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Abstract

Background—Neuropeptides regulate a broad range of physiological and behavioral processes.
Elucidation of neuropeptide function requires identifying the cells that respond to neuropeptide
signals and determining the molecular, cellular, physiological, and behavioral consequences of
activation of their cognate GPCRs in those cells. As a novel tool for answering these questions, we
have developed genetically encoded neuropeptides covalently tethered to a glycosylphosphatidyl
inositol (GPI) glycolipid anchor on the extracellular leaflet of the plasma membrane (“t-peptides™).

Results—We show that t-peptides cell-autonomously induce activation of their cognate GPCRs in
cells that express both the t-peptide and its receptor. In the neural circuit controlling circadian rest-
activity rhythms in Drosophila melanogaster, rhythmic secretion of the neuropeptide Pigment
Dispersing Factor (PDF) and activation of its GPCR (PDFR) are important for intercellular
communication of phase information and coordination of cellular oscillations of multiple circadian
clock neurons. Broad expression of t-PDF in the circadian control circuit overcomes arrhythmicity
induced by pdf® null mutation, most likely due to activation of PDFR in PDFR-expressing clock
neurons that do not themselves secrete PDF. More restricted cellular expression of t-PDF suggests
that activation of PDFR accelerates cellular timekeeping in some clock neurons, while decelerating
others.

Conclusions—The activation of PDFR in pdf9 null-mutant flies—and thus the absence of PDF-
mediated intercellular transfer of phase information—induces strong rhythmicity in constant
darkness, thus establishing a distinct role for PDF signaling in the circadian control circuit
independent of the intercellular communication of temporal phase information. The t-peptide
technology we have developed and validated should provide a useful tool for cellular dissection of
bioactive peptide signaling in a variety of organisms and physiological contexts.

Introduction

In both flies and mammals, autonomous cellular clocks that underlie circadian cycles of rest
and activity have been localized to particular clock neurons that are organized into circuits in
the central nervous system [1,2]. Clock neurons coordinate their phases with one another and
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communicate phase information to downstream neural targets via activity-dependent synaptic
release of neurotransmitters and neuropeptides [for review, see 3,4]. Intercellular
communication via neuropeptides is essential in mediating circadian inputs, circadian outputs,
and circadian synchronization, but the specific pharmacological and cellular mechanisms for
such communication remains poorly understood.

The Drosophila circadian control circuit drives rhythmic locomotor activity and comprises six
anatomically distinguishable bilateral groups: the small ventral, large ventral, and dorsal
subgroups of the lateral group of neurons (sLNy,, ILNy, and LNp), and three subgroups of the
dorsomedial group of neurons (DN1, DN2, and DN3) [for review, see 3]. These anatomical
groupings have functional correlates. The sSLNys are considered to be “morning” (M) cells that
drive the anticipatory increase in locomotor activity that occurs before lights-on in 12 hr:12 hr
light:dark conditions (LD) and are also required for free-running rhythmicity in constant
darkness (“DD”) [5-7]. In contrast, dorsal clock neurons—LNps and DNs—include those that
are considered “evening” (E) cells that drive the anticipatory increase in locomotor activity
that occurs before lights-off in LD and are capable under certain circumstances of generating
free-running rhythms in constant light (LL) [5,7-10]. Furthermore, M cells and E cells transfer
phase information to one another and they alternate setting the phase of locomotor activity
depending on photoperiod, with M cells setting the phase of morning and evening peaks in
short-day 10 hr:14 hr LD conditions and E cells setting the phase of both peaks in long-day 14
hr:10 hr LD [10,11].

The sLN,, M and ILN,, neurons produce the neuropeptide PIGMENT DISPERSING FACTOR
(PDF), which is thought to signal circadian phase to downstream neural elements, including
non-PDF-expressing dorsal E clock neurons and, possibly, the direct locomotor control
circuitry [6,11-16]. pdfo2 null mutation induces substantial arrhythmicity in DD and eliminates
morning anticipation in LD [6]. The PDF receptor (PDFR) is a seven-transmembrane-domain
GPCR that signals through adenylate cyclase/CAMP, is expressed in various clock and non-
clock neurons, and is also required for robust free-running behavioral rhythmicity in DD
[17-19]. Recent studies using an in vivo fluorescent reporter of cytoplasmic cAMP demonstrate
that sSLNyss, LNps, and some DNs respond to bath applied PDF, and thus presumably possess
PDFRs [20]. The specific functional role(s) of PDFR activation in particular subsets of PDFR-
expressing clock neurons remains unknown. In addition, it remains an open question how PDF
communicates phase information to E cells, and whether M cells might use PDF signals to gate
the ability of E cells themselves to drive locomotor rhythms.

To address these questions, we have developed genetically encoded neuropeptides covalently
tethered to a glycosylphosphatidyl inositol (GPI) glycolipid anchor on the extracellular leaflet
of the plasma membrane. These GPI-tethered neuropeptides (“t-peptides”) induce activation
of their cognate GPCRs with appropriate pharmacological specificity. t-peptides activate their
GPCRs cell-autonomously, i.e., without activating their receptors on neighboring t-peptide
non-expressing cells. This establishes the t-peptide system as a novel tool for the cellular
dissection of neuropeptide signaling. We show that broad expression of t-PDF in the
Drosophila circadian control circuit overcomes arrhythmicity in DD induced by pdf%® null
mutation, most likely due to activation of PDFR in dorsal E cells. More restricted cellular
expression of t-PDF suggests that activation of PDFR accelerates cellular timekeeping in some
clock neurons, while decelerating others. These studies support the hypothesis that PDF signals
from sLNy, M cells gate the ability of dorsal E cells to drive locomotor rhythms, thus revealing
a distinct role for PDF signaling in the circadian control circuit independent of the intercellular
communication of temporal phase information.
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Results

GPI-tethered peptides are pharmacologically specific, cell-autonomous activators of their
cognate GPCRs in vitro

In order to probe the roles of neuropeptide GPCR activation in specific cellular contexts in
intact organisms, we developed the t-peptide system. Each t-peptide comprises (from N to C
terminus) a secretory signal sequence for targeting to the secretory pathway, a mature cleaved
peptide sequence, a hydrophilic linker sequence with an embedded c-Myc epitope tag, and a
GPI targeting sequence (Figure 1A) [based on the t-toxin system of 21]. t-PDF isoforms
generated include t-PDF-ML and t-PDF-LL (possessing 14 and 40 amino acid linkers,
respectively), t-PDF-SEC (lacking the GPI targeting sequence, and thus untethered), and t-
PDF-SCR (with the amino acid sequence of the PDF peptide moiety scrambled) (Figure 1B).

We co-expressed various t-peptides together with corresponding GPCRs in mammalian
HEK?293 tissue culture cells. Activation of GPCRs that signal through adenylate cyclase-
mediated cAMP production is detected through co-transfection of a cAMP-sensitive CRE-
luciferase reporter plasmid along with GPCR and t-peptide cDNASs. As seen in Figure 2A, co-
expression of PDFR with increasing quantities of either t-PDF-ML or t-PDF-LL results in
substantial dose-dependent steady-state CAMP increases 48 hours after transfection. (Figure
2A, B). The total activity increase induced by acute application of 1 uM saturating soluble PDF
[see 17] to cells already co-expressing t-PDF and PDFR for 48 hours is not related to the pre-
existing degree of activation of PDFR by co-expressed t-PDF (Supplemental Figure 1).
Furthermore, when cells only expressing PDFR are mixed with cells only expressing t-PDF-
ML, there is no receptor activation (Supplemental Figure 2). These results indicate that t-
peptides are cell-autonomous activators of their cognate receptors and do not lead to substantial
sustained desensitization.

While co-transfection with a given quantity of t-PDF-ML cDNA is more effective at activating
PDFR than the same quantity of t-PDF-LL cDNA, detectable surface expression of t-PDF-ML
is less than t-PDF-LL for the same quantity of cDNA (Figure 2A, B). This indicates a greater
molar activity of t-PDF-ML than t-PDF-LL. The absence of activity of t-PDF-SEC (Figure
2A)—which is not detectable on the surface of the plasma membrane (Figure 2B)—indicates
amolar activity of t-PDF with a C terminal linker liberated into the tissue culture medium that
is too low to activate PDFR at all. This is not surprising, as native secreted PDF is C terminal
amidated and the non-amidated form is approximately 300-fold less active in a bioassay of
synthetic soluble peptides [22]. Thus, substantial activity of the GPI-tethered t-PDF isoforms
suggests that membrane tethering permits t-PDF to activate PDFR cell-autonomously by
creating an effective concentration of non-amidated PDF moiety at its receptor.

The absence of activity of t-PDF-SCR (Figure 2A) when expressed on the cell-surface at levels
identical to those of t-PDF-ML (Figure 2B) importantly indicates the dependence of activation
of its cognate receptor on the particular amino acid sequence of the peptide moiety in the
chimeric t-peptide. We also co-expressed t-peptides with closely related but non-cognate
receptors. When co-expressed with either PDFR, DH31R, or DH44R (receptors for the fly
peptides DH31 and DH44, respectively) [23, 24], t-PDF-ML only activates PDFR (Figure 2C).
Conversely, t-DH31-ML only activates DH31R, and not PDFR or DH44R (Figure 2D). These
results indicate that t-peptide ligands exhibit appropriate pharmacological specificity for their
receptors.

GPI-tethered PDF is apharmacologically specific, cell-autonomous activator of PDFR in vivo

We generated transgenic flies expressing various t-PDF isoforms or other t-peptides in all
circadian clock neurons, by using the UAS-GAL4 binary expression system [25]. UAS-t-
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peptide transgenic flies are mated to tim(UAS)-GAL4 transgenic flies to produce progeny
expressing t-peptide in all circadian clock neurons. t-PDF-ML expression by neurons in vivo
can be confirmed via immunofluorescence detection of the Myc epitope tag constituting part
of the linker domain (Supplemental Figure 2). The free-running circadian locomotor rhythm
in constant darkness (DD) of each fly is categorized as either rhythmic, arrhythmic, or complex
rhythmic (which occurs when an individual fly exhibits multiple rhythms of locomotor activity
free-running simultaneously with different periods).

t-PDF-ML or t-PDF-LL each induce complex free-running locomotor rhythms when expressed
in all clock neurons, in comparison to negative-control flies expressing t-pO-MrVIA, a GPI-
tethered cone snail Na* channel toxin with no activity in Drosophila [26]. The induction of
complex free-running locomotor rhythms by t-PDF expression in all clock neurons is consistent
with activation of PDFR in circadian clock neurons, as a variety of other experimental
manipulations that lead to high levels of PDF signaling in the clock circuit also induce complex
rhythms [14,15]. Furthermore, the complex rhythm phenotype induced by t-PDF expression
is unlike the phenotype induced by experimental manipulations that decrease PDF signaling
in the clock circuit, which is a combination of arrhythmicity and weak short-period rhythms
[6,17-19,26,27].

Unlike t-PDF-ML and t-PDF-LL, constitutive expression in all clock neurons of either t-PDF-
SCR or t-DH31-ML fails to induce free-running locomotor phenotypes (Figure 3). t-PDF-ML
expression from any of three independent UAS-t-PDF-ML transgenes induces a higher
proportion of complex rhythmic flies than expression of t-PDF-LL from any of three
independent UAS-t-PDF-LL transgenes, and t-PDF-SEC has no effect (Figure 3). t-PDF-ML
expression using a wide variety of other neuronal and glial GAL4 driver lines induces no free-
running circadian phenotype (Supplemental Table). This includes the Mz1525 or Mz1366
GALA4 driver lines, which do induce strong complex rhythms when used to express the native
amidated secreted form of PDF in neurosecretory cells that project to the region of dorsal clock
neurons [15]. The rank ordering of t-PDF isoform bioactivity when expressed in circadian
clock neurons, and the absence of bioactivity when expressed in a wide variety of different
expression patterns in the CNS but not in circadian clock neurons, taken together indicate that
t-PDF activation of PDFR is cell-autonomous in vivo, with t-PDF activating PDFR only in the
cells in which t-PDF is expressed and not in neighboring cells.

t-PDF expression in all clock neurons induces strong free-running rhythms in pdfl null-

mutant flies

pdf%® null-mutant flies exhibit severely disrupted circadian rhythms, including a combination
of arrhythmicity and weak rhythmicity while free-running in DD [6]. To address whether PDF
functions solely to communicate circadian phase information from the PDF-secreting LNys to
PDFR-expressing clock neurons, or whether PDF signals also could gate the ability of PDFR-
expressing clock neurons to drive locomotor rhythms, we expressed t-PDF-ML in all circadian
clock neurons of pdf% null-mutant flies. As expected, negative control pdfo? flies expressing
inert t-pO-MrVIA exhibit severe deficits in free-running locomotor rhythms, with ~50%
arrhythmicity in DD (Figure 4). In contrast, pdf%! flies expressing t-PDF-ML in all clock
neurons from any of three independent chromosomal insertions exhibit very little arrhythmicity
in DD, with only ~10% of flies arrhythmic, and instead most are complex rhythmic (Figure
4A). Comparing the averaged actograms of the negative-control and t-PDF-ML-expressing
flies shows clear induction of strong free-running rhythmicity in DD, particularly apparent in
the first week following transfer from entraining LD conditions to DD, before individual flies
have had the opportunity to drift substantially out of phase with one another (Figure 4B).

While PDFR activation induces strong rhythms in pdf% null-mutant flies, these rhythms are
abnormal complex rhythms. This indicates that normal free-running rhythmicity requires not
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just PDFR activation per se, but temporally regulated PDFR activation driven by rhythmic
PDF secretion by the LNys. It also suggests that the circadian deficits of pdf9? flies are not
solely due to the absence of PDF-mediated transfer of phase information per se from PDF-
secreting LNys to PDFR-expressing neurons, but that PDF signals also gate the ability of non-
LNy PDFR-expressing clock neurons to drive locomotor rhythms themselves.

Cellular dissection of PDFR function via t-PDF expression in subsets of clock neurons

In order to dissect functional roles of PDFR activation in distinct subsets of clock neurons, we
expressed t-PDF-ML using various GAL4 drivers and a pdf-GALS80 repressor transgene, which
prevents GAL4 from activating transcription of UAS transgenes in the PDF-expressing LNys
[7]. When expressed solely in the PDF-expressing LNys of pdfVT flies using a pdf-GAL4 driver
[6], t-PDF-ML induces a modest, but statistically significant, degree of free-running
arrhythmicity (Supplemental Table). When t-PDF-ML is expressed in the LNys of pdfol flies,
free-running rhythms are unaffected (Supplemental Table). We then performed the converse
experiment, expressing t-PDF-ML in all clock neurons other than the PDF-expressing LNys,
by generating flies simultaneously possessing tim(UAS)-GAL4, pdf-GAL80, and UAS-t-PDF
transgenes (Figure 5). Flies expressing t-PDF solely in non-L Ny, clock neurons exhibit complex
free-running locomotor rhythms similar to those induced by t-PDF expression in all clock
neurons (Figure 3). These results suggest that PDFR in dorsal LNp and DN clock neurons is
more functionally important for circadian rhythms than in the PDF-secreting LNys themselves.

We also expressed t-PDF-ML in distinct partially overlapping subsets of clock neurons (and
some non-clock neurons) using cryl6-GAL4 and cry24-GAL4 drivers, which are two
independent chromosomal insertions of the same transgene based on the Cryptochrome
promoter [28]. Using nuclear GFP as a marker for driver expression and co-staining for various
marker antigens, we have analyzed the expression patterns of the cry16-GAL4 and cry24-
GALA4 drivers (Supplemental Figures 4—7). These drivers are both active in all PDF-expressing
LNys, all LNps, two-three large DN3s, both DN2s, both anterior DN1s, and ring neurons of
the central complex. The cry16-GAL4 driver is active in many glia, while cry24-GAL4 is not.
The two drivers have different expression patterns in the posterior DN1s, with cry24-GAL4
almost always active in four or five cells of this group, while cry16-GAL4 is expressed more
variably, in from two to six cells. When expressed using the cry24-GAL4 driver, t-PDF-ML
induces complex free-running locomotor rhythms with a short period of 22-23 hours and a
long period of 25-26 hours (Figure 6). This is very similar to the effect of t-PDF-ML expression
inall clock neurons using the tim(UAS)-GAL4 promoter (Figure 3). In contrast, when expressed
using the cry16-GAL4 driver, t-PDF-ML expression induces only a modest degree of complex
rhythmicity—and even less when expressed at higher levels from two independent UAS
transgenes simultaneously—and rather induces dramatic period shortening of 3—4 hours
(Figure 6). Note that the longer than normal period of the negative control t-PDF-SCR- and t-
nO-MrVIA-expressing flies is due for unknown reasons to the cry-GAL4 transgenes
themselves, as has been previously reported [28]. This difference in the effect of t-PDF
expression driven by cryl6-GAL4 and cry24-GAL4 suggests that PDFR activation in some
clock neurons accelerates circadian oscillation, while in other clock neurons it decelerates
circadian oscillation.

Discussion

While there is substantial evidence that PDF signaling in the circadian control circuit is
important for the intercellular communication of phase information, the specific functional role
(s) of PDFR activation in particular subsets of PDFR-expressing clock neurons remains
unknown. To address this important question, we activated PDFR in different subsets of
circadian clock neurons in pdfWT and pdf% null-mutant flies. When expressed solely in the
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LNys themselves, t-PDF has only modest effects on rhythmic behavior (Supplemental Table).
This suggests that—while the SLNy, subset of LNys expresses functional PDFR capable of
inducing CAMP increases upon activation [20]—PDF signaling to the LNys themselves does
not strongly influence circadian rhythm generation. In contrast, t-PDF expression solely in the
non-LNy, dorsal LNp and DN clock neurons induces complex rhythms (Figure 5) very similar
to those induced by t-PDF expression in all clock neurons (Figure 3). This indicates an
important role for PDFR activation in dorsal clock neurons for rhythm generation.

When t-PDF is expressed in all circadian clock neurons of pdf%! null-mutant flies, there is
strong suppression of the substantial free-running arrhythmicity induced by the absence of
LNy, PDF secretion (Figure 4). After about one week in DD, the induced rhythms manifest
themselves as complex rhythms (Figure 4B). This indicates that cell-autonomous PDFR
activation in the circadian control circuit can substitute for native intercellular PDF signals in
permitting strong free-running rhythmicity in DD, and suggests an important role for PDF
signaling in addition to intercellular communication of clock phase per se in rhythm generation
in the normal situation. There are a few other manipulations of the Drosophila circadian control
circuit that have resulted in induction of rhythmicity in pdf% null-mutant flies. In DD, electrical
hyperexcitation of the LNy/s themselves induces partial suppression of arrhythmicity in
pdf92 flies [29]. In constant light (LL) conditions, where wild-type flies are arrhythmic, certain
genetic manipulations allow dorsal clock neurons to drive locomotor rhythms even in pdfol
null-mutant flies, suggesting that dorsal neurons can function as PDF-independent pacemakers
under some conditions [8,9], although in another genetic context dorsal neurons appear to
require LNy PDF secretion to drive rhythms [10].

These results have been interpreted as suggesting that darkness suppresses the ability of dorsal
E clock neurons to drive locomotor rhythms while light unveils it, and vice versa for the
LNy M cells, with light suppressing their ability to drive locomotor rhythms and darkness
unveiling it [8-10]. This makes sense given earlier findings that LN\/s appear to generate the
morning anticipatory peak, while dorsal neurons do the same for the evening peak [5,7,26].
Our results thus suggest that PDFR activation permits dorsal neurons to drive strong rhythms
in DD—in the absence of light—with or without LNy, PDF secretion and supports the
hypothesis that in normal flies in LD PDFR activation in the morning [when LNVs are most
electrically excitable and PDF secretion is thus expected to be greatest, 30,31] provides a gating
signal that allows the dorsal neurons to drive rhythmicity and generate the evening peak. Thus,
rhythmic PDF secretion by the LNy, M cells not only determines the phase of morning
anticipation [26] and likely provides a daily phase resetting signal to dorsal E cells [11], but
also provides a timed gating signal to PDFR-expressing dorsal E cells allowing them to “take
the reins” and generate the evening anticipatory locomotor peak. pdf% null-mutant flies still
generate a phase-advanced evening peak in LD [6], thus indicating that light and PDFR
activation are parallel gating signals each capable of allowing dorsal clock neurons to drive
rhythmicity. This makes sense in light of the observation that in short photoperiods, LNy, M
cells set the phase of the evening peak [10], that light can permit dorsal clock neurons to drive
robust free-running rhythms either in the presence or absence of PDF [8-10,32]. It also explains
why the evening peak still occurs robustly in DD, in the absence of light [see, e.g., 11].

To further dissect the responses of particular subsets of dorsal clock neurons to PDFR
activation, we expressed t-PDF in partially overlapping expression patterns using the cry16-
GAL4 and cry24-GALA4 drivers. The effects of t-PDF expression using these two drivers are
dramatically different. In the case of cry16-GAL4, t-PDF expression induces only a modest
degree of complex rhythmicity—and almost none when expressed at higher levels using
multiple UAS transgenes—and rather induces strong period shortening of 3—4 hours (Figure
6). In contrast, t-PDF expression using cry24-GAL4 leads to complex rhythms (Figure 6) very
similar to those induced by t-PDF expression in all clock neurons or solely in dorsal clock
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neurons (Figures 3, 5). In combination with the absence of substantial effects on free-running
period of t-PDF expression solely in LNys (Supplemental Table), this difference in the effect
of t-PDF expression driven by cry16-GAL4 and cry24-GAL4 suggests that PDFR activation in
some dorsal neurons—LNps and/or DNs—that are commonly expressed between cry16-
GAL4 and cry24-GAL4 accelerates circadian oscillation, while in a subset of posterior DN1s
that is presumably expressed only in cry24-GAL4 it decelerates circadian oscillation. This is
consistent with the recent observation that mutations severely affecting the gross morphology
of the Drosophila brain and thereby inducing increases in the density of PDF-containing neural
processes in different parts of the brain differentially affect cellular free-running period,
decelerating Cry-positive LNps and one subset of DNs, and accelerating Cry-negative LNps
and a complementary subset of DNs [33,34].

Our studies demonstrate the utility of the t-peptide technology for dissecting the cellular basis
for neuropeptide signaling within a behavioral control circuit and raise the possibility that it
will provide a generally applicable approach for cellular dissection of peptide signaling in a
variety of neural circuits, non-neural tissues, and organisms. In relation to the latter, we have
determined that t-peptide versions of various mammalian neuropeptides activate their GPCRs
when co-expressed in mammalian tissue culture cells [35]. In the context of the Drosophila
circadian control circuit, we have used the t-peptide system to provide support for the
hypothesis that rhythmic PDF secretion by the LNys not only determines the phase of morning
anticipation and provides a daily resetting signal to dorsal E cells, but also provides a gating
signal to PDFR-expressing dorsal clock neurons sufficient to allow them to “take the reins”
and drive rhythmic locomotor activity. Our studies also implicate the question of the molecular
mechanisms whereby PDFR activation and consequent CAMP increases can accelerate
circadian timekeeping in some clock neurons while decelerating it in others. Future studies are
required to determine (1) the cellular events induced by PDFR activation that allow dorsal
neurons to drive locomotor rhythms, (2) the specific identities of the accelerated and
decelerated dorsal neurons, and (3) the molecular mechanisms that underlie their differential
responses to PDFR activation.

Materials and Methods
t-Peptide cDNAs

All t-peptide cDNAs were chemically synthesized using optimal Drosophila codon usage and
with an optimal Drosophila Kozak translation initation site upstream of the start methionine
(CAAA). Encoded t-peptides are as follows.

t-PDF-ML:
MSALLILALVGAAVANSELINSLLSLPKNMNDAGNEQKLISEEDLGNGAGFATPV
TLALVPALLATFWSLL*

t-PDF-LL:
MSALLILALVGAAVANSELINSLLSLPKNMNDAGNGNGNGNGEQKLISEEDLGN
GNGNGNGNGNGNGDGNGGALCGAGFATPVTLALVPALLATFWSLL*
t-PDF-SEC: MSALLILALVGAAVANSELINSLLSLPKNMNDAGNEQKLISEEDLGN*
t-PDF-SCR:

MSALLILALVGAAVANLKNSISLEDLPLAMSNNGNEQKLISEEDLGNGAGFATPV
TLALVPALLATFWSLL*

Curr Biol. Author manuscript; available in PMC 2010 July 28.
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t-DH31-ML:
MSALLILALVGAAVATVDFGLARGYSGTQEAKHRMGLAAANFAGGPGNEQKLI
SEEDLGNGAGFATPVTLALVPALLATFWSLL*

For transfection into cultured HEK293 cells, these cDNAs were cloned into the pPCDNA3.1
(+) expression vector, and for generation of transgenic Drosophila they were cloned into
pUAST [25].

Tissue Culture Experiments

Cell culture media, fetal bovine serum and the LipofectamineR transfection reagent were
obtained from Invitrogen (Carlsbad, CA). Peroxidase-conjugated, rabbit polyclonal antibody
directed against the c-Myc epitope was and BM-blue (3.3'-5,5'-tetramethylbenzidine), a
peroxidase substrate, were purchased from Abcam (catalog No. ab19312) and Roche Applied
Science (Indianapolis, IN), respectively. Drosophila PDF and DH31 receptor cONAS are as
previously reported [17].

Cell Culture—Human embryonic kidney (HEK) 293 cells were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA, catalog No. 12100-038) supplemented
with 10% fetal bovine serum, 100 U/ml penicillin G and 100 pg/ml streptomycin. The cells
were maintained at 37°C in a humidified environment containing 5 % CO».

Luciferase Reporter Gene Assay—~Receptor-mediated signaling was assessed using a
luciferase assay as previously described [36]. In brief, HEK293 cells were plated in 96-well
white clear bottom plates (Costar, Corning, NY) at a density of 1500 cells per well and grown
for 2 days (~ 80% confluency). Cells were then transiently transfected with (i) either pcDNA1
(empty vector) or a cDNA encoding the wild-type receptor (PDFR, DH31R, DH44R), (ii)
increasing amounts of a cDNA encoding the tethered ligand and (iii) a reporter gene construct
consisting of six tandem repeats of the cAMP-response element (CREgy) ligated upstream from
a reporter gene encoding firefly luciferase [36]. Forty-eight hours following transfection, cells
were lysed with LucliteR reagent (PerkinElmer, Boston, MA) and luciferase activity was
quantified using a TopCountR Microplate Luminescence Counter (PerkinElmer, Boston, MA).

Evaluation of Receptor Expression Using ELISA—The expression levels of the
tethered PDF constructs were measured using a procedure previously described [37]. In brief,
HEK?293 cells grown in 96-well plates were transiently transfected with either pcDNA1 or a
cDNA encoding the tethered PDF constructs. Forty-eight hours post-transfection, cells were
washed once with phosphate buffered saline (PBS) (pH 7.4) and fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. After washing with 100 mM glycine
in PBS, the cells were incubated for 30 min in blocking solution (PBS containing 20% bovine
serum). A horseradish peroxidase (HRP)-conjugated polyclonal antibody directed against the
c-Myc epitope (1:1500 dilution in blocking solution) was then added to the cells. After 1 hour
the cells were washed five times with PBS and BM-blue solution (50 pl per well) was added
and incubated for 30 min at room temperature. Conversion of this substrate by antibody-linked
HRP was terminated by adding 2.0 M sulfuric acid (50 ul per well). Converted substrate
(indicating the amount of bound antibody) was assessed by measuring light absorbance at 450
nm using a SpectraMaxR microplate reader (Molecular Devices, Sunnyvale, CA).

Fly Strains and Crosses

All crosses and behavioral experiments were performed at 25 °C. Multiple independent
chromosomal insertions of UAS-t-peptide transgenes were obtained using standard embryo
injection techniques, and some were recombined using classical genetic methods to generate
chromosomes bearing two independent insertions. Driver or suppressor lines have all been
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previously reported: pdf-GAL4 [6], tim(UAS)-GAL4 [38], pdf-GAL8O [7], cry16-GAL4 and
cry24-GAL4 [28], Mz1366-GAL4 and Mz1525-GAL4 [15], repo-GAL4 [39] (also see
Supplemental Table).

Behavioral Assays

Statistics

Free-running and entrained rhythms of locomotor activity of individual flies were assayed
using an automated Trikinetics infrared beam-crossing monitor system, and data were analyzed
with double-plotted actograms, Lomb-Scargle periodograms, and normalized averaged activity
histograms, all as previously described [26]. Male flies are placed in locomotor activity monitor
tubes 2-5 days after eclosion, maintained in entraining 12h:12h LD conditions for ~5 days,
and then released into DD conditions for assay of free-running behavior.

Proportions of rhythmic, arrhythmic, and complex rhythmic flies were compared between
genotypes using 2 test. Average free-running periods were compared between genotypes using
ANOVA and the Bonferroni Versus Control Test for controlling experiment-wide p for
multiple comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of GPI-tethered PDF isoforms

(A) The medium-linker isoform of GPI-tethered PDF (t-PDF-ML) contains trypsin signal
sequence (blue), mature cleaved PDF peptide sequence (green), hydrophilic linker comprising
the c-Myc epitope tag flanked by single glycine-asparagine (GN) repeats (yellow), and the GPI
targeting signal from lynx1 protoxin (orange). After processing in the secretory pathway, the
secretory signal and GPI targeting sequences are cleaved, and the C terminus is covalently
linked to GPI whose aliphatic lipid chains are intercalated in the extracellular leaflet of the
plasma membrane. (B) Schematics depicting PDFR and the isoforms of t-PDF (not to scale),
which are identical to t-PDF-ML except as follows: The linker of t-PDF-LL contains c-Myc
epitope flanked by four N terminal GN repeats and eleven C terminal GN repeats, t-PDF-SEC
contains no GPI targeting sequence, and the PDF sequence of t-PDF-SCR has been replaced
by a scrambled sequence comprising the same amino acids as PDF.
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Figure 2. t-PDF activates cloned PDF receptor when co-expressed in vitro in mammalian tissue
culture cells
Varying quantitites of cDNA encoding t-peptides are co-transfected into HEK 293 mammalian

tissue culture cells with constant quantities of GPCR and cAMP-sensitive CRE-luciferase
reporter cONAS. Forty-eight hours after transfection, cells are either lysed for luciferase
bioluminescence assay or kept intact and unpermeabilized for cell-surface anti-Myc ELISA
assay. (A) t-PDF-ML and t-PDF-LL each dose-dependently increase steady-state intracellular
cAMP, indicating activation of PDFR, with t-PDF-ML inducing greater increases than t-PDF-
LL.t-PDF-SEC and t-PDF-SCR have no activity. (B) t-PDF-LL is expressed on the cell-surface
at higher levels than t-PDF-ML and t-PDF-SCR, while t-PDF-SEC is undetectable. (C) t-PDF-
ML only activates PDFR, and not the related receptors for the peptides DH31 or DH44. (D) t-
DH31-ML, identical to t-PDF-ML except the PDF peptide sequence has been replaced with
that for DH 31 (TVDFGLARGYSGTQEAKHRMGLAAANFAGGP), only activates DH31R,
and not PDFR or DH44R. (Error bars are S.D; N = 3 repeats for all measurements).
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Figure 3. t-PDF induces complex locomotor rhythms when expressed in vivo in all circadian clock
neurons of transgenic flies

Male flies bearing UAS-t-peptide transgenes are mated to female flies bearing a tim(UAS)-
GAL4 transgene to produce progeny expressing t-peptide in all circadian clock neurons. Free-
running locomotor rhythms of individual male progeny entrained in 12h:12h LD conditions
and then released into DD are categorized as rhythmic, complex rhythmic, or arrhythmic, and
free-running periods are assigned, using Lomb-Scargle periodogram analysis. (A) t-PDF-ML
is more active in vivo than t-PDF-LL, while t-PDF-SEC and t-PDF-SCR have no activity, thus
recapitulating the relative in vitro activities shown in Figure 2. t-DH31-ML, while active
against DH31R in vitro, does not influence free-running locomotor rhythms when expressed
in vivo in circadian clock neurons. Bar graph depicts proportions of rhythmic (blue), complex
rhythmic (yellow), and arrhythmic (red) flies of the indicated genotypes, with the notations in
parentheses referring to specific chromosomal insertions, or combinations of two chromosomal
insertions, of the UAS-t-peptide transgenes. n indicates the number of individual flies assayed,
1 indicates the average single free-running period of rhythmic flies, t; the average shorter
free-running period of complex rhythmic flies, T, the average longer free-running period of
complex rhythmic flies, and 2 the significance of 2 statistical comparison of the proportions
for that genotype with that of tim > t-uO-MrVIA flies expressing a tethered conotoxin that has
no activity in flies (***, p < 0.001). Average Lomb-Scargle periodogram powers are in
parentheses following each free-running period component. (B) Representative free-running
locomotor actograms of individual flies with the indicated phenotypes and genotypes. The gray
bar indicates subjective day, and the black bar subjective night.
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Figure 4. t-PDF expression in all clock neurons suppresses free-running arrhythmicity induced by
pdfO? null mutation

Male pdf®? null-mutant flies bearing UAS-t-peptide transgenes are mated to female pdf% null-
mutant flies bearing tim(UAS)-GAL4 transgene to produce pdf% null-mutant flies expressing
t-peptide in all clock neurons. (A) Negative control pdfo null-mutant flies expressing the inert
t-uO-MrVIA conotoxin exhibit approximately 50% arrhythmicity, with the rhythmic flies
exhibiting very weak rhythms, consistent with numerous published reports (see text). In
contrast, very few pdf®® flies constitutively expressing t-PDF-ML in all clock neurons are
arrhythmic, and instead predominately exhibit complex rhythms (***, p < 0.001, 42 test
comparing each t-PDF-ML-expressing genotype to the t-uO-MrVIA-expressing control). (B)
Averaged free-running DD actograms of all flies tested of the indicated genotypes. The
induction of strong rhythmicity in pdf® null-mutant flies by t-PDF-ML expression in all clock
neurons is particularly apparent over the first week in DD, before individual flies have had the
opportunity to drift out of phase with one another, thereby dispersing the population activity
pattern depicted in the averaged actogram.
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Figure 5. t-PDF expression in all clock neurons except for the PDF-secreting LNy, subset induces
complex locomotor rhythms
Male flies bearing UAS-t-peptide transgenes are mated to female flies bearing both tim(UAS)-
GAL4 and pdf-GALB80 (which suppresses GAL4 activation of UAS transgene expression in the
PDF-secreting LNys) transgenes to produce progeny expressing t-peptide in all circadian clock
neurons except the PDF-secreting LNyss. (A) Proportions of locomotor phenotypes are different
between each t-PDF-expressing genotype and the t-pO-MrVIA-expressing control (***, p <

0.001, 2 test). (B) Averaged actograms of flies of the indicated genotypes.
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Figure 6. t-PDF expression in distinct partially overlapping subsets of clock neurons induces either
single short-period rhythmicity or complex rhythmicity

Male flies bearing UAS-t-peptide transgenes are mated to cry24-GAL4 or cryl6-GAL4
transgenes, which drive expression in distinct partially overlapping subsets of clock neurons.
(A) t-PDF-ML expressed using cry24-GAL4 driver induces complex free-running locomotor
rhythms similar to those induced using tim(UAS)-GAL4 driver (Figure 3). In contrast, t-PDF-
ML expression using cry16-GAL4 driver induces only a modest degree of complex rhythmicity,
and almost none when expressed at a higher dose simultaneously from two independent UAS-
t-PDF-ML chromosomal insertions; rather, driving t-PDF-ML expression with cry16-GAL4
induces dramatic shortening of free-running period from ~25.5 hours in negative control flies
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expressing either t-PDF-SCR or t-uO-MrVIA (long-period phenotypes due to the cry16-
GAL4 and cry24-GAL4 transgenes themselves have been previously reported; see text) to ~22
hours in flies expressing t-PDF-ML (overall ANOVA p < 0.001; p < 0.05 for paired
comparisons to appropriate pooled controls using the Bonferroni Versus Control Test). ***,
p < 0.001, **, p < 0.005, %2 test comparing each t-PDF-ML-expressing genotype to the
appropriate pooled controls. (B) Averaged actograms of flies of the indicated genotypes
demonstrate clearly the induction of complex rhythmicity by t-PDF-ML expressed using cry24-
GAL4 and short-period rhythmicity using cryl6-GALA4.
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