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Abstract: Pigment-dispersing factor (PDF), an 18-amino acid neuropeptide, is a principal circadian
neurotransmitter for the circadian rhythms of the locomotor activity in flies. Recently, two completely
different types of PDF precursor were clarified; that of the cricket Gryllus bimaculatus and that of the
last-summer cicada Meimuna opalifera. The G. bimaculatus PDF precursor is extraordinarily short and
comprises a nuclear localization signal (NLS), while the M . opalifera PDF precursor is of ordinary length,
comparable to that seen for the precursors of crustacean β-PDH homologues. Although their PDF peptide
regions were exactly the same, the regions containing a signal peptide combined with a PDF-associated
peptide (PAP) were remarkably different from each other. Such a grouping suggested a fundamental role for
the PAP peptide in the circadian clock, perhaps associated with PDF function. In the present study, the
cDNA cloning of PDF from the adult brains of the housefly Musca domestica was carried out and it was
found that an isolated clone (527 bp) encodes a PDF precursor protein of ordinary length. The PDF peptide
shows a high sequence identity (78%–94%) and similarity (89%–100%) to insect PDFs and also to the
crustacean β-PDH peptides. In particular, there is only a single amino acid difference between the PDFs of
Musca and Drosophila; at position 14 Ser for Musca PDF and Asn for Drosophila PDF. A characteristic Ser10

in Drosophila was retained in Musca, indicating the presence of a structural profile unique to these PDFs.
The results of sequence analyses suggest that Musca and Drosophila PDFs are to be considered members of
a single group that has evolved structurally. When the primary structure of the PAP regions was compared,
the Musca PDF precursor also belonged to the same group as that to which the Drosophila PDF precursor
belongs. Copyright  2003 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Pigment-dispersing factor (PDF) is an 18-amino
acid insect neuropeptide with the sequence of
NSE(L/I)INSLL(G/S)LPKX(L/M)NDA-NH2, where X
represents a variable amino acid comprising either
Asp, Val or Leu. PDF is involved in regulating
insect circadian rhythms [1–4]. From many lines
of evidence aimed at clarifying the function of PDF
in the circadian system of the fruitfly Drosophila
melanogaster, PDF has been thought to be a neu-
ropeptide functioning as a principal circadian mod-
ulator downstream of the brain’s clock machinery,
organizing daily locomotion or other behaviours
[5–8].

Until recently, only three pdf cDNAs have
been elucidated for the structure of insect PDF
precursors: the precursors of D. melanogaster
[9], Romalea microptera (GenBank) and Gryllus
bimaculatus [10]. The C-terminal PDF regions of
these possess almost the same peptide size and
sequence (number of amino acid residues (n) =
20 or 21). However, the region containing the
signal sequence and PDF-associated peptide (PAP)
region obviously differ, with 80, 66 and 20 amino
acid residues, respectively. This is in contrast to
the structures of the precursor proteins of the
crustacean β-PDH (β-pigment-dispersing hormone)
peptides. The latter are homologues of PDF and
the size of their precursor proteins is almost the
same, about 70 amino acids, similar to that of
the Romalea PDF precursor. The size differences
between the PDF precursors might reflect different
functions of the PAP peptides. In pursuit of a further
understanding of such functions it is necessary to
accumulate molecular information about PDF and
its precursor.

The cDNA cloning of the PDF precursor of the
last-summer cicada Meimuna opalifera has been
achieved and it was found that the signal and
PAP peptide region were very similar to that of
Romalea microptera [11]. Thus, it was hypothesized
that PDF precursors are classified into at least three
different types: Drosophila, Meimuna-Romalea and
Gryllus. In the present study, the cDNA cloning
of PDF from adult brains of the housefly Musca
domestica (Diptera) was carried out. It is often
said that the gene products of flies resemble those
of mammals and especially the products of the
fruit fly Drosophila, an invertebrate, are said to be
intermediate between those of the vertebrate and
invertebrate groups. In this regard, the peptides and
proteins of the housefly Musca must be siblings of

those in Drosophila. The housefly is a useful and
important alternative to the fruit fly because of the
size difference, for example, for in vivo studies. The
sequence analyses of nucleotides and the deduced
amino acids of M. domestica PDF are reported here.
In order to characterize the PDF peptide and its
precursor protein, further structural analyses were
carried out to clarify the sequence.

MATERIALS AND METHODS

Animals

Animals, the housefly Musca domestica (a kind gift
from Professor Ian A. Meinertzhagen, Dalhausie
University, Halifax, Canada), were maintained at
25 °C under a day : night cycle of L12 : D12. To collect
samples for cDNA cloning, the flies were frozen in
liquid nitrogen and their heads were immediately
harvested. The heads were stored at −80 °C until
use. For in situ hybridization, male adults older than
24 h were used.

3′ RACE for Identification of 3′ end of PDF mRNA

The cDNA cloning of Musca pdf was carried out
essentially as previously described [10]. mRNAs
were extracted using a QuickPrep Micro mRNA
Purification Kit (Amersham Pharmacia Biotech,
Uppsala, Sweden) according to the manufacturer’s
instructions. The mRNAs (350 ng) were reverse-
transcribed by Super Script II reverse transcrip-
tase (Life Tech., Rockville, MD, USA) using d(T)17-
adapter primer (5′-GGCCACGCGTCGACTAGTAC-
T17-3′) as previously described [12]. The result-
ing cDNA were subjected to the polymerase chain
reaction (PCR) using the adapter primer (5′-
GGCCACGCGTCGACTAGTAC-3′) and the degener-
ate primer PDF-F1 (5′-AAGCGCAACTCNGARMTVA-
TCAACTCN-3′). In these primers, the letters M, N,
R and V denote the nucleotides (A or C), (any
nucleotides), (A or G) and (not T), respectively.
The primer was designed based on the nucleotide
sequence homology among mRNAs clarified for β-
PDH and PDF [9,13–16]. PCR was performed using
PLATINUM Taq DNA polymerase (Life Tech.) with
the following conditions: 3 min at 94 °C followed by
3 cycles of 94 °C for 30 s, 72 °C for 90 s, 3 cycles
of 94 °C for 30 s, 68 °C for 30 s, 72 °C for 60 s, 3
cycles of 94 °C for 30 s, 64 °C for 30 s, 72 °C for 60 s,
30 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for
60 s, and a final extension for 7 min at 72 °C. The
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PCR products were subcloned into pBluescript II
SK+ and the sequence was analysed by a Thermo
Sequenase Cy5.5 dye terminator cycle sequencing
kit (Amersham Pharmacia Biotech). The sequence
analysed was confirmed by sequencing several other
clones simultaneously.

5′ RACE for Identification of 5′ end of PDF mRNA

To amplify the 5′ end of the M. domestica pdf
cDNA, 5′ RACE was carried out using Rapid ampli-
fication of cDNA ends (version 2.0: Life Tech.)
mainly according to the manufacturer’s proto-
col. First-strand cDNA was synthesized from a
mRNA by Super Script II reverse transcrip-
tase (Life Tech.) with a PDF-specific antisense
primer (PDF-A1) (5′-ATCTTCTTCTTATCCATAGG-3′).
The product was digested by RNase H/T1 to
remove the original mRNA template. A homopoly-
meric tail poly(C) was elongated by using ter-
minal deoxynucleotidyl transferase and a sub-
strate dCTP. The resulting tailed cDNA was ampli-
fied by the Abridged Anchor Primer AAP (5′-
GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-
3′, Life Tech.) of the kit and PDF antisense primer
(PDF-A2) (5′-CTAATGCTGCATGAAA TCTATTTGCC-
3′). The PCR product was further amplified with
an Abridged Universal Anchor Primer AUAP (5′-
GGCCACGCGTCGACTAGTAC-3′, Life Tech.) and
PDF antisense nested primer (PDF-A3) (5′-GCCGGC-
ATCGTTCATACTTTTGGGC-3′). Respective PCR and
sequence analyses were carried out as described
above, and the sequence analysed was confirmed by
sequencing several different clones simultaneously.

Based on the sequence information obtained
on 3′ RACE and 5′ RACE analyses, reverse
transcription PCR (RT-PCR) was performed to
amplify the full-length pdf cDNA by PfuTurbo

DNA polymerase (Stratagene, CA, USA). The PCR
conditions were as for PCR in the 3′ RACE
method, except for the primers, PDF-AF (5′-
TCCATTCACCCGGAAATCTCTG-3′) and PDF-AR (5′-
CACTTCATTCAACTAATACATCAACAAC-3′). These
PCR products were treated as described above for
sequence analysis.

To confirm the oligonucleotide sequence of the
5′ end, the RLM-RACE method was applied to
the M. domestica pdf cDNA [17]. This RNA ligase-
mediated rapid amplification of cDNA ends is used
to define the transcription start site of the pdf gene.
RLM-RACE was performed using the Gene Traer
RLM-RACE Kit (Invitrogen, CA, USA) according
to the manufacturer’s instructions. After reverse

transcription using the PDF-specific primer PDF-A1,
the 5′ end of pdf cDNA was amplified using the outer
adaptor primer of the kit and PDF-specific primer
PDF-A2. The nested PCR was performed using the
inner adaptor primer of the kit and PDF-A3. All these
PCR were carried out under the same conditions as
for 5′ RACE and amplified products were analysed
as described above.

Whole Mount in situ Hybridization

RNA probes. Using T7 RNA polymerase, an anti-
sense RNA probe labelled with digoxigenin (DIG)-
UTP was produced in vitro from plasmid linearized
with BamHI. The plasmid used consisted of almost
the full-length of pdf cDNA (463 bp in total) in the
vector pBluescript II SK+. This pdf cDNA is a prod-
uct of PCR using PDF-AF and PDF-AR. The reaction
mixture of plasmid (1 µg), 5x buffer (4 µl; 0.2 M

Tris•HCl (pH 8.0), 40 mM MgCl2, 10 mM spermidine-
(HCl)3, 125 mM NaCl), 10x DIG RNA labelling mix
(2 µl; 10 mM ATP, 10 mM CTP, 10 mM GTP, 6.5 mM

UTP, 3.5 mM DIG-11-UTP (pH 7.5): Roche Diag-
nostics, Mannheim, Germany), 5 mM dithiothreitol
(DTT) (2 µl), an RNase inhibitor RNasin (1 µl;
Promega, Madison, WI, USA), and T3 RNA poly-
merase for sense primer or T7 RNA polymerase for
antisense primer (2 µl each (100 U) stored in 20 mM

potassium phosphate (pH 7.7), 0.1 M NaCl, 0.1 mM

DTT and 50% glycerol: Life Tech.) was incubated
at 37 °C for 2 h. The reaction was terminated by
adding 0.5 M EDTA (2 µl; pH 8.0). In order to pre-
cipitate DIG-labelled cRNA product, 4 M LiCl (2 µl)
and ethanol (75 µl) were added and the solution
was centrifuged at 17 000 g for 20 min at 4 °C. The
residual pellet was washed with 70% ethanol and
dried in air. The pellet was eventually dissolved in
50% formamide (50 µl). The quality of the transcript
was analysed by electrophoresis on 1.5% agarose gel
stained with ethidium bromide.

In order to prepare a sense RNA probe for the
assay of negative control, essentially the same
method was utilized except for the use of T3 RNA
polymerase instead of T7 RNA polymerase. HindIII
was used as a restriction enzyme.

Tissue hybridization. Whole mount in situ hybridiza-
tion was performed essentially as described by
Wilkinson [18] with several significant modifica-
tions. Briefly, the brains of the housefly Musca
domestica were dissected under microscopy and
fixed in freshly made 4% paraformaldehyde in 0.1 M

phosphate buffer (pH 7.4) for 12 h at 4 °C. Tissues
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were washed with the phosphate buffered saline
(PBS) with 0.1% Tween 20 (PBT) at 4 °C, dehydrated
with a series of MeOH solutions (25%, 50%, 75% and
2x 100%) in PBT, and stored at −20 °C until use.

All the following procedures were performed at
room temperature unless a specified temperature
is noted. Tissues were hydrated in reverse in a
series of MeOH–PBT solutions (75%, 50%, 25%
MeOH, and 2x PBT). These rehydrated tissues
were permeabilized with 10 µg/ml proteinase K at
37 °C for 15 min, washed with glycine (2 mg/ml) for
5 min, and then washed twice with PBT. They were
fixed in 0.2% glutaraldehyde/4% paraformaldehyde
in PBT for 20 min, washed twice with PBT, and
incubated in PBT at 70 °C for 50 min. After
cooling on ice, the tissues were treated with
6% H2O2 for 1 h, washed three times with PBS,
and incubated with prehybridization buffer (50%
formamide, 5x SSC (pH 4.5), 1% SDS, 50 µg/ml
yeast tRNA and 50 µg/ml heparin) at 70 °C for 1 h.
The prehybridization buffer was then replaced with
hybridization buffer, in which the prehybridization
buffer contains a DIG-labelled cRNA probe, for
incubation at 70 °C for 16 h.

After hybridization, the tissues were washed three
times at 70 °C with solution I (50% formamide, 5x
SSC (pH 4.5), and 1% SDS) for 30 min, respectively,
and once at 70 °C with a 1 : 1 solution of I and II
(solution II consists of no formamide) for 10 min.
The tissues were washed a further three times
with solution II for 5 min, and then incubated with
solution II for 20 min. Washings were repeated
twice with solution III (50% formamide, 2x SSC
(pH 4.5), and 1% SDS) for 5 min at 70 °C, three
times with solution III for each 30 min, and with
a TBST solution in which Tris-buffered saline
(TBS; 150 mM NaCl, and 100 mM Tris-HCl (pH 7.5))
contains 1% Tween 20. After blocking at room
temperature for 1 h, in order to visualize mRNA-
bound probe by immunocytochemical detection the
tissues were treated with Fab fragments of sheep
anti-DIG antibody directly conjugated to alkaline
phosphatase (AP). This incubation was done for
16 h at 4 °C, and the tissues were washed with
TBST for 5 min successively four times and for
1 h seven times. After washing twice with NTMT
(100 mM NaCl, 100 mM Tris-HCl (pH 9.5), 50 mM

MgCl2, and 1% Tween 20) for 5 min, the antibody
detection reaction was performed by incubating
the tissues in the substrate solution (NTMT with
0.33 mg/ml 4-nitroblue tetrazolium chloride and
0.17 mg/ml 5-bromo-4-chloro-3-indolylphosphate)
for 30 min in shaded light, and finally washed with

TBST. Eventually, whole tissues were mounted in
glycerol–gelatin (Sigma, St Louis, MO, USA) and
observed by light microscopy with an Olympus
BX50.

RESULTS

Preparation of a Musca domestica PDF cDNA

Adult houseflies, Musca domestica, were maintained
in a daily cycle of L12 : D12. Immediately after the
flies were frozen in liquid nitrogen, their heads
were collected. To isolate mRNA, the procedure
designed for direct isolation of polyadenylated RNA
without purifying the total RNA was used. Isolated
mRNAs were then all converted to cDNAs by the
RT-PCR method, in which the reverse transcriptase
catalyses the polymerization of DNA using mRNA as
templates.

3′ RACE to Determine the 3′-end Sequence of a
Musca domestica PDF cDNA

With respect to the nucleotides of insect PDF
precursors, no prominent similarities were found
except for the N-terminal portion of the PDF peptide
regions. Thus, in order to screen for the pdf cDNA
of the housefly M. domestica, the 3′ RACE method
was carried out. A PDF-specific degenerated sense
primer for 3′ RACE was designed with reference to
sequence alignment analyses for both amino acid
and nucleotide sequences. The N-terminal portion
of PDF, namely, the residue −2 ∼ 7 including the
dibasic processing site (KR), was chosen as a PDF-
specific sense primer (PDF-S1). PCR with a primer
of PDF-S1 and an adapter primer Ad lacking d(T)17

yielded no distinct gel-bands, and thus the resulting
PCR product was used directly as a template for
further PCR under the same conditions. Of the
several PCR products detected by electrophoresis
as bands in the agarose gel, only one PCR product
was found to code a polynucleotide of about 250 bp
with the characteristic 18-amino acid peptide, PDF.
The nucleotide sequence determined also encoded
a PDF amidation sequence in addition to the 3′-
UTR non-coding region (Figure 1). The open-reading
frame encoding PDF was highly conserved among
pdf and pdh cDNAs.

5′ RACE to Determine the 5′-end Sequence of a
Musca domestica PDF cDNA

To determine the structure of the 5′-end of pdf
cDNA, the 5′ RACE method was undertaken. Based
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Figure 1 Nucleotide sequence and its deduced amino acid sequence for the Musca domestica PDF precursor. Arrows
indicate the primers used for the 3′ RACE and 5′ RACE methods. Amino acid sequences in white, grey and black boxes
correspond to the signal, PAP and PDF regions, respectively. KR (=Lys-Arg) is a processing cleavage site, while the C-terminal
GK (=Gly-Lys) is an amidation site. The underlined portion with the asterisk (TAG) is a stop codon. The double-underlined
portion (AATAAA) in the 3′-UTR region is a putative poly-adenylation signal site.

on the sequence information obtained from 3′ RACE,
the antisense primer for RT-PCR against PDF mRNA
was set at the 3′-UTR region (Figure 1). First-strand
cDNA was synthesized from mRNA using a PDF-
specific antisense primer PDF-A1 and a reverse
transcriptase. A characteristic reaction of the 5′

RACE method is an addition of a poly(C) tail to
the 3′-end of cDNA obtained. The resulting poly(C)-
tailed cDNA was utilized as a template for PCR using
an anchor primer AAP, having a poly(I) truncated
with deoxyguanosine, G/poly(I)/G, that enables the
primer to anneal specifically to poly(C). PCR was
carried out by using AAP and PDF-specific antisense
primer PDF-A2, which was assigned at the 3′-
UTR region. The anchor primer AAP possesses a
specific 5′-end anchor sequence, and a subsequent
nested PCR was performed using antisense PDF-A3
(assigned at the PDF region) and another anchor
primer AUAP lacking G/poly(I)/G. This nested PCR
provided a single product that was subsequently
subcloned for sequence analysis.

The sequencing analysis afforded complete se-
quence data including 5′-UTR, signal region and
PAP peptide region (Figure 1). The cDNA sequence
was further confirmed by RT-PCR using primers
set for both 5′-UTR and 3′-UTR to amplify the full-
length PDF cDNA. Eventually, the full length of

the cDNA clone was found to comprise 527 bp,
with a precursor protein of 97 amino acid residues
(Figure 1). The initiator codon ATG was assigned as
shown in Figure 1, since the selected ATG codon and
its adjacent nucleotide sequences fulfilled Kozak’s
consensus motif [19]. No additional ATG codon was
found in the upstream region of any cDNA clones
isolated in the RT-PCR analysis. It should be noted
that the RLM-RACE method afforded exactly the
same oligonucleotide sequence of pdf cDNA.

The program for predicting a signal peptide
cleavage site, SignalP, showed that 24 amino
acids from a selected Met should, according to
eukaryote data, be a signal peptide. The N-terminal
Met-Thr-Asn-Ile-Gly-Tyr-Phe-Ser is unique, showing
no sequence similarity to other PDF and β-
PDH precursors. Only Romalea microptera PDF
precursor exhibited an initiating sequence of Met-
Thr, although this is followed by the sequence
Ala-Met-Ala-Val-Ser-Gly [20].

Identification of pdf Expressing Cells

The whole-mount in situ hybridization was per-
formed to identify the cells expressing pdf mRNA.
The M. domestica pdf cDNA exhibited a normal
segment construction as seen for Drosophila PDF
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preproprotein, and this pdf gene encoded the PDF
peptide in an ordinary form. It is important to locate
the cells containing mRNA and to analyse the coin-
cidence of the results from the in situ hybridization
for pdf mRNA and immunocytochemistry for PDF
peptide. The signals of in situ hybridization in M.
domestica brain were observed only at the single
region restricted in the medulla of the optic lobes
(both right and left). In each optic lobe, a single cell
group called large lateral neurons was found to be
positive for hybridization. As shown in Figure 2, a
group of immunoreactive cell clusters were identified
by anti-DIG antibody conjugated to alkaline phos-
phatase, showing pdf mRNA expression in somata.
In each optic lobe, there are two clusters containing
at least four cells, respectively.

DISCUSSION

The Musca and Drosophila PDF Peptides Have a
Highly Conserved Primary Structure

The unique amino acid residue of Drosophila PDF
is Ser10, since Gly10 is preserved among the
known sequences of all other arthropod species.
It is now known that this unusual Ser10 is
retained in Musca PDF. In some cases, Gly →
Ser substitutions are evolutionarily significant in
attaining a certain characteristic structure or
conformation necessary for specific interactions. As
described before, peptides and proteins of the fruit

Figure 2 Spatial expression of pdf mRNA observed by the
whole mount in situ hybridization. Only lateral neurons
(LNs) in the anterior cortex of the medulla in the optic lobe
show positive signals in this in situ hybridization. Scale
100 µm.

fly Drosophila are often said to be intermediate
between those of vertebrate and invertebrate groups.
Insofar as this generalization holds true, the PDF
and its precursor protein of the housefly Musca
must be siblings of those in Drosophila. When
the amino acid sequence of Musca ’s PDF peptide,
NSELINSLLSLPKSMNDA-amide, was compared with
that of Drosophila PDF, only a single residue
substitution was found at position 14 (Table 1). The
Asn14 residue in Drosophila PDF was replaced by Ser
in Musca PDF. It should be noted that Ser and Asn
are both hydrophilic, while all other insect PDFs and
crustacean PDHs contain a hydrophobic Val, Leu,
or Phe, at that position. All these features indicate
that the PDF peptides in Musca and Drosophila
evolutionarily are highly related to each other and
different from all other PDF and PDH peptides.

Despite this difference, PDF in Musca is very
similar to other ordinary PDFs and β-PDHs (Table 1).
The amino acid sequence identity and similarity of
Musca PDF were calculated to be 78%–94% and
89%–100%, respectively. A two-residue substitution
was found between PDF in Musca and β-PDH of
the crustacean Penaeus vannamei II ; i.e. Ser10 ↔
Gly and Ser14 ↔ Val. On the other hand, one
insect PDF and nine crustacean β-PDHs exhibited
three-residue substitutions (Table 1). In addition to
Ser10 ↔ Gly and Ser14 ↔ Val substitutions, Leu8 ↔
Ile or Leu11 ↔ Ile are found when comparing
Musca PDF and crustacean β-PDHs. The only
exception is Asn16 →Thr seen for Penaeus japonicus
I β-PDH. As for PDF in the insect Periplaneta
americana, the third substitution occurs at position
15 with the Met15 → Leu replacement. Four-residue
substitutions were found when comparing four
insect PDFs and four crustacean β-PDHs (Table 1).
In respect of the amino acid sequence, all crustacean
α-PDHs are by contrast quite definitely different from
Musca PDF.

Insect PDF Precursors Are Classified into Three
Groups

It was previously hypothesized that PDF precursors
are classified into three different types: the PDF
precursors of Drosophila, Romalea and Gryllus.
With the recent achievement of the cloning of
the cDNA of the PDF precursor from the last-
summer cicada, Meimuna opalifera, it was found
that the PDF precursors of Meimuna opalifera
and Romalea microptera are very similar to each
other. Their peptide sizes are n = 82 and 89,
respectively, with high homology scores for sequence
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Table 1 Amino Acid Sequences of Insect PDFs and Crustacean α- and β-PDHs

Number of
residues different

Species Peptide sequence PDF or
PDH

Ref.

Musca domestica NSELINSLLSLPKSMNDA-NH2 PDF
1 Drosophila melanogaster NSELINSLLSLPKNMNDA-NH2 PDF [9]
2 Penaeus vannamei II NSELINSLLGLPKVMNDA-NH2 β-PDH [16]
3 Penaeus vannamei I NSELINSLLGIPKVMNDA-NH2 β-PDH [16]

Periplaneta americana NSELINSLLGLPKVLNDA-NH2 PDF [21]
Pandalus jordania NSELINSLLGLPKVMTDA-NH2 β-PDH [22,23]
Penaeus aztecus NSELINSLLGIPKVMNDA-NH2 β-PDH [24]
Uca pugilator NSELINSILGLPKVMNDA-NH2 β-PDH [25]
Cancer magister NSELINSILGLPKVMNDA-NH2 β-PDH [26]
Pacifastacus leniusculus NSELINSILGLPKVMNDA-NH2 β-PDH [22]
Carcinus maenas NSELINSILGLPKVMNDA-NH2 β-PDH [13]
Callinectes sapidus I NSELINSILGLPKVMNDA-NH2 β-PDH [15]
Penaeus japonicus II NSELINSLLGLPKFMIDA-NH2 β-PDH [27]

4 Acheta domesticus NSEIINSLLGLPKVLNDA-NH2 PDF [28]
Romalea microptera NSEIINSLLGLPKLLNDA-NH2 PDF [20]
Gryllus bimaculatus NSEIINSLLGLPKVLNDA-NH2 PDF [10]
Meimuna opalifera NSEIINSLLGLPKVLNDA-NH2 PDF [11]
Penaeus japonicus I NSELINSLLGIPKVMTDA-NH2 β-PDH [27]
Procambarus clarkii NSELINSILGLPKVMNEA-NH2 β-PDH [29]
Orconectes limosus NSELINSILGLPKVMNEA-NH2 β-PDH [14]
Orconectes immunis NSELINSILGLPKVMNEA-NH2 β-PDH [22]

6 Callinectes sapidus II NSELINSLLGISALMNEA-NH2 β-PDH [15]
Armadillidium vulgare NSELINSLLGAPRVLNNA-NH2 β-PDH [30]

7 Pandalus jordania NSGMINSILGIPKVMADA-NH2 α-PDH [22]
8 Pandalus borealis NSGMINSILGIPRVMTEA-NH2 α-PDH [31]

Pandalus jordania NSGMINSILGIPRVMTEA-NH2 α-PDH [22]

Capital alphabetical initials underlined indicate the amino acid residues that are not compatible with those of
Musca PDF.
a Three forms were reported for PDHs from the shrimp Pandalus jordani.

identity (60%) and similarity (78%). These results
appeared to substantiate the hypothesis mentioned
above. Meimuna — Romalea PDF precursors, or PAP
regions appear to be grouped into a clear subfamily
(Figure 3).

Comparing the nucleotide sequences of pdf
cDNAs, the entire open-reading frame region of
Musca domestica was found to be very similar to that
of Drosophila melanogaster (ca. 60% identity). When
the entire amino acid sequences were compared for
the PDF precursors of the housefly and fruit fly,
the homology scores of similarity and identity were
calculated to be 62% and 38%, respectively, and
thus very high. The number of amino acid residues,
98, for the M. domestica precursor was also similar
to that of D. melanogaster (n = 102). Apparently,
these two constitute another subfamily of PDF
precursors, and this further substantiates the

hypothesis that PDF precursors can be considered
as different subfamilies.

The peptide sizes of Meimuna — Romalea PDF
precursors are fairly small, smaller than those of
fly PDF precursors (Figure 3). The cDNA cloning of
the PDF precursor of the cricket Gryllus bimaculatus
has also been achieved. Its peptide size was
likewise much smaller (n = 43) than those of
the Drosophila — Musca (n = 98–102) and the
Meimuna — Romalea groups (n = 82–89). Thus,
the Gryllus PDF precursor can be considered a
third subfamily, and at least for the moment, the
PDF precursors are therefore classified into three
subfamilies.

The C-terminal region of the precursor proteins
is the PDF peptide per se. The size of the PDF
peptide is fixed at n = 18, although the size of the
peptide amide precursors can be n = 20 or 21. This
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Figure 3 Comparison of the primary structures of insect PDF precursor proteins. The numbers in parentheses indicate
the number of total amino acid residues of PDF precursors. The precursor of Gryllus bimaculatus has no signal peptide.
* Residues in that column are identical in all sequences in the alignment. : Conserved substitutions have been observed.
ž Semi-conserved substitutions have been observed.

is because the precursors consist of a pre-amide
sequence: n = 2 (GK) for Drosophila — Musca PDFs
and n = 3 (GRK) for other insect PDFs. The region
containing the signal and PAP is the peptide
obtained by subtracting the PDF peptide from
the entire precursor peptide. Thus, the difference
in the size of the entire PDF precursors is the
variance in the size of the signal/PAP regions.
The peptide size of the signal/PAP regions is
76–80 for the Drosophila — Musca, 64–66 for
the Meimuna — Romalea, and 20 for the Gryllus
subfamilies. Such differences in peptide size might
reflect the different functions of the PAP peptides in
the different species.

The region of the signal peptides has been
analysed by the computer-assisted signal peptide
prediction method for eukaryotic sequences [32,33].
Assuming the result of this prediction, the peptide
size of PAP was determined to be n = 52 for Musca
domestica PDF precursor. Those of other insect
PAPs were 56 for Drosophila, 34 for Meimuna and
32 for Romalea. No signal peptide was found for
Gryllus bimaculatus PDF precursor, which, instead,

consists of a nuclear localization signal (NLS) at the
N-terminal portion.

PDF peptide in Drosophila has recently been
reported to transmit the rhythm of daily locomotor
activity via output pathways from the circadian
clock [6–8]. Our immunohistochemical study using
a polyclonal antibody specific for Musca PDF reveals
immunoreactivity in the axons and terminals of the
M. domestica PDF cells, suggesting a similar role
for PDF in this species too (unpublished data).
To elucidate such a function for PDF, however,
investigations to identify its specific receptor and to
understand the details of the molecular mechanisms
of peripheral circadian systems are first necessary.

pdf Expressing Cells

Pyza and Meinertzhagen have reported the results
of immunocytochemistry for PDF peptide, using an
antibody raised for the crustacean Uca pugilator
PDH [3,4]. It was found that the cell bodies, namely
somata in exactly the same places in the optic lobes
are immunostained by both in situ hybridization
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and immunocytochemical methods, suggesting that
PDF is produced in the neurons where it functions.
Figure 2 shows two groups of cell clusters of lateral
neurons (LNs) in each optic lobe, and each group
is likely to contain at least four cells, respectively.
It should be noted that these groups appear to
correspond to the large lateral neurons (l-LNs) and
the small lateral neurons (s-LNs). These l-LNs and s-
LNs cells in Drosophila express the period clock gene
and PERIOD clock protein and produce PDF [34].
Thus, Musca PDF would reveal similar projections
of circadian pacemaker cells within the brain.
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