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A new gene encoding a putative transcription factor
regulated by the Drosophila circadian clock

affected by the differentper mutations in the same wayFrançois Rouyer1,2, Mohammed Rachidi3,
that the circadian behavior is affected, indicating that PERClaudio Pikielny4 and Michael Rosbash
influences the expression of its own gene through a

HHMI and Department of Biology, Brandeis University, feedback loop mechanism (Hardinet al., 1990). This
Waltham MA 02254, USA and3Dépt de Biologie Moléculaire, control appears to act mostly at the transcriptional level
Institut Pasteur, Paris, France

(Hardinet al., 1992). Circadian fluctuations of PER protein
1Present address: Institut Alfred Fessard, CNRS UPR 2212, abundance and phosphorylation occur in the fly head and
91198 Gif-sur-Yvette, France lag behind mRNA oscillations by ~6 h (Siwickiet al.,4Present address: UMDNJ/Robert Wood Johnson Medical School,

1988; Zerret al., 1990; Ederyet al., 1994b; Zenget al.,Piscataway, NJ, USA
1994). PER protein enters the cell in the middle of the2Corresponding author
night, a few hours before the protein reaches its peake-mail: rouyer@iaf.cnrs.gif.fr
level (Curtinet al., 1995).

The recently isolatedtim gene (Gekakiset al., 1995;Circadian rhythms of locomotor activity and eclosion
Myerset al., 1995), is a majorper partner in the circadianin Drosophila depend upon the reciprocal autoregula-
feedback loop mechanism (Reppert and Sauman, 1995;tion of the period (per) and timeless (tim) genes. As
Rosbash, 1995).tim mRNA abundance cycles with thepart of this regulatory loop, per and tim mRNA levels
same phase asper mRNA in fly heads, andtim as welloscillate in a circadian fashion. Other cycling tran-
asper mRNA oscillations depend upon both PER andtimscripts may participate in this central pacemaker
protein (TIM) (Hardinet al., 1990; Sehgalet al., 1995).mechanism or represent outputs of the clock. In this
Like PER levels, TIM levels fluctuate with a 6 h lagpaper, we report the isolation of Crg-1, a new circa-
behind tim transcript cycling (Hunter-Ensoret al., 1996;dianly regulated gene. Like per and tim transcript
Lee et al., 1996; Myerset al., 1996; Zenget al., 1996).levels, Crg-1 transcript levels oscillate with a 24 h
In the absence of TIM, PER levels stay very low andperiod in light:dark (LD) conditions, with a maximal
PER does not cycle nor enter the cell nucleus (Gekakisabundance at the beginning of the night. These oscilla-
et al., 1995; Myerset al., 1995; Priceet al., 1995). Intions persist in complete darkness and depend upon
per0 flies, the TIM protein does not enter the nucleus butper and tim proteins. The putative CRG-1 proteins
still cycles in LD as a result of its light-induced degradationshow some sequence similarity with the DNA-binding
(Hunter-Ensoret al., 1996; Myerset al., 1996; Zenget al.,domain of the HNF3/fork head family of transcription
1996). Such reciprocal effects on PER and TIM nuclearfactors. In the adult head,in situ hybridization analysis
entry appear to result from the formation of a PER–TIMreveals that per and Crg-1 have similar expression
complex that would be responsible for the regulation ofpatterns in the eyes and optic lobes.
per and tim transcription (Gekakiset al., 1995; Hunter-Keywords: circadian rhythm/Drosophila/optic lobes/
Ensoret al., 1996; Leeet al., 1996; Myerset al., 1996;period gene
Saez and Young, 1996; Zenget al., 1996). However, it
has been recently reported that in the pacemaker neurons
of the silkmoth brain, PER and TIM are cytoplasmic and

Introduction oscillate without delay compared withperandtim mRNAs
(Sauman and Reppert, 1996). In addition, an antisenseperIn Drosophila melanogaster, a circadian clock controls
RNA is found in theper-expressing cells of the silkmoththe eclosion of adults from pupae and the locomotor
(Sauman and Reppert, 1996). These data suggest thatactivity of the adult flies (see Hall, 1995; Rosbashet al.,
another mechanism may be responsible for the circadian1996 for reviews). The circadian clock requires a proper
fluctuations of PER and TIM in the moth brain (Hall,expression of theperiod and timelessgenes:per and tim
1996; Sauman and Reppert, 1996).null mutations completely abolish the eclosion and activity

As the intimateDrosophilaclock mechanism involvesrhythms, whereasperL and perS mutations respectively
two proteins, PER and TIM, that can influence transcrip-lengthen and shorten the period of the pacemaker
tion, it is likely that transcriptional regulation participates(Konopka and Benzer, 1971; Sehgalet al., 1994). Modi-
in the transmission of the circadian information from thefications of the number of copies of theper gene produce
molecular clock to rhythmic outputs. Indeed, circadianlymore subtle changes of the circadian period (Smith and
regulated genes have been isolated in several species (seeKonopka, 1982) and transient massive rises ofper protein
Takahashi, 1993; Dunlap, 1996 for reviews) including(PER) levels induce circadian time-dependent behavioral
cyanobacteria (Liuet al., 1995), green plants (Millar andphase shifts (Ederyet al., 1994a).
Kay, 1991) and vertebrates (Lavery and Schibler, 1993;The levels ofper transcript oscillate with a 24 h period
Pierceet al., 1993; Stehleet al., 1993; Borjigin et al.,in wild-type flies (Hardinet al., 1990; Hardin, 1994) and

peak at the beginning of the night.per mRNA cycling is 1995; Falveyet al., 1995; Fonjallazet al., 1996; Green

3944 © Oxford University Press



Circadian expression of Crg-1 gene

et al., 1996). Particularly relevant is the description of containing head total RNAs from flies samples collected
every 2 h during 24 h, in a LD 12:12 schedule (Figureseveral clock-controlled genes in the moldNeurospora

(Loroset al., 1989; Loros and Dunlap, 1991; Arpaiaet al., 1A). The Crg-1 cDNA probe (CRG-1 ABC) recognized
at least three closely spaced transcripts ranging from 0.91993) in which thefrequency(frq) gene is involved in a

feedback loop mechanism that recalls theDrosophila to 1.3 kb in size. Transcripts levels increased during the
day to reach peak levels between ZT 12 and ZT 16 andclock (Aronsonet al., 1994). Recently, a set of diurnally

regulated genes has been identified inDrosophila (Van then decreased. This waveform is very similar to that of
the per mRNA, which reached a maximum level aroundGelder et al., 1995). One of them,Dreg-5, is under

bona fide circadian control and shows oscillations of its ZT 14 (Hardinet al., 1990), as shown by reprobing the
same blot with aper cDNA. The overallCrg-1 transcripttranscript abundance that are abolished inper0 flies (Van

Gelder and Krasnow, 1996). Theper-controlled Dreg-5 level is comparable withper transcript level in fly head
RNA, with the larger transcript being less abundant thangene encodes a 298-amino acid product of unknown

function whose levels oscillate in fly head extracts with a the two others at any time. The larger transcript was
individually monitored by using the CRG-1 A probe thatphase similar to the mRNA phase (Van Gelder and

Krasnow, 1996). is specific for the optional first intron ofCrg-1 (see Figure
4A). No clear phase or amplitude differences could beIn order to identify new components of theDrosophila

circadian system we have started a molecular screen for observed between the larger transcript and the three
transcripts taken together (Figure 1A and B). Phosphorim-transcripts whose abundance undergoes daily fluctuations

in the head. A subtracted head cDNA library has been ager quantification indicated that theCrg-1 transcripts
abundance oscillated with a 3- to 4-fold peak-to-troughmade that is enriched for transcripts that are more abundant

at Zeitgeber Time (ZT) 15 (3 h after light offset5 ZT amplitude in LD 12:12, whereas theper mRNA levels
oscillated with a 10- to 12-fold amplitude as expected12) than at ZT 3 (3 h after light onset5 ZT 0), like per

and tim mRNA. Here, we report the characterization of (Figure 1B; Hardinet al., 1990). When the same experi-
ment was done after 3 days in constant darkness,Crg-1Crg-1 (for Circadianly Regulated Gene), a gene whose

transcript’s abundance shows 24 h oscillations in LD transcripts oscillations with comparable phase and ampli-
tude were observed (Figure 1C). This indicated thatCrg-1conditions with the same phase asper and tim mRNAs.

The mRNA cycling persists in complete darkness, and mRNAs oscillations persist without cycling light cues.
The Crg-1 mRNA temporal expression was analyzeddepends upon the PER and TIM proteins. In theDrosophila

head,Crg-1 is highly expressed in the eyes and optic inper0 flies entrained in LD 12:12 to determine whether
Crg-1 transcripts oscillations would be subject to PERlobes, similarly toper mRNA.
control. Likeper mRNA, theCrg-1 mRNAs cycling was
completely abolished in the arrhythmicper0 mutant, evenResults
in the presence of LD cycles (Figure 2A and B). The
control of theCrg-1 transcripts oscillations by the PERSubtractive cloning of the Crg-1 gene

In order to clone genes whose transcript abundance would protein was also indicated by the analysis ofCrg-1 RNA
levels inperS flies in complete darkness (Figure 2C). Likecycle with aper-like phase, we entrained wild-type Canton

S flies in LD 12:12 and sacrificed them at ZT 3 or ZT per transcript,Crg-1 transcripts abundance oscillates with
a period of ~20 h inperS. As in wild-type flies, the15, when theper mRNA abundance is at its trough or

peak respectively.per mRNA was used as an internal amplitude of theCrg-1 RNA oscillations was weaker than
the amplitude ofperRNA oscillations. These results showcontrol for ZT 15-enriched transcripts during the subtrac-

tion procedure. Control transcripts that do not temporally that theCrg-1 and per mRNA oscillations are similarly
driven by the PER protein, althoughCrg-1 has a weakerfluctuate were also monitored (see Materials and methods).

Reverse transcription and subtractive hybridization were amplitude. TheCrg-1 transcript levels in per0 flies
appeared to be closer to the ZT 15 levels than to the ZTperformed as described in Pikielnyet al. (1994) with

minor modifications (see Materials and methods), using 3 levels of wild-type flies (Figure 2B). This suggests that
the Crg-1 RNA oscillations are mostly due to a PER-ZT 15 RNA as a source for tracer cDNA and ZT 3

RNA for driver cDNA. After three rounds of subtractive induced decrease in levels. Theper0 result predicted that
Crg-1 mRNA cycling, likeper mRNA cycling, would behybridization, the resulting (ZT 15 minus ZT 3) cDNA

was enriched ~25-fold forpercDNA as shown by Southern suppressed in atim0 genotype (Sehgalet al., 1994). Indeed,
no Crg-1 mRNA oscillations were observed in thetim0blot analysis (data not shown). The subtracted cDNA was

directionally cloned and replica filters of the library were flies (Figure 3).
differentially hybridized with the same subtracted (ZT 15
minus ZT 3) cDNA or a non-subtracted ZT 15 cDNA. The Crg-1 gene encodes three differentially spliced

transcriptsForty clones that gave signals of various intensity with
the subtracted probe but no signal with the non-subtractedCrg-1 cDNA clones were obtained by probing aDroso-

phila melanogasterretina library with the 600 bp cloneprobe were tested by hybridization to Northern blots of
ZT 3 and ZT 15 head total RNA. One of them (Crg-1) obtained from the subtracted library. The cDNA clones

were characterized, and they defined three classes ofshowed reproducible differences in mRNA abundance
between ZT 3 and ZT 15 and was analyzed further. transcripts. Their sequence was determined and compared

with the sequence of genomic clones to draw a transcription
map of theCrg-1 gene (Figure 4). The length of the threeCircadian and PER-dependent regulation of Crg-1

To analyze the daily oscillations of theCrg-1 transcript, types of cDNAs: 1296, 960 and 919 bp for types A, B
and C respectively, are in good agreement with the sizethe cDNA insert was hybridized to a Northern blot
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Fig. 1. Oscillations ofCrg-1 mRNA in per1 flies. (A) Northern blot
analysis ofCrg-1 andper mRNA in per1 flies. Flies were entrained
for 3 days in LD 12:12 and were collected on the 4th day every 2 h
from Zeitgeber Time (ZT) 0 to ZT 22. The bar at the top shows the
status (white5 ON; black5 OFF) of the light (by definition, ZT 0 is
the light onset and ZT 12 is the light offset). The same head total
RNA blot was used for the four probes. The CRG-1 ABC probe is the
600 bp cDNA clone obtained from the subtracted library and detects
three species (A, B and C) ranging from 1.3 to 0.9 kb respectively
(see text). The CRG-1 A probe is specific for the intron 1 (see text
and Figure 4A). Theper probe is the completeper cDNA and detects
a 4.5 kb transcript.rp49 probe was used to estimate the RNA amount
in each lane. DNA amount and specific activity of the probes, as well
as the exposure time, were comparable forper andCrg-1. The
experiment was repeated twice with similar results for CRG-1 ABC.
(B) Phosphorimager quantification of the Northern blot shown in (A).
The data were normalized to therp49 signal and the maximum levels
of the three sets were set to 1. (C) Quantification of a DD experiment
for Crg-1 (CRG-1 ABC probe). The hatched bar represents what
should have been light ON in LD conditions. The flies were entrained
for 3 days in LD 12:12, transferred to complete darkness for 3 days
before being collected for total head RNA extraction and Northern
analysis.

of the Crg-1 transcripts as estimated from Northern blot start at the same position. The two longest cDNA clones
on the 39 side ended at nucleotide 1296, and a putativeanalysis. RT–PCR were performed on head RNA using

primers derived from the first and second exons and polyadenylation site was found at position 1226, but we
could not definitely identify this position as the 39 end ofdetected two cDNA products whose size and sequence

was exactly the one predicted by the sequencing of the the transcripts. We cannot exclude the possibility that the
type A RNA represents a partially processed transcript,type B and C cDNA clones (data not shown). Because of

the strong size bias toward small products introduced by although its relative abundance compared with types B
and C suggests that it is a mature species. Type Athe PCR reaction, RT–PCR products corresponding to the

type A transcripts could not be detected with such primers, transcripts were also detected on poly(A)1 RNA (data not
shown), but the occurrence of several poly(A) stretchesbut they were detected with primers from the retained

first intron and the second exon. in the 39 region (Figure 4B) could allow the co-purification
of non-polyadenylated transcripts.The three Crg-1 transcripts result from differential

splicing of the first 336 bp-long intron 1. Type A transcript Conceptual translation of the three cDNAs identified
open reading frames (ORFs) of 155, 127 and 118 residuesretains intron 1 whereas types B and C transcripts result

from the use of different donor sites for the splicing of in transcripts A, B and C respectively. The ORFs start in
exon 1 for transcripts B and C, and within the retainedintron 1. Type B uses a donor splice site at position 185

whereas the smaller type C transcript is generated by the intron 1 for transcript A. The putative proteins are out of
frame in the 59 part of theCrg-1 transcripts (intron 1 foruse of an internal donor site at position 144. The three

donor splice sites and the two acceptor splice sites of the type A and exon 1 for types B and C), and share a common
100-amino-acid segment that starts at the beginning ofgene fit with the GT/AG consensus. The 59 ends were

precisely defined by RACE (Rapid Amplification of cDNA exon 2 and ends within exon 3. In the type A sequence,
an in-frame AUG codon is found at the end of intron 1Ends) using oligonucleotides from intron 1 and exon 2.

Three classes of PCR products were obtained, which (position 480). Initiation at this AUG would add an amino-
terminal segment of 14 residues to the 100-amino-acidcorrespond to the three types of cDNAs. In each class,

several clones were obtained that extend up to the same core. Surprisingly, no AUG start codons could be found
at the beginning of the ORFs derived from types B and59-most G nucleotide, indicating that the three transcripts
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Fig. 3. Oscillations ofCrg-1 mRNA in tim0 flies. Phosphorimager
quantification of a Northern blot analysis ofCrg-1 (CRG-1 ABC
probe) andper mRNA in tim0 flies in LD 12:12. Flies were entrained
and collected as described for Figure 1A.

codon is found at position 135 and two GUG codons are
found within the 41 bp segment (at positions 159 and
183) that is present in transcript B but not in C. These
putative initiators would generate translation products of
117, 109 or 101 residues respectively, from type B
transcripts. No putative initiation codons were found in
frame for type C transcripts. One CUG codon occurs at
position 369 in transcript A (upstream of the AUG)
and would initiate a 151-amino-acid protein from this
transcript. The –4 to –1 upstream sequences of both the
AUG and the non-AUG putative initiation codons do not
fit to the CANN consensus defined by Cavener and
Ray, (1991).

Preliminary results from the molecular cloning of the
Crg-1 genomic DNA fromDrosophila virilis indicate that
the sequence of exon 1 is not conserved between these
two Drosophilaspecies whose divergence is estimated to
be about 50 million years old (Beverley and Wilson,
1984). This suggests that the exon 1-encoded part of the
putative proteins is not functionally important. However,
we have found in theD.virilis DNA a 31 bp sequence
that is strictly identical to the first 31 nucleotides of the
exon 1 of theD.melanogastergene, suggesting some
conserved function in the transcriptional or post-transcrip-
tional circadian regulation of the gene or in the translational
initiation (see Discussion).

Fig. 2. Oscillations ofCrg-1 mRNA in per mutants. (A) Northern blot
analysis ofCrg-1 andper mRNA in per0 flies. Flies were entrained

CRG-1 ORFs encode a motif related to theand collected as described for Figure 1A. The experiment was
HNF3/fork head DNA-binding domainrepeated twice with similar results for CRG-1 ABC andper.

(B) Phosphorimager quantification of the data (average from two The putative translation products encoded by theCrg-1
experiments for CRG-1 ABC). The relative RNA abundance values A, B and C transcripts were compared with protein
were obtained after normalization to the ones in Figure 1B, by sequence databases, and a short segment of similarity withhybridizing the probes to a LD and a DD blot together. Therefore the

the DNA-binding domain of the HNF3/fork head familyvalues forper andCrg-1 can be compared between Figures 1B and
of transcription factors was identified. Figure 5A shows2B. (C) Quantification of a DD experiment withperS flies. The flies

were entrained for 3 days in LD 12:12 cycles and transferred to the alignment of the CRG-1 protein sequence with the
complete darkness for 3 days. Samples were collected every 4 h DNA-binding domain sequences of four proteins from
during the last LD day and the 3 h following DD days. The

this family. The similarity between CRG-1 and all theexperiment was done with the CRG-1 ABC probe and repeated once
other HNF3/fork head proteins is much weaker than withinwith similar results.
the HNF3/fork head group. CRG-1 and the HNF3/fork
head DNA-binding domain sequences can be aligned
within a region of ~30 residues that is encoded by theC. We therefore looked for possible non-AUG initiation

codons (see Discussion), downstream of the first codon exon 2 of theCrg-1 gene. This region corresponds to the
highly conserved K/RPP hook andα-helices 1 and 2 of theof theCrg-1 B and C ORFs. In the B transcript, one ACG
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Fig. 4. Crg-1 encoded transcripts and conceptual proteins. (A) Transcription map of theCrg-1 gene. Transcribed sequences are drawn as thin bars,
exons as open boxes, and ORFs as black boxes. (B) Transcripts cDNA sequences and conceptual translation. Lower case letters are used for 59 and
39 untranscribed sequences as well as intron 2 junction sequences. Upper case letters are used for exons (underlined) and retained intron 1 sequences.
The vertical bar indicates the donor splice site used for type C transcripts. Putative translation initiation codons are boxed. On the left side, A, B and
C letters show transcript types that correspond to the displayed ORFs. The ORFs are represented with single letter codes for residues; untranslated
regions (UTRs) are represented as dashed lines. The numbering starts at the transcription start and is based on the longest transcript (type A). The 39
end of the transcripts is uncertain. The end of intron 2 and the beginning of exon 3 show some sequence similarity with theαβ-repeats, a class of
repeated sequences that have been found in transcribed tandem arrays at the 87C heat-shock locus, whereas non-transcribed units are dispersed
through theDrosophilagenome (Liset al., 1981).

winged helix DNA-binding domain, which were defined by proteins (see Kaufmann and Kno¨chel, 1996). Another
conserved motif is the stretch of basic residues located atthe HNF3γ-binding site co-crystal structure (Clarket al.,

1993). A gap of two residues had to be inserted between the very end of the HNF3/fork head DNA-binding domain.
The HNF3/fork head DNA-binding domain represents ahelices 1 and 2 to keep the sequences aligned. This inter-

helix region was diverged between the HNF3/fork head variation of the helix-turn-helix (HTH) motif (Brennan,

3948



Circadian expression of Crg-1 gene

Fig. 5. Sequence similarity between CRG-1 and the HNF3/fork head DNA-binding domain. (A) Alignment between the amino acids sequence of
CRG-1 and the DNA-binding domains of four members of the HNF3/fork head family: HNF3γ, SLP-1, ILF and QRF1 (modified from Kaufmann
and Knöchel, 1996). The residues that are structurally related to the corresponding HNF3γ residues in the alignment are shaded. The bars above the
HNF3γ sequence show the position of the threeα-helices determined by crystallography (Clarket al., 1993). (B) Helical wheel representation of the
amino acid sequences in theα-helices 1 (11 residues) and 2 (10 residues) of HNF3γ, SLP1, ILF, QRF1 and CRG-1 (in bold characters), according to
the HNF3γ structure (Clarket al., 1993). The shaded area shows the hydrophobic sides of the two helices. (C) Alignment of the nucleotide sequence
of the genomic DNA encoding theCrg-1 exon 2 fromD.melanogasterto the corresponding region fromD.virilis . Sequences corresponding to the
exon 2 ofD.melanogasterare boxed and their conceptual translation is indicated below (see Figure 4B). Asterisks represent nucleotide differences
between the two species. (D) Output of the Predict protein program (Rost and Sander, 1996) indicating the position of the predicted helices in the
CRG-1 and HNF3γ sequences. H letters indicateα-helices, E indicateβ-sheets and numbers below give the corresponding reliability indexes.
Underlined residues in the HNF3γ sequence show the positions of theα-helices observed in the crystal structure (Clarket al., 1993).
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1993). The three helices form the core of the structure,
with helix 3 (the recognition helix) embedded into the
major groove of the DNA (Clarket al., 1993). The
replacement of the HNF3γ amino acids of helices 1 and
2 by the corresponding CRG-1 residues in a helical
wheel representation of the sequence shows a very strong
conservation of the structure, which keeps the hydrophobic
residues on one side of the twoα-helices (Figure 5B).

In D.virilis genomic DNA, only five silent nucleotide
substitutions were found within the 97 bp of the sequence
corresponding to theD.melanogastersecond exon (Figure
5C). Therefore, the putative CRG-1 proteins from these
two Drosophilaspecies have identical primary sequences
within the HNF3/fork-head-like domain, indicating that
this is the correct protein sequence of the second exon
and that it is under functional constraint.

The similarity between the CRG-1 protein and the
HNF3/fork head DNA-binding domain totally disappears
at the end of helix 2. However, the analysis of the
CRG-1 sequence with algorithms used to predict protein
secondary structures (Rost and Sander, 1994) indicates a
high probability of helix structure in the region of CRG-1
corresponding to helix 3 in the HNF3 sequence, in addition
to the expected helices 1 and 2 (Figure 5D). Proline
residues flank helices 1 and 2 in both the HNF3 sequence

Fig. 6. In situ hybridization analysis ofCrg-1 expression in the adultand in the CRG-1 sequence, which further underscores
wild-type head. (A and B) Horizontal sections through the eye andthe structural similarity.
optic lobe. In the retina,Crg-1 (A) andper (B) staining is observed in
cells whose location correspond to R1–R6 and R8 photoreceptors cell

Crg-1 and per show similar expression patterns in bodies (small arrows). In the optic lobe the two probes label cells of
the Drosophila head the distal (thin arrow) lamina border, cells between lamina and

medulla (arrowheads), and cells between medulla and lobula complexNorthern blot analysis showed thatCrg-1 is mostly
(at the junction between the lobula plate and the lobula, doubleexpressed in the head with a strong contribution from the
arrowheads). (C) Frontal section through the eye and optic lobe.Crg-1eyes (data not shown). In order to define preciselyCrg-1 staining is detected in the photoreceptors of the eye (small arrows). In

expression sites in the adult head,in situ hybridization the optic lobe,Crg-1 stains a cell layer at the distal lamina (thin
arrow), a few cells scattered in the proximal lamina (double thinwas performed withCrg-1 andper probes on frozen head
arrows), and cells between lamina and medulla (arrowhead).sections of wild-type flies collected at ZT 15, when
(D andE) Frontal section through optic lobes and central brain.Crg-1transcripts levels are the highest (Figure 6).
staining is seen in the same inter-neuropils regions of the optic lobes

Expression in the retina was observed in photoreceptors(single and double arrowheads), as well as scattered central brain cell
R1–R6, R7 and R8 on horizontal (Figure 6, panel A) and bodies, mostly at the periphery (small arrows). Positive cells are also

detected on the top of the calyces of the mushroom bodies (largefrontal (panel C) sections. In the optic lobes,Crg-1
arrow). (F) Df(1)64j4/Df(1)TEM-202 per– female section showing noexpression was detected in the regions between neuropils.
staining with aper probe. Abbreviations: CA, calyces; CB, centralStrong staining was seen in the distal lamina and the brain; L, lamina; LO, lobula complex; Lo, lobula; Lp, lobula plate;

region between lamina and medulla (panels A and C), M, medulla; OS, esophagus; RE, retina.
whereas a weaker signal was observed in the proximal
lamina (panel C, double arrows) and between the medulla
and the lobula complex (panels A and D, double arrow- Helfrich-Fo¨rster, 1995), and in the dorsal neurons (DNs)

above the calyces of the mushroom bodies (Eweret al.,heads). The same subsets of cells were recognized by a
perprobe (panel B; also Rachidiet al., 1997). The positive 1992). The lateral neurons could not be clearly identified

by in situ hybridization with aCrg-1 probe (nor with acells represent only a fraction of the cells located in these
regions, and very few cells are labeled in the cortical per probe; see Rachidiet al., 1997). It is possible that the

LNs contribute to the signal detected at the border betweenregion surrounding the central brain (panels A and B).
Previous studies using anti-PER antibodies (Siwickiet al., the medulla and the central brain (Figure 6, panels A and

B). However,Crg-1 labeling was clearly observed in the1988; Zerret al., 1990; Eweret al., 1992) or flies carrying
per β-galactosidase transgenes (Liuet al., 1988; Ewer area corresponding to the PER-expressing dorsal neurons

(panel E). In the central brain, numerous cell bodies wereet al., 1992) have described comparable PER expression
patterns in the eyes and optic lobes. Although we cannot detected by the CRG-1 probe at the border of the optic

lobes while some others are seen in the regions surroundingexclude that different cells expressper andCrg-1 in these
regions, it seems rather likely that the two probes label neuropils within the central brain, as observed for PER

(Siwicki et al., 1988; Eweret al., 1992).the same cells.
Neuronalper expression has been reported in a small TheCrg-1 gene was mapped to cytological position 3E

by in situ hybridization to polytene chromosomes fromset of large cells located between the medulla and the
protocerebral neuropil, the so-called lateral neurons (LNs) larval salivary glands. A deletion mapping ofCrg-1 was

done by testing for the presence of one or two copies of(Siwicki et al., 1988; Zerret al., 1990; Eweret al., 1992;
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the gene in females heterozygous for deficiencies localized In the vertebrate liver, for example, the transcription factor
DBP shows dramatic (.100-fold) circadian oscillationsto this region of the X chromosome (see Materials and

methods). This allowed us to mapCrg-1 to the 3E–3F of its RNA and protein levels (Wuarin and Schibler, 1990;
Fonjallaz et al., 1996), but the amplitude of its targetborder region, distally to theechinus(ec) locus (FlyBase,

1996). To our knowledge, no mutations altering circadian gene C7α-hydroxylase is only 5- to 10-fold (Lavery and
Schibler, 1993).rhythmicity have been identified in this region.

The Crg-1 expression pattern in the adult head closely
resembles the PER expression pattern. The one possibleDiscussion
exception is our failure to detect the PER-expressing
lateral neurons. This could indicate thatCrg-1 is notIn this paper, we have identified a new gene whose

transcript levels undergo daily fluctuations in theDroso- expressed in these cells, suggesting that its cycling might
be an output activity of a subset of pacemaker cells.phila head.Crg-1 RNA oscillations do not depend upon

external light cues and persist with a 24 h period in However, the difficulty in identifying the LNs with aper
probe (see Rachidiet al., 1997) makes this a particularlycomplete darkness. The results define the circadian nature

of the Crg-1 transcript oscillations in the fly head. The weak negative result. In the eyes, and optic lobes, and
region containing dorsal neurons, the signals obtainedCrg-1 RNA rhythm requires the presence of PER and

TIM as demonstrated by its complete suppression inper0 with per andCrg-1 probes are virtually indistinguishable
at the level of resolution obtained within situhybridizationand tim0 flies. Furthermore,Crg-1 RNA cycling in wild-

type andperS genotypes indicates that the phase and the (Figure 6; also Rachidiet al., 1997). The glial nature of
the per-expressing cells in the optic lobes is stronglyperiod of the RNA oscillations are locked to those ofper

RNA. per-dependent RNA oscillations with a similar supported by the absence of labeling with an antibody
directed against the neuronal markerelav (Ewer et al.,phase in wild-type flies were reported forDreg-5, a

transcript of unknown function that was recently isolated 1992). Taken together, these results suggest thatCrg-1
expression is also glial in the optic lobe lamina andon the basis of its daily RNA fluctuations in theDrosophila

head (Van Gelder and Krasnow, 1996). medulla. The PER-expressing glial cells in the distal
medulla appear to be in contact with the tangentialThe decrease ofper and tim RNA levels is temporally

correlated with the nuclear entry of the PER–TIM complex arborization of the lateral neurons (Helfrich-Fo¨rster, 1995).
It has been suggested that they could modulate the activity(Curtinet al., 1995; Hunter-Ensoret al., 1996; Zenget al.,

1996), and overexpression of PER abolishesper RNA of the lamina interneurons L1 and L2, which show
circadian variations of axonal size inMusca (Helfrich-cycling by repressing its levels (Zenget al., 1994).Crg-1

RNA levels inper0 flies appear to be closer to peak rather Fo¨rster, 1995; Pyza and Meinertzhagen, 1995).
All three Crg-1 transcripts detected in the adult headthan trough levels of wild-type flies. This supports the

idea thatCrg-1 RNA cycling is driven by repression, by Northern blot hybridization undergo circadian cycling
of level with comparable phase and amplitude. Conceptualalthough the lower amplitude ofCrg-1 RNA oscillations

makes the distinction between peak and half-peak levels translation revealed three ORFs with two unusual features:
(i) the first codon in each of the three transcripts ORFs isless certain than forper mRNA. High RNA levels inper0

flies were also reported forDreg-5 (Van Gelder and not in frame with the others, although the three ORFs are
identical within the second and third exons; and (ii) theKrasnow, 1996).per-promoter-driven RNA oscillations

are mostly regulated at the transcriptional level (Hardin ORFs derived from the B and C transcripts do not contain
putative AUG initiation codons. The only in-frame AUGet al., 1992). The phase similarity betweenCrg-1 andper

RNA cycling is consistent with the finding that both codon is located at the end of intron 1 in the type A
transcript; we cannot exclude that this is the onlyCrg-1oscillations could depend on the same transcriptional

mechanism, although it cannot be excluded that a PER– transcript that is translated. However, this unique in-frame
AUG is not in a good sequence context and is precededTIM-dependent post-transcriptional process regulates the

stability of Crg-1 transcripts. In this context, high A/U within the first intron by four out-of-frame AUG. If
transcripts B and C are translated, initiation would havecontent (70%) of the 485 nucleotides 39 UTR might predict

rather unstable CRG-1 transcripts. A post-transcriptional to occur within exon 1, on a different non-AUG codon
for each transcript. Directed mutagenesis andin vitrocontribution toper RNA cycling has been suggested by

the finding ofper transcript oscillations in flies carrying translation experiments have suggested that a GUG codon
is used as initiator for theDrosophilacholine acetyltrans-a promoterlessper transgene (Frischet al., 1994).

Crg-1 RNA cycles with a lower amplitude (3- to ferase gene (Sugiharaet al., 1990) and that a CUG codon
is used for theerect winggene (DeSimone and White,4-fold) thanper (10-fold) in heads of wild-type flies. The

amplitude ofDreg-5 RNA cycling was also reported to 1993). Studies withDrosophilacultured cells have shown
that a CUG codon is the main initiator for theE74Agenebe lower than that ofper (Van Gelder and Krasnow, 1996),

whereastim RNA amplitude is similar or even greater (Boyd and Thummel, 1993).
Such in-frame codons have been found in the first exonthan that ofper RNA (Sehgalet al., 1995). This could be

due to the existence ofCrg-1-expressing cells that are not ofCrg-1, but their use would require an internal guiding
of the ribosome to initiate translation at the proper siteunder clock control; their constitutive expression would

mask the overall cycling amplitude, as demonstrated for for each of theCrg-1 transcripts. It is possible that the
sequence of the non-coding part of exon 1 preventsper in female bodies (Hardin, 1994). On the other hand, a

lower amplitude may reflect differences in the mechanisms ribosome scanning of the transcripts and directs initiation
to internal sites (see Ohet al., 1992). The choice of theresponsible for the circadian regulation ofper and tim on

one hand andCrg-1 (and possiblyDreg-5) on the other. initiator codon could then depend on the exon

3951



F.Rouyer et al.

time point. Heads were separated from bodies and head total RNA was1-downstream sequences, which are specific for each of
extracted according to the GHCl extraction protocol of the methodstheCrg-1 transcripts. A dramatic influence of downstream
book from G.Rubin’s laboratory. 15–30µg of total RNA samples were

sequences on internal initiation has been shown for the loaded on formaldehyde gels that were transferred onto nylon membranes
E74AmRNA (Boyd and Thummel, 1993). The comparison according to Sambrooket al. (1989). Random priming labeling of the

DNA probes, hybridization at 42°C and washing at 65°C were done asbetween the products derived fromin vitro translated
described in Sambrooket al. (1989). The hybridization signals wereCrg-1 mRNAs and the proteins recognized by anti-CRG-1
quantified with a PhosphorImager (Molecular Dynamics).sera inDrosophilaextracts should help to understand how

the Crg-1 transcripts are translated. Construction of the subtracted (ZT 15–ZT 3) cDNA library
The CRG-1 putative proteins show some similarity with Poly(A)1 RNA was isolated from total head RNA with magnetic

oligo(dT) beads (Promega). About 1µg of poly(A)1 RNA made fromthe DNA-binding domain of the HNF3/fork head family
flies collected at ZT 3 and ZT 15 was used to produce the tracer andof transcription factors. These proteins share a domain of
driver cDNAs. Partial hydrolysis of the RNA, reverse transcription,~100 amino acids, the so-called winged helix domain that G-tailing and PCR were performed as described by Pikielnyet al.

is sufficient to bind DNA in a sequence-specific manner (1994). The ZT 3 and ZT 15 cDNAs were tested for their relative
abundance ofper, rare transcript controlelav (Robinow and White,(reviewed by Kaufmann and Kno¨chel, 1996). Interestingly,
1988) and abundant transcript controlrp49 (O’Connell and Rosbash,the region of similarity between CRG-1 and the winged
1984), by hybridization of the corresponding gene-specific probes tohelix domain corresponds exactly to exon 2 of theCrg-1
Southern blots of the cDNAs. ZT 15/ZT 3 ratios of 10, 1 and 1

gene, supporting a modular construction of the protein. were obtained forper, elav and rp49, respectively. Three subtractive
The comparison of CRG-1 with the HNF3/fork head hybridization rounds were performed as described in Pikielnyet al.

(1994), except that non-subtracted ZT 3 cDNA was used as driver forDNA-binding proteins suggests two very unusual features
the three rounds of subtraction. During the third round, only ~50% ofof CRG-1. First, the sequence similarity is limited to a
the tracer cDNA was removed by the subtractive hybridization. Thesegment of ~30 amino acids, which contains the first two subtracted (ZT 15–ZT 3) cDNA was tested for its content in the different

α-helices of the winged helix domain, and to the basic control transcripts:rp49 showed a 10-fold decrease in abundance,
whereaselav and per were enriched 3- and 25-fold, respectively. Thisresidues at the end of this domain. Interestingly, the
enrichment inper transcript allowed the detection of control clonesN-terminal segment of the HNF3/fork head DNA-binding
containingper DNA when using the subtracted (ZT 15–ZT 3) cDNA asdomain, highly conserved in CRG-1, has been shown to
a probe, whereas they were not detected when probed with the non-

contain the nuclear localization signal for HNF3β (Qian subtracted ZT 15 cDNA.
and Costa, 1995). Second, the predicted size of the CRG-1

Cloning and sequencingproteins does not exceed the DNA-binding domain itself.
The subtracted (ZT 15–ZT 3) cDNA was digested withHindIII and SalIIf this short region reflects a functional relationship to the
and directionally cloned into the M13 mp18 vector. The original mp18HNF3/fork head domain, CRG-1 may represent a new clone was used to screen a retina cDNA library (generous gift from

distantly related member of this family. To our knowledge, C.Zuker). The retinal cDNAs were sequenced using the sequenase kit
all the HNF3/fork head members are much larger than the and RACE 59 extensions were done with a 59-AmpliFinder RACE kit

(Clontech). Genomic clones were obtained by screening aD.melano-6100-amino-acid winged helix domain, and transcrip-
gastergenomic library from R.Blackman.tional activation functions have been mapped beyond that

domain (Paniet al., 1992). The size of CRG-1 suggests
In situ hybridization to head sections

that it does not contain an activation domain and that it In situ hybridizations to adult head sections were performed as described
is more likely a transcriptional repressor. Along this line, in Rachidiet al. (1997).per andCrg-1 ABC cDNA probes were labeled

with a DIG random priming kit (Boehringer).it should be noted that the overproduction of a truncated
HNF3β protein with only the DNA-binding domain

Mapping using deficienciesinhibits the expression of HNF3 target genes in cultured Crg-1 gene copy number was determined by quantification of the
hepatoma cells (Valletet al., 1995). If CRG-1 acts as a hybridization signal from Southern blots of several deficiencies that

cover the 3E region of the X chromosome and comparison with wild-transcriptional repressor, theper and tim clock genes as
type male (one copy) and female (two copies) controls. One copy ofwell as the putative downstream geneDreg-5 will have
Crg-1 was estimated in femalesDf(1)cho3 (3C;3F),Df(1)cho5 (3D;4A)to be tested as possible targets.
and Df(1)GA102(3D4-5;3F7-8).Crg-1 was mapped proximal toslc in

All of these data suggest thatCrg-1encodes a transcrip- 3E by the estimation of two copies in femalesDf(1)N-8 (3C2-3;3E3-4)
tion factor which functions in many if not mostper- and Df(1)dm75e19(3C11;3E4), and to 3E7-8 by the estimation of one

copy in femalesDf(1)HC244 (3E8;4F11-12) and one copy in malesexpressing cells.Crg-1 may be an output gene; its mRNA
Tp(1;2)w-ec(3C1-2;3E7-8;37D).Crg-1 was mapped distal toec in 3E-Fcycling is driven by the PER–TIM pacemaker and CRG-1
by the two copies estimated in femalesDf(1)cho2(3E;4A) andDf(1)cho23affects the transcription of downstream genes. Altern- (3E-F;4F). TheDf(1)cho lines were provided by M.Steinmann-Zwicky,

atively, CRG-1 may participate in the clock mechanism all the others by the Bloomington Stock Center.
itself, by contributing to the PER–TIM feedback loop.

Accession numbersAlterations of theCrg-1 gene product or its level and
The cDNA sequences have been submitted to the EBI database with theanalysis of their consequences on theper and tim cycle
accession numbers: Y12584 (Crg-1A), Y12585 (Crg-1B) and Y12586as well as on locomotor activity rhythms should distinguish (Crg-1C).

between the two possibilities.
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