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ABSTRACT

The period (per) gene of Drosophila melanogaster is
fundamentally involved in the generation of biological rhythms. Three
classes of per mutations which alter circadian periodicity have been
identified: per® mutants have circadian behavioral rhythms of 19h
instead of 24h; perl mutants have long period rhythms of 28h; and
pero mutants have no detectable circadian rhythms. Steps have been
taken to gather more information about per’s role in the construction
or maintenance of biological clocks.

By analyzing transformed Drosophila lines, the amount of ﬁer
product was found to be integral to the pace of the clock. Absence of.
the per product leads to arrhythmicity; more per product shortens the
period length; less per product lengthens period. In addition, single
amino acid changes in the per product can mimic these results. DNA
sequence analysis has revealed that in pero flies, a single
nucleotide change resulted in a translational stop codon and hence a
truncated protein. A valine-to-aspartic acid change in the perl
mutants lengthens period. Likewise the shortened period length in

per® mutants is a result of a serine-to-asparagine substitution.

1 and per® mutants produce

These combined studies suggest that per
hypoactive and hyperactive per proteins, respectively.

Using the sequence analysis of the mutants as a starting point,
further amino acid changes in per were created, introduced back into
the fly, and then evaluated for effects on biological rhythms. Five

out of six amino acid changes near the per® mutation also gave short

period lengths. These results suggest that the region near the per®






mutation acts as a domain to restrain per function and thereby slows
the clock.

Further insight into the nature of per function was obtained
through a cell level assay. The per mutations have a significant
effect on intercellular communication in the salivary gland cells of
third instar larvae. Dye transfer and electrophysiological
experiments indicate that gap junction conductances varies inversely
with the period of the behavioral rhythms. Such alterations in
communication in the nervous system may explain how per influences
biological rhythms.

Lastly, a detailed localization study of the per gene products
during embryogenesis shows that it is expressed in particular cells
in the brain and ventral nerve cord. This information should make it
possible to localize the focus of per’s clock function to specific

cells.






Introduction

Biological rhythms are observed throughout the plant
and animal kingdoms. Single-celled organisms such as
Gonyaulax polyedra display rhythms in phototaxis,
photosynthesis, and bioluminescence (Johnston and
Hastings, 1986; Roenneberg et.al., 1989). The fungi
Neurospora crassa show rhythms in sporulation (Feldman
and Dunlap, 1983; Dunlap, 1990). Organisms further up the
evolutionary tree such as hijher plants, insects, and
mammals all exhibit oscillations in a variety of
activities -- from leaf movements in Phaseolus
multiflorus to sleep-wake cycles in man (Bunning and
Moser, 1973; Saunders, 1977; Aschoff, 1981; Takahashi and
Zatz, 1982). Even cultured cells and tissues may show
persistent rhythms when isolated from the whole organism
(for reviews, Jacklet, 1989).

The frequency of rhythmic behavior can vary.
Ultradian rhythms are defined as having a period length
of less than 24 hours. For example, calcium oscillations,
in response to an agonist, occur with a period of 6
seconds in rat parotid acinar cells (Gray, 1988). On the
other end of the spectrum are circannual rhythms (period
~1 year) . These rhythms underlie such seasonal responses
as breeding, molting and migration in birds, and

testicular growth and hibernation/activity cycles in a






variety of other organisms (Saunders, 1977). The most
studied rhythms are those in time with the periodicity of
the most obvious cycle -- a 24 hour day. Examples of
these circadian rhythms range from the sleep/activity
cycles of nocturnal hamsters to the mating activity of
the fruit fly Dacus tryoni which occurs at dusk
(Pittendrigh and Daan, 1976; Tychsen and Fletcher, 1971).
The focus of the work presented here will be on circadian
rhythns.

The role of all rhythms, but particularly that of
circadian rhythms, is to synchronize the organism with
its environment. Honeybees use circadian timing to
synchronize their visits to particular flowers when these
blossoms are open or producing nectar (Saunders, 1977).
The selective advantage here is for both the bee and the
flower; the bees are nourished and the flowers
pollinated. In addition, this temporal organization
allows an organism to anticipate or prepare for events,
thereby providing further adaptive advantage. The body
temperature in man, for example, begins to rise before he
wakes and thus prepares the body in advance for activity
(Winfree, 1982). Colin Pittendrigh has emphasized that
circadian clocks organize "a day within" in cells and
organisms. Yet, despite the universality of biological
rhythms, much remains unknown about the construction of
this "day within" and how it is linked to

the outside world.






General characteristics about clocks

Although little is known about the organization and
biochemical components of clocks, some basic principles
have emerged.

All clocks possess a periodicity, a measure of how
often an event occurs over a given period (i.e. day,
month, year). Clocks also possess a phase, a measure of
when a rhythmic event occurs, i.e. morning, night, etc.
For example, a clock could run with a periodicity of
25.2h for a sleep/activity cycle, while ité phase of
activity could begin arbitrarily at 3AM.

A clock can have period and phase control imposed by
environment cues, a process termed "entrainment". Light
and temperature are the dominant environmental signals
(Takahashi and Zatz, 1982). For the above example, light
cues could force the period to 24h and set the phase of
activity to begin at 6AM. In man, social cues may also
effect entrainment (Aschoff, 1981; Takahashi and Zatz,
1982; Czeisler et.al., 1989). In the absence of
environmental cues (e.g. constant conditions), a
circadian clock will "free run" and reveal its natural
period. This period may not necessarily be 24h. In the
clock example given above, 25.2h would be considered the
free running period. Therefore, the free running rhythms
measured are endogenous and not mere responses to changes

in light or temperature.






In addition, free running rhythms can be "phase-
shifted", that is, reset by the application of a pulse of
light (for example). The response of a rhythm to a flash
of light given at a particular time can be plotted as a
"phase response curve" (PRC). Three general features
characterize phase response curves: a) little or no phase
shifts occur after light pulses given during the
subjective day. The subjective day is that portion of the
free running cycle which would extrapolate to when it was
light during entrainment. Therefore, the clock is
insensitive to resetting cues given during the subjective
day. b) phase delays occur after light pulses given
during the early portion of the subjective night, and c)
phase advances occur during the later portion of the
subjective night. Even though the PRC is obtained by
measuring a rhythmic function, the particular type of
phase response curve for an organism (or a mutant of that
organism --see later in introduction) reflects the
temporal properties of the underlying clock. (Saunders,
1977; Takahashi and Zatz, 1982).

Clocks are temperature compensated. Circadian and
ultradian period lengths are consistent over wide
temperature ranges (Pittendrigh, 1954; Saunders, 1977).
The temperature compensation is especially significant
when considering organisms which do not regulate their
internal body temperatures such as Drosophila and

Neurospora (Zimmerman et.al., 1968; Gardner and Feldman,






1981) . This parameter is also interesting when
considering certain vertebrates such as hibernating
species (Menaker, 1959).

Circadian oscillations are remarkably accurate.
Cycle length variation in rodents can be less than 3
minutes (Pittendrigh and Daan, 1967). DeCoursey found
that onset of activity showed a variation of only a few
minutes per day for the flying squirrel, Glaucomys volans

(DeCoursey, 1960).

Components of Circadian Systems

As diagrammed in Figure 1, there are three major
components of a circadian system (Eskin, 1979):
1) an input pathway for entrainment
2) a circadian pacemaker that generates the
oscillation
3) an output pathway that results in the
expression of the overt rhythm which can be
measured.
These three elements must be linked together in order for
entrainment to successfully have a full impact on an
overtly rhythmic process. A simple scheme such as the one
shown in Fiqure 1 also provides a framework for a number
of questions about biological clocks. For example, where
is the location of the pacemaker, of what is it composed,

is it a single cell or a complex of many cells, how is






Figure 1. A Schematic Model of the Components of a Circadian System [After Eskin (1979).]
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the environmental information deciphered and then relayed
to the circadian pacemaker? How does the circadian
pacemaker control the activity of its outputs? In
addition, this outline is useful in interpreting data.
For example, elimination of rhythmicity in a mutant could
result from a disruption of either the pacemaker or the

output pathway.

The genetic dissection of biological clocks

The genetic approach to understanding the control of
biologicél rhythms has involved the dissection of clocks
via isolation of a number of circadian mutants. The
underlying principle is that the molecules composing
rhythmic systems must be encoded by genes. The isolation
of the gene and the subsequent determination of the
structure, function, and tissue distribution of the
individual gene product can be accomplished. Very complex
biological processes, such as pattern formation (Reid,
1990) and tumor development (Bishop, 1991) have become
better known as the molecular components are isolated and
their functions are idéntified.

Thus far, the first steps of this reductionist
approach to clock biology have been fruitful. A number of
mutants that affect circadian rhythms have been found in
a wide variety of species: seven in Chlamydomonas

reinhardi (Bruce and Bruce, 1978; Feldman, 1983;
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Mergenhagen, 1984), seven in Neurospora crassa (Feldman
and Dunlap, 1983; Dunlap, 1990), one in Lucilia cupina
(Smith, 1987), one in the Mesocricetus auratus (Ralph and
Meneker, 1987) and eight in Drosophila melanogaster
(Konopka and Benzer, 1971; Jackson, 1983: Konopka, 1987Db,
Dushay et.al., 1989, Sehgal et.al., 1990, Konopka et.al.,

1991).

The Drosophila system

Drosophila offers the researcher other advantages in
addition to its genetics (Rubin, 1988). The life cycle of
the fruit fly is compacted into nine or ten days at 25°c.
Drosophila begins its life as a rather nondescript
embryo. Within 24 hours, the deceptively simple mass of
cytoplasm and one nucleus develops into a newly hatched,
first instar larva, complete with a complex nervous
system and specific behaviors. The first instar larva
will undergo a series of two molts over the next two
days; the result of these molts is the sécond, then
third, instar larva. After a further day of growth, the
third instar larva will pupate and thus begin to
metamorphose. During pupation the majority of larval
structures are replaced with those of the adult.
Approximately four days after the onset of pupation, the
adult fly will emerge (or "eclose") from the pupal case,

ready to begin the cycle once again. Each of these stages






of growth and differentiation are in the process of being
understood both on the cellular and molecular levels. For
example, the development of a subset of the nervous
system can be traced to particular sets of genes which
determine and then allow differentiation of particular
neuroblasts (Nambu et.al., 1990; Klambt et.al., 1991).
The study of rhythmic behaviors would benefit not only
from such understanding of the individual facets of the
organism but also the intergration of these parts into
the whole organism. Drosophila allows for both levels of
study.

Drosophila also offers its strength as a molecular
system. Mutants can be created relatively easily in a
variety of ways (chemical, X-ray, or by transposable
elements) (Grigliatti, 1986). Subsequently,the gene
affected by the mutagen may be cloned and the predicted
protein sequence ascertained. Localization of the gene
products -- RNA and protein -- during the development of
the fly can give further information as to the
biochemical process in which the gene participates.
Cloned genes can be introduced back into the organism.
This transformation ability allows for in vitro
manipulation of the gene to be followed by the analysis
of this manipulated gene in the fly itself. In addition,
a growing number of genes which affect different aspects
of growth and development in Drosophila have been

characterized. These, too, may be applied to the study of

9






biological rhythms. For example, mutants affecting the
visual system in the fly may aid in the dissection of the
complex phenomenon of entrainment. Drosophila allows for
the identification of not only the specific mutants which
affect rhythms but also the cell type and biochemical
process which the mutants alter. Taken together, the
Drosophila system allows for the dissection and the study
of the individual components of a biological rhythm such
as the gene, biochemical process or cell. In addition,
these components can be analyzed in the context of the
whole organism such that the behavior of the organism can

be comprehended.

Rhythms in Drosophila

Biological rhythms have been uncovered in many
stages of Drosophila development. The best studied
rhythms are in the adult: 1) on the individual level, the
locomoter or activity rhythm which is analogous to our
own "sleep-wake" cycle and 2) on the population level,
the "eclosion" rhythm. Eclosion, as mentioned above, is
the gated emergence of the adults from their pupal cases.
When a population is kept on a light:dark (L:D) cycle,
the flies will tend to emerge at dawn or just after
lights on. For the locomotor or activity rhythm, a fly
exposed to a L:D cycle shows a bimodal distribution of

activity: bouts of activity are seen primarily in the

10






early portions and later portions of the light period.
Reduced activity is seen in the middle portion of the
light period. As with behaviors that are controlled by an
internal clock, these two rhythms also persist in free-
run (ie. no environment cues given). Other adult rhythms
such as an oviposition rhythm also exist (Fluegel, 1978;
Allemand, 1983). The locomotor activity and eclosion
rhythms, however, serve as the primary assays for
experiments done in our laboratory.

The rhythms mentioned above are circadian in na;ure,
i.e., the periodicity of the behavior is roughly 24h.
Ultradian rhythms have been studied in Drosophila as
well. The best known example is that of courtship song
rhythm which has a periodicity of approximately sixty
seconds (von Schilcher, 1976; Kyriacou and Hall, 1980).
Other stages and even particular tissues have distinct
measurable rhythms. For example, Rensing reported that
isolated salivary glands from third instar larvae display
a rhythmic uptake of a voltage sensitive dye . The
periodicity of this uptake was approximately 24 hours
(Weitzel and Rensing, 1981). In sum, a rich variety of

rhythmic behaviors are available for study in Drosophila.

Drosophila clock genes

An understanding of clock biochemistry can be

approached in Drosophila by taking advantage of mutations

11






affecting biological rhythms. Several mutations affecting
the Drosophila clock have been recovered and
characterized in some detail. Eight clock genes have now
been defined in Drosophila melanogaster. Four of these
loci are found on the autosomes -- phase-angle-2 (psi-2),
phase-angle-3 (psi-3), gate (gat), and soiree (sre). psi-
2 and psi-3 cause earlier than wildtype eclosion during
L:D (light:dark) cycles. Each of these mutants, in
addition, have periods in free run (i.e. no imposed
environmental cues) that are slightly longer than normal
(24.8, 25.5h respectively). gate is closely linked and
could be allelic to psi-2. The gate mutant causes
eciosion to be poorly gated such that the flies do not
emerge during the usual narrow windows of time (Jackson,
1983). A newly discovered loci, sre, is arrhythmic (e.q.
has no discernable period) in L:D eclosion assays as well
as in free running conditions of the locomotor activity
assay (Sehgal et.al., 1990). Moreover, under L:D
conditions in the activity assays, sre displays a
reversal of phase: the flies are active during lights off
and inactive during lights on. This night activity is
opposite to that of wild-type flies and has not been seen
for any of the clock mutants in Drosophila (Sehgal
et.al., 1990).

The four X-linked loci are Andante (And), Clock
(Clk), disconnected (disco), and period (per). Andante,

as its name implies, slows down the clock -- eclosion and

12






activity period lengths are 25-26h (Konopka, 1987b;
Konopka et.al., 1991). Clock has activity cycles which
are slightly shorter than wild-type (22-23h) and
recombination mapping indicates that it may be allelic to
period (Konopka, 1987; Dushay et.al., 1990). disco was
not originally isolated by virtue of its affect on
ciradian rhythms. Instead, disco was uncovered in a
screen for visual system abnormalities; mutations in the
disco gene cause disruption of the connection between
photoreceptor cells of the eye and the optic lobe
(Steller et.al., 1987). Ecloéion and activity rhythms are
abolished in disco flies (Dushay et.al., 1989). The last
of the X-linked genes which affects circadian rhythmicity
is the period locus. It is upon this clock gene that my

thesis work has been focused.

Identification of the period locus

period (per) was the first clock gene to be
recognized in D.melanogaster (Konopka and Benzer, 1971)
and is still the most extensively studied (Konopka,
1987a; Hall and Rosbash,1987; Rosbash and Hall, 1989;
Young et.al., 1989a, Hall and Kyriacou, 1990; Kyriacou,
1990). Initial definition of per involved
characterization of three ethyl-methane sulfonate induced

0

mutant alleles. One mutant, designated per“, was

arrhythmic; another, per®, was rhythmic with a period of

13







19 hours; and a third, perl, produced long period, 29
hour, rhythms. The mutants affected circadian rhythmicity
on both the population and individual levels as measured
by the eclosion and locomotor activity assays,
respectively. Initial genetic analyses indicated that the
three mutations affected the same functional gene on the
X chromosome (Konopka and Benzer, 1971). Further genetic
analyses revealed that per was dispensable, that is, not
necessary for viability, and that the null phenotype, as
determined by analysis of chromosomal deletions removing
per, was arrhythmicity (Young and Judd, 1978). The fact
that the period of the rhythm under constant conditions
is altered by the mutations in per, implies that the gene

is somehow affecting the basic oscillator.

Additional characteristics of the per mutants and
circadian rhythmicity

Additional information about the relationship of the
per locus and biological clocks has been provided by the
study of dosage alterations and allelic interactions at
this locus (Konopka and Benzer, 1971; Konopka, 1987;
Smith and Konopka, 1982; Cote and Brody, 1986). Increased

* lead to shortened and

and decreased copies of per
lengthened circadian periods (Smith and Konopka, 1982).
Decreasing the number of per+ genes from two to one

copies lengthened period by one to two hours. Increasing

14






the dosage of per+ shortened period length by one-half to
one hour (Smith and Konopka, 1982). The maximum
shortening observed was 1.5 hours for three copies of
per+ in a male; additional copies do not shorten the
period further. The resultant period (~22.7h) still does
not equal that of a pers fly (19.0h). The observation
that decreased per dosage lengthens period while
increased dosage shortens period suggests that the perl
and per® mutations alter period by respectively
decreasing and increasing per gene product amount or

(0]

activity. Also per+/ per” gave equivalent period lengths

0 could

to per+/deletion of the locus, indicating that per
be a loss of function of the locus (Smith and Konopka,
1982).

The mutants display partial dominance (see Table 1)
(Konopka and Benzer, 1971; Konopka, 1987). Of all the per
alleles, per® exhibits the greatest amount of partial
dominance over wild-type: pers/per+ heterozygotes have a
period about two hours shorter than wild-type and about
two hours longer that pers homozygotes. pero/per+ and
perl/per+ have periods about half an hour to one hour
longer than wild-type. Table 1 also displays the
complementation between alleles. Although pero has little
affect on per® period length, it causes a lengthening of
the perl phenotype by approximately one hour. This

observation reinforces the idea that pero is null and

perl is hypomorphic. A pers/perl heterozygote has a

15






Table 1. Free running period of locomotor activity*

genotype

First X Second X

chromosome chromosome N Period =+ S.D. Phenotype
pert (CS)!  pert (FM7)2 4 244 £ 0.5 normal
per® per?® 4 arrhythmic  arrhythmic
pers pers 5 195 £ 0.4 short period
per! per! 4 28.6 £ 0.5 long period
per° per* 8 252 £ 0.4 ~ normal
pers per* 5 219 £ 0.4  intermediate
per! pert 5 255 £ 0.5 ~ normal
pers per® 6 195 £+ 04 short period
perl pero 5 30.6 = 1.3 long period
pers per! 6 22.9 + 0.4 normal--

(shortish)

*Table was adapted from Konopka and Benzer (1971). 1, CS equals
Canton S strain; 2, FM7 is a balancer chromosome; N, number of flies
tested; S.D., standard deviation.
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period length near that of wildtype (albeit just on the
short side), reinforcing the notion of per® dominance.
Taken together, the dosage and the allelic
complementation studies suggest that pero is null--
equivalent to a deletion, the perl mutation results in
less protein or a less active protein, and the per®
mutation leads to more protein or a more active protein
(Konopka and Benzer, 1971; Smith and Konopka, 1982; Cote
and Brody,1986). The exact lesions associated with each
of the mutants would await molecular analysis (see Part
I).

One of the attributes of a biological clock is the
ability to temperature compensate. In this regard the per
mutants behave rather interestingly. In wild-type flies,
the activity rhythms show very slight variation in pefiod
length with temperature change (15°C - 26°C) (Konopka and
Benzer, 1971; Konopka et.al., 1989). However, in both
perl and pers the period length is temperature dependent,
especially for perl (a 4h lengthening over the 11°
temperature range above) (Konopka et.al., 1989).
Moreover, as the temperature decreases, the mutants
behave in reciprocal ways -- perl shortens, and per®
lengthens. In other words, as the temperature decreases,
the period lengths of each of the mutants move toward the
wild-type period length. At high temperatures, the period
differences are accentuated for both perl and pers

(Konopka et.al., 1989).
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The perl and pers mutants also show an altered
sensitivity to light. Constant exposure to dim light in
the range of 0.1 to 0.8 lux caused lengthening of the
period in both per® and perl. For wildtype, equal
lengthening required 1.5 to 10 lux. In addition, constant
exposure to bright light (greater than 10 lux) has been
shown to cause arrhythmia in wildtype flies. In the per®
and perl individuals, arrhythmia could be induced;
however, the intensity of light required for arrhythmia
to be produced was in the the range of 0.6 to 3.0 1lux,
much less than wildtype (Konopka et.al., 1989). Konopka
and his collegues (1989) concluded that the
photosensitivity of the pacemaker was somehow altered in
the mutants. In this regard, it is worthwhile to note
that the per® mutant also has an altered responseAto
phase-shifting light stimuli. The phase response curve
for perS has a normal subjective night (12h) but a
shortened subjective day (approximately 7h) (Konopka,
1987b) . Also, the amount of advance or delay is greater

in the per® mutant than in wildtype (Konopka, 1987b).

These studies of the original per mutants and
circadian rhythmicity called for the determination of per
function. In addition, the alterations in the gene caused
by each of the mutations needed to be identified. This

information would shed light on the relationship between
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per and biological clocks and on the workings of clocks

in general.

Link between circadian and ultradian rhythms and beyond =

- the pleiotrophy of per

The per mutation series was discovered by Kyriacou
and Hall (1980) to have an effect on the Drosophila
courtship song. Their work indicates that per may affect
a variety of rhythmic behaviqrs in the fly; therefore,
per may be playing a more general role in clock function
than just circadian timing. The Drosophila male produces
a courtship song by a series of wing vibrations. The song
consists of pulses of wing vibrations separated by
intervals of relaxation. The periods of relaxation, known
as the interpulse interval, average about 30mseconds (von
Schilcher, 1976). Kyriacou and Hall (1980) have reported
that the length of the interpulse interval for the
Drosophila courtship song is not constant; instead the
interpulse interval oscillates rhythmically around the
mean of 30mseconds with a rahge of 29 - 35mseconds. The
period for this rhythm Qas estimated in wildtype
Drosophila melanogaster flies to be 55 - 60 seconds. The
different per mutations influence the periodicity of this
ultradian rhythm in the manner seen for circadian
behaviors: the period for per® male