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Jeffrey C. Hall, Michael Rosbash and Michael W. Young are selected to receive the 2017 No-
bel Prize in Physiology or Medicine 2017 “for their discoveries of molecular mechanisms con-
trolling the circadian rhythm". They discovered clock genes and their protein-products that
control the circadian rhythm in the fruit fly, Drosophila melanogaster. Starting with their work
on the major clock gene period (per) in the 1980s, they subsequently discovered novel genes
such as Clock, cry, cycle, dbt, pdp1, per, tim, vri, and their mutations that affect the fruit fly
daily behaviours. With the proteins these genes produce, their discoveries have established
the understanding of a complex molecular network of clock genes and proteins. This com-
prehensive knowledge further enrich our perception of circadian rhythm in other animals,
including us. Behind this knowledge is the foundation of understanding of many disease and
health-related issues concerned with our genetics, hormones, and behaviour. Their discover-
ies are befitting of the Nobel Prize, but it is a bit of an irony that the pioneer discovers have
already died and will forever be denied of their deservedly fame. The epoch-making discov-
ery of per gene was in fact by Seymour Benzer and his student Ronald J. Konopka discovered
in 1971. Konopka especially continued as one of the leading scientists, in many of the later
discoveries. But life and luck for Nobel fame ran out for them.
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respond to the day-night cycle. This is because
we live on the same planet Earth, and the Sun,
as our common source of light and energy, influ-
ences us all. Light is the most important envi-
ronmental cue that entrains our sleep-wake be-
haviours. It is the sunlight that tells us when to
sleep and when to remain awake. This biological
principle is called photoperiodism. A day-night

Introduction

Have you ever wondered why we become
sleepy and fall asleep at night, and awake during
the day? Do you know that animals do the
same? Even nocturnal animals such as fireflies,
cockroaches, bats, owls, tarsiers, aye-ayes, etc.
have a regular sleep-wake cycles? Furthermore,

are you aware that plants too know when to ab-
sorb O, and release CO,? Do you believe that all
of us, all organisms from the smallest bacteria to
blue whale and giant sequoia, are controlled by a
biological clock inside us?

Yes, all organisms from bacteria to humans

cycle is called circadian rhythm. The term cir-
cadian comes from Latin circa, meaning
“around”, and diém, meaning “day”. Thus, cir-
cadian rhythm is a 24-hour cycle covering one
night and one day. Circadian rhythm changes
with seasonal changes, from winter, spring,
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summer, to fall; and this cycle is called circan-
nual rhythm (from Latin circa and annus, mean-
ing “a year”). The branch of biology dealing such
cycles is called chronobiology (from Ancient
Greek xpoévoc (khrénos), meaning “time”). Genes
produce proteins to exert their effects, and those
genes involved in circadian rhythms are called
clock genes. Adaptation to the circadian rhythm
is so ingrained in us that the clock works even in
abnormal day or night situations.

The Nobel Assembly at Karolinska Institutet
has chosen three American biologists Jeffrey C.
Hall, Michael Rosbash and Michael W. Young to
receive the 2017 Nobel Prize in Physiology or
Medicine 2017 “for their discoveries of molecular
mechanisms  controlling the circadian
rhythm” (Fig. 1).Y Jeffrey C. Hall (born 1945 in
New York) and Michael Rosbash (born 1944 in
Kansas City) are biology professors at Brandeis
University at Waltham, Massachusetts; and Mi-
chael W. Young (born 1949 in Miami) is at the
Rockefeller University in New York. Their break-
through discovery was in 1984 using the fruit fly
Drosophila melanogaster. Hall and Rosbash iso-
lated and cloned the gene called period (per) and
showed that the gene is responsible for cir-
cadian rhythm.PIPl At the same time, Young and
his colleagues also discovered similar effects of
per Pl They are extraordinarily lucky for the
Nobel Prize—as providence would have it—
people before them had already discovered the
gene.

Sir Richard J. Roberts, the 1993 Nobel Prize in
Physiology or Medicine laureate for the discov-
ery of introns, wrote in 2015 “Ten Simple Rules
to Win a Nobel Prize” in which he remarks, “If
you are lucky, you will make a big discovery that
may even bag you a prize or two. But only if you
are extraordinarily lucky will you stand any
chance of winning a Nobel Prize. They are very
elusive.”® The first-known clock gene, per gene
was discovered way back in 1971 by an Ameri-
can physicist-geneticist Seymour Benzer and his
student Ronald J. Konopka at the California In-
stitute of Technology (Fig. 2). But they will never
win the much deserved Nobel Prize, the Nobel
statute prohibits nomination beyond the grave—
Benzer kicked the bucket in 2007, and Konopka
followed suit in 2015. Nobel Foundation was too
slothful for them.

A Fly on the Wheel of Biology

Small size is not to be underestimated. Biol-
ogy in large part owes its development to the
fruit fly Drosophila (Fig. 3), because it is an easy-
to-use genetic animal model—conveniently tiny
to handle, easily reared in large number, and
has short life cycle. Drosophila has offered us the
key to understanding genetics, to be precise,
mutations and their effects. It has also given us
the deepest information on the light entrain-
ment mechanism in organisms, and how this
maintains circadian rhythm. This was estab-

Fig. 1 | 2017 Nobel Prize in Physiology or Medicine goes to Michael Young, Jeffrey Hall, and Michael Roshbash.
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Fig. 2 | The pioneers. Seymour Benzer toying with his
Drosophila melanogaster. (Inset:: Ronald J. Konopka)

lished from its unique behavioural cycles of rest-
activity during development and adulthood. In
constant light-dark (LD) cycles, circadian activity
fluctuates in a bimodal fashion in the morning
and evening, and peaks at dawn and dusk. The
curious thing is that these rhythms are free-
running and persist in continuous darkness,
which indicates that environmental light might
be the principal stimuli, but there is an internal
biological clock that works even in the absence
of light.

An important circadian behaviour during
Drosophila development is eclosion, the process
by which an adult fly emerges from the pupa at
the end of larval metamorphosis. During eclo-
sion, Drosophila exhibits regular locomotor activ-
ity (by vibration) that occurs at 8-10 hours inter-
vals starting just before dawn. This specific ac-
tivity signifies their original adaptation to their
ancestral homeland in Sub-Saharan Africa,
where moisture essential for haemolymph pres-
sure will be most abundant at dawn. The Swed-
ish naturalist Carl Fredrik Fallén was pedanti-
cally spot on to give the name Drosophila—from
Sdpbdooc (drésos) meaning “dew” and giXoc
(philos) meaning “loving”; hence, “dew-lover"—
in 1823. The peak activity is always at the time
when dawn is about to break, i.e. about 1 to 2
hours before sunrise.

The existence of this circadian clock system
was independently discovered in 1935 by two
German zoologists, Hans Kalmus at the Zoologi-

Fig. 3 | The supermodel of biology. Drosophila
melanogaster.

cal Institute of the German University in Prague,
"l and Erwin Blinning at the Botanical Institute
of the University of Jena.Bl They independently
showed that the pupal hatching is delayed by
several hours when temperature was reduced by
10°C. Bunning also showed that the clock went
haphazard (arrhythmia) when the flies are
maintained in continuous dim light, but after
fifteen generation rhythmicity was restored
when exposed to light. Kalmus discovered in
1938 that the clock that drives eclosion resides
deep inside the head of the fly.”! He was of the
conclusion that the clock was driven by tem-
perature, increased temperature shortens the
cycle, and vice versa,'™ because it was obvious
that temperature is an important factor in trig-
gering various stages of development. But he
was wrong. It was later understood that such
biological clocks are not directly influenced by
environmental factors. Temperature, as was ap-
preciated, has an irregular and violent fluctua-
tion, and thus, would only create a heavily mis-
timed clock—a faulty biological clock never tells
the right time. On the other hand, normal en-
dogenous clocks works perfectly even under en-
vironmental adversaries or experimental ma-
nipulations.''! Colin S. Pittendrigh at the Prince-
ton University reported in 1954 the significance
of light-dark conditions. He observed that in the
absence of light, temperature does play a role in
the clock cycle. He cultured pupae of flies (in
this case D. pseudoobscura) under 12:12 hour
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light/dark (LD) cycle in varying temperature,
such as 16, 21 and 26°C. When he transferred the
flies to total DD condition, the rhythms persisted
until adults emerged, and rhythm was longer by
about half an hour in flies at 16°C in comparison
to those at 26°C. He made a logical conclusion
that temperature influences only the peak hour;
hence, exerts a very minor effect.['”

A physicist by training, Benzer’s interest was
to solve biological problems as inspired by Erwin
Schrédinger’'s book What Is Life? Spending al-
most two decades at Purdue University working
on phage (T4 bacteriophage) genetics, he joined
Caltech in 1967. He immediately turned his at-
tention to Drosophila genetics of behaviour. That
very year he reported that induced mutation
renders male Drosophila unable to respond to
light, that is, they become nonphototactic.'*! He
established that mutation could be an important
tool for studying unique biological behaviours,
and made an insightful prediction, saying:

Since it is now possible to produce very high
mutation rates in Drosophila, one can, instead,
use an inbred strain and isolate mutants in
which a behavioural change occurs by a single
step, so that direct relationships between indi-
vidual genes and the nervous system may be
investigated.

With his student Konopka, Benzer eventually
demonstrated that circadian rhythm of eclosion
could be understood from gene mutation. Re-
porting in 1971, they discovered that due to dif-
ferent mutations, D. melanogaster can have
faster, slower, or a complete absence of cir-
cadian rhythms. In fact, they were the first to
identify a clock gene in any organism. As their
new gene controls the period of circadian
rhythm, they called it period (per for short). Based
on the degree of mutation, there could be four
different individuals:[

1. Normal (wild type, per), in which there is
no mutation and the circadian rhythm is normal
~24 h.

2. Arrhythmic, which has no functional gene;
hence called (per?), and there is no rhythm at all.

3. Short-period, which has mutant gene
called per, and very short rhythm ~19 h.

4. Long-period, which has mutant gene called

pert, and extended rhythm ~29 h.

They further discovered that the mutation
occurred on one of the X chromosomes at posi-
tion X: 2.58-2.59. It was the discovery of the first
dedicated gene that controls behaviour of any
kind in any organism. But theirs was the time
when the nature and function of genes were not
yet fully comprehended. Other scientists re-
mained sceptical, and discarded the notion that
genes would directly control such complex be-
haviours, and not the less that such mutations
would be responsible for circadian activities. The
research was practically (almost entirely, but for
the perseverance of Kanopka) put to a barren
cessation for a decade.

While Benzer departed towards other genet-
ics of behaviour, Konopka remained embroiled
in the dilemma of circadian genetics.l**l Konopka
found in 1980 that mutations in the circadian
gene change the location of neurosecretory cells
in the fly brain.l'¥ In 1981, he identified the per
locus on X chromosome (position 3B1-2) respon-
sible the three mutant per alleles, and that the
per locus shorten, lengthen, or eliminate perio-
dicity by respectively increasing, decreasing, or
eliminating per activity.['/]

Nobel Prize Works

In the beginning

Another circadian behaviour in Drosophila is
courtship between male and female for mating.
Mating activity is driven by two mechanisms:
one is a circadian pacemaker consisting of clock
genes, and the other is the direct effect of light.
Mating activity involves courtship song accom-
panied by a ritual locomotory dance in male.
The main flight activity generally takes place in
the morning and another peak occurs before
sunset. Courtship song is produced by the
male’s wing vibration and consists of pulses of
tone produced at intervals of approximately 34
msec in D. melanogaster (48 msec in D. simulans).
In 1980, Hall and his student Charalambos P.
Kyriacou discovered that courtship activity is
also controlled by per gene. For instance, they
showed that courtship is short in per® individual,
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long in per® individual, and absent in per® individ-
ual.l®l

The pivotal discoveries were made in 1984.
Hall and Rosbash’s team isolated and analysed
DNA sequences encompassing the per locus, and
found a short stretch that is strongly modulated
by a light/dark cycle.”! They, with Konopka, sub-
sequently demonstrated that mutations in per
cause circadian disruption such as in locomotor
and courtship activities, and that when the nor-
mal per sequence is incorporated into a mutant
fly, circadian rhythm is restored.Pl Around the
same time Young and his team showed that fe-
males carrying only one dose of this X-linked
gene have circadian rhythms with periodicities
about 1 h longer than those carrying two doses.
They identified that the gene covers 7.1-kilobase
interval on the X chromosome and encodes a 4.5
-kb poly(A)+ RNA. When this sequence is intro-
duced into the genome of a per® (arrhythmic) fly
by P element-mediated transformation, cir-
cadian rhythmicity of behaviour such as eclo-
sion and locomotor activity is restored. In 1986,
they sequenced the entire DNA fragment, and
confirmed that the locus is the active gene. Map-
ping of this transcription unit revealed that it
encodes the 4.5-kb RNA, which codes for a pro-
tein, composed of 1,127 amino acids.™ The
same year, Konopka, Rosbash, Hall et al. found
that the 4.5-kb RNA transcript level oscillates
exactly as the circadian rhythm, and implying
that it, with its DNA complimentary sequences
in the per gene, is the main source of rhythmic-
ity [0

The effects of genes are mediated by the pro-
teins that they produce. Rosbash and his team
found in 1986 that per gene produces a protein,
which is a member of proteoglycans, and the
protein is absent in mutant per.?Y This indicates
that loss of circadian rhythmicity is due to the
absence of the protein. The protein produced by
per is variously known as PER, period circadian
protein, or protein clock-6. PER protein became
the first of the three founder members of the
PAS domain family, followed by ARNT (Aryl hy-
drocarbon nuclear translocator) and SIM (single-
minded). These three proteins constitute a group
of transcription factors known as PAS domain

family, members of which are found in pro-
karyotes and eukaryotes, suggesting their com-
mon ancestry as clock proteins.?2

In 1987, Hall and Rosbash’s team showed
that arrhythmia is a nonsense mutation in the
third coding exon of a 4.5-kb RNA transcribed
from this locus. The mutation is also a single
nucleotide substitution, in the fourth coding
exon, which results in a serine-to-asparagine
substitution in PER protein.”?l The same year,
Young and his team showed that different per
mutants have different substitution, and these
mutations produce different amino acids in the
PER protein. Slightly altered proteins produce
different. In short, the protein product of per
controls biological rhythms such that per' and
per® mutants produce hypoactive and hyperac-
tive PER proteins, respectively. In other word,
flies with lowest levels of PER have slow-running
biological clocks.” In 1988, Hall and Rosbash’s
team then went on to discover that PER is the
factor for a free-running circadian rhythm, and
is produced maximally at night and is degraded
during the day.™ Thus, PER protein levels wax
and wane over a 24-hour cycle, with peak pro-
duction in the middle of the night. In 1990, they
found out that the synthesis of per mRNA oscil-
lates as that of PER proteins, which indicates
that PER influences its own gene, that a feed-
back loop (now referred to as transcription-
translation feedback loop, TTFL) exists.[*!

The plot thickens

In 1994, Young and his team discovered an-
other mutation not involving per gene but that
could stop circadian rhythm. Regardless of
whether the per is normal or mutant, when this
gene has mutation, the fruit fly invariably be-
comes arrhythmic. They identified the gene on
the left arm of chromosome 2 and called it time-
less (tim). They further noted that tim alters cir-
cadian oscillations of per mRNA, suggesting that
tim and per act concertedly, and that tim influ-
ences the activity of per.?1 In 1995, they isolated
the PER and TIM proteins. They also showed that
TIM binds to PER to form a heterodimer, and this
TIM-PER complex is actually responsible for con-
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trolling the duration of circadian rhythm.?®! The
tim mRNA oscillations were found to be depend-
ent on the presence of PER and TIM proteins,
indicating similar feedback control of tim by a
mechanism (TTFL) previously shown to regulate
per expression. The cyclic expression of tim in-
fluences the timing of PER accumulation and
nuclear localisation, suggesting that tim pro-
motes per and tim transcription by restricting per
mRNA and PER protein accumulation to separate
the times of day.[! This was a discovery that not
only per, but both per and tim are essential for
production of circadian rhythms in Drosophila.
Then, in the same year, they sequenced the
gene as well as the protein. TIM protein is com-
posed of about 1389 amino acids, and possibly
another protein of 1122 amino acids. Mutation in
tim stops the circadian rhythm, as the mutant
protein cannot trigger the circadian rhythm. The
arrhythmic mutation, designated tim”, is a 64-
base pair deletion that truncates TIM to 749
amino acids.P% In 1996, they established that the
activity of tim is influenced by light, as the TIM
protein is rapidly degraded upon exposure to
light.P1

Big fleas have little fleas

The story of tiny TIM does not end there.
There are times when tim does not control per.
In 1998, Young and his team discovered a new
clock gene on chromosome 3 which they called
doubletime (dbt). dbt exists in three alleles, short-
(dbt®) and long-period (dbt') mutants alter both
behavioural rhythmicity and molecular oscilla-
tions from previously identified clock genes, per
and tim. A third allele, dbt® causes pupal lethality
and eliminates circadian cycling of PER and TIM
in larvae. In dbt’ mutants, PER proteins constitu-
tively accumulate, remain hypophosphorylated,
and no longer depend on TIM proteins for their
accumulation. DBT protein thus reduces the sta-
bility and the level of accumulation of mono-
meric PER proteins. This would promote a delay
between per/tim transcription and PER/TIM com-
plex function, thereby abrogating rhythmicity.”?
DBT protein is an enzyme of casein kinase 1¢.

Another clock gene mutant was first noted by

Konopka, Rosbash, Hall et al. in 1987. When they
induced mutation in the X chromosome, the
mutant Drosophila displayed distorted rhythm,
much like per® mutant; but with a subtle twist.
The new mutants had locomotor activity
rhythm of ~22.5 h, that is ~1.5 h shorter than the
normal. They exhibited weak, long-period
rhythms of locomotor activity in constant dark-
ness, instead of lack of circadian rhythm in per®
mutant. In contrast, they showed normal court-
ship activity. The researchers named the mutant
per®. But they noticed that the mutation was not
related to the usual per mRNA.P¥ In 1990, they
identified the location of the gene on the X chro-
mosome, and called it, guess what? Clock (Clk).
The mutant Clk, as they uncovered, shortened
the circadian cycle by 1.5 hours.P*

A mutation on X chromosome with the oppo-
site effect was discovered by Konopka’s team in
1991. Reciprocal to Clk, the mutation lengthens
the period of the circadian eclosion and locomo-
tor activity rhythms by 1.5-2.0 hours. Since it
slows down the rhythm, they named the mutant
gene Andante (And).*! Andante is semi-dominant
and also control other genes; such as lengthen-
ing the periods of other clock gene mutants, in-
cluding Clk, and alleles of the per locus. In 1994,
they discovered a new mutant, a reciprocal gene
which acts as an ultrafast clock, called per?. This
gene is also semidominant and interact with the
long-period Andante allele.B* In 2002, Roshbash’s
team discovered another mutation called Time-
keeper (Tik). Tik is a unique dominant allele, ho-
mozygous condition of which is lethal. Like And,
it also lengthens the rhythm by degrading PER
protein.””1 It was then realised that And and Tik
code for the same protein casein kinase type 2
(CK2)—And codes for the o chains, and Tik for
the g chains. (The Drosophila CK2 was isolated in
1983 as a regulatory enzyme in development
and was found to consist of two o chains and
two g chains.P?))

Hall and Roshbash’s team identified in early
1998 a new clock gene called cycle (cyc) from
chromosome 3. They found that homozygous cyc
mutant flies are completely arrhythmic. Mutant
flies have little or no transcription of the per and
tim genes. Cloning of the gene indicates that it
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also encodes a bHLH-PAS (basic helix-loop-helix
and PAS domains) transcription factor and is a
Drosophila homolog of the human protein
BMAL1. Thus, CYC and CLK are both bHLH-PAS
transcription factors. CYC/CLK heterodimer
binds to per and tim E boxes and makes a major
contribution to the circadian transcription of the
clock genes.P%

In 1999, Rosbash’s team discovered a new
clock gene and its protein. They named it circa-
dianly regulated gene (crg-1). Like per and tim, crg-1
oscillates with a 24 h period in light/dark condi-
tions, with a maximal abundance at the begin-
ning of the night. These oscillations persist in
complete darkness and depend upon per and tim
proteins.* Around that time Young and Justin
Blau found that a gene vrille (uri) is also essential
for proper circadian cycle, and that it is influ-
enced by CLK and CYC to oscillate with the
rhythm. In addition, they showed that CLK and
VRI proteins independently regulate the levels of
a neuropeptide, pigment dispersing factor (PDF)
(later identified as the circadian pacemaker pro-
tein)."Y But the vri gene itself was discovered by
French geneticists Héléne George and Régine
Terracol, at the Institut Jacques Mono of Centre
National de la Recherche Scientifique-Université
Paris, two years before. George and Régine Ter-
racol identified that vri encodes a new member
of the basic leucine zipper (bZIP) family of tran-
scription factors closely related to gene 9 of the
frog Xenopus laevis, and is essential for embry-
onic development in Drosophila.*?!

In 2001, Young and his team demonstrated
glycogen synthase kinase-3 (GSK-3) ortholog
shaggy (SGG) as a regulator of TIM maturation
and accumulation in the early night by causing
phosphorylation.®! (GSK-3 was discovered in
1980 as an enzyme that phosphorylates glycogen
synthase in rabbit muscle.®)) In 2003, they fur-
ther showed that PAR domain protein 1 (PDP1)
and VRI acted concertedly for the repression and
activation of CLK/CYC cycle. The noted that mu-
tant (null) PDP1 lacked circadian rhythm, indi-
cating that PDP1 is an essential clock gene. The
interaction between CLK/CYC with VRI and PDP1
gives rise to another feedback loop, separate
from but interlinked with PER/TIM cycle.** (PDP1

was discovered in 1997 as a novel bZIP transcrip-
tion factor requisite in cellular differentiation
during Drosophila development.#l)

Now, these whole cohort of genes were dis-
covered. But one mystery remains. Since light is
the primary factor in circadian rhythm, then
how does light influence these genes? In the late
1998, Hall and Roshbash’s team discovered a
mutant gene in the middle of the right arm of
chromosome 3 at the position of a cryptochrome
gene, a gene for sensitivity to blue light. They
gave a rather catchy name, cry*®. They simulta-
neously identified the protein CRY as the main
photoreceptor system. The activity of cry is un-
der circadian regulation, and influenced by other
genes such as per, tim, Clk, and cyc.®! The gene
product CRY is a major light-sensitive
(photoreceptor) protein in Drosophila. CRY be-
longs to a class of flavoproteins called crypto-
chromes—hence, the name CRY—that are sensi-
tive to light. The Drosophila CRY protein is struc-
turally and functionally very similar to that of
the bacterial 64 photolyase. CRY was in fact
originally discovered in 1993 by Margaret Ahmad
and Anthony R. Cashmore, at the University of
Pennsylvania, from the plant Arabidopsis
thaliana.*¥ Different cryptochromes are involved
in the circadian rhythms of plants and animals.
Their resemblance to bacterial 64 photolyase
indicates that they are replacement to
photolyases during eukaryotic evolution.

In the mid-1998, Hall and Jae H. Park isolated
a gene encoding a neuropeptide (protein acting
on the nerve cells) in Drosophila. They named the
protein pigment-dispersing factor (PDF), based
on one of the roles it plays in crustacean body
colour. The protein was initially discovered in
1993 by K. Ranga Rao and John P. Riehm, at the
University of West Florida, as a member of pig-
ment-dispersing hormones (PDHs). These PDHs
control the colour changing pattern in the in-
tegument and eye of crustaceans.® PDH in Dro-
sophila was first discovered in 1995 by a German
biologist Charlotte Helfrich-Forster at the Insti-
tut fur Botanik, Tubingen, Germany. They found
that PDH is produced by neurones and may play
a role in circadian rhythm by interacting with
PER-containing glial cells.? Hall and Park found
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that pdf gene is intronless and present in a sin-
gle copy at 97B on chromosome 3, but they did
not find any effect or involvement in circadian
rhythm.P With the help of Rosbash’s team, they
found in 1999 that mutation in pdf causes cir-
cadian malfunction. They discovered that PDF is
expressed by lateral neurone ventral clusters
(LN,). When they selectively ablated the LN,
neurones, circadian rhythm was disturbed, indi-
cating that these neurones are the principal cir-
cadian pacemakers. This further showed that
PDF is the principal neurotransmitter in cir-
cadian rhythm.F!

In 2000, Roshbash’s team discovered a new
clock-regulated gene, which they named takeout
(to). to is a member of a novel gene family and is
implicated in circadian control of feeding behav-
iour. Its gene expression is down-regulated in all
clock mutants. In wild-type flies, to mRNA ex-
hibits daily cycling expression but with a novel
phase, delayed relative to those of the better-
characterised clock mRNAs, per and tim.

A Day in the Life... of Drosophila

Drosophila spend their entire lives in small

areas near the ground, and use their circadian
clock to maintain their daily rhythms of rest and
activity, so as to adjust their behaviour appropri-
ately to the daily rhythms of their local environ-
ment. Compound eyes, ocelli, and Hofbauer-
Buchner eyelets (HB eyelets) are the direct exter-
nal light-detecting (photoreceptor) organs in Dro-
sophila, of which the compound eyes are the
largest and are the most important for light en-
trainment. It is important to note that the pres-
ence or function of external eyes is not prerequi-
site for Drosophila to respond to light input, and
that circadian rhythms persist in constant dark-
ness. Nonetheless, the photoreceptors are re-
quired for measuring the day length and detect-
ing moonlight. In particular, the compound eyes
are necessary for adjusting the phase of the ac-
tivity rhythm, for differentiating long days from
constant light, and for the normal masking ef-
fects of light, such as inducing activity by light
and inhibition by darkness.!

There are two distinct activity peaks in Droso-
phila at approximately dawn and dusk in 12:12
hour light-dark cycles. These peaks are termed
the M (for morning) and E (for evening) peaks
respectively. They act as mutually coupled stim-

Fig. 4 | The clock neurons of the Drosophila brain. Left panel: seven groups of clock neurons. The lateral neurons
are organized into a ventral cluster that include small (s-LN,s) and large (I-LN,s) cells, a dorsal cluster (LNg4s) and a
posterior cluster (LPys). The dorsal neurons include three clusters designated as DNy, DN, and DNs. Several neu-
ropiles are indicated: medulla (ME) and lobula (LOB) in the optic lobe and pars intercerebralis (PI), mushroom bodies
(MB) and ellipsoid body (EB) in the central brain. Central panel: projections of the different clock neuron subsets: s-
LN,s and I-LN,s (orange), LNgs and fifth PDF-negative s-LNv (red), DN;s (blue). Right panel: communication between
neuronal clusters involves PDF from s-LN,s to LNgs and DN;s as well as from I-LNys to LNgs, and glutamate from DNys
to s-LNvs. [Chatterjee A, Rouyer F (2016). Control of Sleep-Wake Cycles in Drosophila. In: (Sassone-Corsi P, Christen
Y, editors) A Time for Metabolism and Hormones. Springer. CC BY-NC 2.5]
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uli in the brain and regulate the phase-angle
between the two oscillators under different day
lengths. This is the basis behind adaptation to
changing activity pattern to different season of
the year, such as short winter and long summer
days.F”l The light-sensitive proteins in the eye
called, rhodopsins, are crucial in activating the
M and E oscillations. Rhodopsin 1 and 6 are es-
pecially important because their mutation inhib-
its the masking effect of moonlight, which tends
to lengthen the nocturnal activity. The masking
effect is not influenced by the main circadian
photoreceptor protein CRY.F®

In response to the environmental light cue,
approximately 150 neurones (out of an esti-
mated 100,000 neurones) in the fruit fly brain
monitor the circadian rhythm.” These neu-
rones contain the core components of the mo-
lecular clock that act together to translate this
intracellular cycling into rhythmic behaviour.
The clock neurones are located in distinct clus-
ters in the central brain (Fig. 4). The best-
understood clock neurones are the large and
small lateral ventral neurones (I-LN,s and s-
LN,s) of the optic lobe. These neurones appar-
ently play a major role as pacemakers for loco-
motor activity rhythms. They produce PDF, a
molecule neuropeptide that acts as a circadian
neuromodulator between different clock neu-
rones. Without PDF or in pdf mutant, there is
phase-advanced E activity peak under LD condi-
tions, as well as inhibiting the shifting of M and
E peaks under long-day conditions.[®”

Drosophila circadian machinery keeps time
via daily fluctuations of clock-related proteins
which interact in what is called a transcription-
translation feedback loop (Fig. 5). The core clock
mechanism consists of two interdependent
feedback loops, namely the period/timeless
(PER/TIM) loop and the Clock/cycle (CLK/CYC)
loop.*Y The CLK/CYC loop occurs during the day
in which both CLK and CYC proteins are pro-
duced. CLK/CYC heterodimer acts as transcrip-
tion factor and binds to a promoter element
called E box to initiate the transcription of the
per and tim genes, around mid-day. DNA is tran-
scribed and translated to produce PER and TIM
proteins in the cytoplasm, and this production

exhibits a smooth increase in levels over the
course of the day. Their RNA levels peak early in
the evening and protein levels peak around day-
break. But their proteins levels are maintained
at constantly low level until dusk, because day-
light also activates the dbt gene. DBT protein
induces post-translational modifications by
causing phosphorylation and turnover of mono-
meric PER proteins. As PER is translated in the
cytoplasm, it is actively phosphorylated by DBT
(as an enzyme casein kinase 1e¢) and casein
kinase 2 (synthesised by And and Tik) as a prel-
ude to premature degradation. The actual degra-
dation is through the ubiquitin-proteasome
pathway, and is carried out by a ubiquitin ligase
called Slimb (supernumery limbs). (Slimb was
discovered in 1998 as an F-box/WD40-repeat
protein involved in body growth and patterning
during development;®? and its role in circadian
rhythm was discovered in the late 2002.1¢%1%4]) At
the same time, TIM itself is phosphorylated by
shaggy, whose activity weans off after sunset.
DBT gradually disappears, and withdrawal of
DBT promotes PER molecules to get stabilised by
physical association with TIM. Hence, maximum
production of PER and TIM occurs at dusk. At the
same time, CLK/CYC also directly activates vri
and Pdpl (the gene for PAR domain protein 1).
VRI accumulates first, 3-6 hour earlier, and
starts to repress Clk; but the incoming of PDP1
creates a competition by activating Clk. PER/TIM
dimer accumulates in the early night and trans-
locate in an orchestrated fashion into the nu-
cleus several hours later, and binds to CLK/CYC
dimers. Bound PER completely stop the tran-
scriptional activity of Clk and cyc.I®®

In the wee hour of the morning, the onset of
light degrades PER and TIM proteins in a net-
work of transcriptional activation and repres-
sion. First, light activates the cry gene, and pro-
ducing CRY as an autonomous photoreceptor.
CRY is produced by most clock neurones in the
brain, including morning (M) and evening (E)
neurones; but not all clock neurones are equally
sensitive to light. Although CRY is deep inside
the brain, it is sensitive to UV and blue light, and
thus easily signals the brain cells the onset of
light. A bright light pulse lasting for several min-
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Fig. 5 | A very simplified overview Drosophila circadian system.

utes is enough to activate cry. Once CRY is pro-
duced, it irreversibly and directly binds to TIM
causing it to break down through proteosome-
dependent ubiquitin-mediated degradation. The
CRY’s photolyase homology domain is sufficient
for light detection and phototransduction,
whereas the carboxyl-terminal domain regulates
CRY stability, CRY-TIM interaction, and cir-
cadian photosensitivity. These functions differ
from those in plants indicating that CRY in in-
sect and plant act through different mecha-
nisms.*! Another protein JET helps in the ubig-
uitination and subsequent degradation. (JET was
discovered in 2006 as a result of mutation called
jetlag that induced a sort of jetlag in Drosophila.
71) Thus, PER/TIM dimer dissociates, and the
unbound PER becomes unstable. PER undergoes
progressive phosphorylation and ultimately deg-
radation. Absence of PER and TIM allows activa-
tion of Clk and cyc genes. Thus, the clock is reset
to commence the next bout of circadian cycle for

“a day in the life” of D. melanogaster.
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