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ABSTRACT
Circadian (z24-hr) rhythms in Drosophila melanogaster depend upon cyclic expression of the period (per)
and timeless (tim) genes, which encode interacting components of the endogenous clock. The per gene has
been isolated from other insects and, more recently, a per ortholog was found in mammals where its expression oscillates in a circadian fashion. We report here the complete sequence of a tim gene from another
species, Drosophila virilis. TIM is better conserved than the PER protein is between these two species (76 vs.
54% overall amino acid identity), and putative functional domains, such as the PER interaction domains
and the nuclear localization signal, are highly conserved. The acidic domain and the cytoplasmic localization domain, however, are within the least conserved regions. In addition, the initiating methionine in the
D. virilis gene lies downstream of the proposed translation start for the original D. melanogaster tim cDNA
and corresponds to the one used by D. simulans and D. yakuba. Among the most conserved parts of TIM is a
region of unknown function near the N terminus. We show here that deletion of a 32 amino acid segment
within this region affects rescue of rhythms in arrhythmic tim01 flies. Flies carrying a full-length tim transgene displayed rhythms with z24-hr periods, indicating that a fully functional clock can be restored in
tim01 flies through expression of a tim transgene. Deletion of the segment mentioned above resulted in very
long activity rhythms with periods ranging from 30.5 to 48 hr.

IRCADIAN (z24-hr) rhythms are displayed by virtually all organisms, ranging from cyanobacteria
to mammals (Dunlap et al. 1995; Hall 1995). Circadian rhythms, as distinguished from phenomena that
are driven solely by cues in the environment, are generated by an internal time-keeping mechanism called the
circadian clock. Because the circadian clock is normally
synchronized with the environment, models of a circadian system include an input pathway that conveys information about the environment to the clock (Eskin
1979). Cues in the environment, such as light, reset the
phase of the clock, thereby synchronizing the z24-hr
endogenous rhythm with the environmental cycle. The
mechanism of resetting has been investigated in at least
two systems, and in both, the level of a clock component changes in response to light, producing a predictable phase shift (Crosthwaite et al. 1995; HunterEnsor et al. 1996; Lee et al. 1996; Myers et al. 1996;
Zeng et al. 1996). A circadian system also includes an
output pathway that relays temporal information from
the clock to other sites, effecting the circadian regulation of different physiological processes and behavioral
activities (Eskin 1979).
Genetic analysis of circadian rhythms has identified
four genes that encode clock components. These are
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the timeless (tim) and period (per) genes in Drosophila,
and the frequency and white collar-2 (a transcriptional activator) genes in Neurospora (Dunlap et al. 1995;
Sehgal et al. 1996; Crosthwaite et al. 1997). Recently,
two mammalian genes that function in the circadian
system were isolated. The first, Clock, is the gene affected in a circadian mutant mouse, and it encodes a
novel member of the bHLH-PAS family of transcription
factors (King et al. 1997; Antoch et al. 1997). The second is a mammalian ortholog of the per gene (Sun et al.
1997; Tei et al. 1997).
Where characterized, the clock mechanism involves
a molecular feedback loop. In Drosophila, RNA and
protein levels of the per and tim genes cycle with an
z24-hr period, and the TIM and PER proteins affect
expression of their own mRNAs through a feedback
mechanism that requires nuclear entry of TIM and
PER (Siwicki et al. 1988; Hardin et al. 1990; Zeng et al.
1994, 1996; Vosshall et al. 1994; Sehgal et al. 1995;
Hunter-Ensor et al. 1996; Myers et al. 1996). Nuclear
localization of TIM and PER is mediated, at least in
part, by association of the two proteins with each other
through known interaction domains (Vosshall et al.
1994; Gekakis et al. 1995; Saez and Young 1996). The
Neurospora frequency gene operates in a similar autoregulatory feedback loop whereby both RNA and protein cycle and the protein inhibits synthesis of its own
RNA (Aronson et al. 1994). Finally, while the role of
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the mammalian per gene in the circadian system has
not yet been established, it is known that levels of its
RNA cycle in the suprachiasmatic nuclei and retina.
Both these tissues contain endogenous oscillators
(Tosini and Menaker 1996; Turek 1996).
A phylogenetic analysis carried out for per from a
number of Drosophila species revealed that much of
the coding region (approximately one-third) is not
conserved (Colot et al. 1988; Thackeray and Kyriacou 1990). The per gene was also isolated from a nonDipteran species, Antheraea pernyi, the giant silkmoth
(Reppert et al. 1994). Although the giant silkmoth per
gene is only 39% identical at the amino acid level to the
most closely related Drosophila gene, it was able to rescue circadian rhythms in the arrhythmic per 01 Drosophila mutant (Levine et al. 1995). Sequences conserved between the insect per genes, particularly those
corresponding to the PAS domain, were used to isolate
a mammalian per homolog (Tei et al. 1997). The same
gene was isolated fortuitously by a group studying transcripts that mapped to human chromosome 17 (Sun et
al. 1997). Surprisingly, given the low level of homology
between the insect per genes, mammalian per is z44%
homologous to Drosophila per (including identical
amino acids as well as conserved and neutral substitutions; Sun et al. 1997). Conserved regions of PER include all known functional domains, including the PAS
domain and the cytoplasmic localization domain, both
of which also mediate the interaction with TIM
(Gekakis et al. 1995; Saez and Young 1996; Huang et
al. 1993, 1995).
Since the cloning of the tim gene (Myers et al.
1995), no one has reported the sequence of a tim homolog. We undertook a phylogenetic analysis of tim by
isolating and characterizing a tim homolog from D. virilis, and also by sequencing selected regions of a tim homolog from D. hydei. In this report, we present the
intron/exon organization of the gene and the conservation profile of the TIM protein. We found that the
amino acid sequence of TIM is more highly conserved
overall than that of PER from different Drosophila species, and that most functional domains of TIM are conserved. In addition to known functional domains, such
as the PER interaction domains and the nuclear localization signal (NLS), the conserved parts of TIM include an additional region that we show here to be important for function. tim transgenes lacking a 32 amino
acid sequence from this region showed aberrant rescue
of behavioral rhythms in tim01 flies, while a wild-type tim
transgene restored completely normal behavior.
MATERIALS AND METHODS
Fly strains: The D. hydei flies were obtained from Carolina Biological Supply Co. (Burlington, NC), and the homozygous yw; Ki
D2-3 Drosophila strain was kindly provided by Paul Hardin
(Texas A&M University, College Station, TX).

Library screening: The genomic library of D. virilis made
in l phage EMBL3 was kindly provided by R. K. Blackman
(University of Illinois, Urbana, IL). This genomic library was
screened with a 1.5-kb EcoRI fragment, which corresponds to
nucleotides 1974–3492 of the D. melanogaster tim cDNA (Myers et al. 1995; EMBL/GenBank accession number U37018).
Hybridization was performed under low stringency conditions (378, 40% formamide, 63 SSPE, 0.5% SDS, 53 Denhardt’s solution, and 0.1 mg/ml salmon sperm DNA). Washes
were repeated twice at 508 in a 53 SSPE, 0.1% SDS solution.
The library screen yielded two recombinant phage clones that
were subjected to Southern blot analysis to identify hybridizing restriction fragments. An z4-kb BamHI fragment that
showed strong hybridization to the tim probe was subcloned
and sequenced in both directions. To extend this sequence in
the 59 and 39 directions, we synthesized primers based on the
sequence obtained and used these to sequence phage DNA
isolated from our l phage clones.
A recombinant phage clone containing the upstream sequence of the D. melanogaster tim gene was isolated from a genomic library made in EMBL3A (Spradling and Mahowald
1981) as described above, except that more stringent conditions were used for the hybridization.
RT-PCR experiments of D. melanogaster tim RNA: For the
RT-PCR experiment, total RNA was isolated from fly heads by
homogenizing them in 0.5 ml of buffer (150 mM sodium acetate, 50 mM Tris, pH 9.0, 5 mM EDTA, pH 8.0, 1% SDS containing 1/100th volume diethyl pyrocarbonate) followed by
two phenol/chloroform (1:1) extractions and ethanol precipitation. RNA (in 10 mM dNTP mixture, 20 mM DTT, 13 reverse transciptase buffer containing 10 mM random hexamers
and 2 units/ml RNasin) was heated at 658 for 5 min and then
cooled to 428. The reaction mixture was incubated with 1 ml
of AMV-reverse transcriptase (10 units/ml, Promega, Madison, WI) for 1 hr at 428, and the enzyme was then inactivated
at 658. Reverse-transcribed cDNA was amplified by PCR (in
2.5 mM MgCl2, 13 PCR buffer, 2 mM dNTP mixture containing 5 pmol of each primer and 1 ml of Promega Taq polymerase) under the following conditions: 958, 3 min; 30 cycles
of 95°, 30 sec, 558, 30 sec, 728, 1 min; 728, 10 min. A pair of
specific primers, which amplifies a fragment corresponding
to nucleotides 839–1501 of the original tim cDNA sequence
(Myers et al. 1995; GenBank accession number U37018) and
spans the 32 amino acid sequence (GenBank accession number AF038501; see results), was used to amplify this region
from the reverse-transcribed cDNA and from the original 59
tim cDNA clone.
39 RACE: For the 39 RACE experiment, total RNA was isolated and the reverse transcription was done as described
above, except that an oligo-dT primer was used (59-[C]13
AAGC[T]17-39) and the reaction was carried out at 378. Reverse-transcribed cDNA was amplified by PCR as described
above, with some modifications. During the first round of amplification, a D. virilis-specific primer (59-TTGGCTGCAGT
TGGTCAT-39; D. virilis tim sequence, GenBank accession
numbers AF038502 and AF040096) and a shorter oligo-dT
primer (59-[C]8 AAGC[T]8-39) were used, and the annealing
temperature was 428 for the initial three cycles and 528 for the
remaining 47 cycles. An aliquot of this PCR reaction was then
reamplified by PCR using a second D. virilis-specific primer internal to the first (59-ATGCGCAGCAAATGCAGCA-39; D. virilis tim sequence, GenBank accession numbers AF038502 and
AF040096) and the short oligo-dT primer. The conditions
were the same as for the first round of amplification, except
that the annealing temperature was 528 for all 40 cycles. The
amplified fragments were cloned into the pCR2.1 Vector (Invitrogen, San Diego, CA) and sequenced as below.
Isolation of D. hydei tim sequences: Pairs of degenerate
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primers were used to amplify, by PCR, regions of the tim gene
from D. hydei. The primers were designed based on sequences
within regions of the tim gene that were highly conserved between D. melanogaster and D. virilis. The primers were 1S
(sense primer) (59-AA(G/A) CCI CA(A/G) CA(T/C) CA(G/
A) AA(G/A/) CC-39), 4S (59-GA(T/C) CA(G/A) AT(C/T/A)
AA(C/T) AA(T/C) TG(T/C) CT-39), 13S (59-GA(C/T) ATG
GA(A/G) CA(C/T/) AT(C/T/A/) GA(T/C/) AC-39), 1A
(antisense primer; the exact complement of 1S), and 12A (59TC(A/G) TA(G/A) TCI GC(T/C) TCC CA(A/G/T/) AT-39).
Advantage KlenTaq polymerase (Clontech Laboratories, Palo
Alto, CA) was used to amplify the following D. hydei fragments. The primer pairs (13S, 12A) and 4S, 1A) amplified a
fragment corresponding to nucleotides 2127–2749 and 74–
1804 of the D. melanogaster tim cDNA (Myers et al. 1995; GenBank accession number U37018), respectively. The primer
pair (1S, 12A) amplified an overlapping fragment corresponding to nucleotides 1785–2749 of the D. melanogaster tim
cDNA. A pair of specific primers were made based on the D.
hydei sequence to amplify a fragment spanning the 1S/1A
primer region. PCR amplification using degenerate primers
was done (in 1.5 mM MgCl2, 13 PCR buffer, 0.4 mM dNTP
mixture containing 2 pmol of each primer and 1 ml of Taq
polymerase) under the following conditions: 958, 3 min; 3 cycles of 958, 1 min, 428, 1 min, 728, 2 min; 50 cycles of 958, 1
min, 508, 1 min, 728, 2 min; 728, 10 min. PCR amplification using specific primers was done as described above for 30 cycles,
except for omitting cycles 2–4 at a lower annealing temperature. Each fragment was cloned into the pCR 2.1 Vector (Invitrogen) and sequenced as described below.
Sequencing and analysis: Sequencing was done at the University of Pennsylvania Sequencing Facility on an automated
sequencer (Applied Biosystems, Foster City, CA) using a dyeterminator and thermal cycling method. The Sequencher
program (version 3.0; Gene Codes Corporation, Ann Arbor,
MI) was used to create the contigs of independent sequencing reactions. The intron/exon structure of the D. virilis gene
was predicted based on its consensus 59 and 39 splice sites and
by comparison with the D. melanogaster tim cDNA sequence
(Myers et al. 1995). We used the DSPL, FGENED, and FEXD
programs found on the Baylor College of Medicine Genefinder site (http://dot.imgen.bcm.tmc.edu:9331/gene-finder/
gf.html) for prediction of intron/exon junctions, and the
Gap and BestFit programs in the Genetics Computer Group
(GCG) Wisconsin Software package (version 8.0.1-UNIX) was
used for pairwise alignments. The PileUp program (GCG)
was used to make multiple sequence alignments, and the
amino acid sequence similarity plot was generated by the PlotSimilarity program (GCG).
Construction of plasmids: Plasmids for P-element-mediated DNA transformation were generated by fusing z4.3 kb
of sequence upstream of the transcription initiation site of
the D. melanogaster tim gene to the D. melanogaster tim cDNA
(Myers et al. 1995; see Figure 4 in this paper). Upstream sequences were isolated by screening a genomic library made in
EMBL3A (Spradling and Mahowald 1981) with the 59 region of genomic clone Ec1 (Myers et al. 1995). An z7 kb
SacI-SacI DNA fragment, which contained a SacI-SwaI fragment extending from approximately 24300 to 1180 relative
to the transcription initiation site, was isolated from the phage
clone.
A full-length tim cDNA was generated by piecing together
fragments from partial D. melanogaster cDNA clones (35c and
35g; see Myers et al. 1995). Individual fragments were successively cloned into pBluescript: first, a BamHI-ApaI fragment
from the 39 end, then a SacI-BamHI from the 59 end, followed
by the internal BamHI-BamHI fragment. The orientation of
the BamHI-BamHI fragment was verified. The resulting cDNA
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insert extended from nucleotide positions 1–4955 of the original cDNA sequence and had a 39 alternatively retained intron
inserted after position 3555 (Myers et al. 1995; GenBank accession number U37018), but it did not include the additional 32 amino acid sequence reported in this paper (see results). This full-length cDNA was then excised using SacI
and KpnI (polylinker sites) and cloned into the pet-17b vector
to introduce a SpeI site at the 59 end.
The z4.5-kb SacI-SwaI fragment containing the upstream
sequence (see above) was substituted for the 180-bp SacI-SwaI
fragment in the tim cDNA pet-17b construct. A SpeI-KpnI fragment derived from the resulting construct, which contained
the upstream sequence fused to the tim cDNA, was then
cloned into the P element vector pCaSper4, which contains a
miniwhite gene p(white), thus enabling selection of transgenic flies by eye color. The resulting pCaSper4 construct was
called Tim 1. Another pCaSper4 construct (Tim 4) was made,
which was identical to Tim 1, except that it also contained the
additional 32 amino acid sequence (see Figure 4). Since the
32 amino acid sequence was contained within a unique SphI
fragment in the tim gene, the SphI fragment in the Tim 1 construct was replaced with the corresponding fragment from
the genomic clone Ec1 (Myers et al. 1995). The resulting
construct was called Tim 4.
Production of transgenic strains: These two constructs
were introduced into the Drosophila genome by P-elementmediated DNA. Embryo injections were performed using a
yw/yw; Ki D2-3 strain (Robertson et al. 1988), and multiple

Figure 1.—Genomic organization of the tim gene. The intron–exon structure of the D. virilis tim gene and part of the
D. hydei tim gene is shown schematically. The D. virilis genomic tim homolog (4682 bp) begins at a consensus cap site
(asterisk), extends through a codon corresponding to amino
acid 1194 of the D. virilis TIM sequence, and contains 11 exons (black boxes) and 10 introns (lines between boxes). The
translation initiation site (ATG) is at nucleotide position 68.
The shaded box represents the sequence obtained from the
39 RACE experiment (see materials and methods), which
codes for the C-terminal 149 amino acids missing from our
genomic tim homolog. The D. hydei sequence (2232 bp) begins at a position corresponding to the middle of exon 2 and
extends through most of exon 5. Introns 1–11 of the D. virilis
gene occur immediately downstream of the following nucleotide positions, and their respective sizes (in base pairs) are
shown in parentheses: intron 1, 164 (60); intron 2, 1722 (71);
intron 3, 1935 (59); intron 4, 2503 (65); intron 5, 2767 (64);
intron 6, 2959 (242); intron 7, 3355 (55); intron 8, 3563 (68);
intron 9, 3992 (288); intron 10, 4521 (59). Introns in the
D. hydei sequence corresponding to introns 2–4 of the D. virilis gene occur immediately downstream of the following nucleotide positions, and their respective sizes (in base pairs)
are shown in parentheses: intron 2, 1208 (75); intron 3, 1425
(67); intron 4, 2000 (60). The D. virilis and D. hydei tim sequences have been deposited in GenBank under accession
numbers AF038502 and AF040096, and AF038579, respectively.
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Figure 2.—Profile of amino acid similarity between the tim homologs. (A) The amino acid similarity plot was generated from
the multiple sequence alignment (shown in B) of the entire coding region of the D. virilis and D. melanogaster homologs, as well as
specific regions of the D. hydei tim gene (see Figure 1), using the PlotSimilarity program (GCG). The total number of positions indicated on the x axis is extended to accommodate gaps in each of the three homologs. (B) The sequence of the D. virilis tim gene
is shown. D. melanogaster and D. hydei residues are indicated only where they are different from D. virilis. Dots represent identical
residues, and dashes correspond to gaps. The amino acid changed by the timSL mutation is indicated. The sequences were aligned
using the PileUp program (GCG). The locations of the PER interaction domains (PER-1 and PER-2), the NLS, the CLD, and
acidic region found in D. melanogaster are shown in both panels. Also indicated is a 32 amino acid sequence (32 aa) within the
N-terminal conserved region, which we demonstrate to be important for function (see Figure 4). Note that the acidic region and
the CLD are within the least conserved regions.
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independent lines carrying each of the two transgenes were
derived from the progeny of surviving G0 adults. Each transgene was then introduced into a yw tim01 background.
Behavioral assays: Behavioral analysis was done on transgenic flies carrying only the tim transgene [p(white)tim01/
tim01], on siblings that carried a wild-type copy of the tim gene
(CyO/tim01), on siblings that carried neither the endogenous
tim gene nor the transgene (tim01/tim01), and on wild-type
flies (yw strain). Locomotor activity rhythms were monitored
using the Trikinetics system, and analysis was done exactly as
described previously (Sehgal et al. 1994).
RESULTS

Cloning of a tim homolog from D. virilis: We screened
a D. virilis genomic library under low stringency conditions using a D. melanogaster tim cDNA probe that corresponds to nucleotides 1974–3492 (Myers et al. 1995).
This probe includes the PER interaction domains of
the tim gene, which we assumed would be well-conserved because the TIM interaction domains of the per
gene are well conserved between D. melanogaster and
D. virilis (Colot et al. 1988). Two recombinant phage
clones were isolated. An z4-kb BamHI fragment that
strongly hybridized with the tim cDNA probe on Southern blots was subcloned and sequenced. To extend the
sequence in the 59 and 39 directions, we synthesized
primers based on the sequence obtained and used
these to sequence phage DNA prepared from our
clones.
Both genomic clones lacked sequences corresponding to the 39 end of the D. melanogaster tim gene, which
includes the cytoplasmic localization domain (CLD) of
TIM (Saez and Young 1996). Since this was a known
functional domain that was reported to be conserved in
TIM (Saez and Young 1996), we used a 39 RACE
method to obtain sequences from the 39 end of the
D. virilis tim cDNA. By using a D. virilis-specific primer
that overlapped the coding region in the 39 end of our
genomic clone and an oligo-dT primer, we amplified
from D. virilis cDNA a fragment that included nucleotides homologous to the C-terminal 149 amino acids
of TIM.
Genomic organization of tim homologs: We characterized .4 kb of D. virilis genomic sequence corresponding to the tim gene. The schematic in Figure 1
represents z4.7 kb of genomic sequence from the
D. virilis homolog beginning at a consensus cap site
(Cherbas and Cherbas 1993) just upstream of a methionine codon and continuing through a codon corresponding to amino acid 1194 of the D. virilis TIM sequence. The C-terminal, 149 amino acid stretch
obtained through the 39 RACE experiment is also indicated. The total length of the coding region is 4029 bp,
from which we predict a protein of 1343 amino acids.
The genomic organization in Figure 1 shows the intron exon structure of tim. The figure shows this organization for the D. virilis tim gene and for part of the
D. hydei tim gene, which was subsequently isolated for

comparison of specific sequences (see below). Our limited data on the organization of the tim gene in D. melanogaster and D. hydei indicate that, where examined, the
position of introns within the gene is conserved. We
found that the positions of introns corresponding to introns 2–4 of the D. virilis gene are conserved in D. hydei
(see Figure 1). Also, the position of an intron corresponding to intron 1 in the D. virilis gene is conserved
in D. melanogaster. The DNA sequence of introns was
not conserved (data not shown).
The predicted translation start site in the D. virilis
gene corresponds to a methionine downstream of the
proposed start site in the D. melanogaster gene (Myers et
al. 1995). This finding is consistent with a recent report
that this methionine may, in fact, also be the start site in
some strains of D. melanogaster as well as in other Drosophila species (Rosato et al. 1997). A polymorphism
identified in the tim gene from certain D. melanogaster
strains, as well as from D. simulans and D. yakuba, generates a premature stop codon shortly after the originally
proposed site (Rosato et al. 1997). Use of the downstream start site would shorten the D. melanogaster TIM
protein by 23 amino acids.
Conservation profile of the TIM protein: The amino
acid similarity plot in Figure 2A shows the level of conservation across the TIM protein. The predicted amino
acid sequences of the tim gene from different Drosophila species are aligned in Figure 2B, with domains
relevant to our analysis of TIM indicated. We found
that TIM is more highly conserved between D. virilis
and D. melanogaster than PER is conserved between
these two species, with TIM having a 76% overall amino
acid identity compared with 54% overall identity for
PER. In contrast to the per gene, which has five nonconserved domains interspersed within the relatively conserved portion of its coding region (Colot et al. 1988),
the coding region of the tim gene has only two regions
of low homology. The stretch of acidic amino acids
found in D. melanogaster TIM (Myers et al. 1995) falls
within one such region (Figure 2, A and B).
Most of the known functional domains in TIM are
highly conserved. The NLS in D. virilis is identical to
that in D. melanogaster, except for the conservative
change of a glutamate to an aspartate. Relative to
D. melanogaster, the PER interaction domains in D. virilis
are 80–85% identical at the amino acid level, a level of
conservation that is similar to that for the TIM interaction domains of per (Colot et al. 1988; Thackeray and
Kyriacou 1990; Saez and Young 1996). The N-terminal region of D. virilis tim also shows a high degree of
homology (90% identical) to the D. melanogaster gene
although no functional domain of tim has been
mapped to this region. Incidentally, a 32 amino acid sequence within this region was lacking in the original
tim cDNA (see below). The CLD recently mapped to
the C-terminal end of TIM (Saez and Young 1996),
while retained, is one of the least conserved regions,
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having only 56% amino acid identity between D. virilis
and D. melanogaster.
Of note is that the single amino acid mutated in the
timSL allele of D. melanogaster (Rutila et al. 1996), which
occurs just upstream of the first PER interaction domain, is conserved in D. virilis. This allele contains a
missense mutation that converts threonine 494 to an
isoleucine. The mutation does not produce a dramatic
phenotype by itself (the wild-type rhythm is shortened
by z0.5 hr in homozygous timSL lines), but it suppresses
the per l (long period) mutation, shortening the period
by 4 hr and also restoring temperature compensation
(Rutila et al. 1996).
Isolation of homologous sequences of the tim gene
from D. hydei: Analysis of D. virilis tim provided some
interesting revelations about tim structure. Most importantly, perhaps, it revealed that the acidic region in
D. melanogaster, which was thought to be similar to activation domains of transcription factors (Myers et al.
1995), was not conserved, and that an additional 32
amino acid sequence was present within a highly conserved region. To determine the extent to which these
findings were universally applicable, we amplified specific sequences of the tim gene from yet another Drosophila species D. hydei. The genomic D. hydei sequence
analyzed here begins in the middle of exon 2 in the
D. virilis gene and extends through most of exon 5 (see
Figure 1). Protein-coding sequences within this region
are represented in Figure 2B and were included in the
profile analysis shown in Figure 2A. The following facts
were confirmed by our analysis of the D. hydei sequence: (1) the acidic region is poorly conserved, (2)
the region N-terminal to this is very well-conserved and
includes the additional 32 amino acids, (3) the PER interaction domains are conserved, and (4) the amino
acid mutated in the timSL allele is conserved.
The tim RNA in D. melanogaster contains an additional
sequence: The D. virilis TIM sequence contained an
extra 32 amino acids within the highly conserved N-terminal region of the protein (see Figure 2, A and B).
Note that the D. hydei tim gene also contains the additional 32 amino acids; however, the original D. melanogaster tim cDNA that was characterized lacked this sequence (Myers et al. 1995). To determine whether this
sequence was included in a differentially spliced form
of the tim RNA, we carried out RT-PCR experiments.
We used a pair of specific primers to amplify a fragment
spanning the 32 amino acid region from head RNA of
D. melanogaster (yw strain) and from the original 59 tim
cDNA clone (Myers et al. 1995). In Figure 3, lanes 1
and 2 (yw 14 and yw 16) show the fragment amplified
by RT-PCR from head RNA collected at Zeitgeber times
14 and 16, when tim RNA is expressed at high levels
(Sehgal et al. 1995). The RT-PCR product is of the size
predicted (758 bp) if the fragment includes the additional 32 amino acids. The PCR product amplified
from the tim cDNA clone (Figure 3, lane 3) is z100 bp
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smaller than the RT-PCR product, as expected, since
this cDNA clone lacks the 32 amino acid sequence.
Other experiments in which control genomic fragments were also amplified confirmed that endogenous
tim RNA was z100 bp longer than the tim cDNA (data
not shown). Since we failed to amplify a smaller band
from head RNA in all experiments, it is unlikely that
the 32 amino acid sequence is part of a differentially
spliced message. The other possibility is that the
shorter version represents a polymorphic form of the
tim RNA that occurs in other strains. However, given
that the 32 amino acid sequence is found in both D. virilis and D. hydei homologs of tim and that it is important
for tim function (see below), we believe that this is un-

Figure 3.—Presence of an additional sequence in the
D. melanogaster tim RNA. We amplified a region of the tim gene
thought to include coding sequences that were lacking in the
original D. melanogaster tim cDNA, but which were present in
both the D. virilis and D. hydei tim genes (see Figure 2). Amplified products were resolved on a 1% agarose gel and stained
with ethidium bromide. Locations of DNA size markers are
indicated (far left). The same primer pair was used to amplify
a fragment from D. melanogaster wild-type fly head RNA collected at Zeitgeber times 14 and 16 (lanes 1 and 2), and from
the original D. melanogaster tim cDNA clone (lane 3; Myers et
al. 1995). yw (yellow white) refers to the genotype of the Drosophila line used, which is wild type for rhythms. Note that the
fragment amplified from fly head RNA is larger than the one
amplified from the tim cDNA by z100 bp, a size difference
that corresponds to the additional 32 amino acids reported in
Figure 2.
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likely. Thus, we conclude that it is an integral part of
the D. melanogaster tim RNA.
A protein of 1389 amino acids was predicted from
the original sequence of the Drosophila tim gene (Myers
et al. 1995). The predicted size becomes 1421 after including the additional 32 amino acids. Use of the methionine in D. melanogaster corresponding to the translation start we report here for D. virilis would shorten
TIM by 23 amino acids (see also Rosato et al. 1997).
A tim transgene lacking a sequence in the N-terminal
conserved region produces aberrant rhythms in tim01
flies: The functional significance of the conserved region containing the extra 32 amino acid sequence was
determined through behavioral rescue experiments.
Arrhythmic tim01 flies were transformed with a tim transgene that either contained (Tim 4) or lacked (Tim 1)
the 32 amino acid sequence. Each transgene construct
consisted of a tim cDNA from D. melanogaster, which included a 39 alternatively retained intron (Myers et al.
1995) placed under the control of z4.3 kb of sequence
upstream of the transcription initiation site in the
D. melanogaster tim gene (see materials and methods). Flies carrying either transgene were examined in
constant darkness after entrainment in 12 hr: 12 hr
light/dark cycles for several days. We evaluated two independent lines of flies carrying the Tim 4 transgene
(see Table 1). In each of these lines, a high percentage
of individual flies were rhythmic (72%), and the rhythmic individuals displayed wild-type periods. For the
Tim 4-1 line, the average period was 23.7 6 0.58, and
for the other line, Tim 4-6, the average period was
23.4 6 0.74. These periods are comparable to those
seen in wild-type flies (see Table 1). As expected, tim01
siblings that lacked the transgene were arrhythmic. In
Figure 4B, we show the locomotor activity plot and periodogram for a representative fly from one of these
lines, Tim 4-1.

To determine whether the Tim 1 construct could
rescue the arrhythmic phenotype, we evaluated four independent lines of tim01 flies carrying this transgene. In
three of these lines, 27–40% of individual flies showed
rescue of behavioral rhythms, but the periods were
long, ranging from 30.5 to 48 hr; individual lines had
average periods of 36.8–38.0 hr (see Table 1). In Figure
4B, we show the locomotor activity plot and periodogram for a representative fly from one of these
lines, Tim 1-1. In a fourth line (Tim 1-6), only one of
the individuals tested was rhythmic (Table 1). As before, flies carrying a wild-type copy of the tim gene
(CyO/tim01 siblings or yw flies) were rhythmic with an
average period of 23.6 6 0.52 (see Table 1). The behavioral analysis of the Tim 1 and Tim 4 flies demonstrates
that the 32 amino acid sequence in TIM is necessary for
restoring wild-type rhythms to tim01 flies.

DISCUSSION

We report here the characterization of tim homologues from D. virilis and D. hydei. Our data show that
the overall conservation of TIM is higher than that of
PER. All known functional domains of TIM are highly
conserved (.80% amino acid identity), with the exception of the CLD (Saez and Young 1996), which shows
only 56% amino acid identity between D. virilis and
D. melanogaster. The PER interaction domains in TIM
show the same level of conservation as the TIM interaction domains in PER (Colot et al. 1988). We propose
that since interaction between the PER and TIM proteins is an integral part of the clock mechanism, there
is genetic selection to conserve the interacting domains. While the CLD, as currently defined, is less well
conserved, there are regions within this domain that
are identical between D. virilis and D. melanogaster (see

TABLE 1
Period Estimates and the Percentage of Rhythmic Flies for Different tim Transgenic Lines
Transgenic
line

Number
rhythmic

Number
arrhythmic

Percent
rhythmic

Average
period

Tim 1-1
Tim 1-7
Tim 1-13
Tim 1-6
Tim 4-1
Tim 4-6
Wild typea

50
20
21
1
30
26
61

74
54
44
23
11
10
13

40.3
27.0
37.5

37.9 6 3.2
36.8 6 3.1
38.0 6 3.7
36.5
23.7 6 0.58
23.4 6 0.74
23.6 6 0.52

73.2
72.2
78.7

Range
30.5–45.0
33.5–47.0
32.5–48.0
23.0–24.5
22.5–25.5
23.0–25.0

Locomotor activity data were obtained in constant darkness for flies from each Tim 1 and Tim 4 line (see text
and Figure 4). Period analysis was done as described in Figure 4B. The number of flies that were rhythmic (and
arrhythmic) for each line is shown, as well as the percentage of flies that were rhythmic. The average period
(6SD) for rhythmic flies and the range in period are given in hours.
a Wild type indicates flies carrying a wild-type copy of the tim gene (CyO/tim01 siblings or yw flies; see materials and methods).
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Figure 4.—Rescue of activity rhythms in tim01 flies by tim transgenes. (A) Schematic representation of the tim transgenes. The
tim transgene constructs (Tim 4 and Tim 1) were made by ligating an upstream z4.5-kb SacI-SwaI genomic fragment extending
from approximately 24300 to 1 180 relative to the tim transcription start site to a tim cDNA (Myers et al. 1995). The tim cDNA either included the additional 32 amino acid sequence reported in this paper (in Tim 4) or did not contain the sequence (in Tim
1). The tim cDNA also contained a 39 alternatively retained intron (Myers et al. 1995). The SpeI-KpnI (polylinker sites) fragments
shown were cloned into pCaSper4. (B) Locomotor activity plots of tim01 flies carrying either of the two tim transgenes were obtained as follows. Flies were maintained in light/dark cycles (12 hr:12 hr) for 3 days and were subsequently monitored for 7–11
days in constant darkness. Activity records shown on the top are for representative flies from the Tim 1-1 and Tim 4-1 transgenic
lines (see Table 1). The horizontal lines indicate successive 24-hr intervals (shown top to bottom for each record). The vertical
lines indicate activity above a threshold value. The time of day is indicated at the top of each record in hours. Note that 11 days of
data were obtained for the Tim 1-1 fly although the activity record only plots 9 days. The activity data were subjected to x square
periodogram analysis, and the corresponding periodogram for each activity record is shown at the bottom. For each periodogram,
the lower limit of statistical significance (P , 0.05) is indicated by a sloping line. The Tim 1-1 fly showed rescue of rhythms with a
long period (38.5 hr), while the Tim 4-1 fly showed wild-type rescue with a period of z24 hr). See Table 1 for the average period
for each individual line and the percentage of flies in each line that were rhythmic.
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Figure 2B). We also report an additional highly conserved region close to the N terminus. Deletion of a 32
amino acid sequence within this region affects the
function of a tim transgene.
This is the first report of rescue of the arrhythmic
tim01 mutant phenotype using a tim transgene. The
wild-type tim transgene, Tim 4, gave wild-type rescue
(average period of z24 hr) in a high percentage of individual flies. We also obtained full rescue using a tim
construct in which almost all cDNA sequences (up to
amino acid 1228) were replaced with corresponding
genomic sequences. Full rescue of the tim01 phenotype
contrasts with that often reported for the arrhythmic
per 01 phenotype. Rescue of per 01 flies by genomic per
constructs has usually resulted in periods that are somewhat longer than wild type. Best results are produced
with a 13.2-kb per construct that includes z4 kb of upstream sequences and generates periods of z24.7 hr
(Citri et al. 1987). However, fusion of a per cDNA to
the same upstream sequence generated wild-type periods (average 23.8 in one line), suggesting inefficient
processing of the genomic constructs (Citri et al.
1987). As mentioned above, we didn’t see any difference in the behavioral rescues effected by a tim cDNA
versus a tim genomic construct.
Behavioral analysis of arrhythmic tim01 flies carrying
a tim transgene that either included (Tim 4) or excluded (Tim 1) the additional 32 amino acid sequence
reported here demonstrated that this sequence is necessary for restoring wild-type rhythms to tim01 flies, and
thus is likely to be part of an important functional domain. Deletion of this domain does not prevent rescue,
as might occur if the protein were rendered nonfunctional through instability or incorrect folding, but it
lengthens circadian period to levels rarely observed before. A high percentage of arrhythmia accompanies the
long-period phenotype, which is also true, although to
a lesser extent, of the per l phenotype (unpublished observations). It may be the case that long periods are associated with arrhythmia, perhaps because of variable
expressivity or low penetrance. Interestingly, when
Clock mutant mice are monitored under freerunning
conditions, they display long periods that eventually degenerate into arrhythmicity (Vitaterna et al. 1994).
Since tim was only recently isolated, previous structure-function studies focused on per, and it should be
noted that mutagenesis of per does not always produce
a phenotype. Deletion of the Gly-Thr repeat in PER has
no observable effect on activity rhythms (Yu et al. 1987).
Other mutations in per, such as those in the per s domain
(Baylies et al. 1992), or a 177-bp deletion within another conserved part of per generate short periods (A.
Sehgal, unpublished results). Deletion of PER’s NLS,
on the other hand, lengthens circadian period, but not
to the extent reported here for the Tim 1 construct
(Baylies et al. 1992). As we learn more about the biochemical activities of these proteins, the function of

specific domains and the effects of mutations in these
domains will become clear.
Since tim is only the second Drosophila clock gene
characterized, the phylogenetic conservation of this
gene is encouraging. The per gene was found to be
poorly conserved among Drosophila species, and yet
the information gleaned from this analysis facilitated
the isolation of additional homologs and will likely
help the characterization of these homologs. Likewise,
we believe that our analysis of tim will be useful for addressing clock mechanisms in other species. The Neurospora frequency gene has also been isolated from
other species (Merrow and Dunlap 1994), and the
mouse Clock gene appears to be conserved among vertebrates (King et al. 1997). Mutations affecting circadian rhythms have now been identified in several other
organisms (Ralph and Menaker 1988; Kondo et al.
1994; Millar et al. 1995; Hicks et al. 1996), and the
near future will likely see the isolation of new clock
genes or homologs of those already known.
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