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Loss of Circadian Behavioral Rhythms and
per RNA Oscillations in the Drosophila
Mutant timeless

Amita Sehgal,*t Jeffrey L. Price,T Bernice Man, i
Michael W. Young§

Eclosion, or emergence of adult flies from the pupa, and locomotor activity of adults occur
rhythmically in Drosophila melanogaster, with a circadian period of about 24 hours. Here,
a clock mutation, timeless (tim), is described that produces arrhythmia for both behaviors.
The effects of tim on behavioral rhythms are likely to involve products of the X chromo-
some-linked clock gene period (per), because tim alters circadian oscillations of per RNA.
Genetic mapping places tim on the left arm of the second chromosome between dumpy

(dp) and decapentaplegic (dpp).

Fruit flies show circadian regulation of
several behaviors (I, 2). When populations
of Drosophila are entrained to 12 hours of
light followed by 12 hours of darkness (LD
12:12), adults emerge from pupae (eclose)
thythmically, with peak eclosion recurring
every morning. The eclosion rhythm per-
sists when the entraining cues are removed
and behavior is monitored in constant dark-
ness, thus indicating the existence of an
endogenous clock. Adult locomotor activi-
ty is also controlled by an endogenous clock
and recurs rhythmically with a 24-hour
period.
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Several mutations that affect eclosion
and locomotor activity have been isolated
in behavioral screens (2—4). The best char-
acterized, and those with the strongest phe-
notypes, are mutations at the X chromo-
some-linked period (per) locus (3). Mis-
sense mutations at per can lengthen or
shorten the period of circadian rhythms,
whereas null mutations abolish circadian
thythms altogether. The per gene is ex-
pressed in many cell types at various stages
of development. In most cell types, the
period protein (PER) is found in nuclei (5,
6). A domain within PER is also found in
the Drosophila single-minded protein (SIM)
and in subunits of the mammalian aryl
hydrocarbon receptor (7), and this domain
(PAS, for PER, ARNT, and SIM) mediates
dimerization of PER (8). The amounts of
both PER protein and RNA oscillate with
a circadian period, which is affected by the
per mutations in the same manner as
behavioral rhythms‘ are affected (6, 9).
Given the homologies to sim and the aryl
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Fig. 1. Assessment of eclosion in tim flies. (A)
Eclosion of wild-type flies in constant darkness
(DD). (B) Eclosion of tim flies in DD. At the
bottom of (B) are phases of LD cycles during
entrainment (hatched boxes represent subjec-
tive day during collection). We entrained flies
by maintaining them in LD 12:12 at 25°C for 4
days. Twenty hours before the first collection,
lights were turned off. Newly emerged adults
were collected and counted every 2 hours. A
safelight that blocks wavelengths less than 600
nm (15-W bulb with a Kodak GBX-2 filter) was
used to collect the eclosing adults.

hydrocarbon receptor (which are thought
to regulate transcription), the effects of per
on behavioral thythms have been postu-
lated to depend on circadian regulation of
gene expression, including that of per
itself (9). However, neither direct proof of
this postulate nor elucidation of per’s ac-
tual biochemical function has been Torth-

coming.
Because an analysis of the molecular
mechanisms that underlie circadian

thythms requires the identification of other
components in the pathway, we conducted
a genetic screen in order to isolate new
mutations affecting biological rhythms in
Drosophila. The mutagenesis was based on
the mobilization of single P transposable
elements, as described (10). The trans-
posase-encoding, A2-3 P element from the
Engels 2 strain (11) was used to mobilize a

1603




HTTTETTTTTTTTETTETEEE

A C
Wild type 00 1300 1600 1900 2200 2500 2800 3100 3400 3700
| 2350
16 20 0 4 8 12
1 goapguuuny 1 Jupnny liuy
2 MUt 11 Ly
3 Huuut Ly 1 Lriuu
4 1 1t uuy Liang
5 nuu 11 HNTNIRTRNTNTAT
6 UL N iy L
7 Ly Lot Lraun D
DD._* 8 i8] Il nuuun tuupnun T T - T - — — T 0 T
9 uniuy nun iuuuun junun 00 1300 1600 19.00 2200 2500 28.00 3100 3400 37.00
10 auung LU UGB
11 11 1 wuul L1y nunuug
12 1 Llianenuiurngd
13 L L L1 L 1 Ll 1
B
tim
llllllll‘lsll 11 2?( 1 gll 4l 1 8 1
;I 1 111 JIaTN 111 1 1 'hn
3 1 1 1 1 T T | 1 1 110 . .. . .. .
4u L L1411t il Fig. 2. Locomotor activity profiles'in tim
5 1 1 1 1 qutr ot 111 L1 uun . .
6 f Lnng g TTERET TERENT THT flies. ShOWn are 13-day aCtIVIty records
DD —$ § Lo oanoooooaani from a wild-type (Canton S) fly (A) and

Q —LuiI LB ItuNINnI NP NIt IInuL
10 LAl Liind it i B Lui i PN I NIl iniiigrg

}; (AR RN N R R AN RN BN RN A RN N RN

from a tim fly (B). Drosophila cultures
were maintained in a light:dark cycle (LD
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12:12) for 3 days at 25°C. Adult flies from
these cultures were etherized and

placed individually in cylindrical glass tubes. Activity was then monitored at 25°C (15) in the same
LD 12:12 cycle for 7 days, and subsequently for 6 days in constant darkness (DD). Horizontal lines
represent successive 24-hour intervals (top to bottom for each record). Activity corresponds to
vertical deflections from the time lines. Time of day is indicated at the top of the records in Zeitgeber
or circadian time (ZT0 = lights on, ZT12 = lights off during entrainment). For both records, the time
of transition to DD is indicated by an asterisk. The first 24-hour interval in constant darkness is also
indicated for each record with an arrow (DD). Portions of the records shown. in (A) and (B)
corresponding to constant darkness were subjected to x square periodogram analysis (C and D,
respectively) (15) (software obtained from Mini Mitter). Records were analyzed for evidence of
periodicity in the 10- to 40-hour range. For each periodogram, the lower limit of statistical significance
(P < 0.05) is indicated by a sloping line. Prior analysis of several hundred wild-type flies by these
methods indicated that ~90% produce robust, single peaks of activity with periodicities of 23 to 25
hours (27) like that shown in (C). In contrast, periodogram analysis of 407 of 436 tim flies (93%)
showed no evidence of periodicity or showed weak multiple periodicities throughout the circadian and
noncircadian range [the latter behavior is illustrated in (D)]. Twenty-nine. of the 436 tim flies (7%)
produced weak single periodicities that were seldom in the circadian range. In no case was circadian
rhythmicity evident from visual inspection of the 436 records. Results similar to those for tim flies have

been observed for pere flies (13, 15).

P(ry*) mutator element derived from strain
R702.1 (12). Strains containing single new
insertions of P(ry*) were made homozygous
for the insertion.

Approximately 7000 homozygous second
or third chromosome lines were screened for
altered eclosion rhythms as described (3).
Because wild-type flies emerge near dawn,
cultures with large numbers of night-emerg-
ing adults were expanded for further analy-
sis. Flies from one second chromosome line
did not exhibit any preference for night or
day emergence (13). We confirmed the ar-
thythmic eclosion pattern of the new mutant
line by monitoring eclosion at 2-hour inter-
vals- for 5 days in constant darkness (DD)
after exposure to three cycles of LD 12:12
(Fig. 1). Wild-type flies under these condi-
tions showed peaks of emergence at subjec-
tive dawn (Fig. 1A). No such discernible
thythm was found in the mutant flies in
constant darkness (Fig. 1B).

Some Drosophila clock mutants have ef-
fects on both eclosion and locomotor activ-
ity thythms (2—4). To determine whether
the new mutation also affects locomotor
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activity, we monitored mutant flies for 7
days in LD 12:12 and subsequently for 6
days in DD. Wild-type flies showed rhyth-
mic behavior in LD 12:12, with peaks of
activity each morning and evening (Fig.
2A). These rhythms persisted in wild-type
flies in DD, albeit with a less obvious
bimodality (Fig. 2A). In contrast, although
they were responsive to LD cycles, flies
from the mutant line became arrhythmic
when the LD cycle was removed (Fig. 2B).
In this regard, the behavior of the new
mutant resembles that produced by per® (3,
13, 14). The thythmic activity displayed by
flies of both ‘genotypes in the presence of
light:dark cycles may be a forced response
to LD as described (14) and not indicative
of an underlying circadian clock (14). Thus
far, over 400 flies of the mutant line have
been analyzed for evidence of locomotor
activity thythms. Periodogram analysis (15)
and visual inspection of locomotor activity
records failed to detect clear circadian
thythmicity in DD in any of the tim flies
(Fig. 2).

The new clock mutation was localized
SCIENCE °
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Table 1. Recombination mapping of tim relative
to markers on the left arm of chromosome 2.
The genotypes of chromosomes that had re-
combined between tim, Sp, and J (cross 1),
between tim and dp (cross 2), or between tim
and dpp (cross 3) are shown (recombinant
chromosomes). Also indicated are the frequen-
cies of such events (number of lines with the
indicated recombinant genotype versus the to-
tal number of lines tested). The data indicate a
location for tim that is approximately 17 map
units distal to Sp, 5 map units distal to dp, and
3 map units proximal to dpp. Comparable tests
with other markers on chromosome 2 (including
fy, nub, b, cn, L, Pin, and or) were consistent
with this placement of tim (13).

Parental Recombinant
chromosomes  chromosomes” Frequency
Cross 1
+ Sp J + + o+ 15/126
tim + + + + J 1/126
tim Sp J 6/126
tim Sp + 0/126
+ Sp + 11/126
tim + J 2/126
Cross 2

al + dpb al + + + 0/36

+ tm + + + tim dp b 2/36
Cross 3

ast dpop + cl ast dpp tim + 0/94

+ + tim + + + + cl 3/94

on chromosome 2 by genetic recombination
(Table 1) and is recessive. Although a site
of P(ry*) hybridization mapped to the right
arm of the affected chromosome (53A-C)
and genetic recombination placed the ry*
marker at the same position, the site -of
insertion was not associated with the clock
mutation (16). Rather, mapping studies
with various dominant and recessive mark-
ers showed that the behavioral mutation is
located on the left arm of chromosome 2
distal to Sternopleural (Sp), which is located
at 2-22 (Table 1). Further recombination
mapping was carried out with markers in
the region extending from 2-0 to 2-16. The
mutation, which we refer to as timeless
(tim), maps between decapentaplegic (dpp)
and dumpy (dp) (Table 1). None of the
previously isolated clock mutations of Dro-
sophila maps to this chromosomal interval
(2—4). Furthermore, the tim mutation has
not been associated with any obvious mor-
phological or developmental' change. Pre-
liminary inspection of the anatomy of the
nervous system in embryos, and of the brain
and visual system in adults, also failed to
distinguish tim mutants from wild-type Dro-
sophila (13).

Both per mRNA and protein are ex-
pressed with a circadian rhythm in adults
(6, 9). These oscillations are detectable in
total RNA extracted from adult heads and
have an altered phase in per® and per’ flies.
The oscillations are abolished in per® flies.
The cycling RNA and protein, therefore,
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Fig. 3. Amounts of per RNA accumulation in the heads of
wild-type, per®, and tim flies in LD cycles. The per RNA
amounts were assayed in RNase protection assays (717, 20)
(A) RNase protection experiments showing amounts of per
and tubulin BNA at different Zeitgeber times in wild-type
(Canton S), per©, and tim flies. The repeating series of

numbers marking the lanes at the top of each autoradiograph
indicates Zeitgeber time over four successive LD 12:12 cycles for wild-type and per® flies and six cycles for tim flies. (B) Quantitative analysis of per
RNA amounts in Canton S, per®, and tim flies. For the plots presented in (B), the autoradiographs shown in (A) were analyzed with a phosphorimager,
and per and tubulin bands were quantitated. The plot shows per/tubulin ratios over a 4-day interval for wild-type and per® flies, and over a 6-day interval
for tim. For the ordinates, 1.0 represents the highest per/tubulin ratio measured in wild-type flies. All other per/tubulin ratios were normalized to
per/tubulin amounts in the wild-type maximum. Data points on days 5 and 6 of the tim record were normalized relative to the highest perftubulin ratio
on those days (17). The phase of the LD 12:12 cycle is presented at the bottom of (B). Open boxes indicate lights on; closed boxes indicate lights off.

wild-type pattern. Although fluctuations
of per RNA were observed in the tim

al interaction between tim and per that
appears to be central to the control of

ponents of a central circadian pacemak-  mutant over six LD 12:12 cycles (Fig. 3, A circadian thythms in Drosophila.
er that drives downstream behavioral and B), these fluctuations were usually of
rhythms. Because tim mutants are arrthyth-  much lower magnitude than in the wild REFERENCES AND NOTES

mic for both eclosion and locomotor ac-
tivity, per mRNA cycling was assessed in
tim flies (17). In agreement with Hardin et
al. (9), wild-type flies showed peaks of per
RNA accumulation each evening, at
about Zeitgeber time 14 (ZT14; ZT0 =
lights on, ZT12 = lights off). The smallest
amount of accumulation occurred around
ZT2. This cycling can be seen in the
‘autoradiographs of protected per mRNA
(Fig. 3A) and in the graph of per mRNA
abundance (Fig. 3B), in which data from
Fig. 3A were quantitated with a phosphor-
imager and graphically plotted. As previ-
ously shown (9), Fig. 3 also indicates that
per® flies, when monitored over a 4-day
interval in LD 12:12, did not exhibit
circadian oscillations of per RNA.

The pattern of per mRNA accumula-
tion in tim flies also differed from the

type and showed no evidence of circadian
or noncircadian rhythmicity. Similar re-
sults were obtained in each of four inde-
pendent experiments (including that de-
picted in Fig. 3) with RNA collections
representing 16 LD 12:12 cycles. In no
case did per mRNA levels appear to be
thythmic in a tim background.

The effect of tim on per RNA oscillation
suggests an interaction between these two
loci. More evidence for this interaction has
been obtained by studying the expression of
PER protein in tim flies (18), where the tim
mutation was found to block nuclear local-
ization of the PER protein. Because PER
protein has been proposed to transcription-
ally regulate expression of its own RNA
(9), perhaps its exclusion from the nucleus
in tim flies accounts for the lack of per RNA
oscillation. These data establish a function-
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Block in Nuclear Localization of period Protein
by a Second Clock Mutation, timeless

Leslie B. Vosshall,* Jeffrey L. Price, Amita Sehgal,
Lino Saez, Michael W. Youngi#

In wild-type Drosophila, the period protein (PER) is found in nuclei of the eyes and brain,
and PER immunoreactivity oscillates with a circadian rhythm. The studies described here
indicate that the nuclear localization of PER is blocked by timeless (tim), a second chro-
mosome mutation that, like per null mutations, abolishes circadian rhythms. PER fusion
proteins without a conserved domain (PAS) and some flanking sequences are nuclear in
tim mutants. This suggests that a segment of PER inhibits nuclear localization in tim
mutants. The tim gene may have a role in establishing rhythms of PER abundance and

nuclear localization in wild-type flies.

Mutations in the Drosophila period (per)
gene disrupt circadian rhythms of pupal
eclosion and adult locomotor behavior (1).
Although per has been cloned and se-
quenced and its pattern of expression has
been analyzed (2, 3), the biocheniical func-
tion of the PER: protein is unknown. PER
shares some homology with a family of
transcription factors (4-6) that possess a
common sequence motif called the PAS
domain. The PAS domain consists of two
repeats of approximately 50 amino acids
within a homology region of 258 to 308
amino acids (7).

Immunocytochemical experiments dem-
onstrated that PER is a nuclear protein in a
variety of Drosophila tissues (8, 9). In cells
of the adult fly visual and nervous systems,
the amount of PER protein fluctuates with a
circadian rhythm (10), the protein is phos-
phorylated with a circadian rhythm (10),
and PER is observed in nuclei at night but
not late in the day (8). The expression of
per RNA is also cyclic. However, peak
mRNA amounts are present late in the day,
and the smallest amounts are present late at
night (11, 12). Three mutant alleles—per®,
per®, and per'—cause arrhythmic behavior
or shorten or lengthen periods, respectively
(1). These mutations also produce corre-
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sponding changes in the rhythms of per
RNA and protein amounts (10-12) and
PER immunoreactivity in nuclei (8). This
suggests a possible role for molecular oscil-
lations of per in the establishment of behav-
ioral thythms (11). Recently, a new muta-
tion, timeless (tim), was isolated that pro-
duces arrhythmic behavior and suppresses
the -circadian oscillation of per RNA (12).
Here, we examine the effect of tim on the
expression and localization of PER protein.
We compared PER protein expression in
wild-type, per® mutant, and tim mutant flies
by staining head sections with PER anti-
body. Because the amounts of PER protein
staining in eye and brain nuclei fluctuate
daily (8), sections were prepared at four
time points. Nuclear staining in wild-type
photoreceptor cells was most prominent at
Zeitgeber times 2 and 20 (ZT2 and 20)
(13), intermediate at ZT7, and absent at
ZT13 (Fig. 1A). Because the per® mutation
introduces a stop codon in the PER reading
frame (2, 3), PER antibody specificity was
demonstrated by the absence of staining in
sections from this null mutant at each time
point (Fig. 1C). In tim mutants, nuclear
staining was not seen at any time point
(Fig. 1B). )
PER—B-galactosidase (PER—B-gal) fusion
proteins have been used extensively to study
patterns of per locus expression (9, 14, 15).
Such fusion proteins have also allowed the
functional dissection of the gene and the
encoded protein (9, 14, 15). To explore the
effect of tim on PER protein expression and
to map elements of the per locus responding
to tim, we compared patterns of expression of
a PER—B-gal fusion protein (PER-SG) (9) in
transgenic flies with a wild-type or tim mu-
tant genetic background. PER-SG contains






