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ABSTRACT
Circadian clock function depends on the tightly regulated exclusion or presence of clock proteins within

the nucleus. A newly induced long-period timeless mutant, timblind, encodes a constitutively hypophosphory-
lated TIM protein. The mutant protein is not properly degraded by light, and timblind flies show abnormal
behavioral responses to light pulses. This is probably caused by impaired nuclear accumulation of TIMBLIND

protein, which we observed in brain pacemaker neurons and photoreceptor cells of the compound eye.
timblind encodes two closely spaced amino acid changes compared to the wild-type TIM protein; one of
them is within a putative nuclear export signal of TIM. Under constant conditions, timblind flies exhibit 26-
hr free-running locomotor rhythms, which are not correlated with a period lengthening of eclosion
rhythms and period-luciferase reporter-gene oscillations. Therefore it seems possible that TIM—in addition
to its well-established role as core clock factor—functions as a clock output factor, involved in determining
the period length of adult locomotor rhythms.

CIRCADIAN clocks regulate the physiology and be- clock genes (as reviewed by Edery 1999 and Stanewsky
2002, for example). A prominent example of post-tran-havior of organisms ranging from bacteria to hu-

mans (Dunlap et al. 2003). Genetic and molecular studies scriptional regulation is the circadianly changing phos-
phorylation of the two clock proteins PERIOD (PER) andhave revealed that temporal control of the activity of so-

called “clock genes” is the basis for such clocks (Dunlap TIMELESS (TIM). Both proteins initially accumulate in
the cytoplasm during the late day until midnight. Then1999). Cyclic expression of clock genes is organized in

the form of multiple interacting feedback loops, which both proteins translocate to the nucleus as a hetero-
dimer (Stanewsky 2002). Or, as recently demonstrated,build the core clock or “central oscillator.” Some of the

gene products directly respond to periodic changes in this translocation can occur independently, such that
PER enters the nucleus ahead of TIM (Shafer et al.the environment, thereby adjusting the circadian clock

to natural light/dark and temperature changes (Dun- 2002, 2004; Ashmore et al. 2003). In the nucleus PER
and TIM inhibit expression of their own genes by bind-lap 1999; Stanewsky 2003). The “time-of-day” informa-

tion generated by the interplay between the environ- ing to the bHLH-PAS protein transcription factors CLOCK
(CLK) and CYCLE (CYC). CLK and CYC resume theirmental input factors and the central clock genes is then

used to organize biological “clock outputs” (such as activating function and start a new cycle of per and tim
expression after TIM and PER have been cleared fromrest/activity cycles or insect eclosion rhythms) in a rhyth-

mic fashion. Genes that are part of the central oscillator the nucleus by processes involving proteasomal degrada-
tion (Naidoo et al. 1999; Grima et al. 2002; Ko et al. 2002).are usually defined by mutations that affect several such

clock outputs in parallel. For example, all known period PER seems to have a more crucial role in repressing CLK/
CYC-mediated transcriptional activation of the per and timand timeless alleles with long-period eclosion rhythms

also show long-period rest/activity cycles (Stanewsky genes, since it has been demonstrated that PER can repress
2003). transcription in the absence of TIM in vivo and in vitro

In addition to transcriptional feedback regulation, (Rothenfluh et al. 2000a; Ashmore et al. 2003; Weber
several post-transcriptional mechanisms also contribute to and Kay 2003).
maintain the robust and precise periodic expression of PER is phosphorylated by casein kinase-Iε (CK-Iε)

encoded by the double-time (dbt) gene (Price et al. 1998;
Kloss et al. 2001) as well as by CK-II (Lin et al. 2002;

1Corresponding author: Universität Regensburg, Institut für Zoologie, Akten et al. 2003). Progressive phosphorylation of PER is
Lehrstuhl für Entwicklungsbiologie, Universitätsstrasse 31, 93040 Re-

proposed to regulate PER stability in the cytoplasm andgensburg, Germany.
E-mail: ralf.stanewsky@biologie.uni-regensburg.de nucleus, and it is also thought to serve as signal for timed
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tim03 loss-of-function allele was isolated in the same screen andnuclear translocation (Price et al. 1998; Stanewsky
abolished luciferase oscillations completely (Stempfl et al.2002). TIM is a target of the glycogen synthase kinase-3
2002). The same applies for the novel tim04 allele reported

(GSK-3) encoded by the shaggy (sgg) gene (Martinek here: homozygous mutant flies show arrhythmic locomotor
et al. 2001). GSK-3-induced TIM phosphorylation seems behavior in constant darkness and temperature (DD) and

produce no detectable TIM protein (data not shown). All per-to serve as a crucial signal for properly timed nuclear
luc and tim-luc transgenics and insertion lines were previouslyentry of TIM, but not for the stability of this clock pro-
described. The following lines were used in the current study:tein. For this, tyrosine-linked phosphorylation leading
plo3b-1 (Brandes et al. 1996; Stanewsky et al. 1997a); BG-

to proteasomal degradation of TIM has been implicated luc60 (Stanewsky et al. 1997a, 1998); tim-luc:1 (Stanewsky
(Naidoo et al. 1999). et al. 1998); NOG-luc:2 (Stanewsky et al. 2002); and 8.0-luc

(Veleri et al. 2003). The 8.0-luc transgene does not containTIM is actively exported from nuclei by a CRM-
any 5� flanking regulatory sequences of per but encodes full-1-exportin-dependent process in vitro and in vivo (Ash-
length PER (except for the 10 C-terminal-most amino acidsmore et al. 2003). This mechanism could account for
of this protein), fused to the luciferase protein. The particular

the earlier nuclear accumulation of PER compared to transgenic used in the current study (8.0-luc:2) was chosen
TIM: although both proteins enter the nucleus at the because it maps to chromosome 3, which facilitated combining

it with the timblind allele. Depending on the insertion site, thesame time, TIM is initially exported again, until a regula-
8.0-luc transgenic type is expressed in small subsets of PER-tory event, perhaps nuclear phosphorylation of TIM,
expressing cells and allows measurements of free-running lu-allows PER to sequester TIM in the nucleus (discussed
ciferase oscillations accurately, because of minimal damping

in Ashmore et al. 2003). But so far, the biological rele- (Veleri et al. 2003). To determine the expression pattern of
vance of TIM nuclear export is unknown. 8.0-luc:2, the transgene was introduced into a per 01 genetic

background. Cryosections and whole-mounted adult brains ofWe isolated a new tim mutant (timblind), which encodes
flies collected at Zeitgeber time 23 (ZT23) were stained witha TIM protein that cannot be properly phosphorylated
anti-PER antibodies (cf. Veleri et al. 2003). No staining in theand is not efficiently degraded after exposure to light.
retina or any other parts of the body was detected on sections.

In contrast to wild-type TIM, the mutant protein does In brain whole mounts we observed staining in the DN1 (in
not accumulate in nuclei. One of the two mutated 13/18 brains analyzed), DN3 (in 18/18 brains), LNd (in 9/
amino acids encoded by timblind is located within a poten- 18 brains), and very rarely in the s-LNv (in 1/18 brains). No

staining was detected in the DN2 (0/18 brains). Numbers fortial nuclear export signal (NES) (Ashmore et al. 2003),
y w control flies in the same experiment were: DN1 (17/18suggesting that TIMBLIND is constitutively exported from
brains stained), DN2 (7/18 brains), DN3 (18/18), s-LNv (16/the nucleus. The phosphorylation defect of the mutant 16), l-LNv (16/16), and LNd (16/16). The tim01 allele and

protein could not be rescued by elevated levels of GSK-3, Df(2L)tim02 are described in Myers et al. (1995); sgg D127 and
indicating either that TIMBLIND is a poor substrate for EP(X)1576 [here referred to as EP(X)sgg] are described in

Martinek et al. (2001). FM7 [In(1)FM7, y 31d sc 8 w a B] is aGSK-3 or that a different kinase activity contributes to
balancer chromosome, which is free of rhythm-related variantspost-translational TIM modifications in the nucleus.
(Lindsley and Zimm 1992). To activate sgg expression,In addition to altered behavioral responses to light EP(X)sgg flies were crossed to the tim-GAL4 driver line 27 (c f.

pulses, timblind flies exhibit a period lengthening of free- Kaneko and Hall 2000).
running locomotor rhythmicity by 2 hr, similar to what timblind was determined to be on chromosome 2 by ele-

mentary segregation and was further mapped by generatinghas been described for mutants with severely decreased
recombinants between the mutant chromosome and theGSK-3 levels (Martinek et al. 2001). Interestingly, the
multi-marker chromosome al [0.4] dp [13.0] b [48.5] pr [54.5]period length of eclosion and period-luciferase reporter-
(numbers in brackets indicate the meiotic map position of

gene expression rhythms of timblind flies is normal. Since each marker; cf. Lindsley and Zimm 1992). tim was thereby
other arrhythmic or period-altering tim alleles affect mapped between al and dp at [8.0] (Myers et al. 1995). All
locomotor and eclosion rhythms in parallel (Sehgal et recombinants in the current study were tested for long-period

locomotor rhythms (26 hr), indicating the presence of theal. 1994; Rothenfluh et al. 2000b), it is possible that
timblind mutation on the recombinant chromosome. Two recom-the novel timblind mutation reveals a specific clock-output
binant stocks carrying the al and dp markers together showedfunction for TIM in regulating the period length of normal behavioral rhythms, whereas all stocks (n � 5) carrying

rest/activity cycles in adults. the markers dp, b, and pr, either in combination or individually,
gave long-period rhythms. These findings demonstrate that
the new mutation (dubbed timblind) maps between al and dp
and therefore in a region that includes the tim locus.MATERIALS AND METHODS

Behavior and eclosion: Locomotor activity of adult males
(except for the sgg D127/FM7 females, Table 2) was monitoredFlies, mutagenesis, and meiotic mapping: EMS mutagenesis

was performed in the genetic background of a period-luciferase automatically and analyzed as described in Veleri et al. (2003).
Flies were entrained for 1 day under 12 hr:12 hr light:darkreporter strain as described in Stanewsky et al. (1998). The

strain also carries the X chromosome from the Df(1)y w stock cycling conditions (LD) at 25� and then assayed for locomotor
activity for the next 5 days in the same LD regime, followed(Lindsley and Zimm 1992). Flies from this stock were used

as controls throughout this study and abbreviated as y w or by 7 days in constant darkness (DD). The daily-average histo-
grams for the LD part of the experiment shown in Figure 2tim�. In the screen, fly lines that either abolished or altered

rhythmic oscillations of reporter-gene activity were isolated. were generated first by superposing locomotor activity from
a single male, followed by superposing the daily activity of allThe timblind mutant described in the current study exhibited

dampened and phase-advanced luciferase oscillations. The flies from the same genotype. Activity periods in DD were
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analytically determined by �2 periodogram analysis (� � 0.05). Sequence analysis: Flies were entrained for 3 days in 12
hr:12 hr LD cycles and collected in liquid nitrogen, when timThe program also indicates the strength of the behavioral

rhythm (cf. Frisch et al. 1994) by computing “power” values RNA was at peak levels (ZT13–ZT15; e.g., Sehgal et al. 1995).
Total RNA was isolated from the head fraction using Trifast(reflected by the height of the periodogram peak) and the

number of 0.5-hr bins crossing the significance line (“width”). (PeqLab) according to the manufacturer’s instructions. cDNA
was obtained using RT-PCR, following the manufacturer’s in-Only flies showing periods in combination with powers �10

and width �2 were considered significantly rhythmic and had structions (Invitrogen, San Diego). Oligonucleotide primers
were generated according to the published cDNA sequencetheir period values listed in Table 2 (averages for all rhythmic

flies from a given genotype). of the tim gene (Myers et al. 1995). PCR was performed with
cDNA generated from timblind and BG-luc RNA. Fragments wereThe phase response curve (PRC) for y w control and timblind

flies was generated as described in Stanewsky et al. (1998) sequenced in both directions by using an ABI sequencer so
that the entire tim coding region was sequenced at least twice inand in the legend for Figure 5. Flies were exposed to light

pulses during the last “D” portion of a 12 hr:12 hr LD cycle both directions. Sites with base-pair exchanges were confirmed
three to four times using independent PCRs. Using EMBLafter which they were released into DD to generate a so-called

“anchored PRC” (cf. Levine et al. 1994). According to Levine software (http://www.embl.org/services/index.html) to deter-
mine the secondary structure of TIM indicated that the mu-et al. (2002), phase responses were determined after calculat-

ing the mean phase of the locomotor activity peak for each tated residues are not likely to disrupt the predicted �-helical
confirmation in this part of the TIM protein.individual fly for all the days after the light pulse was given

(5–7 days and starting 1 day after the light pulse). Using the Western blot analysis: Flies were entrained for 3 days to 12
hr:12 hr LD cycles and collected in liquid nitrogen duringsingle-fly means, a genotype mean for a given experiment was

calculated (see Levine et al. 2002 for details regarding the the next LD cycle or during the first day of constant darkness.
Protein extracts of 25 fly heads and subsequent Western blotscalculation of phase values). The values plotted in Figure 5

include various independent experiments (n) for each time were performed as described in Stanewsky et al. (1998). Poly-
clonal rat anti-TIM (Kaneko et al. 1997) and rabbit anti-PERpoint where a light pulse was given: n � 3 for ZT13, ZT15,

ZT21, ZT23, and circadian time 1 (CT1); n � 2 for ZT17 and (Stanewsky et al. 1997b) antibodies were diluted 1:10,000 in
Tris-buffered saline/Tween 20, 5% dry milk, 0.002% Na acid.ZT19; n � 1 for CT3 (where ZT0 defines the time when the

lights go on in a 12 hr:12 hr LD cycle, and CT0 defines the HRP-coupled secondary antibodies from goat (anti-rabbit for
PER and anti-rat for TIM; Pierce, Rockford, IL) were dilutedtime the lights would go on during the first day in DD after

such an LD cycle). Error bars indicate SEMs. Eclosion monitor- 1:125,000 and 1:50,000, respectively. Blots were developed by
using chemiluminescence substrates (Pierce) according to theing and analysis of adult-emergence data were performed es-

sentially as described in Mealey-Ferrara et al. (2003) using manufacturer’s instructions. HYBOND X-ray films (Amer-
sham, Buckinghamshire, UK) were scanned and quantifiedthe eclosion monitors and data acquisition system from Triki-

netics (Waltham, MA). Fly cultures of a given genotype were using ImageJ software (http://rsb.info.nih.gov/). Each West-
ern blot experiment was performed three times using indepen-raised in bottles at 25� in 12 hr:12 hr LD cycles. Three days

prior to the start of eclosion monitoring, flies were transferred dent fly collections, unless indicated differently. Light-pulsed
flies were subsequently kept in the dark (along with unpulsedto 20� and still kept in LD. For each genotype, pupae from

15 to 20 bottles were glued on a disc and eclosion was recorded control flies) for 80 min before freezing and protein extrac-
tion.at 20� for 1 day in LD, after which cultures were released into

DD (20�) and monitored for 5 additional days under this Immunohistochemistry: For photoreceptor cell stainings,
male flies were entrained for 3 days in 12 hr:12 hr LD cycles,condition. Rhythmicity for the DD portion of the experiment

was determined by autocorrelation as described (Mealey-Fer- collected, dissected under CO2, and fixed in 4% paraformalde-
hyde/0.1 m NaPO4 buffer (pH 7.4) for 4 hr at 4�. Flies wererara et al. 2003).

Bioluminescence rhythms: Individual flies carrying the per- washed in sodium phosphate buffer and heads subsequently
dissected from the body. After soaking fly heads in 25% sucroseluc or tim-luc transgenes were transferred to wells of 96-well

microtiter plates filled with 100 �l of 1% agar, 5% sucrose, in 0.1 m NaPO4 buffer (pH 7.4) overnight, cryosections and
antibody stainings using anti-PER and anti-TIM sera (seeand 15 mm luciferin solid medium. Luciferase activity using

a Topcount multiplate scintillation counter (Perkin-Elmer, above) were performed, essentially as described in Stanewsky
et al. (1997b), except that fluorescent secondary goat antibod-Norwalk, CT) was measured exactly as described in Stanew-

sky et al. (1997a). Prior to each experiment, flies were en- ies were used in the current study (568 nm Alexa anti-rabbit
for PER and 488 nm Alexa anti-rat for TIM). Samples weretrained for at least 3 days on a 12 hr:12 hr LD cycle at 25�

and kept in the same regime for the entire experiment (LD) viewed and staining was quantified using a Leica confocal
microscope. Images were analyzed for their distribution ofor for only 2 additional days after which the lights went off

for good (DD). Raw data were plotted and analyzed using nuclear and cytoplasmic PER and TIM proteins after con-
verting them into single gray-scale images using the CorelImport and Analysis software (Plautz et al. 1997). Determina-

tions of period, amplitude, and phase were effected by applica- (Dublin) draw photo paint program. “Gray values” of 10 inde-
pendent positions were measured (i) in the position of photo-tion of a Fourier transform nonlinear least squares (FFT-

NLLS) multicomponent cosine analysis. In the current study, receptor nuclei R1–R6, (ii) in the photoreceptor cytoplasm,
and (iii) within the lamina optic lobe for determining back-all records that had periods in the range of 24 	 1.5 hr (	5

hr for DD runs) and relative amplitude errors (rel-amp) 
0.7 ground levels, using the soft imaging software Analysis 3.0
(Olympus, Lake Success, NY). Average gray values of the back-were considered rhythmic. The rel-amp is obtained by dividing

the 95% confidence interval of the amplitude estimate by the ground were subtracted from the corresponding ones of the
stained structures to obtain the intensity indices on the ordi-amplitude estimate (ratio of amplitude error to most probable

amplitude). This value ranges from 0 to 1, where 0 indicates nate of Figure 6. Whole-mount stainings to reveal TIM and
PDF expression in brain pacemaker neurons were performeda rhythm with infinite precision and 1 indicates a rhythm that

is not statistically significant. Rel-amps 
0.7 indicate that the and quantified exactly as described in Shafer et al. (2002,
2004). PDF is coexpressed with TIM in the large and smallbioluminescence rhythm is due to rhythmic gene expression

(see Stanewsky et al. 1997a for how this cut-off was deter- l-LNv’s and constitutively present in the cytoplasm of these
neurons (Renn et al. 1999).mined).



754 C. Wülbeck et al.

TABLE 1

Effect of timblind on bioluminescence rhythms emanating from per-luc and tim-luc transgenic
flies in various genetic backgrounds

Genotype n % rhythmic � (hr) Rel-amp Phase (hr)

LD
plo 48 98 24.2 	 0.0 0.25 	 0.01 18.4 	 0.2
timblind; plo 31 97 24.3 	 0.1 0.35 	 0.02 17.1 	 0.3
NOG-luc 36 100 24.3 	 0.1 0.23 	 0.01 18.9 	 0.2
NOG-luc; timblind 42 98 24.2 	 0.1 0.32 	 0.01 18.1 	 0.2
BG-luc 70 100 24.4 	 0.0 0.20 	 0.01 19.5 	 0.1
BG-luc; timblind 74 100 24.1 	 0.0 0.25 	 0.01 20.3 	 0.2
tim-luc 43 100 24.3 	 0.1 0.26 	 0.01 21.1 	 0.2
tim-luc; timblind 47 98 24.3 	 0.1 0.34 	 0.02 20.5 	 0.2

DD
8.0-luc 13 100 23.6 	 0.2 0.42 	 0.02 NA
timblind; 8.0-luc 40 95 23.7 	 0.2 0.48 	 0.01 NA
BG-luc 21 86 25.5 	 0.3 0.49 	 0.02 NA
BG-luc; timblind 23 65 25.4 	 0.5 0.55 	 0.02 NA

Transgenic flies (all in a y w genetic background) were recorded for 5–7 days in 12 hr:12 hr LD cycles or
for 2 days in LD and then released into DD at 25�. Data were analyzed using FFT-NLLS software (materials
and methods) to determine “period” (�), rel-amp, and the peak time of reporter expression (or “phase”, as
the number of hours after lights on in the LD cycles). Note that all timblind reporter lines have weaker rhythms
compared with their wild-type counterparts, indicated by relatively high relative-amplitude errors for the former,
and show an earlier peak of luciferase expression in LD (except for BG-luc and 8.0-luc). Several independent
insertion lines of the BG-luc transgenic type showed increased free-running periods of reporter-gene oscillations,
as does the BG-luc60 type in this study (cf. Stanewsky et al. 1997a). NA, not applicable.

RESULTS mutant also led to higher overall luminescence levels (Fig-
ure 1; Table 1). This indicates enhanced transcriptionIsolation of a novel rhythm mutation with altered
from the tim promoter and therefore points to a defectperiod and timeless expression: In a chemical mutagene-
in feedback regulation of tim in the mutant flies.sis screen designed to isolate rhythm variants with al-

To assess the effects of the mutant on PER protein expres-tered clock function or impaired light input (Stanew-
sion under DD, we measured luminescence rhythms ofsky et al. 1998), we found a mutant with altered period
mutant and wild-type BG-luc flies for 5 days in DD (Tableexpression as reported by whole-fly period-luciferase re-
1). Mutant and control flies had period values of �25.5porter-gene oscillations. Under 12 hr:12 hr LD the mu-
hr, which is normal for that particular transgene undertant in question showed an advance of peak luciferase
these conditions (Stanewsky et al. 1997a). In addition, weexpression by �1 hr, and reporter-gene rhythms were
tested a transgenic line that expresses the entire PERless robust (Table 1) compared with those measured in
protein fused to the luciferase reporter (8.0-luc) in cer-nonmutagenized control flies (Figure 1). This was true
tain subsets of clock neurons in the central brain (mate-for period-luciferase transgenes containing per promoter
rials and methods; cf. Veleri et al. 2003). Again, free-sequences only (plo ; Brandes et al. 1996) and for con-
running period values of luciferase oscillations were thestructs containing additional noncoding sequences con-
same in control and mutant flies (Figure 1; Table 1).tributing to temporally controlled post-transcriptional

The mutant is a novel timeless allele with long-periodRNA regulation (NOG-luc ; cf. Stanewsky et al. 2002;
locomotor rhythms but with normal eclosion rhythms:Table 1). Surprisingly, only minor effects on per-luc ex-
To test the consequences of altered per and tim regula-pression were observed in transgenic flies encoding the
tion on clock-controlled behavioral rhythms, we assayedN-terminal two-thirds of the PER protein (BG-luc ; Sta-
locomotor rhythms of homozygous mutant flies in LDnewsky et al. 1997a, 1998; Table 1), indicating that PER
and in DD. Under LD conditions, mutant individualsprotein rhythms are not strongly affected by the mutation.
behaved similarly to wild-type flies (Figure 2, A and B).timeless RNA rhythms were altered when expression
They synchronized to the LD cycle and showed theprofiles of timeless-luciferase flies (in which luciferase ex-
characteristic anticipation of the lights-on and lights-offpression is driven by the tim promoter; cf. Stanewsky
transitions (cf. Hamblen-Coyle et al. 1992). The free-et al. 1998) carrying the mutation were compared with
running period (�) of homozygous mutant males wasnonmutagenized tim-luc flies: in addition to a slight phase

advance of expression and reduced rhythm strength, the 26 hr, 2 hr longer than that of the controls (Figure 2A;
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Table 2). Heterozygous mutant animals also showed a The new variant mapped to the second chromosome,
and further meiotic mapping experiments placed it inmild period lengthening, indicating that the mutation

has a semidominant effect (Figure 2A; Table 2). a region that includes the timeless locus (see materials
and methods). Therefore we tested whether several timSurprisingly, eclosion rhythms (the rhythmic emer-

gence of adult flies from the pupae) had a normal 24- loss-of-function alleles and a deletion of the gene would
fail to complement the period-alteration phenotypehr period (Figure 2C), suggesting that the mutation has

normal clock function but affects specifically locomotor caused by the new mutation. The three tim null-alleles
tested (tim01, tim03, and tim04) resulted in period valuesactivity rhythms. This is in accordance with the 24-hr

period of the free-running luciferase rhythms of 8.0-luc intermediate between the heterozygous and homozy-
gous mutant conditions (Table 2). When tested overflies in the mutant background (Figure 1; Table 1). The

8.0-luc reporter is expressed predominantly in a group the tim� deletion, period values were comparable to
those of homozygous mutant flies (Table 2), showingof clock neurons located in the dorsal brain (dorsal

neurons; see, for example, Kaneko and Hall 2000), that this variant is a novel tim mutant, which we named
timblind.which have previously been shown to contain a self-

sustained circadian oscillator (Veleri et al. 2003). The The new tim allele encodes a protein with two amino
acid substitutions: The complete tim cDNA of the mu-robust �24-hr DD luminescence rhythms emanating

from mutant 8.0-luc flies indicate that, at least in a subset tant strain was sequenced and compared with the nucle-
otide sequence of the tim� gene in the strain that wasof the clock neurons, PER protein oscillates with a nor-

mal period, despite a longer-than-normal free-running used to perform the mutagenesis. We found two single-
base-pair changes resulting in an Ala-to-Val change at posi-behavioral period.
tion 1128 and in a Leu-to-Met change at position 1131 at
the C-terminal end of the TIM protein. Both are conserva-
tive changes, and neither falls into a region of the protein
known to be important for PER:TIM dimerization or for
phosphorylation of TIM by the GSK-3 kinase nor in TIM’s
postulated nuclear localization sequence or cytoplasmic
localization domain (Figure 3; cf. Gekakis et al. 1995;
Saez and Young 1996; Martinek et al. 2001). The al-
tered sites are located within the large region of TIM
postulated to be involved in direct interaction with
CRYPTOCHROME (CRY) (Ceriani et al. 1999; Rosato
et al. 2001). Moreover, Leu at 1131 is the first residue
within a nine-amino-acid signal sequence proposed to
function as a NES for TIM (Ashmore et al. 2003). The
predicted secondary structure for the doubly mutated
region of the TIM protein is �-helical (see materials

Figure 1.—Bioluminescence rhythms recorded from per-luc
and tim-luc transgenics in wild-type and timblind genetic back-
grounds. Flies were entrained to 12 hr:12 hr LD cycles at 25� 2
days prior to the experiment and kept under these conditions
throughout the measurements (5 days) in LD experiments
(top two graphs) or were released into DD after 2 days of LD
(bottom graph). (Top) Recordings of per-luc individuals in
which luciferase expression is driven by the per promoter fused
directly to luc (plo: Brandes et al. 1996). Note that timblind flies
reached their maximum of expression earlier compared with
the control. (Middle) tim-luc flies mutant for timblind exhibited
higher expression levels compared with the controls. (Bot-
tom) 8.0-luc flies in tim� and timblind genetic backgrounds were
recorded under DD conditions to reveal the free-running pe-
riod of PER oscillations. Note that, although the amplitude
of luciferase oscillations is reduced in the mutant background,
cycle duration was not affected (see also Table 1). Biolumines-
cence was measured in counts per second. The solid and open
bars under each graph indicate when lights were off (12 hr)
and on (12 hr), respectively. Shaded bars indicate when the
lights would have been on in DD had the LD cycle been
continued (subjective day).
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Figure 2.—Locomotor behavior and adult-emergence rhythms of timblind flies under LD and DD conditions. (A) Flies were
monitored for 6 days in 12 hr:12 hr LD cycles at 25� before being released into DD for the remaining experiment (a further
7–10 days). Actograms show activity of individual flies, in which a bar indicates that the particular fly crossed the light beam at
least 15 times in a 30-min interval. Solid and open bars above each actogram indicate when the lights were on or off, respectively,
during the LD part of the experiment. To better visualize rhythmic behavior, each row of an actogram represents 2 days, whereby
data of the second day (shown horizontally) are repeated as the first day in the next row (double plot). Below each actogram
the free-running period (�) for the DD portion of the individual is indicated. (B) Histograms show daily averages of locomotor
activity in the LD portion of the experiment for a given genotype. Open and solid bars indicate relative activity levels when the
lights were on or off, respectively. Note that homozygous timblind flies and timblind/tim04 flies exhibited a broader evening activity
peak but did not show a phase delay of this peak, as would be expected for a long-period mutation (e.g., Hamblen-Coyle et al.
1992). (C) Rhythmic adult-emergence profiles of y w control (n � 919) and timblind (n � 1288) flies (n � total number of flies
eclosed). The free-running eclosion period (�) was determined by applying the autocorrelation function (materials and
methods). In an independent experiment the free-running eclosion period for y w (n � 1259) was 24.3 hr and for timblind (n �
1436) it was 24.5 hr. Solid, open, and shaded bars as in Figure 1.

and methods), and both substitutions are unlikely to cating that light-induced degradation of TIM is affected
in the mutant (e.g., Hunter-Ensor et al. 1996). Also,disrupt this conformation.

timblind interferes with the light-induced degradation levels of newly translated TIM (ZT9) are higher in the
mutant compared with controls, suggesting that newof TIM: To assess the consequences of the two amino

acid substitutions on the temporal profile of TIM expres- TIM accumulates earlier in timblind flies.
Moreover, it seems that the typical TIM mobility shiftssion, we performed Western blot experiments and

probed protein extracts of mutant and control fly heads during the day are also severely blunted in the mutant
flies, in that almost no slower-migrating forms of TIMwith anti-TIM antibodies. The mutant protein showed

reduced-amplitude oscillations in abundance during a are present in the late night (compare wild-type and
mutant lanes at ZT21 in Figure 4A, right). In wild-type12 hr:12 hr LD cycle (Figure 4A). The mutant extracts

contained considerable amounts of TIM protein up to flies these forms are thought to be generated by phos-
phorylation of TIM involving the GSK-3-kinase (Marti-several hours after the lights came on (Figure 4A), indi-
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TABLE 2

Free-running behavioral rhythms of timblind and control flies

Genotype n % rhythmic � (hr)

tim� (y w) 23 100 23.9 	 0.1
timblind/timblind 34 85 26.0 	 0.1
timblind/� 19 100 24.9 	 0.1
tim01/tim01 7 0
tim01/� 16 81 24.2 	 0.1
timblind/tim01 9 100 25.5 	 0.1
tim03/tim03 8 0
tim03/� 8 50 23.9 	 0.2
timblind/tim03 16 94 25.2 	 0.2
tim04/tim04 7 0
tim04/� 16 81 23.9 	 0.1
timblind/tim04 14 100 25.7 	 0.3
Df(2L)tim02/�a 22 100 23.9 	 0.1
timblind/Df(2L)tim02 15 94 26.2 	 0.2
EP(X)sgg/Y;tim-GAL4 21 57 21.8 	 0.1
EP(X)sgg/Y;timblind/timblind;tim-GAL4 32 18 23.5 	 0.2
sggD127/FM7; timblind/timblind 22 86 26.2 	 0.1

Flies were entrained to 12 hr:12 hr LD cycles for 5 days and then released into DD, where their behavior
was monitored for an additional 5–7 days. Except for the EP(X)sgg and sggD127/FM7 flies, all other variants
were in a y w genetic background. Period values (�) were determined by a �2 periodogram; only flies showing
periods in combination with a “power” value �10 and a time bin “width” �2 were considered rhythmic
(materials and methods).

a Data taken from Rothenfluh et al. (2000b).

nek et al. 2001), indicating that TIMBLIND is a relatively seemed to rise earlier in the mutant, similar to results
obtained under LD conditions (compare control andpoor substrate for this enzyme. In contrast to the slow-

migrating hyperphosphorylated forms of wild-type TIM mutant tracks at CT9 in Figure 4B).
Due to the anomalous stability of the mutant proteinprotein (e.g., ZT21 in Figure 4A), TIMBLIND consists of a

faster-migrating form throughout the circadian day (Fig- after lights on we named the new variant timblind and
tested it for additional light-response defects. Similar toure 4A and Figure 8). The same phosphorylation defect

was also observed under DD conditions (Figure 4B). the higher TIMBLIND protein levels in the light phase of
PER levels are affected to a lesser extent: The kinetics an LD cycle, protein levels were also increased when

of PER’s diminishing abundance after lights on was the flies were exposed to 10-min light pulses at the end
rather normal (e.g., Stanewsky et al. 1997b), except
that some fast-migrating hypophosphorylated PER mol-
ecules are visible at ZT1–ZT5 in timblind mutant animals
but not in controls (Figure 4A). Also, as for TIM, accu-
mulation of novel PER protein in the late day was ad-
vanced, and peak PER levels were lower in the mutant
compared with control flies (compare control and mu-
tant protein amounts at ZT9 and ZT21 in Figure 4A).
In contrast to TIMBLIND, however, a substantial amount of
PER protein in the mutant flies showed normal mobility
shifts (e.g., see slow-migrating forms at ZT1 and ZT3 in
Figure 4A), which for this protein involve phosphoryla-
tion by the DOUBLE-TIME kinase (Price et al. 1998).

During the first day in DD, TIM protein levels oscil-
lated with a minimal amplitude, whereas PER fluctua-
tions were again closer to normal in the timblind mutant Figure 3.—Schematic of the TIM protein. Location of all

tim point mutations that have been mapped to the nucleotide(Figure 4B). In agreement with the 24-hr free-running
level (Rutila et al. 1996; Matsumoto et al. 1999; Rothenfluhluciferase rhythms of timblind 8.0-luc flies (Table 1), PER
et al. 2000a,b). Note that the timblind variant encodes two amino

levels did not increase in a delayed manner compared acid substitutions within TIM’s C-terminal domain. See text
with the controls, as would be predicted from the 26- for details concerning the various TIM domains and target

sequences.hr behavioral rhythms (Table 2). In fact, PER levels
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Figure 4.—TIM and PER protein expression in timblind mutant flies. (A) tim� (y w) control and timblind flies were entrained for
3 days to 12 hr:12 hr LD cycles, and seven time points were collected covering the entire day. To compare protein amounts and
the phosphorylation state of tim� control and timblind (*), head extracts were loaded alternately next to each other. Equal amounts
of protein were loaded (controlled by a constitutively present cross-reacting band detected by the anti-PER serum). Open and
solid bars above the blots indicate when lights were on or off, respectively. Numbers above each lane pair indicate ZT of collection
(ZT0 is the time of lights on; ZT12, the time of lights off). Four experiments were performed under these conditions, each with
similar results. Two time points (ZT3 and ZT21) of such an independent experiment are shown to the right, to further demonstrate
the phosphorylation defects of TIM and PER in the timblind mutant (TIM and PER blots at ZT21 are underexposed to better
visualize the different migration forms). Arrows (from top to bottom: more to less phosphorylated forms) point to the different
phosphorylation forms of PER and TIM. (B) Western blot showing TIM and PER expression during the first day in DD. Control
and mutant (*) head extracts are loaded alternately as in A. Shaded and solid boxes indicate subjective day and subjective night,
respectively. Numbers above each lane pair indicate CT of collection. Three experiments were performed under these conditions,
each with similar results. (C) tim� (y w) and timblind flies were entrained for 3 days in 12 hr:12 hr LD cycles before being exposed
to 10-min light pulses (LP) at ZT21, ZT22, and ZT23. Extracts of unpulsed flies collected at the same ZT were loaded as control
wells. (Left) Western blot of head extracts incubated with anti-TIM antibody; loading as in A. (Right) Quantification of the three
experiments shown to the left. Error bars indicate SEMs.

of the night (Figure 4C). Usually this treatment results tion prompted us to investigate the behavioral response
of timblind flies to brief light pulses. For this, we generatedin the rapid degradation of TIM and consequently in

a phase advance of the molecular cycle (Figure 4C; cf. a PRC (materials and methods) for both timblind and
tim� (y w) control flies (Figure 5). The mutant fliesHunter-Ensor et al. 1996, for example), but in timblind

extracts, �60–80% of TIM protein (compared with un- reacted with small (1.5-hr) phase delays to light pulses
given at ZT15 and ZT17, which normally cause delays ofpulsed controls) was still present after the light pulse.

Altered behavioral phase responses after light pulses: �3 hr (Figure 5). The most drastic difference between
mutant and control was observed when the light pulseThe observed defect in light-dependent TIM degrada-
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cycle (Figure 6). In the controls, PER and TIM accumu-
lated in the cytoplasm in the early night (ZT17), shifted
into the nucleus around ZT19, and became almost ex-
clusively restricted to this compartment for the remain-
der of the night (ZT21, ZT23). During the early daytime
(ZT1), TIM is eliminated from the nucleus, whereas
PER remains detectable until ZT3 (cf. Zerr et al. 1990;
Hunter-Ensor et al. 1996). We found that the mutant
flies showed clear defects in TIM nuclear accumulation,
whereas the timing and localization of PER expression
was affected to a lesser extent (Figure 6). In timblind flies,
TIM signals accumulated in the cytoplasm to higher
levels compared with the controls (levels were signifi-

Figure 5.—Anchored light-phase response curve of tim�
cantly higher at ZT1, ZT3, and ZT19; see quantification

and timblind flies. Flies were entrained for 6 days to 12 hr:12 hr in Figure 6). Nuclear staining remained weak in the mu-LD cycles with �100–200 �W/cm2 white fluorescence light.
tant throughout the circadian cycle, suggesting that nu-Thereafter, flies were pulsed for 10 min with the same light
clear accumulation is severely impaired. After lights on,intensity and quality during the night portion of the seventh

LD cycle or during the first subjective day (during darkness, the weak nuclear TIM signals decreased, whereas cyto-
but corresponding to when the lights had been on during or plasmic TIM remained constant (Figure 6). This suggests
prior to LD) before releasing them to constant darkness. that cytoplasmic TIM is somehow protected from lightPulses were given at ZT13, ZT15, ZT17, ZT19, ZT21, ZT23,

degradation, probably accounting for TIM signals ob-CT1, and CT3 (hour 3 of circadian time, i.e., 3 hr into the
served during the early daytime on Western blots (Figuresubjective day). Note that timblind flies showed only small phase

delays of �1.5 hr, compared with the 3-hr delays of tim� (y 4A). In contrast, the subnormal amounts of TIM that
w) control flies at ZT15 and ZT17. The transition point (where accumulated in the nucleus responded normally to light.
phase delays change to advances) of the timblind PRC is delayed PER signals in the mutant were also found to be higherby 2 hr compared with the control plot. Error bars indicate

in the cytoplasm compared with controls throughout theSEMs. Note that for ZT17, ZT19, and CT3, SEMs could not
24-hr day. But nuclear accumulation was largely unaf-be calculated, because the experiment was performed only

twice (ZT17 and ZT19) or once (CT3) at these time points. fected, except for somewhat reduced PER levels late at
night (ZT21, ZT23; Figure 6). Overall this speaks to
PER’s ability to move efficiently into the nucleus in ad-

was given at ZT19: Whereas it caused 3.5-hr phase ad- vance of TIM (Shafer et al. 2002) or even in the apparent
vances in the controls, timblind flies reacted with a 1-hr absence of nuclear TIM at any cycle time (Shafer et al.
phase delay (Figure 5). At ZT21, the mutant individuals 2004).
also exhibited robust phase advances, whereas the con- TIMBLIND does not accumulate in nuclei of pacemaker
trols already showed a reduction in the amount of phase neurons in light-dark cycles: Behavioral rhythms in Dro-
advances at this time (Figure 5). Overall, the timblind PRC sophila are controlled, in part, by a set of clock-gene-
is blunted in the delay portion, and the transition point expressing pacemaker neurons in the lateral brain
(where delay changes to advance) is retarded by �2 hr. (called lateral neurons or LNs; e.g., Frisch et al. 1994).
The latter feature correlates well with the 2-hr period Therefore we asked whether TIM expression within a
lengthening of timblind (Table 2) and has also been ob- ventral subgroup of these neurons (LNv’s) is altered in
served in flies carrying the period lengthening perL and the timblind mutant. At ZT0, in both the large (l) and
timL1 mutations (Saunders et al. 1994; Rutila et al. 1998; small (s) LNv’s, only small amounts of TIM accumulated
Rothenfluh et al. 2000b). In these mutants, the length- in the nuclei and cytoplasm of timblind flies (Figure 7, top
ened periods were correlated with a delayed nuclear and bottom rows, respectively). In contrast, control flies
entry of PER and TIM, indicating that the PRC transition exhibited low cytoplasmic TIM levels but robust nuclear
point can be used as a marker for nuclear entry of PER signals at this time (Figure 7). We also checked TIM
and TIM (cf. Rothenfluh et al. 2000b). Since the most levels at hourly intervals up to 4 hr after the lights came
prominent aberration of the timblind PRC occurred at on. The weak nuclear signals in both l-LNv’s and s-LNv’s
ZT19—a time that roughly marks the nuclear transloca- of timblind animals had disappeared completely by ZT1,
tion of PER and TIM proteins (Curtin et al. 1995; as was the case for the controls (Figure 7). Weak cyto-
Shafer et al. 2002)—we tested whether timblind causes plasmic signals were still discernible up to ZT4 in timblind

faulty nuclear localization, which may underlie the mo- and control flies. In the s-LNv’s of timblind flies, cyto-
lecular and behavioral phenotypes described above. plasmic signals during the light phase were significantly

Impaired nuclear accumulation of TIM in photore- elevated compared with controls, similar to the situation
ceptor cells of timblind flies: First, we determined PER in the photoreceptor cells.
and TIM expression in head sections of timblind and con- Our results suggest that timblind has a drastic impact

on nuclear accumulation of its encoded protein. Nu-trol flies at various time points during a 12 hr:12 hr LD
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clear TIM levels are reduced compared with the wild- reducing GSK-3 levels to only 50% of the normal amount
by using heterozygous viable sggD127/� flies. Yet no furthertype situation, at least in the LNv’s and in photoreceptor

cells. Nevertheless, TIM molecules in the nucleus seem increase in period length was observed, suggesting that
GSK-3 levels would have to be decreased more substan-to be processed normally, since they are rapidly cleared

from this compartment by light. tially; alternatively, reducing GSK-3 levels does not en-
hance the timblind phenotype (Table 2).Effects of GSK-3 on TIM expression and behavior:

The glycogen-synthase-kinase-3 encoded by the sgg gene To determine whether sgg overexpression has an ef-
fect on the phosphorylation pattern of the mutant TIMis involved in regulating nuclear entry of the PER:TIM

complex (Martinek et al. 2001). Since timblind impairs protein, Western blot experiments were performed to
compare the temporally regulated mobility shifts of TIMnuclear accumulation, alteration of GSK-3 kinase activ-

ity could influence the observed phenotypes associated and TIMBLIND proteins under LD conditions at ZT17
and ZT21 (Figure 8). Control flies (y w;tim�) showedwith timblind. We therefore assayed locomotor rhythms of

flies in which sgg expression was driven in all timeless- increasing phosphorylation in the second half of the
night (evident as a third slow-migrating form; see arrowexpressing cells using the GAL4/UAS system (cf. Brand

and Perrimon 1993). For this, EP(X)sgg-bearing flies on the right in Figure 8) and a decrease in overall
TIM amounts beginning at ZT21, probably caused bycontaining an GAL4-inducible UAS transgene inserted

in the sgg locus (Martinek et al. 2001) were crossed to degradation in response to increased phosphorylation
(Figure 8; cf. Martinek et al. 2001). Overexpression oftim-GAL4 flies, which were in a tim� or timblind genetic

background. Progeny of this cross express sgg constitu- sgg in a tim� background did not alter either accumula-
tion or mobility of TIM dramatically: both hypo- andtively in all cells that normally express tim (Martinek

et al. 2001). Locomotor behavior of EP(X)sgg;timblind;tim- hyperphosphorylated forms of TIM were detected at
both time points (Figure 8). In a timblind mutant back-gal4 flies was compared with the same transgenic flies

carrying the tim� allele. Such overexpression of sgg re- ground, sgg overexpression had no clear effect. In partic-
ular, no clear “rescue” of the defective phosphorylationsults in a shortening of the free-running period in a

tim� genetic background (Martinek et al. 2001). Here, pattern could be observed, since most of the TIMBLIND

molecules remained in their stable hypophosphorylatedthis control type showed an advanced evening peak of
locomotor activity (data not shown), as expected for form (Figure 8). A weak band at the position of the

slowest-migrating form is visible (see arrow on the rightflies with a short free-running period (cf. Hamblen-
Coyle et al. 1992) and short period rhythms in DD in Figure 8), but we frequently saw this band in timblind

flies not overexpressing sgg (data not shown).(Table 2), as expected. timblind animals showed a similar
behavior under LD conditions, but 
80% of these flies But why do timblind animals with extra doses of sgg

activity become behaviorally arrhythmic under DD con-became rapidly arrhythmic after they were released to
DD (Table 2). The few rhythmic individuals had period ditions? Perhaps the increased GSK-3 activity ultimately

results in an enhanced turnover of the few TIMBLINDvalues intermediate to those of timblind homozygotes and
flies overexpressing sgg in a wild-type background (Ta- molecules present in the nucleus. Nuclear TIM concen-

tration might drop below a critical threshold, therebyble 2).
Martinek et al. (2001) demonstrated that reducing resulting in a breakdown of the molecular clock.

GSK-3 levels to �10% of the amounts normally present
in wild-type flies causes free-running locomotor rhythms

DISCUSSION
to be 2 hr longer than normal. To ask whether timblind flies
further increase their free-running period when GSK-3 timblind possibly enhances TIM nuclear export: In this

study we present evidence for the importance of TIMlevels are reduced, we tested them in the background of
flies heterozygous for the sggD127 mutation. This mutant nuclear accumulation for the proper regulation of lo-

comotor behavior. We isolated a chemically inducedexpresses only minimal amounts of GSK-3 enzyme, and
consequently homozygous sggD127 flies are lethal (Marti- mutation within the tim gene (timblind), whose encoded

mutant protein is constitutively hypophosphorylated, isnek et al. 2001). If reducing GSK-3 function would lead
to a stronger defect in the TIMBLIND phosphorylation pat- partially resistant to light-induced degradation, and fails

to accumulate in photoreceptor cell and neuronal nuclei.tern, we expected to see a period lengthening even after

Figure 6.—Nuclear translocation of TIM is disturbed in photoreceptors of timblind flies. (Top) Head sections of control and
timblind flies stained with anti-TIM (red) and anti-PER (green) at the ZT indicated. At least three heads per time point and fly
strain were analyzed. The retina is orientated to the right, dorsal brain at the top. Note that nuclear TIM signals are weak in
photoreceptor cells of timblind flies compared with the tim� (y w) controls, and staining in the mutant was never restricted to this
compartment. Accumulation and nuclear localization of PER is similar in timblind and control flies. (Bottom) Quantification of
nuclear and cytoplasmic PER and TIM signals (see materials and methods). Note that nuclear TIM levels remained low
throughout the night and became weaker after “lights on” in mutant flies. Cytoplasmic TIM levels remained generally higher
compared with control flies. PER accumulation was as in control flies, except for generally higher cytoplasmic levels.
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Figure 7.—Subcellular TIM distribution and response to “lights on” in pacemaker neurons of timblind flies. (Top) Typical optical
sections of large (top row) and small (bottom row) LNv’s of tim� (y w) (left) and timblind (right) flies stained for PDF and TIM.
PDF was used as an independent marker of the cytoplasm of LNv’s. Numbers above each optical section refer to Zeitgeber time.
(Bottom) Quantification of cytoplasmic (left) and nuclear (right) TIM staining in the large (top graphs) and small (bottom
graphs) ventrolateral neurons (LNv’s) during the first 4 hr of the day (means 	SEM). Solid diamonds represent tim� (y w)
controls, and solid squares represent timblind mutants.
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to hyperphosphorylated forms. Either GSK-3 is not the
responsible enzyme for nuclear phosphorylation of TIM
or there is just not enough TIM substrate because of
constant nuclear depletion of TIMBLIND.

A novel function for TIM in the nucleus? What are the
consequences of the faulty TIM phosphorylation observed
in timblind flies? They largely seem to be restricted to TIM
itself, because cyclic expression, nuclear accumulation, as
well as temporal mobility changes of PER are affected to
a lesser extent. In contrast, the TIMBLIND protein shows
drastic defects in nuclear accumulation (Figures 6 and 7)
and almost no abundance fluctuation during the circadian
cycle (Figure 4), in addition to the phosphorylation defects
described above. This is another example of a newly
emerging picture that PER and TIM can function indepen-
dently of each other (cf. Shafer et al. 2002, 2004; Ashmore

Figure 8.—GSK-3 overexpression does not restore phos-
et al. 2003; Weber and Kay 2003).phorylation defects in timblind flies. All flies were synchronized

If PER expression and function is not strongly affectedto 12 hr:12 hr LD cycles for at least 3 days before being
by timblind, how is it that the mutant flies free run with acollected at the indicated ZT. Head protein extracts were

separated by SDS gel electrophoresis, transferred to nitrocellu- 26-hr period? Although we have not determined the
lose membranes, and incubated with anti-TIM antibodies (see free-running period of PER oscillations in the behavior
materials and methods). Extracts from tim� (y w), EP(X)-

controlling clock neurons directly, recordings of lumi-sgg;tim-GAL4, and EP(X)sgg;timblind;tim-GAL4 flies were col-
nescence rhythms of flies expressing a PER-LUC fusionlected at ZT17 and ZT21 and then loaded in alternate wells
protein predominantly in clock neurons of the dorsalto better reveal different migration forms of TIM. Arrows

point to hypo- and hyperphosphorylated TIM. Note that three brain (8.0-luc ; see materials and methods) or all over
different migration forms can be distinguished in tim� and the fly (BG-luc) suggest that the circadian clock in timblind

EP(X)sgg;tim-GAL4 flies at ZT21.
flies may tick with a 24-hr period and not with a 26-hr
one, as would be predicted from their behavioral
rhythm (Figure 1; Table 1). Moreover, eclosion rhythms

The TIMBLIND protein contains two amino acid changes in free run with a 24-hr period in timblind flies (Figure 2C).
the C-terminal part of the protein, one of which (Leu1131 → This is intriguing, because other tim alleles increase the
Met) is part of a potential NES (cf. Ashmore et al. 2003). period length of locomotor rhythms and eclosion to a

Although we cannot rule out a combinatorial action of similar extent (Rothenfluh et al. 2000b). Both pupal
the two changes, our results suggest that a defect in the and adult brains contain the same set of pacemaker
proposed NES accounts for the observed timblind pheno- neurons: the ventrally located small and large lateral
types. First, the Ala1128-to-Val change is conservative and neurons (LNv’s, Figure 7), the more dorsally located
occurs in a region of the protein that is not part of any LNd’s, and three groups of neurons in the dorsal brain
known target or signal sequence and that is not involved (DN1–3; e.g., Kaneko et al. 1997; Stanewsky 2002).
in any known protein interactions (except for the large Nevertheless, eclosion and adult locomotion could be
CRY interaction domain, which consists of almost the controlled by different subsets of pacemaker neurons,
entire TIM protein; Figure 3). Therefore, this amino because we have not determined clock gene cycling
acid substitution most likely does not interfere with ei- in all of these groups under free-running conditions.
ther structure or function of TIM. Second, there is no Therefore, it is possible that some of these cells indeed
substantial accumulation of mutant TIMBLIND protein in show a period of 26 hr.
the nucleus at any time during the circadian cycle. This Alternatively, the discrepancy between the apparently
is due to either impaired nuclear entry or enhanced normal clock function and lengthened free-running pe-
nuclear export. Given that the Leu1131 → Met change riod of locomotor rhythms of timblind flies could be ex-
occurred in a putative NES, it is possible that TIMBLIND plained by a novel function of TIM in the nucleus in
is now tightly and constitutively bound to nuclear export addition to its well-established role as crucial clock factor
factors. This would also explain why we were unable to (reviewed by Stanewsky 2002). If the circadian clock
detect substantial amounts of hyperphosphorylated forms in timblind flies runs in a globally slow manner, all clock
of TIMBLIND in the second part of the night when TIM is outputs would have longer-than-normal periods. But
normally nuclear. Perhaps it is this nuclear phosphoryla- this is clearly not the case, given the normal eclosion
tion of TIM that blocks nuclear export in wild-type flies. rhythms and PER-LUC oscillations observed in the mu-
In this view it is also not surprising that overexpression of tant flies. Therefore, it seems that the timblind defect is
GSK-3 kinase, known to phosphorylate TIM, was not able not at the level of the central oscillator but rather at the

interface between the pacemaker and the output mediat-to shift mutant hypophosphorylated forms of TIMBLIND
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ing locomotor rhythms. Although TIM alone is not able whereas animals with 24-hr periods show symmetric
to function as a repressor of CLK/CYC-activated transcrip- PRCs (Daan and Pittendrigh 1976). Asymmetric PRCs
tion in vitro (Ashmore et al. 2003), it is possible that it are also typical for flies carrying the period-altering al-
acts alone or together with other proteins to regulate leles of per and tim (Saunders et al. 1994; Rutila et al.
clock-controlled-genes (CCGs) downstream of the core 1998; Rothenfluh et al. 2000a). The asymmetric PRC
molecular clock (cf. Ashmore et al. 2003). A PER-inde- compensates for the period deviations and enable en-
pendent function of TIM in regulating CCGs has been trainment with rather normal phase relationship to the
inferred from in vitro studies in which high levels of LD cycle. In the PRC of per S mutants, for example, the
TIM (without PER) resulted in the activation (rather than delay part exceeds the advance part by �4 hr (Saunders
the expected suppression) of E-box-driven reporter-gene et al. 1994). This 4-hr delay partly compensates for the
expression (Ashmore et al. 2003). That this might in- daily advance of 6 hr caused by the 18-hr free-running
deed be the case is also indicated by the distinct effects period of the mutant (Konopka and Benzer 1971).
of timblind on per-luc vs. tim-luc expression (Figure 1). Thus, per S mutants are stably entrained with an activity
Whereas per transcription occurs with an advanced peak peak in light:dark cycles that is advanced by �2 hr in
and reduced cycling amplitude compared with control comparison with wild-type flies (Hamblen-Coyle et al.
flies, tim expression levels are drastically increased, and 1992). Similarly, the large advance portion in the PRC
the cycling amplitude is also blunted. This indicates of timblind mutants compensates for the period lengthen-
differences in the regulation of the per and tim promot- ing of �2 hr. However, a kind of “overcompensation”
ers and different functions for TIM in the feedback occurs in timblind flies, because the advance portion of
regulation acting on these regulatory sequences. the PRC exceeds the delay portion by 3 hr. This is 1 hr

Behavioral light responses of timblind: TIM protein has more than necessary and, as a result, timblind mutants
an important role in transmitting light information show an activity peak that is advanced by �1 hr.
from circadian photoreceptors to the clock (Ceriani et The timblind PRC also suggests that cytoplasmic TIMBLIND

al. 1999; Busza et al. 2004; Dissel et al. 2004). As a molecules are resistant to light pulses. This is because
result, fruit flies show predictable light-induced behavioral light pulses delivered in the delay zone of the PRC
phase shifts and organized bimodal behavior under 12 (when TIM is cytoplasmic) do not cause major phase
hr:12 hr LD conditions (e.g., Hamblen-Coyle et al. 1992; delays, as is usually observed in wild type. The strong
Saunders et al. 1994). Since TIM levels in timblind mutant phase advances after light pulses in the advance zone
flies do not respond properly to light (both under regular (when TIM is nuclear) are nicely correlated with our
LD conditions and after light pulses; Figure 4), we ex- observation that the subnormal amounts of TIMBLIND

pected to observe severe alterations in the light-induced molecules able to accumulate in nuclei are rapidly de-
behavioral responses. Nevertheless, under LD condi- graded in the presence of light (Figures 6 and 7).
tions timblind flies behave very similarly to control flies, In summary, analysis of the novel timblind mutant under-
showing organized morning and evening bouts of activ- scores the importance of TIM nuclear accumulation for
ity, as well as the typical behavioral anticipation of the proper regulation of locomotor behavior during light
lights-off transition in the evening (Figure 2). entrainment and under constant conditions. Possibly as

Usually, mutations causing longer-than-normal peri- a consequence of constitutive nuclear export, TIM levels
ods also result in a phase delay of the evening activity are subnormal within cellular nuclei of timblind flies, and
peak in LD (e.g., Hamblen-Coyle et al. 1992). This is TIM phosphorylation is impaired. This results in a di-
clearly not the case for the novel variant analyzed here. minished behavioral light response but not in a failure
Compared with nonmutagenized flies, the mutant’s eve- to respond to light. Moreover, judged by normal oscilla-
ning activity peak was broader when homozygous ani- tions of per gene products and 24-hr eclosion rhythms,
mals were analyzed, suggesting that it is phase advanced pacemaker function under constant conditions seems
rather than phase delayed (Figure 2B; note also that normal, indicating a novel role for TIM in clock output.
molecular rhythms are phase advanced, too; Figures 1
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