similar to
that in Drosophila. Studies from the early 1970s showed that ablation of
the suprachiasmatic nucleus (SCN) —abilateral pair of hypothalamic
nuclei located just above the optic chiasm (Fig. 2) — resulted in
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Figure 3 Drosophila and mammalian circadian clock. a, In Drosophila, a heterodimer of two bHLH—PAS domain-containing transcription factors, dCLK and CYC, binds to the E-box
in per and tim promoters, promoting their transcription. DBT phosphorylates (Ph) cytoplasmic TIM-free PER protein (P) and triggers its degradation. As TIM (T) progressively
accumulates, it binds to PER, prevents DBT activity, and stabilizes PER. Shaggy (S) phosphorylates TIM, and times the nuclear entry of the PER/TIM/DBT complex. TIM is later
released from the nuclear PER/TIM/DBT complex, allowing repression of dCLK/CYC function. In the absence of TIM, DBT promotes the phosphorylation and degradation of nuclear
PER, thereby derepressing dCLK/CYC function and starting a new wave of transcription from the E-box. dCLK constitutes another feedback loop by repressing its own transcription.
PER promotes dClk transcription, although the transcription factor(s) that binds to the dClk promoter is currently unknown (X). b, In mammals, a heterodimer of two bHLH-PAS
domain-containing transcription factors, CLOCK and BMAL1, binds to the E-box in Per and Cry promoters, and promotes their transcription. CK1e phosphorylates cytoplasmic PER
protein (P) and triggers its degradation. Three different mammalian PER proteins can bind to two mammalian CRY proteins and translocate into the nucleus; here CRY strongly
represses CLOCK/BMAL1 activity, whereas PER promotes Bmal1 transcription. Bmall levels cycle, and the factor(s) that binds to its promoter is currently unknown (Y). Dotted lines

represent delays; “?’ denotes uncertainty in the step.

complete arrythmicity of locomotor activity in the rodent”. When
SCNs from tau mutants were transplanted into wild-type hamsters
with surgically ablated SCNs, the recipients adopted the short period
characteristic of the tau mutation. Finally, SCN neurons in culture
were shown to have persistent circadian rhythms in their spontaneous
firing rate, extending several weeks in culture®,

A combination of forward mutagenesis screening in mice and the
use of sequence comparisons with known components of the fly
clock has produced a picture of the functional clock in mammals that
is highly similar to that in flies (Fig. 3 and Table 1). The most similar
components are CLOCK (circadian locomotor output cycle kaput)
and BMAL1/MOP3, which are mammalian orthologues of fly dCLK
and CYC, respectively. CLOCK and BMAL1/MOP3 were shown to
heterodimerize, bind the E-box element (functionally conserved
between flies and mammals), and transactivate mammalian genes
that harbour this element®. The Clock mutant (asplice-site mutation
resulting in a deletion of a portion of the transactivation surface)
reduces mPer expression and lengthens the overt activity rhythm
(eventually turning arrhythmic)*, whereas a loss-of-function
Bmall/MOP3 mutant abolishes mPer expression and eliminates
activity rhythms altogether®. Mutation of two of the three PER
orthologues, mPerl and mPer2, results in aberrant circadian activity,
and the double mutant abolishes rhythmicity*®.

Although the clock components are conserved across species,
their genetic and biochemical roles have diverged. For example, in
the mouse mPER2 seems to activate transcription of Bmall, and
exactly opposite to that in flies, BMALL cycles in mice whereas
CLOCK does not. Therefore, PER positively regulates the rhythmic
production of CLOCK/BMAL1 complexes in both mice and flies,
although its target has switched. Finally, PER protein products have
been shown to weakly suppress CIOCK/BMAL1-dependent mPerl
transcription in cultured mammalian cells*. These results would
seem to support a role very similar to that seen for PER (PER/TIM
complex) in Drosophila, as a negative regulator of its own transcrip-
tionanda positive regulator of the dCLK/CYC complex. The putative
orthologue of Drosophila timeless, mTim, was found to be a closer
orthologue of a second fly gene, timeout, which is apparently not
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involved in maintenance of circadian rhythmicity. Instead, deletion
of the mTim gene in the mouse causes lethality*. Finally, better
repressors of CLOCK/BMAL1 molecular activity were isolated in the
orthologues of a Drosophila photoreceptor called cryptochrome
(CRY; see below).

The circadian clock is sensitive to the timing of light exposure.
During the middle of subjective day, when light is expected, it has no
effect on phase. However, a light pulse administered around subjec-
tive dusk (or early night) causes a phase delay, whereas a light pulse
near subjective dawn (or early morning) causes a phase advance. This
differential sensitivity to light is known as the phase response curve,
and is a hallmark of clock function across species. In nature, this
property allows the clock to function as a timing device to measure
day length, enabling organisms to synchronize their physiology
with changing seasons (it also enables jet travellers to adjust to new
time zones).

Fly research has provided clues as to how clock resetting occursin
other animals. Stability of TIM protein is light sensitive — even a
brief light pulse can trigger its degradation —and thischange in TIM
level can reset the molecular clock and result in resetting of activity
rhythm*!, Because TIM protein does not possess any chro-
mophore-binding site, the initial step of light perception must be
mediated by a photoreceptor. Early experiments showed that
rhodopsin is not the circadian photoreceptor in flies, as depletion of
the rhodopsin chromophore (vitamin A)* or presence of the norpA
mutation® has no effect on entrainment to an external light—dark
cycle. Similarly, vitamin A-depleted mice® or mice bearing
mutations in visual pathways also exhibit intact circadian entrain-
ment. Even studiesin humans have shown that many patientswith no
significant perception of light as a result of retinal diseases still retain
circadian responses to light®. Thus, circadian photoperception
may have evolved to use a separate mechanism and perhaps separate
photoreceptor(s) to filter out weak light stimuli, such as lightning
and moonlight, which would otherwise mimic weak light conditions
suchas dawn and dusk.
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A genetic screen for altered rhythmicity identified a Drosophila
mutant with a light-resetting defect. Designated cry®®, the mutant
exhibits a normal activity rhythm, entrains properly to a 12-h
light:12-h dark cycle, but, unlike wild-type flies, does not phase shift
inresponse toabrief 10-min light pulse during subjective night. Most
important, TIM levels are also insensitive to light pulse®. Molecular
cloning of cry®™ and subsequent characterization revealed the dCry
gene encodes a protein that shares extensive sequence similarity with
a previously known class of plant circadian photoreceptors, the
cryptochromes. The cry™ mutation itself corresponds to a highly
conserved position in a putative flavin-binding site identified by
sequence homology searches®’.

Biochemical characterization of dCRY showed that it interacted
physically with TIM in the yeast two-hybrid system®, promoting
phosphorylation, ubiquitination and subsequent degradation of
TIM by the proteasome®. This light-mediated degradation of TIM
was shown recently to be dependent on redox activity associated with
flavin®. Thus, during early subjective night when TIM protein levels
rise, light-induced TIM degradation promoted by dCRY delays the
accumulation of TIM, which in turn delays the subsequent molecular
events of the oscillator machinery, resulting in a phase delay. Con-
versely, light pulses administered during the late night, when TIM
levels are decreasing, facilitates the rapid decline in TIM protein, and
causes phase advances. This model assumes no central oscillator role
of dCRY, although this protein has recently been implicated insuch a
role in some peripheral tissues in fly®".

This clock function of cryptochromes may be conserved in
mammals®®®, Although dCRY and its interacting partner TIM are not
functionally conserved between fliessand mammals, their activity inflies
elucidated the integration of two simple molecular mechanisms — a
feedback loop and a simple light response — to produce a seemingly
complex time-of-day-dependent response of circadian behaviour to
light. This also establishes a model for circadian photoresponses in
mammals. In contrast to the fly, cryptochrome-deficient mice exhibit
circadian rhythm defects, but no conclusive light-resetting defect. Mice
deficient in either mCry1 or mCry2 exhibit altered period length, and
double-mutant mice are completely arrhythmic under constant
darkness®. Molecular properties of mCRY mirrors fly TIM — cryp-
tochrome mRNA and protein cycle in phase with mPER1 expression
in the SCN and retina, mCRY and mPER interact, mCRY proteins
inhibit CLOCK/MOP3transactivation, and double-mutant mice accu-
mulate elevated levels of MPER2, suggesting that the cryptochromesare
repressors of MPER expression®. In short, cryptochromes have taken
overtherole of TIM inthe mammalian pacemaker.

If CRY took up TIM’s job in mice, who is doing CRY’s job? The
circadian photoreceptor in mammals is yet to be discovered, although
the action spectra of circadian resetting support an opsin-based
photoreceptor®. Genetic analyses have ruled out necessary circadian
photoreceptor functions of rod or cone opsins in mammals, although
they may have some redundantroles (reviewed in ref. 66).

For atranscription—translation loop to generate a sustained rhythm,
both RNA and protein products of oscillator components must
undergo a controlled and rapid degradation. The effect of gene
dosage on period length for cycling clock components such as per
(ref. 8) and constant components such as Clock (ref. 67) suggested
that tight regulation in their steady-state expression levels is required
to generate and sustain a precise rhythm. Early studies showed that
the PER and TIM protein products were progressively phosphorylat-
ed before degradation. Drosophila T1M provided the first clue of how
this degradation took place. Pharmacological and in vitro studies
suggested light-induced tyrosine phosphorylation of TIM is
followed by its ubiquitination (a tag for proteasomal degradation)®.
Identification of the serine/threonine protein kinases DBT and SGG
indicated that phosphorylation is essential to trigger degradation of
PER and TIM during the circadian cycle. Kinase mutants exhibited
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accumulation of the hypophosphorylated form of PER* or TIM*.
The subsequent steps in degradation of PER and TIM are currently
unknown. Phosphorylation of other clock components has been
reported, but the respective kinases are yet to be discovered®®,

Although the molecular mechanism by which the central oscillator
controls timekeeping is becoming increasingly clear, knowledge of
how this timing information is transmitted to regulate behaviour and
physiology is only just emerging. Acommon theme in connecting the
clock to physiological outputs has been the identification of cycling
component(s), followed by molecular genetic and histological tests to
establish a connection. Using this paradigm, two clock-controlled
genes, larkand pdf (whose protein levels, but not RNA, oscillate), were
shown to be key mediators of eclosion and activity rhythms in flies®,
However, how the central oscillator controls rhythmic accumulation
ofaproteinat the post-transcriptional level isentirely unknown.

Modern genomics tools are increasingly important in identifica-
tion of the transcriptional outputs of the circadian clock. Early
success came in a differential display screen for genes expressed in
wild-type and clock-deficient flies. This screen identified a gene
called takeout, whose mRNA is coincidentally expressed with TIM
and encodes a lipophilic, ligand-binding protein. The gene is acutely
induced in response to starvation in feeding-related organs in
insects, and therefore may be important in establishing circadian
feeding behaviour™. A similar genomics approach identified the vri
clock component®.

These successes have encouraged systematic analysis of the
circadian pattern of gene expression in different tissue types and
genotypes of Arabidopsis, flies, mice and rats using DNA
microarrays™®. In each organism, the temporal gene-expression
data sets detected cycling of hundreds of transcripts, many times
more than previously identified. The list includes already known
clock-controlled genes (thus validating the approach), candidate
cycling genesinvolved in known cycling pathways and processes, new
processes under circadian control, and key regulators orchestrating
coordination of clock-controlled processes. Genomic characteriza-
tion of mutant flies lacking an essential clock component abolished
cycling of all clock-controlled genes, conclusively demonstrating the
existence of only one central molecular oscillator in animals™™,

The scenario seems more complex when we compare the cycling
gene sets in different tissue types. Many genes that cycle in fly head do
not cycle in the body and vice versa™. Similar comparison in more
defined tissue types, such as mouse SCN and liver, reveals that most
cycling transcripts are tissue specific, implying that circadian
transcriptional output functions to temporally regulate physiology
to aspecific tissue or cell type™.

How are different phases of rhythmic gene expression generated
from primarily two principal phases of the central clock? Acomputa-
tional approach analysing promoter regions of coordinately regulat-
ed transcripts in Arabidopsis has identified a cis-acting element that
specifies the evening phase of cycling™. Molecular genetic analysis of
this element has not only supported its key role in phase determina-
tion, but also identified cycling transcription factors binding to it”.
Infliesand mammals, an E-box promoter element has been implicat-
ed in rhythmic expression of per (and tim) phased genes. This E-box
element is enriched in the 5’-upstream region of some genes cycling
in phase with per’™, indicating that cycling of E-box-containing
genes may be controlled directly by the clock components. Both of
these studies focus on the regulation of a small subset of circadian
output genes, leaving the mechanism of clock-controlled mRNA
expression at other phases unknown.

Overall, analysis of the circadian transcriptome is bringing many
new challenges to the forefront of research. Which molecular clock
outputs participate in transmitting timing information from the
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Box 1

A popular chronicler® wrote of the per® mutants in flies, “they woke
up about five hours too early, they did the same thing for the rest of
their lives”. The tau mutant in hamster behaves similarly — the
mutants wake up 2-4 hours early. The mutation was first narrowed
down to a chromosomal region in hamster, and the respective
mouse chromosome was found to contain a gene similar to fly dbt,
Ck1e, which was later shown to harbour a mutation®. Molecular
threading of CK1e on the crystal structure on the closely related
kinase CK13 suggests that the tau mutation causes a substitution in
a highly conserved amino-acid residue involved in specific
recognition of an anionic amino acid in target proteins. Similar to its
fly counterpart, mammalian CK1e interacts physically with and
phosphorylates mammalian PER both in vitro and in vivo, and this
phosphorylation destabilizes the PER protein. The tau mutation
diminishes phosphorylation of PER, and therefore enhances PER’s
stability®*-2°,

One human sleep disorder, familial advanced sleep phase
syndrome (FASPS), is characterized by circadian rhythms
resembling those of per® flies and tau hamsters. FASPS was linked
to a single-gene mutation on human chromosome 2q in one large
kindred. Sequence analysis of the candidate gene hPer2, resident in
this chromosomal region revealed that the mutation®, a serine-to-
glycine amino-acid substitution at residue 662, was a putative CK1le
recognition site in hPer2. This observation almost instantaneously
elicited a testable hypothesis. CSNK1¢ (RefSeq name of human
CK1e) may phosphorylate hPER2, resulting in its instability. A
mutation in hPer2 leading to reduced phosphorylation by CSNK1e
may result in its stabilization, which in turn may phase advance the
clock, perhaps by activating Bmall transcription.

central pacemaker cells in the lateral neurons in flies or SCN in
mammals to other brain regions and peripheral organs? How does
the circadian clock function to establish the spatiotemporal pattern
of gene expression? How are multiple phases of gene expression
generated?

Annotation of the genes under circadian control reveals the
potentially adaptive functions of circadian rhythms that are well
conserved through evolution. For example, the circadian oscillator
synchronizes the consolidation of feeding behaviour to the activity
(wake) phase. Clock regulation of transporters that channel nutri-
entsintracellularly and rate-limiting enzymes of nutrient-utilization
pathways occursin fliesand mice, thus coordinating the expression of
proteins needed for efficient digestion to the time of day in which
feeding occurs. Intermediate products of nutrient metabolism also
supply important precursor molecules, which are more fully utilized
owing to clock-controlled regulation of enzymes that convert inter-
mediates to their final bioactive form (cholesterol to testosterone, for
example). Finally, the act of feeding exposes an organism to various
xenobiotics and pathogens. Clock regulation of several intermediate
metabolic pathways, which inactivate and promote excretion of
several xenobiotics and degradation products of endobiotics, may
be an underlying defence mechanism against this chemical stress,
initiated secondarily by the feeding behaviour’™,

A pattern is emerging whereby evolutionary conservation in
clock regulation of a specific physiology results from the regulation
of key rate-limiting enzymes. For example, the rate-limiting
enzymes in the biosynthesis of cholesterol, haem and bioactive
amines exhibit circadian rhythms in mRNA accumulation in both
flies and mice™ . The rate-limiting nature of these proteins, cou-
pled with circadian regulation of their transcription, may be an
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adaptive mechanism suited for anticipated circadian rhythms in
substrate availability or demand for the end product.

The evolutionary conservation in clock regulation of physiology
hasencouraged researchers to pursue fliesasamodel systemto interro-
gate the temporal component of learning, alertness and sleep in
mammals. Many clock-regulated genes in fly head also have their
mammalian counterparts cycling in rodent SCN. The functional sig-
nificance of such circadian regulation in nervous systemand behaviour
can be rapidly tested only inamodel organism like the fly. For example,
transcription of a calcium-activated large potassium channel,
slowpoke, and its associated protein, slowpoke-binding protein, are
clock controlled in flies. The mammalian homologue of slowpoke,
mSlo, also exhibits circadian transcription of its mMRNA, and impor-
tantly, its expression is enriched in the SCN. The availability of fly
mutant stocks and quantitative phenotypic assays established the role
of slowpoke in regulation of locomotor activity, as slowpoke-deficient
flies are arrhythmic with no apparent reduction in total activity™. If
fly-mammal circadian history is our guide, we may yet discover that
mSloisan important regulator of activity rhythmsin mammals.

The study of chronobiology in the fly offers an excellent example of
how a model organism can facilitate deciphering of the underlying
molecular mechanism foracomplextrait like the sleep—wake rhythm
in humans (Box 1). The rapid progress in this field can justly be
attributed to the focus of researchers on the underlying mechanism
for generating an overt rhythm (and not the overt rhythm itself).
Much of the future of circadian research should focus on connecting
the central oscillator to circadian behaviour and physiology. Identifi-
cation of cycling transcripts has just begun that process, and will be
extended by the study of protein and small-molecule rhythms as
enabling technologies emerge. The integration of these data will
enable a more complete picture of the maintenance of circadian
physiology and behaviour. The breadth and depth of circadian
regulation now seems to present the perfect example of systems-level
biology where a molecular oscillator ticking in a few key neurons in
the brain orchestrates alarge number of molecules in multiple tissues
to generate overt behavioural rhythms.

Mapping the newly identified clock outputs to specific brain
regionsin fliesand connecting them to the master oscillator in lateral
neurons will be astep towards understanding how the master oscilla-
torsignals to peripheral tissues. Parallel progress in other branches of
fly and mammalian neurobiology may help associate a given clock
output with a specific clock-controlled behaviour, such as olfaction
or feeding. Neuroendocrine signalling is emerging as an important
component in the systemic control of clock functions. The systems-
level orchestration of circadian physiology is already generating
testable hypotheses at a rate that far exceeds current methods to test
them in mammals. Model organisms such as the fly offer readily
available genetic and genomic tools, rapid generation (or acquisition
from public stock centres) of mutants, RNA interference technolo-
gies, and automated, quantitative phenotypic assays to rapidly sift
through these hypotheses. The exciting possibility that complex
behaviours can be described at the molecular level, and are well
conserved across species, underscores the importance of the use of
model organisms and comparative behavioural genomics. o
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