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Abstract

Pigment dispersing factor (PDF) is a key signaling molecule coordinating the neuronal network associated with the circadian rhythms in 
Drosophila. The precursor (proPDF) of the mature PDF (mPDF) consists of 2 motifs, a larger PDF-associated peptide (PAP) and PDF. 
Through cleavage and amidation, the proPDF is predicted to produce cleaved-PAP (cPAP) and mPDF. To delve into the in vivo mechan-
isms underlying proPDF maturation, we generated various mutations that eliminate putative processing sites and then analyzed the ef-
fect of each mutation on the production of cPAP and mPDF by 4 different antibodies in both ectopic and endogenous conditions. We 
also assessed the knockdown effects of processing enzymes on the proPDF maturation. At the functional level, circadian phenotypes 
were measured for all mutants and knockdown lines. As results, we confirm the roles of key enzymes and their target residues: 
Amontillado (Amon) for the cleavage at the consensus dibasic KR site, Silver (Svr) for the removal of C-terminal basic residues from 
the intermediates, PAP-KR and PDF-GK, derived from proPDF, and PHM (peptidylglycine-α-hydroxylating monooxygenase) for the ami-
dation of PDF. Our results suggest that the C-terminal amidation occurs independently of proPDF cleavage. Moreover, the PAP domain 
is important for the proPDF trafficking into the secretory vesicles and a close association between cPAP and mPDF following cleavage 
seems required for their stability within the vesicles. These studies highlight the biological significance of individual processing steps and 
the roles of the PAP for the stability and function of mPDF which is essential for the circadian clockworks.
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Introduction
Circadian rhythms are various kinds of biological rhythms with 
approximately (circa) 24-h periodicity and are essential for the 

adaptation of most life forms on Earth. In animals, the circadian 

rhythms are governed by self-sustaining pacemaker cells in the 

brain. These cells synchronize their internal clock with environ-

mental time cues (Zeitgeber) and autonomously maintain it in 

the absence of the Zeitgeber. The self-ticking central clockworks 

produce output signals to regulate diverse physiological and be-

havioral rhythms.
The site of the pacemaker cells in the mammalian brain is the 

hypothalamic suprachiasmatic nucleus (SCN) located just above 

the optic chiasm (Welsh et al. 2010). Extensive studies have shown 

that the autonomous molecular clock operating in the SCN is dri-

ven by autoregulatory transcriptional/translational feedback 

loops of major clock genes, Clock, Bmal, Period genes (Per1-3), and 

Cryptochrome genes (Cry1 and 2) (Welsh et al. 2010). In addition, syn-

chronization or coupling of a heterogeneous population of 

∼20,000 cells in the SCN is mediated primarily by a neuropeptide 

vasoactive intestinal peptide (VIP) and minorly by gastrin- 

releasing peptide (GRP), arginine vasopressin (AVP), and GABA 
(Vosko et al. 2007; Welsh et al. 2010; Ono et al. 2021).

Fundamental aspects of the clock-ticking mechanisms are well 
conserved in the vinegar flies, Drosophila melanogaster. Like those in 
mammals, transcriptional–translational feedback mechanisms of 
the core transcription factors, period (per), timeless (tim), Clock (Clk), 
and cycle (cyc, a homolog of mammalian Bmal), are essential for the 
generation of the autonomous clock (Hardin and Panda 2013). 
Comprehensive transgenic and histological investigations identi-
fied about 150 neurons expressing the core clock genes in an adult 
fly brain, suggesting them to be neuronal regulators of the circa-
dian rhythms. Among them, a set of ventrally located lateral neu-
rons (LNvs) expressing the pigment dispersing factor (PDF) has 
been demonstrated as the essential pacemaker for circadian be-
haviors (Helfrich-Forster 2005). Furthermore, a null mutation of 
the Pdf gene and ablation of the PDFergic neurons display similarly 
abnormal circadian phenotypes, suggesting PDF to be a key circa-
dian clock messenger from the pacemaker neurons (Renn et al. 
1999).
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In an adult brain, the PDF-expressing LNv neurons are further 
resolved into 2 clusters, each containing 4 neurons referred to as 
small-LNvs (s-LNvs) and large-LNvs (l-LNvs), based on their distinct 
neuroanatomical features (Helfrich-Forster 2003, 2005). Several 
genetic and histological studies have confirmed that the s-LNvs 
are particularly critical for entraining and maintaining the circa-
dian locomotor activity rhythms (Renn et al. 1999; Yang and 
Sehgal 2001; Shafer and Taghert 2009). Interestingly, the PDF re-
ceptor (PDFR) is expressed in the s-LNvs and several other clock- 
relevant neuronal clusters, suggesting that autocrine and para-
crine actions of the PDF signaling establish intercellular commu-
nication among various subsets of clock gene-expressing neurons, 
which is necessary for entrainment, enforcement, and mainten-
ance of the circadian pace-making system (Shafer et al. 2008; Im 
and Taghert 2010; Choi et al. 2012; Ahmad et al. 2021). In this as-
pect, PDF is considered a functional homolog of the mammalian 
neuropeptides produced in the SCN (Vosko et al. 2007).

Despite the importance of PDF as an essential clock-output 
component, little is known about how PDF production is regu-
lated. Pdf transcript levels do not show daily oscillation but Pdf
transcription is positively regulated by 2 major clock genes, Clk
and cyc, particularly in the s-LNv neurons through a yet unknown 
mechanism (Park and Hall 1998; Blau and Young 1999; Park et al. 
2000; Park 2002; Bahn et al. 2009). On the contrary, Clk was shown 
to suppress Pdf expression perhaps indirectly via activation of 
dhr38 and stripe in the s-LNvs (Mezan et al. 2016). PDF levels are 
also regulated at the posttranscriptional level. At nerve terminals 
derived from the s-LNvs, PDF immunoreactivities show circadian 
rhythms and such rhythms are under the control of per and tim
(Park et al. 2000). Recent studies have shown that VRILLE, a tran-
scription factor regulated by Clk and cyc, is also involved in the 
posttranscriptional regulation of PDF production in the s-LNvs 
(Blau and Young 1999; Gunawardhana and Hardin 2017). 
Together, these studies indicate that PDF production is regulated 
at both the transcriptional and posttranscriptional levels. 
However, the molecular mechanisms underlying PDF production 
are only slightly understood.

Like the majority of other neuropeptides, the mature PDF 
(mPDF) is part of a much larger precursor form. Drosophila Pdf
mRNA encodes a 102-amino-acid (aa)–long preproPDF, which con-
sists of an N-terminal signal peptide, PDF-associated peptide 
(PAP), and PDF (Park and Hall 1998; Bahn et al. 2009). Following re-
moval of the signal peptide, the remaining precursor form 
(proPDF) is expected to be cleaved at consensus dibasic Lys-Arg re-
sidues (-KR↓-) by a specific endopeptidase called prohormone con-
vertase (for short, PC; Duckert et al. 2004; Hoshino and Lindberg 
2012). The resulting products, PAP-KR and PDF-GK, undergo fur-
ther modifications; removal of the C-terminal basic residues by 
a carboxypeptidase generates cleaved-PAP (cPAP) and 
PDF-G. The latter is then C-terminally amidated (PDF-NH2) 
(Eipper et al. 1992, 1993; Pauls et al. 2014). In this study, we at-
tempted to gain insights into the in vivo mechanisms underlying 
individual processing steps of proPDF and to assess the biological 
significance of each step and the roles played by the PAP domain.

Materials and methods
Drosophila stocks
The following driver and mutant lines were used in this study: 
Pdf-Gal4 (Park et al. 2000), DvPdf-Gal4 (Bahn et al. 2009), Crz-Gal4 
(Choi et al. 2006, 2008), Akh-Gal4 (Lee and Park 2004), 
ccap-Gal4 (Park et al. 2003), 386Y-Gal4 (Taghert et al. 2001), 
c929-Gal4 (Hewes et al. 2003), and Pdf01 (Renn et al. 1999). Canton-S 

and w1118 were used as wild-type and genetic control, respectively. 
The TRiP or RNAi lines obtained from the Bloomington Drosophila 
Stock Center (BDSC) were used to knockdown genes encoding en-
zymes that are known for processing and amidation of Drosophila 
neuropeptides: UAS-amon-RNAi (BDSC #29009), GL01217(BDSC 
#41635), HM05071 (BDSC #28583), and HMS02715 (BDSC #44001) 
for amon; HMC04080 (BDSC #55392) for PHM, and HMC02395 
(BDSC #44487) for silver (svr).

Site-directed mutagenesis
Fifteen Canton-S flies were homogenized in 500 µL of squash buf-
fer (10 mM Tris, PH 8.0; 25 mM NaCl; 1 mM EDTA) containing 200 
µg/mL proteinase K (Promega), incubated at 37°C for 25–30 min, 
and then at 95°C for 5 min to inactivate the proteinase 
K. Following centrifugation at max for 1 min, 1-µL aliquot of the 
supernatant was added to a 50-µL PCR using Easy-A 
High-Fidelity PCR Mastermix (Agilent) to amplify the genomic 
Pdf sequence (−770 to +1,127 relative to the transcription start 
site). PCR primers used for this reaction are PDF-Nsi-for and 
PDF-BH-rev primers (Table 1). The PCR product was purified by 
Qiaquick purification kit (Qiagen) and then cloned into 
pGEMTeasy vector (Promega). The recombinant DNA clone with-
out PCR error was amplified and used as a template for the site- 
directed mutagenesis.

To eliminate putative PC-target sites (K81-R82), K81-codon was 
changed to Gln-codon (K81Q; Anstrom et al. 2006) by using Q5 site- 
directed mutagenesis kit (NEB), Pdf genomic DNA template, and 
K81Q-f and K81-r primers (Table 1), according to the manufac-
turer’s protocol. To produce cPAP only from the proPDF, 
K81-codon was replaced with a stop codon (K81X) by using 
K81X-f and K81-r primers. To prevent potential stop codon read-
through (Jungreis et al. 2011; Chen et al. 2020), double-stop codons 
were introduced to the K81X-f primer. To determine the import-
ance of the C-terminal amidation of PDF, 3 different mutations 
were generated: G101X, K102Q, and K102X using primers listed 
in Table 1. The mutant sequences are shown in Supplementary 
Fig. 1.

The Pdf genomic DNA fragment (wild type or mutants) was in-
serted into a newly developed pUTK-attB vector at EcoR1 > BamH1 
sites (Supplementary Fig. 8) for attP site-specific integration. To 
make UAS-Pdf constructs bearing wild-type or mutant Pdf coding 
sequences, full-length Pdf cDNA sequences were obtained from 
the corresponding genomic DNA clones by PCR using 5′-Pdf-R1/ 
3′-Pdf-Xba primers (Table 1). The PCR products were inserted 
into the pUAST-attB vector at EcoR1 > Xba1 sites.

Generation of transgenic lines
All of the DNA constructs were integrated into the attP40 site. DNA 
(215 ng/µL; Bischof et al. 2007) was injected into the embryos of y w 
P{y[+t7.7]=nos-phiC31\int.NLS}; P{y[+t7.7]=CaryP}attP40 (BDSC 
#79604). Viable G0 male flies were crossed to balancer virgins 
(y w; Bl/CyO, y+), and then, male transformants bearing the mini- 
white marker (G1) were selected to remove X-linked nos-phiC31 in-
tegrase and then established as stocks. The introduced mutation 
sites were confirmed in their genomic DNAs by sequencing.

Antibodies and immunohistochemistry
Three different antibodies were generated in rats or rabbits 
(Genemed Synthesis). Rabbit anti-PDF was made against the en-
tire PDF (NSELINSLLSLPKNMNDA-NH2) and used at 1:3,000 dilu-
tion. Rat anti-cPAP was generated against 8 residues of the 
C-terminal end of the cPAP (LGPSVPIR) and used at 1:1,200 
dilution. Rabbit anti-PAP was generated against 15 residues 
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located in the N-terminal region of the PAP domain 
(PDEERYVRKEYNRDL) and used at 1:1,200 dilution. Monoclonal 
anti-PDF-C7 obtained from Developmental Studies Hybridoma 
Bank was used at 1:100 (Cyran et al. 2005).

Immunohistochemical procedures were done as previously re-
ported (Park et al. 2000). Briefly, dissected CNSs at around 8 h after 
light on were fixed in 4% paraformaldehyde overnight at 4°C, 
rinsed in 1× PBS (3 × 15 min each) and then in TNT (0.1 M Tris, 
PH 7.4; 0.3 M NaCl; 0.5% Triton X-100) (3 × 15 min each). The sam-
ples were then incubated in the blocking buffer (TNT containing 
4% normal donkey serum) for 2 h at room temperature (RT). 
After incubation with primary antibodies at 4°C overnight, the 
samples were rinsed in TNT (6 × 15 min each) and then incubated 
with secondary antibodies conjugated with Alexa Fluor 594 or 
Alexa Fluor 488 (1:200 dilution; Jackson ImmunoResearch) for 
2 h at RT. Fluorescent images were acquired by Olympus BX61 epi-
fluorescence microscope. For the quantification, the immuno-
signals were acquired under the same exposure condition and 
the signal intensities were measured with ImageJ. Prism (ver. 
9.4.1) was used to run the Student t-test or ANOVA followed by 
Tukey’s multiple comparisons test and to generate graphs.

Analysis of the circadian locomotor activity 
rhythms
Circadian locomotor activities of adult males (3–5 d old) were 
monitored by an infrared emitter–detector system and recorded 
every 30 min using the Drosophila activity monitoring system 
(https://trikinetics.com/). Flies were entrained to 12-h light:12-h 
dark (12:12 LD) cycles for 4 d and then placed under constant 
darkness (DD) for additional 7–8 d. Chi-square periodogram ana-
lysis was performed with ClockLab software (Actimetrics), as de-
scribed previously (Bahn et al. 2009). Flies that did not survive 
the entire assay period were excluded from the data analysis.

Results
Dibasic KR residues act as the cleavage site for 
proPDF
Studies with various neuropeptide precursors (pro-Neuropeptides) 
have suggested that monobasic or dibasic residues that are stra-
tegically positioned between the associated peptide and function-
ally active neuropeptide act as the proteolytic cleavage site 
(Veenstra 2000; Duckert et al. 2004; Hoshino and Lindberg 2012). 
The proPDF also contains dibasic KR residues in such a position; 
hence, cleavage at this site could be a key step, ultimately leading 
to the production of 2 final products, mPDF and cPAP (Fig. 1a. To 

ascertain if the KR residues serve as the cleavage site of 
proPDF, we generated 3 UAS constructs; a control UAS-PdfWT 

and mutant UAS-PdfK81Q and UAS-PdfK81X (Fig. 1b and 
Supplementary Fig. 1), each of which was inserted into the 
attP40 site to eliminate any positional effects on the transgene 
expression (Markstein et al. 2008). K81Q substitution is intended 
to disrupt the cleavage event, thus producing a cleavage- 
defective proPDF form. K81X is to produce cPAP only by introdu-
cing a premature stop codon (represented by X).

To monitor ongoing proteolytic processing of the wild-type and 
mutant proPDF, we generated 3 antibodies: anti-cPAP for the de-
tection of cPAP only and anti-PAP and anti-PDF to detect PAP 
and PDF regions, respectively, in both precursor and cleaved 
forms (Fig. 1a). To test if these antibodies detect PDFergic neurons 
specifically, the CNSs of wild-type flies were immunostained. The 
results show that each of the antibodies labeled all known 
PDFergic neurons in both larval CNS and adult protocerebrum 
(Supplementary Fig. 2). Next, we directed ectopic expression of 
both wild-type and mutant Pdf transgenes in the corazonin (Crz) 
expressing peptidergic neurons by using a Crz-Gal4 to monitor 
the products from these constructs without any interference 
from endogenously expressed Pdf. Since a mature Crz 
neuropeptide is also derived from its larger precursor form 
(Supplementary Fig. 7), we expect that the corazonergic neurons 
contain all enzymes necessary for proPDF processing (Choi et al. 
2005; Pauls et al. 2014). We focused primarily on the 8 pairs of ven-
tral neurons (vCrz) located from the 2nd thoracic to 6th abdomin-
al neuromeres because they are easily distinguishable from 
endogenous PDFergic neurons (Fig. 2j; Choi et al. 2005; Lee et al. 
2008). All antibodies displayed strong immunostainings in the 
vCrz neurons expressing PdfWT (Fig. 2, a–c), and similar results 
were found in the brain Crz neurons (Supplementary Fig. 3). The 
data indicate that the wild-type proPDF was successfully pro-
duced and cleaved in the Crz neurons.

Expression of Pdf K81Q was also detected with both anti-PDF and 
anti-PAP but not with anti-cPAP (Fig. 2, d–f), suggesting that the 
mutant proPDF remained uncleaved and that KR residues are in-
deed important for the cleavage. The lack of anti-cPAP signals is 
likely because the antigenic site for the anti-cPAP is sterically hid-
den in the absence of cleavage of proPDF. In support of this notion, 
all of the Pdf K81X-expressing vCrz neurons were labeled well with 
both anti-cPAP and anti-PAP but none with anti-PDF (Fig. 2, g–i). 
These results raised the possibility that the exposed C-terminal 
residues of the cPAP might be important for the immunoreactivity 
with anti-cPAP. To test this, we made an additional construct 
(UAS-Pdf R80AX) in which the C-terminal R residue of the cPAP is 

Table 1. PCR primers used in this study.

Name Sequence (5′ -> 3′) Target region Purpose

Pdf-Nsi-for TGGTT GCCCA AATGC ATAGG CT Pdf upstream up to Nsi site To amplify Pdf gDNA
Pdf-BH-rev CAGTG CGCAG GATCC ATGTT AACA Pdf downstream up to BamH1 site To amplify Pdf gDNA
K81Q-for TGCCC ATCAG GCAGC GCAAC TCG K81Q (AAG > CAG) To remove cleavage site
K81-rev CGGAT GGGCC CAAGG AGTTC TCA
K81X-for TGCCC ATCAG GTAGT AACTC GGAGC TA K81X (AAGCGC > TAGT) To express cPAP only
G101X-for ACATG AACGA TGCGT AAAAG TAAGC CCGGA G101X (GGC > TAA) To remove amidation site
G101X-rev TCTTG GGCAG ACTCA ACAAG GAGTT G
K102Q-for ACGAT GCGGG CCAGT AAGCC CGGA K102Q (AAG > CAG) To remove amidation site
K102-rev TCATG TTCTT GGGCA GACTC AACA
K102X-for ACGAT GCGGG CTAGT AAGCC CGGA K102X (AAG > TAG) To remove amidation site
3′-Pdf-Xba cctgtctagatGTTGTACCAGATTTC Pdf cDNA 3′end To make UAS-Pdf (wt & mut)
5′-Pdf-RI cgcgaattc ATTCG CAAGTC TCCTG CTGC Pdf cDNA 5′end To make UAS-Pdf (wt & mut)

Mutagenic nucleotides are indicated in bold face; endogenous termination codons (TAA) are in italics. Engineered restriction enzyme sites (EcoR1 and Xba1) or 
natural ones (Nsi1 and BamH1) are underlined.
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replaced with Ala (Fig. 1b). Expression of this mutant form in the 
vCrz neurons was detected with anti-PAP but not with anti-cPAP 
(Fig. 2, k and l), confirming that the immunoreactivity of 
anti-cPAP requires the R residue exposed at the C-terminal end 
of the cPAP.

We also like to note that the expression of both cleavage- 
defective proPDFK81Q form and cPAP only is detected in the somata 
as well as the axonal tracts of the vCrz neurons (Fig. 2 and 
Supplementary Fig. 3). These data suggest that the PAP domain 
is not only required but also sufficient for the trafficking of 
proPDF for the regulated secretory pathway (Gondré-Lewis et al. 
2012). We propose that the proPDF is a preferred form for pack-
aging into the secretory vesicles forming at the trans-Golgi 
network.

Overlapping localization of PDF and cPAP
Given the specificities of anti-cPAP and anti-PDF, we examined if 
there is any divergent subcellular distribution between PDF and 
cPAP in endogenous neurons. Both antibodies showed compar-
able immunosignals in the somata and neurites of all PDFergic 
neurons in the larval and adult CNSs (Fig. 3, a–d). Relatively 
weak cross-reactive signals of anti-PDF were noted in a few neu-
rons near the dorsal projections of the LNs, a pair of neurons in 
the subesophageal area, and thoracic ventral neurons (Tv; Fig. 3, 
a and e). Simultaneous labeling with both antibodies revealed 
overlapping patterns from somata to axon terminals (Fig. 3, e–g), 
suggesting that the 2 final products, mPDF and cPAP, coexist in 
the secretory vesicles. Overlapping somatal signals of anti-cPAP 
and anti-PDF suggest that the cleavage of most proPDF, if not 

all, is completed before the vesicles enter the axonal tract. 
Noticeably stronger immunosignals near the axon terminals 
were consistently observed with both antibodies (Fig. 3, e–g), 
presumably reflecting the gradual accumulation of the secretory 
vesicles toward the terminals.

Rescue of Pdf01 mutant phenotype with Pdf 
transgenes
To see if both mutant forms (Pdf K81Q and Pdf K81X) are properly ex-
pressed and produced in the endogenous PDFergic neurons and 
capable of rescuing defective circadian locomotive activities of 
Pdf 01 mutant flies (Renn et al. 1999), we made 3 genomic Pdf con-
structs, designated as gPdf WT, gPdf K81Q, and gPdf K81X (Fig. 4a). 
Previously, we have shown that the 770-bp sequence upstream 
of the Pdf gene contains all cis-acting elements necessary for the 
spatiotemporal expression of Pdf (Park et al. 2000; Nair et al. 
2020). A reason for making these lines, instead of utilizing the 
UAS/Gal4 system, is to imitate endogenous Pdf expression levels. 
Each genomic Pdf construct was inserted into the attP40 site, 
and then, it was recombined genetically with the Pdf 01 allele to 
eliminate endogenous Pdf products. As reported previously, the 
Pdf 01-encoded product (Y21X) is not immunoreactive with anti-
bodies used here (Renn et al. 1999).

All tested antibodies displayed normal immunostaining pat-
terns in the larval LNs and their dorsal projections in gPdf WT; 
Pdf01 flies, verifying that the transgenically expressed proPDFWT 

was properly produced and processed in the endogenous system 
(Fig. 4, bA–bC). Expression of gPdf K81Q gave rise to products detec-
tible with anti-PDF and anti-PAP (Fig. 4, bD and bF) but not with 

(a)

(b)

Fig. 1. Site-directed mutagenesis of the PC cleavage site of the proPDF. a) Schematics of the hypothetical maturation process of the PDF precursor. 
Numbers in parenthesis indicate amino acid residues in each domain deduced from the Pdf cDNA. Analysis with PrediSi (http://www.predisi.de/) and 
PSORT (https://www.genscript.com/tools/psort) predicted the first 22 aa to be a signal peptide. LGPSVPIR at the C-terminal of PAP is used as an antigenic 
site to generate anti-cPAP. Antigenic sites for the other 3 antibodies are also indicated (SP, signal peptide; PAP, PDF-associated peptide). b) UAS-Pdf 
constructs [wild-type (WT) and 3 indicated mutants] generated by site-directed mutagenesis (see also Supplementary Fig. 1).
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anti-cPAP (Fig. 4bE), indicating that proPDFK81Q also failed to be 
cleaved in the endogenous neurons, as shown in the vCrz neurons 
(Fig. 2f).

Since anti-PDF and anti-PAP are supposed to detect both 
proPDFK81Q and wild-type forms equally, we expected comparable 
immunostaining levels between gPdf K81Q and gPdf WT. However, 
we noticed significantly reduced anti-PDF immunoreactivities of 
this mutant form as compared to those of the wild-type one 
(Fig. 4, bA vs bD). Quantification analysis confirmed about 15% re-
duction of the immunosignals in the somata and about 58% re-
duction in the dorsal projections (Fig. 4, c and d). A similar 
reduction in immunosignal levels was also observed with 
anti-PAP (Fig. 4, bF vs bC). These results suggest that the un-
cleaved precursor is less stable in the LNs than is the wild-type 
one. Nevertheless, proPDFK81Q seems to be delivered to the axon 
terminals; however, it is unknown if the uncleaved proPDF is 
exocytosed.

As expected, gPdf K81X expression was undetectable with 
anti-PDF (Fig. 4bG). To our intrigue, however, it also showed 
none or very weak immunoreactivities with anti-cPAP (Fig. 4bH) 
and with anti-PAP (Fig. 4bI). These data are in stark contrast to 
what we observed in the vCrz neurons in which the immunosignal 
levels were comparable between Pdf K81X and Pdf WT (Fig. 2, b and c

vs h and i). A reasonable explanation is that cPAP alone is highly 
unstable and undergoes rapid degradation in the LNs but some-
how remains stable in the Crz neurons. Since anti-cPAP signals 
are robust in gPdf WT; Pdf 01, the coexistence of cPAP and mPDF fol-
lowing cleavage of proPDF seems to be necessary for the stability 
of cPAP at least in the LN neurons.

We further investigated if either the cleavage-defective mutant 
form or cPAP expression alone can restore the abnormal circadian 
phenotypes of Pdf 01 (Renn et al. 1999; Bahn et al. 2009). During LD 
entrainment, control (w1118) flies showed typical crepuscular ac-
tivity patterns. Before light-off, the activities of w1118 increased 
steadily from ZT8, while slightly deviated patterns were shown 
by the WT and K102X rescued ones (Fig. 5), possibly due to differ-
ent genetic backgrounds. In contrast, as reported previously (Renn 
et al. 1999), Pdf 01 mutants displayed a broader evening peak pro-
duced by a sharper increase of activities, reaching the plateau at 
1–1.5 h earlier than the control. Similar patterns were also ob-
served in other transgenic lines (K81Q, K81X, G101X, and K102Q).

A majority of Pdf 01 mutant flies were arrhythmic while a few of 
them were still rhythmic under constant darkness condition. 
Consistent with the immunosignals, gPdf WT transgene rescued 
the abnormal circadian phenotypes of Pdf 01 mutants, whereas 
both gPdf K81Q and gPdf K81X failed to do so (Fig. 5 and Table 2). 

(a) (d) (g) (j)

(b) (e) (h) (k)

(c) (f) (i) (l)

Fig. 2. Immunodetection of ectopically expressed mutant and wild-type Pdf in the vCrz neurons. At least 7 specimens were used for each antibody 
reaction. a–c) Expression of PdfWT (WT) was detected by all 3 antibodies. a) vCrz neurons are shown in the bracket. Arrows indicate nonspecific signals 
derived from anti-PDF. Endogenous PDFergic neurons located at the abdominal ganglia (abPDF) are indicated by an arrowhead. d–f) Expression of PdfK81Q 

(K81Q) was detected by anti-PDF d) and anti-PAP e), but not by anti-cPAP f). g–i) Expression of PdfK81X was not detected by anti-PDF g) but by both anti-PAP 
and anti-cPAP h, i). j) mCD8GFP-reported vCrz neurons in the bracket. k, l) Expression of PdfR81AX was detected by anti-PAP k) but not by anti-cPAP l). Scale 
bar, 100 µm.
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The lack of rescue by gPdf K81Q is unlikely due to lower PDF levels in 
the mutant. Having said this, PDF expression levels do not well 
correlate with the circadian phenotypes; even a single 
PDF neuron was able to drive robust circadian rhythms 
(Helfrich-Forster 1998). Nevertheless, the failure of gPdf K81Q in 
rescuing Pdf 01 phenotypes supports that the proPDF per se is not 
a functional form and that the cleavage event at the KR site is 
indeed a cornerstone leading to the ultimate production of func-
tional PDF.

Roles of C-terminal amidation for stability and 
function
The C-terminal amidation (a.k.a. α-amidation) has been suggested 
to be crucial for the stability and function of a variety of bioactive 
neuropeptides (Eipper et al. 1992). The amidation donor is 
C-terminally extended Gly (G), which is flanked typically with 
mono- or dibasic residues. The removal of these basic residues 

by a carboxypeptidase exposes the G residue, which is converted 
to an amide group by sequential enzymatic activities (Kolhekar 
et al. 1997; Pauls et al. 2014). Since proPDF also contains GK at 
the C-terminus of the PDF domain (Fig. 6a), the aforementioned 
reactions are likely to produce PDF-NH2. However, whether the re-
moval of C-terminal K and/or amidation is crucial for PDF’s stabil-
ity and function has not been assessed. To address this issue, we 
generated 3 transgenic lines, UAS-Pdf G101X, UAS-Pdf K102Q, and 
UAS-Pdf K102X, as illustrated in Fig. 6a (see also Supplementary 
Fig. 1). G101X mutation removes both G and K residues, thus ex-
posing Ala (A) at the C-terminus that is unmodifiable for amida-
tion. In K102Q, the new C-terminal Q residue is not removed by 
the action of a carboxypeptidase, thereby hiding the G residue 
from amidating enzymes. The K102X mutant form ending with 
G residue possibly undergoes amidation reaction without the ne-
cessity of the K-removal step, which allows us to evaluate any role 
of the terminal basic residue(s) following G.

As done before, we first examined the expression of the mu-
tant forms in the vCrz neurons. Both anti-PDF and anti-cPAP 
showed comparable levels of immunosignals between wild-type 
and amidation-defective G101X and K102Q forms (Fig. 6, bA–bC 
and bE–bG), suggesting that these mutants undergo normal 
proPDF cleavage and remain stable in the vCrz neurons. 
Second, by taking advantage of the amidation-defective forms, 
we tested PDF antibodies generated by us or others in the hope 
to find the one that can distinguish between amidated and non-
amidated PDF. From our painstaking tests, we found that a 
mouse monoclonal anti-PDF-C7 raised against amidated PDF 
(Cyran et al. 2005) is specific to the amidated PDF. This antibody 
detected well PDFs from Pdf WT expression that are expected to 
be amidated (Fig. 6bI) while it completely failed to recognize 
amidation-defective G101X and K102Q mutant forms (Fig. 6, bJ 
and bK). This antibody did not show any cross-reactivities in 
the wild-type larval and adult CNS (SupplementaryFig. 2D and 
Di). Together, these data demonstrate the specificity of 
anti-PDF-C7 to the amidated PDF. Remarkably, anti-PDF-C7 
showed immunoreactivities in the vCrz neurons expressing 
Pdf K102X (Fig. 6bL), suggesting that K102X could produce ami-
dated PDF. However, it is notable that the anti-PDF-C7 signals 
were significantly weaker in the anterior 5 pairs of vCrz neurons 
as compared to the posterior 3 pairs (bracket in Fig. 6bL), imply-
ing nonuniformed capability of amidation reaction among vCrz 
neurons.

To address functional aspects of the amidation-defective mu-
tant forms and the C-terminal basic residue(s) of PDF in the en-
dogenous neurons, we created genomic mutant transgenes 
(gPdf G101X, gPdf K102Q, and gPdf K102X) in Pdf 01 background and 
then tested them with anti-PDF-C7. The results were quite con-
sistent with what we observed in the vCrz neurons (Fig. 6, cA– 
cD). These data also suggest that bypassing the K-removal step 
(K102X) does not affect the subsequent amidation event; however, 
lower levels of immunosignals from K102X mutant (Fig. 6, cA vs 
cD) argue that the presence of K is somewhat important either 
for optimizing the amidation reaction or stabilizing precursor or 
intermediate forms or both.

In many Drosophila pro-Neuropeptides (proNPs), the functional 
neuropeptide domains are positioned internally in their precur-
sors (e.g. Broek 2001; Park et al. 2003; Choi et al. 2005). In such 
cases, the amidation reaction must be preceded by a 
PC-mediated cleavage step (Supplementary Fig. 7). By compari-
son, the PDF domain is positioned at the C-terminus of the 
proPDF. Therefore, it might be unnecessary for the amidation 
and proPDF cleavage events to occur in an orderly manner. To 

(a)

(b)

(c)

(d)

(e) (f) (g)

Fig. 3. Specificities of anti-cPAP and anti-PDF in the PDFergic neurons of 
wild-type larval and adult brains. a, c) Immunoreactivities with anti-PDF 
a) and anti-cPAP c) in the CNSs from wandering third-instar larvae (n = 14 
for each). Arrows in a) indicate cross-reactive signals, which are absent in 
c). b, d) Immunoreactivities with anti-PDF b) and anti-cPAP d) in the adult 
brain (n = 14 for each). e–g) Simultaneous labeling with anti-PDF e), 
anti-cPAP f), and merger of the 2 g) in the larval brain lobe (n = 28). 
Cross-reactive signals of anti-PDF are indicated by arrows in e) (LN, lateral 
neurons; abPDF, abdominal ganglionic neurons; dp, dorsal projection of 
the LNs or s-LNvs; OL, optic lobe; POT, posterior optic tract of the l-LNvs). 
Scale bars, 100 µm (a), 50 µm b, e).
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address this, we examined if the cleavage-defective proPDFK81Q is 
amidated. We found robust immunoreactivities with anti-PDF-C7 
in Pdf K81Q-expressing vCrz neurons (Fig. 6bM). This antibody also 
showed immunoreactivities in the LNs of gPdf K81Q; Pdf01 flies, 
but the signals were substantially weaker than in gPdf WT; Pdf 01 

control (Fig. 6, cE vs cA). Since similar results were shown with 
anti-PDF (Fig. 4, bD vs bA), proPDFK81Q seemed unstable in the 
LNs but not in the vCrz. Nevertheless, these data together indicate 
that the proPDF cleavage step is not a prerequisite for the 
C-terminal amidation.

To further assess if the amidation status affects the stability of 
PDF or proPDF in the LN neurons, we analyzed anti-PDF immunos-
taining in these transgenic flies. Both gPdf G101X and gPdf K102Q simi-
larly showed slightly reduced immunosignals in the LN-somata 

but a pronounced reduction in the dorsal projections (Figs. 7, 
aA–aC, bA, and bB, for quantification). These results support the 
importance of amidation for the stability of proPDF and/or PDF. 
More severely reduced immunosignals in the nerve terminals 
might reflect the ongoing degradation of unamidated PDFs during 
transit along the axonal tracts.

Despite the subnormal stability of the amidation-defective mu-
tant forms, PC-mediated processing of these mutant proPDFs is 
expected to occur normally, because the mutations are targeted 
to disrupt the C-terminal amidation events only. To our surprise, 
however, anti-cPAP signals were weaker in both mutants, al-
though gPdf K102Q contained slightly more cPAPs than gPdf G101X 

did in both somata and dorsal projections (Figs. 7, aE–aG, bC, 
and bD, for quantification). These data can suggest that the lack 

(a)

(b)

A

B E

C F

D G

H

I

(c) (d)

Fig. 4. Detection of gPdf WT, gPdf K81Q, and gPdf K81X expressed in the Pdf 01 mutant background. a) A schematic diagram showing the genomic Pdf fragment, 
which includes 770-bp upstream and 438-bp downstream sequences of the Pdf gene. b) Immunohistochemical results with indicated antibodies and 
transgenes. Nonspecific anti-PDF immunoreactive signals are indicated by arrows in a), d), and g). Arrowheads point to somata of PDF-producing LNs. 
More than 10 larval brain samples were processed for each antibody reaction. Scale bar, 50 µm. c, d) Quantification of the signal intensities in LN-soma c) 
and dorsal projections d) for WT vs K81Q. (****P < 0.0001).
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Fig. 5. Locomotor activity patterns of genetic control (w1118) and various Pdf mutants in Pdf 01 background. Average activity histograms indicate relative 
activity levels under 4 days of 12-h light:12-h dark conditions (LD, left), and 7 days of constant dark conditions (DD, right). Open, black, and gray horizontal 
bars under each histogram indicate light, dark, and subjective-light phase, respectively. A short horizontal line in the w1118; Pdf 01 indicates a broad 
evening activity peak that is a characteristic mutant behavior. (ZT, zeitgeber time; CT, circadian time; traditionally, ZT0 starts the light phase and ZT12 
the dark phase).
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of amidation somehow negatively influences the cleavage of 
proPDFs. Alternatively, the reduced anti-cPAP signals in the mu-
tants might be due to decreased stability of cPAPs derived from 
the mutant precursors. Since the anti-PAP staining also showed 
significantly reduced signals in the mutants (Fig. 7c), it seems 
that lowered anti-cPAP signals (Fig. 7, aF and aG) are primarily 
due to the unstable nature of proPDF and/or cPAP derived from 
the C-terminal mutants.

Next, we analyzed the expression of gPdf K102X flies. First, 
anti-PDF signals were weaker in both somata and dorsal projec-
tions than the ones in gPdf WT, but stronger than those in 
gPdf G101X and gPdf K102Q mutants (Fig. 7, aD, bA, and bB). Second, 
anti-cPAP signals were comparable to anti-PDF ones (Fig. 7, aH 
vs aD). We reason that the lower immunosignals are presumably 
due to the reduced stability of proPDF in the absence of C-terminal 
basic residue. We propose that the C-terminal basic residue acts 
as a protective measure to some extent against degradation 
and/or facilitates amidation reaction that also renders stability 
to final products.

We also wanted to see if amidation is essential for PDF’s func-
tion in circadian behaviors. Both gPdf G101X and gPdf K102Q failed to 
rescue circadian phenotypes of Pdf 01 mutant flies (Fig. 5 and 
Table 2). On the other hand, gPdf K102X fully rescued Pdf 01, verifying 
that the proPDFK102X, despite slightly reduced expression, suc-
cessfully produces functional PDF–amide, in which the amount 
is still sufficient for normal circadian behaviors. In this aspect, 
we remind that the cleavage-defective proPDFK81Q was also ami-
dated but unsuccessful to rescue the defective circadian beha-
viors of pdf01 flies, suggesting that the amidated proPDF per se is 
not functional.

Enzymes involved in the maturation of proPDF
Using the antibodies and RNAi tools, we assessed the roles of 3 dif-
ferent enzymes for the proPDF cleavage and amidation. The 
Drosophila genome contains amontillado (amon) encoding a single 
PC2 homolog (Siekhaus and Fuller 1999). amon is an essential 
gene as amon-null mutants are embryonic or early larval (L1–L2) 
lethal (Rayburn et al. 2003). Further genetic and peptidomics stud-
ies have shown that Amon is required for the cleavage of several 
proNPs to produce mature peptides, such as adipokinetic hor-
mone (AKH) that is secreted from the neurohemal organs (Lee 
and Park 2004; Rhea et al. 2010; Wegener et al. 2011).

To find out Amon’s role in cleaving proPDF, we knocked down 
amon in the PDFergic neurons. To avoid any possible negative 
effect on the endogenous Pdf expression, we employed a 

DvPdf-Gal4 that drives strong reporter expression in the LNs 
(Fig. 8c; Bahn et al. 2009). We tested 4 different 
amon-knockdown (amon-KD) lines: UAS-amon-RNAi-78b (Rhea 
et al. 2010) and 3 UAS-amon-TRiP lines (GL01217, HMS02715, 
and HM05071). In response to the RNAi-78b expression, 30% of 
larval brain lobes lacked anti-cPAP signals (Fig. 8, a and b) and 
the remaining samples showed either very weak signals detected 
mainly in the dorsal projections or rather normal-looking ones. 
Two TRiP lines (GL01217 and HMS02715) showed reduced cPAP 
levels only in less than 10% of samples, while another TRiP 
line (HM05071) had no effect (Supplementary Fig. 4). 
Coexpressed mCD8GFP revealed intact LN neurons that were 
negative with anti-cPAP (Fig. 8d and Supplementary Fig. 4), indi-
cating that amon-KD does not cause LN cell death or altered 
development.

Anti-PDF displayed significantly reduced signals in about 30% 
of amon-RNAi-78b samples but moderate-to-strong signals in the 
rest (Fig. 8, e vs f). Similar results were obtained with 
anti-PDF-C7 (Fig. 8, g vs h). None of the samples showed a com-
plete lack of immunosignals, which is in contrast to the results 
from anti-cPAP. Taking these results together suggests that 
Amon is important for the proPDF cleavage and uncleaved precur-
sors undergo the amidation process but their stability is compro-
mised. These results are consistent with the reduced 
immunosignals of the cleavage-defective proPDFK81Q in the LNs 
(Fig. 4bD). Low penetrance of the amon-KD is most likely due to 
the hypomorphic nature of RNAi lines. Having said this, ubiqui-
tous expression of the amon-RNAi (78b) using da-Gal4 or tub-Gal4 
showed that larvae developed normally and pupariated, and 
then, only about 6% of pupae (17 out of 287) became adults while 
the rest died during prepupal-to-pupal development. This sub-
lethal phenotype of systemic amon-KD is much milder than 
amon-null mutants that show larval lethality before they reach 
the L3 stage (Rayburn et al. 2003).

The cleavage of proPDF by Amon yields 2 intermediate products, 
PAP-KR and PDF-GK. Subsequently, the C-terminal basic residues 
of both are expected to be removed by carboxypeptidase. 
Recently, silver (svr)-encoded carboxypeptidase D (CPD) was shown 
to be a key enzyme for this action in many Drosophila neuropeptides 
(Sidyelyeva et al. 2010; Pauls et al. 2019). To test Svr’s role in the pro-
cessing of both PAP-KR and PDF-GK, RNAi-mediated svr-KD was 
performed. svr-null mutant is early larval (L1) lethal (Sidyelyeva 
et al. 2006) and ubiquitous expression of svr-RNAi (HMC02395) phe-
nocopied the lethal phenotype. All larval brains carrying svr-KD 
lacked immunosignals by anti-cPAP and anti-PDF-C7 (Fig. 9, a 

Table 2. Circadian locomotor activity rhythms.

Genotype n AR WR R Period (h) Power
Mean ± SD Mean ± SD

w1118 22 0 1 21 23.4 ± 0.6 63.3 ± 36.5
w1118;; Pdf01 30 15 6 9 22.5 ± 1.0 20.3 ± 24.9
w1118; gPdfWT; Pdf01 30 3 2 25 24.2 ± 1.1 83.7 ± 47.7
w1118; gPdfK81Q; Pdf01 30 12 6 12 23.2 ± 2.0 28.8 ± 32.5
w1118; gPdfK81X; Pdf01 31 18 6 7 23.6 ± 2.7 14.2 ± 11.7
w1118; gPdfG101X; Pdf01 31 14 8 9 23.9 ± 1.6 19.4 ± 20.0
w1118; gPdfK102Q; Pdf01 32 16 9 7 23.4 ± 2.2 21.2 ± 28.4
w1118; gPdfK102X; Pdf01 31 1 1 29 24.0 ± 0.9 78.8 ± 34.3
DvP-UmG*; UAS-dcr2 × UAS-amon RNAi 36 9 14 13 24.9 ± 2.9 12.7 ± 9.7
DvP-UmG* × UAS-silver RNAi 12 10 2 0 N/A
DvP-UmG* × UAS-PHM RNAi 9 6 0 3 22.8 ± 0.8 15.3 ± 3.0
DvP-UmG* × UAS-PdfWT 14 1 1 12 23.8 ± 0.6 63.4 ± 50.7

Chi-square periodogram analysis with a confidence level at 0.025. n, number of flies tested; AR, arrhythmic (power < 1); WR, weakly rhythmic (1 ≤ power < 10); R, 
rhythmic (P ≥ 10) under constant darkness. Both R and WR flies were counted for the period length. Power, an indicator of the strength of rhythmicity, was defined as 
the amplitude of peak above the significance line (Liu et al. 1991). Asterisks (*) indicate the DvPdf-Gal4, UAS-mCD8GFP double transgenic line.
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and c). Unexpectedly, both anti-PAP and anti-PDF also produced 
very weak signals that remained only in the somata (Fig. 9, b and 
d). svr-KD does not eliminate PDF neurons, as coexpressed 
mCD8GFP revealed normal PDF neurons (Fig. 9e). These data sug-
gest that Svr’s role is essential for the removal of the C-terminal 

basic residues from the PAP-KR and PDF-GK and that these inter-
mediate forms are highly unstable and thus degraded quickly.

C-Terminal amidation requires sequential actions of PAL and 
PHM (Eipper et al. 1993). About 76% of Drosophila neuropeptides 
are confirmed or predicted to be amidated (Nassel and 

(a)

(b)

(c)
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Fig. 6. Immunohistochemistry of the amidation-defective mutants. a) Schematics showing the UAS-Pdf constructs of WT and mutation sites at the 
C-terminal residues. b) Ectopic expression of indicated genotypes in the vCrz neurons (Crz-Gal4 > UAS-Pdf) detected with respective antibodies (n > 7 for 
each panel). c) Larval PDFergic neurons expressing genomic versions of WT and mutant Pdf forms in the Pdf 01 background. The neurons were stained with 
anti-PDF-C7. Representative images show LN neurons in a single larval brain hemisphere (n > 14 for each genotype). Scale bars, 100 µm (Ba), 50 µm (Ca). 
No immunoreactive signals were observed in G101X and K102Q mutants.
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Zandawala 2019). Our results support PDF amidation, but PHM’s 
role in this is left unclear because of undetectable PHM 
immunoreactivities in the LNs (Taghert et al. 2001). Ubiquitous 
expression of PHM-RNAi (HMC04080) by tub-Gal4 phenocopied 
late embryonic or L1 lethal phenotype of the PHM-null 
mutant (Jiang et al. 2000), proving effective PHM-KD by this line. 
PHM-KD in the PDF neurons eliminated anti-PDF-C7- 
immunosignals (Fig. 9f), verifying an essential role of PHM for 
PDF amidation. To check the amidation-defective PDF-G forms, 
we monitored PHM-KD brains with anti-PDF and found substan-
tially weak immunosignals (Fig. 9g), indicating an unstable 
nature of PDF-G. These results further support that intermediate 
products are highly unstable and amidation provides neuropep-
tides with stability.

Next, we examined cPAP production in PHM-KD. Anti-cPAP im-
munosignals were absent in most samples (Fig. 9h) whereas 
anti-PAP showed weak but apparent immunosignals (Fig. 9i). 
Because anti-PAP detects both proPDFs and cPAPs, we speculate 
that the weak immunosignals are mostly attributed to proPDFs. 
These results indicate rapid degradation of cPAPs in the absence 
of amidated PDFs, which is consistent with the results from the 
expression of PdfK81X in the larval LNs (Fig. 4Bh). Based on all of 
these observations, we propose that upon completion of cleavage 
and amidation reactions, cPAP and amidated PDF remain closely 
associated with each other to protect them from degradation 
within the secretory vesicles.

We further tested if the knockdown of the PDF-processing en-
zymes phenocopies Pdf 01 mutants. amon-KD flies showed only 

(a)

A
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B C D

(b)
A B C D

(c)
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Fig. 7. Instability of C-terminal mutant PDF forms expressed in the LNs. Each genomic version of Pdf transgenes was recombined with the Pdf 01 allele. 
aA–H) Expression of C-terminal mutant PDF forms was detected with indicated antibodies. Representative brain lobe images show LN neurons 
(arrowheads) and their dorsal projection (n > 24 brain lobes for each panel). Nonspecific signals of anti-PDF are indicated by arrows A–D). Scale bar in aA, 
50 µm. bA–D) Quantification of signal intensities in somata and dorsal projection (dp). Different letters above the bars indicate statistical differences with 
a P-value less than at least 0.01. cA–D) Anti-PAP is used to detect the expression of WT and mutant forms. Arrows point to the LN somata.
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about 25% arrhythmicity, while a majority of the svr- and PHM-KD 
flies were arrhythmic (Table 2). The results are consistent with 
immunosignal ones.

Differential processing of proPDF between l-LNv 
and s-LNv neurons
Expression of PdfK81Q and PdfK81X showed stable presence in the 
vCrz neurons but did not so in LNs, suggesting that the stability 
of the mutant forms is differentially affected by cell types. 
There are 2 different clusters of PDFergic neurons in the adult 
brain, each containing 4 neurons: the s-LNvs derived from persist-
ing larval LNs and the other adult-specific l-LNvs developed during 

metamorphosis. Although the somata of these 2 clusters are often 
adjacent to each other, they are unequivocally distinguishable by 
soma size, intensities of PDF immunosignals, and axonal projec-
tion patterns. In addition, dimmed (dimm), a key cell-fate determin-
ation factor for the peptidergic neurons, is expressed in the l-LNvs 
but not in the s-LNvs, indicating the differences of 2 clusters going 
beyond the morphology (Park et al. 2008). Given such differences, 
we wondered if the processing mechanisms of the proPDF are dis-
similar between them. To explore this question, adult brains of 
gPdf K81Q; pdf01 were monitored with anti-cPAP. As expected from 
the results in the larval LNs, the s-LNvs were devoid of immuno-
signals (Fig. 10, b vs a). In contrast and to our surprise, the 
l-LNvs contained fairly robust immunosignals in the somata and 
axonal projections in the optic lobe (Fig. 10b). These results clearly 
state differential cleavage mechanisms of proPDF operating be-
tween l-LNvs and s-LNvs. We propose that the s-LNvs use mainly 
Amon-mediated cleavage at the consensus KR site but the 
l-LNvs contain a yet unknown enzyme(s), perhaps in addition to 
Amon, that is capable of processing K81Q mutant to produce 
the cPAP.

We showed that the cPAP produced from gPdf K81X expression is 
highly unstable in the larval LNs (Fig. 4bH). We questioned if the 
stability of cPAP is also different between the 2 neuron clusters. 
Remarkably, anti-cPAP immunoreactivity showed to be largely 
normal in the l-LNvs but little or none in the s-LNvs of gPdf K81X flies 
(Fig. 10c). It appears that the presence of mPDFs is essential for 
cPAPs to maintain their stable existence in the s-LNvs but dispens-
able for them in the l-LNvs and vCrz neurons. Taking these results 
together suggests that the s-LNvs are quite different from the 
l-LNvs not only in the proPDF processing mechanism but also in 
the condition of the cPAP to maintain its stability. These results 
clearly state that the 2 LNv clusters are not identical in the biogen-
esis and maintenance of 2 final products of proPDF.

Cell-specific stability of PAP
It appears that the processing mechanisms of proPDF and suscep-
tibility of cPAP to degradation in the absence of mPDF are diverse 
depending on the cell types. To test this idea further, we broa-
dened PdfK81Q and PdfK81X expression to a larger population of lar-
val neurons defined by 386Y-Gal4 which is inserted in the 3′ end of 
amon, thus largely reflecting endogenous amon expression pat-
terns (Fig. 11aG; Taghert et al. 2001). The larval PDFergic LN neu-
rons displayed weak but clear 386Y>nGFP expression, indicating 
them as Amon positive (Supplementary Fig. 5A).

A fly line carrying UAS-nGFP; 386Y-Gal4 was crossed to each of 
the UAS-Pdf transgene lines (UAS-PdfWT, UAS-PdfK81Q, and 
UAS-PdfK81X), and then, F1 larval CNS were processed with 
anti-PDF or anti-cPAP. Both antibodies produced similar patterns 
in 386Y>PdfWT, suggesting that ectopically expressed proPDFWT is 
properly processed in most, if not all, of Amon-positive neurons 
(Fig. 11, aA and aB). In the case of 386Y>PdfK81Q, anti-PDF patterns 
looked comparable to those of 386Y>PdfWT; however, only en-
dogenous PDFergic neurons were detected with anti-cPAP 
(Fig. 11, aC and aD), indicating the lack of cleavage of the 
proPDFK81Q mutant form in all Amon-positive larval neurons.

Compared to 386Y>PdfWT, much fewer 386Y>PdfK81X- 
expressing neurons were labeled with anti-cPAP (Fig. 11, aF vs 
aB). It indicates that the expressed cPAP remains stable in only a 
small population of Amon-positive neurons. To our intrigue, 
most of the cPAP-positive neurons appeared to be large peptider-
gic neurons; this prompted us to monitor the expression of PdfK81X 

in the peptidergic neurons using the c929-Gal4 driver (a.k.a. 
dimm-Gal4; Hewes et al. 2003). While 386Y-Gal4 covers a large 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 8. Effect of amon-KD. The UAS-mCD8GFP, DvPdf-Gal4 double 
transgenic line was crossed to w1118 (control, left column) or 
UAS-amon-RNAi-78b (right column) to knockdown amon. Larval PDFergic 
neurons were stained with anti-cPAP a, b), mCD8GFP c, d), anti-PDF (e, f), 
and anti-PDF-C7 g, h). At least 24 brains were processed for each antibody 
reaction. Scale bar, 50 µm a). The most severe cases of the amon-RNAi, 
which were observed in about 30% of samples, were presented here (see 
the text for a description of the variability). The results from additional 
amon-RNAi expression were also shown in Supplementary Fig. 4.
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population of both peptidergic and nonpeptidergic neurons, 
c929-Gal4 expression is limited to large-sized peptidergic neurons 
(Fig. 11bE). As such, c929-Gal4 activity is absent in the small-sized 
larval LNs and their descendent adult s-LNvs (Supplementary Fig. 5B; 
Park et al. 2008). The overall results recapitulate those from the 
386Y-Gal4 driver. Both anti-PDF and anti-cPAP displayed similar pat-
terns in the CNS of c929>PdfWT (Fig. 11, bA and bB), whereas anti-cPAP 
labeled much fewer neurons in c929>PdfK81X (Fig. 11, bD vs bB). Based 
on the positions and projection patterns, the large-sized peptidergic 
neurons positive for the cPAPs seem roughly equivalent to the ones 
shown in 386Y>PdfK81X (Fig. 11, aF vs bD). We considered the possibil-
ity that the lack of cPAP immunoreactivities in some of the 
c929>PdfK81X neurons could be due to weak Gal4 activities in them. 
To test this, we examined the ectopic expression of PdfK81X with the 
2 strong peptidergic drivers, Akh-Gal4 and ccap-Gal4 (Lee and Park 
2004; Park et al. 2003). Null or very faint anti-cPAP signals were de-
tected in both cases, implying that driver strength is not the main rea-
son for the absence of detectable cPAP (Supplementary Fig. 6). 
Therefore, we conclude that only certain types of large-sized pepti-
dergic neurons are capable of promoting the stability of cPAPs in 
the absence of mature PDF.

Discussion
Biosynthesis of the signaling peptide molecules requires precise 
intracellular sorting, trafficking, and processing of their precur-
sors. Disruption of these steps would influence the production of 
bioactive peptides, which could be a cause of various human dis-
eases (Hoshino and Lindberg 2012). Although the processing steps 
of proNPs have been investigated in both vertebrates and inverte-
brates (Fricker 2005; Hoshino and Lindberg 2012; Pauls et al. 2014), 
the molecular mechanisms underlying individual processing 
steps have not been fully understood. Combined studies utilizing 
powerful D. melanogaster transgenic tools with immunohisto-
chemical and functional assays render this organism an ideal 
model for investigating the in vivo mechanisms of each processing 
step of proNPs in depth. Here, we took advantage of PDF as a case 
study, since its function in the regulation of the circadian beha-
viors and neuroanatomical features of PDF-expressing pacemaker 
neurons have been well established (Renn et al. 1999; Shafer and 

Yao 2014). In this study, we have investigated various mutations 
altering residues that are expected to be responsible for each pro-
cessing event in both ectopic and endogenous conditions and 
RNAi-mediated knockdowns of individual genes that are known 
to encode neuropeptide-processing enzymes. The outcomes of 
these genetically manipulated proPDFs were measured by a com-
bination of new and preexisting antibodies that monitor the pro-
ducts of processing events and by circadian behavior assays. As 
a result, we provide new insight into each processing step for 
the production of a functional PDF and the roles of the PAP/cPAP.

Roles played by PAP and cPAP
Bioactive neuropeptides or hormones are usually associated with 
larger prodomain in their precursors. The precursors, along with 
processing enzymes, are sorted at the trans-Golgi network (TGN) 
from which the secretory vesicles are formed, and then, matured 
vesicles follow the regulated secretory pathway (RSP; Tanaka 
2003; Gondre-Lewis et al. 2012). The proPDF also consists of a rela-
tively small PDF and a larger PAP domain. While the well- 
conserved PDF performs its function as a circadian modulator 
coupling several groups of clock gene-expressing neurons 
(Shafer et al. 2008; Im and Taghert 2010), the roles of the highly di-
vergent PAP domain remain unexplored (Rao 2001; Matsushima 
et al. 2004; Bahn et al. 2009). A possible role of PAP is to make 
proPDF recognized and bound to the processing enzymes. In sup-
port of this, it has been shown that residues flanking the KR pro-
cessing site are important, via the formation of a secondary 
structure, for the PC-mediated cleavage (Brakch et al. 1993) 
Structural analysis and comprehensive site-directed mutagenesis 
of this region would likely reveal the key residues in the PAP for 
binding proPDF to the processing enzymes.

Another possible role played by the PAP is the sorting/pack-
aging of proPDF into a secretory vesicle. Expression of cPAP alone 
(PdfK81X) displays distribution patterns comparable to that of 
the wild type (PdfWT) in the somata and axonal projections of 
the vCrz neurons. Distribution patterns of a cleavage-defective 
proPDFK81Q form are also similar to that of the wild type. These 
data strongly suggest that the PAP domain plays a critical role in 
sorting/packaging at TGN, and the precursor is a preferred form 
for loading into the vesicles budding from TGN. The processing 

(a) (b) (c) (d)

(f) (g) (h) (i)

(e)

Fig. 9. Effect of svr-KD and PHM-KD on the Pdf expression. DvPdf-Gal4 was crossed with RNAi lines of svr and PHM, and then, the offspring larval CNSs were 
stained with indicated antibodies. At least 24 brains were examined for each reaction. a–e) svr-KD. e) Coexpressed mCD8GFP shows intact PDF neurons. 
f–i) PHM-KD. Controls are the same as shown in Fig. 8. Arrows point to faintly stained LNs and arrowheads to nonspecific anti-PDF signals. Scale bar, 50 µm.
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enzymes are copackaged into the vesicles (Tanaka 2003; 
Gondre-Lewis et al. 2012), and our immunological data suggest 
that proPDF is rapidly processed shortly after the vesicles are 
formed from TGN. Sorting proPDF cargo into the budding vesicles 
at TGN might involve specific residues in the PAP. In line with this 
notion, studies with a human neuropeptide CART (cocaine- and 
amphetamine-regulated transcript) have shown that an obesity- 
causing missense mutation (L34F) in the prodomain caused mis- 
sorting of the precursors. As a result, the mutant pro-CARTs are 
poorly processed and then degraded, suggesting that the L34 resi-
due is crucial for the trafficking of the pro-CART (Yanik et al. 2006).

Another role of the PAP suggested by our study is that it provides 
a protective mechanism of mPDFs from its degradation within the 
vesicles. Our data demonstrate that cPAPs derived from wild-type 
proPDF coexist stably with mPDFs, whereas expressed cPAPs alone 
are highly susceptible to degradation particularly in the pacemaker 
neurons, raising the possibility that cPAP and mPDF remain closely 
associated following the completion of processing steps. We reason 

that such an association can render stability to both parties by fend-
ing off the scrutiny of degrading enzymes enclosed in the secretory 
vesicles. In this regard, it is worth noting that a proteomics study 
with the dense core vesicles isolated from the secretory chromaffin 
cells identified various proteolytic enzymes in addition to PCs 
(Wegrzyn et al. 2010). The functions of these enzymes are seldom 
known yet but possibly involved in the quality control of secretory 
peptides within the vesicles.

Upon secretion from the axon terminals, the cPAP–mPDF com-
plex might remain associated to avoid premature degradation of 
mPDF in the extracellular matrix. Such a protective mechanism 
could be essential for mPDFs to reach and activate the receptive 
neurons that are remotely localized (Shafer et al. 2008; Im and 
Taghert 2010). This idea is not outlandish. It is known that the pre-
cursor form of a paracrine TGF-beta ligand is processed intracel-
lularly but its prodomain (called latency-associated peptide) and 
mature ligand remain noncovalently bound even in the extracel-
lular matrix to protect the mature ligand (Derynck and Budi 2019). 
If so, does the secreted cPAP have its signaling function? This hy-
pothesis is not favored, since the PAP region is poorly conserved in 
other insect species (Matsushima et al. 2004; Bahn et al. 2009). 
However, we cannot completely rule out a possible species- 
specific function of cPAP. Further experiments need to be done 
to determine if cPAP is truly exocytosed.

The biological significance of the C-terminal G and 
K residues
A majority of bioactive signaling peptides are modified with 
C-terminal amidation which is suggested to be important for their 
stability and receptor binding (Eipper et al. 1992). The consensus 
amidation signal is known to be “Gly-Basic-(Basic),” and removal 
of the basic residue(s) by a specific carboxypeptidase is essential 
to expose the amidation donor Gly. The PDF domain in the precur-
sor contains “Gly-Lys (GK)” residues at the C-terminal end. 
Interestingly, the GK-type is more prevalent in dipteran insects, 
whereas GRK- or GRR-types are frequently found in orthopteran 
insects and crustacean species (Rao 2001; Matsushima et al. 
2004; Bahn et al. 2009). Using amidation-defective mutant forms, 
PDFG101X lacking GK and PDFK102Q ending GQ, we demonstrated 
that the amidation is indeed essential for both stability and func-
tion of PDF.

Immunological characterizations of the PDFK102X mutant form 
ending with G show that the C-terminal K residue is dispensable 
for PDF amidation. A few peptidyl venoms secreted from a scor-
pion that end with the C-terminal G are also amidated, supporting 
that the presence of C-terminal basic residue(s) is not a require-
ment for the amidation (Delgado-Prudencio et al. 2019). Then, is 
there any significant role played by the C-terminal basic resi-
due(s)? We found gPdf K102X displaying significantly reduced im-
munoreactivities for PDF and cPAP, as compared to those of 
gPdf WT expression, indicating that K offers a certain level of pro-
tection to precursor and/or intermediates. The protection is ren-
dered perhaps via interaction between the K-containing 
substrate and Svr carboxypeptidase since Svr–substrate inter-
action can secure the substrate from exposing it to the scrutiny 
of proteolytic enzymes. Alternatively, the basic residue removal 
step might facilitate optimal interaction between the substrates 
and amidating enzymes, thereby promoting the amidation reac-
tion more effectively.

Lastly, we address whether 2 separate events, the C-terminal 
amidation and cleavage at the consensus KR site, are coordinated. 
In some proNPs including proCrz, the mature peptide domain po-
sitions internally; hence, the KR cleavage step must occur prior to 

(a)

(b)

(c)

Fig. 10. Detection of cPAP in 2 adult-LNv neuronal clusters expressing a) 
gPdf WT, b) gPdf K81Q, and c) gPdf K81X in Pdf 01 background (n > 14 brains for 
each genotype). l-LNvs are indicated by arrowheads and s-LNvs by an 
arrow a). s-LNvs somata and their axons (dp) are undetectable in the 
mutants b, c). Scale bar, 50 µm.
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Fig. 11. Differential stability of cPAP-only expression in a) Amon-positive neurons or b) dimmed-positive peptidergic neurons. UAS-nGFP, 386Y-Gal4 double 
transgenic line a) or UAS-mCD8GFP; c929-Gal4 b) was crossed to indicated UAS-Pdf lines. At least 7 progeny CNSs were processed for each antibody 
reaction. Arrowheads indicate endogenous PDFergic neurons. aA, aB) PdfWT expression in ectopic sites is detected by both anti-PDF aA) and anti-cPAP aB). 
aC, aD) Ectopic PdfK81Q expression is detected with anti-PDF aC) but not with anti-cPAP aD). aE, aF) Ectopic PdfK81X expression is not detected with anti-PDF 
aE) but a few are positive with anti-cPAP aF). aG) 386Y-Gal4–driven nGFP expression pattern. Scale bar, 50 µm. bA, bB) Ectopic PdfWT expression detected 
by anti-PDF bA) and anti-cPAP bB). bC, bD) Ectopic PdfK81X expression sites are not detected with anti-PDF bC) and with anti-cPAP in fewer neurons as 
compared to WT bD). bE) c929-Gal4-driven mCD8GFP expression pattern. Scale bar, 50 µm.
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amidation (Supplementary Fig. 7A). In contrast, since the PDF do-
main situates at the C-terminal of the precursor, the amidation of 
PDF is not necessary to follow the PC-mediated cleavage step 
(Supplementary Fig. 7B). Indeed, we demonstrated that the 
C-terminal events can occur independently of the KR processing 
step, as the cleavage-defective proPDFK81Q is amidated. 
Conversely, amidation-defective mutant forms are all positive 
for cPAP production, a sign of the KR cleavage, indicating that 
the KR-processing event proceeds regardless of the amidation sta-
tus. Therefore, an orderly manner of the 2 events is determined by 
the position of the neuropeptide domain within its precursor 
form.

Roles of enzymes involved in proPDF processing
We confirm in vivo roles of 3 key enzymes and the amino acid resi-
dues responsible for the processing steps of proPDF. Amontillado 
(Amon) acts to cut a proPDF at the consensus dibasic KR site, leav-
ing 2 intermediate products, a PAP-KR and a PDF-GK. Silver (Svr) re-
moves basic residues from both intermediates or proPDF, and then, 
PHM (peptidylglycine-α-hydroxylating monooxygenase) functions 
for the amidation of PDF. Both Pdf mutations and knocking down 
expression of enzymes cause moderate-to-severe degradation of 
unprocessed products, suggesting that the newly synthesized 
proPDF must be rapidly processed. This is supported by the over-
lapping patterns of anti-cPAP and anti-PDF signals in the somata 
and axonal projections of the PDFergic neurons. We propose that 
such a speedy processing is a key to optimizing PDF (and perhaps 
other neuropeptides) production and interruption of any of the pro-
cessing steps can jeopardize the loss of intermediate products and 
the precursor. To accomplish this, it is conceivable that the pro-
cessing enzymes form an exquisite complex or are arranged in a 
way to promote rapid interaction with substrates and perform mul-
tiple reactions effectively. Binding of proPDF and intermediate 
forms to the enzyme complex can also render a layer of protection 
from proteolytic degradation or harsh acidic milieu within the se-
cretory vesicles. We propose that the secretory vesicles in the pace-
maker neurons possess a quality-control system to monitor and 
remove any stalling or unfit intermediate products of PDF process-
ing due to mutations or subnormal levels of processing enzymes.
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