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Circadian transcriptional timekeepers in pacemaker neurons drive
profound daily rhythms in sleep and wake. Here we reveal a
molecular pathway that links core transcriptional oscillators to
neuronal and behavioral rhythms. Using two independent genetic
screens, we identified mutants of Transport and Golgi organiza-
tion 10 (Tango10) with poor behavioral rhythmicity. Tango10
expression in pacemaker neurons expressing the neuropeptide
PIGMENT-DISPERSING FACTOR (PDF) is required for robust
rhythms. Loss of Tango10 results in elevated PDF accumulation in
nerve terminals even in mutants lacking a functional core clock.
TANGO10 protein itself is rhythmically expressed in PDF terminals.
Mass spectrometry of TANGO10 complexes reveals interactions
with the E3 ubiquitin ligase CULLIN 3 (CUL3). CUL3 depletion phe-
nocopies Tango10 mutant effects on PDF even in the absence of
the core clock gene timeless. Patch clamp electrophysiology in
Tango 10 mutant neurons demonstrates elevated spontaneous fir-
ing potentially due to reduced voltage-gated Shaker-like potas-
sium currents. We propose that Tango70/Cul3 transduces
molecular oscillations from the core clock to neuropeptide release
important for behavioral rhythms.
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Circadian (~24 h) clocks govern almost all aspects of behavior
and physiology across the animal kingdom. These overt daily
behavioral rhythms are driven by oscillatory transcriptional feed-
back loops whose components are modified by phosphorylation
and ubiquitination. In Drosophila, the CLOCK(CLK)-CYCLE
(CYC) heterodimer activates transcription from period (per) and
timeless (tim) promoters (1, 2). PER and TIM feedback to
inhibit CLK-CYC activity and suppress their own transcription.
CLK-CYC also activates activator PAR-domain protein 1 (Pdpl)
and repressor vrille (vri), which feedback to control Clk transcrip-
tion (3, 4). Posttranscriptional control of core clock components
also plays a crucial role in sustaining molecular clocks (5-10).
Phosphorylation of clock proteins modulates their subcellular
localization, activity, and susceptibility to ubiquitin-dependent
degradation (11-16).

Core clock oscillations in about 150 networked pacemaker
neurons are responsible for discrete aspects of rhythmic behav-
ior. Of special importance are just 10 PDF-expressing
pacemaker neurons (small ventral lateral neurons; sLNV),
which are critical for free-running behavioral rhythms. The
sLNv act as primary pacemakers in constant darkness (DD),
synchronizing the circadian phase of molecular clocks among
PDF- and non-PDF-expressing groups of clock neurons,
including the dorsal lateral neurons (LNd) and the PDF-
negative sSLNv. Loss of PDF or PDF receptor (PDFR) result in
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dramatically reduced free-running rhythmicity, highlighting the
crucial role of this neuropeptide (17-24).

The circadian clock also regulates multiple aspects of pace-
maker neural output. Clock regulation promotes rhythmic
accumulation of PDF levels (25) in part through vri, no on or
off transient A/complexin, and the sodium leak channel narrow
abdomen (na) (26-29). In addition, the clock also regulates
daily structural rhythms in the sLNv axonal terminals, including
changes in arborization and fasciculation (30). Structural plas-
ticity rhythms may be mediated by clock transcriptional regula-
tion of vri, Myocyte enhancer factor 2 (Mef2)/Fasciclin 2, and
Puratrophin-1-like (27, 31-34). Changes in structural plasticity
appear to contribute to behavior under different environmental
conditions, likely through changes in sensory inputs (34, 35).
However, oscillations in structural plasticity or PDF levels are
likely not essential for rhythmic behavior, as strains that lack
these rhythms often retain strong behavioral rhythmicity (31,
33, 34, 36), suggesting other mechanisms play a role.
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Circadian neurons also exhibit daily rhythms in excitability
(37-39), which may be mediated in part by clock regulation of
the sodium leak channel regulator NIf-I and the calcium-
dependent potassium channel Slowpoke (30, 39, 40). Notably,
acute or chronic hyperexcitation of PDF neurons elevates PDF
levels and enhances defasciculation of the sLNv terminals (33,
41, 42), while acute silencing has opposing effects (43), indicat-
ing that changes in clock neuron excitability can affect PDF lev-
els and sLNv morphology. Clock- and excitability-dependent
arborization changes depend on PDF/PDFR, highlighting the
critical role for this neuropeptide (27, 42). Here, we demon-
strate that TANGO10-CUL3 defines a circadian output path-
way important for regulating pacemaker neuron excitability and
PDF levels. Loss of TANGO10-CUL3 severely disrupts free-
running rhythmic behavior highlighting its crucial role in neuro-
nal output.

Results

Loss of the BTB Adaptor Tango10 Strongly Reduces Free-Running
Rhythms. Identification of clock mutants has been an essential
strategy to understand how genetic components shape circadian

behaviors and clock-relevant physiology. As part of a genetic
screen (44) we identified a P-element insertion allele of Tango10
(Tango10°“) that strongly reduces behavioral rhythmicity, compa-
rable to the strongest clock mutants reported CgFlg 1A4 and B and
SI Appendix, Fig. S1 and Table S1). Tangol0°“ head extracts do
not express detectable TANGO10 protein, consistent with a
strong or complete loss-of-function allele (Fig. 1C and SI
Appendix, Fig. S2). Females transheterozygous for Tango10““ and
chromosomal deletions of the 7angol10 locus display poor rhyth-
mic power similar to hemizygous male flies (Fig. 1D and SI
Appendix, Table Sl) Importantly, excision of the P element or
transgenic expression of a genomic 7Zangol0 construct fully
reverts/rescues the circadian arrhythmicity of Tungol0““ mutants
(Fig. 1E and SI Appendix, Table S2).

We independently identified a mutant through an X chromo-
some ethyl methanesulfonate (EMS) mutagenesis screen for
disruptions in circadian and sleep behaviors. We named this
mutant busy run (bsr), based on a Korean word meaning
“diligent” and pronounced as [bu'zirAn] bsr mutants display
arrhythmic locomotor behavior in DD comparable to Tan-
g010°“ mutants (Fig. 14 and SI Appendix, Table S1). Comple-
mentation tests revealed that neither Tangol0““ nor genomic
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Loss of Tango10 disrupts behavioral rhythms. (A) Average activity profiles of WT and Tango70 mutant strains during 4 d LD (white and gray back-

ground) followed by 7 d DD (gray background). White, light phase; gray, dark phase. n = 34 to 59. (B) Schematic diagrams of the Tango70 locus and
mutant alleles. Black boxes, untranslated regions; white boxes, coding sequences. The Tango70°® mutant strain contains a P-element insertion within a
coding exon (exon 2), while Tango70”" contains an EMS-mediated missense mutation in exon 3 (P462L), marked with an asterisk. (C) Protein extracts
from WT, Tango70 mutant, and heterozygous flies blotted with rat anti-TANGO10 and anti-synapsin as loading control. GG indicates Tango10°® mutant,
while bsr refers to the Tango10”" mutant. Uncropped images were shown in S/ Appendix, Fig. S2A. (D and E) Locomotor rhythmicity, as determined by 2
periodogram analysis over 7 d of DD. Error bars indicate SEM. (D) Complementation rhythmicity data from adult female strains as indicated. Df1 refers to
Df(1)ED7147, while Df2 refers to Df(1)BSC722 (n = 8 to 51). Statistical significance determined using one-way ANOVA followed by Dunnett’s comparison
test or two-way ANOVA followed by Tukey’s multiple comparison test, with comparisons made to WT control (***P < 0.001, *P < 0.05). (E) Excision and
genomic rescue rhythmicity data from the adult male strains indicated. AGG indicates precise (#5 and #6) or mock (#1 and #3) excision strains.
[Tango10#1] and [Tango10#2] indicate Tango10 genomic rescue transgenes (n = 12 to 71). Statistical comparisons made using one-way ANOVA followed
by Dunnett’s test (excision) or two-way ANOVA followed by Tukey’s multiple comparison test (genomic rescue). Asterisks indicated significant difference
from corresponding mutant (Tango70°C or Tango10°") (***P < 0.001) (S/ Appendix, Tables S1 and S2).
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deletions spanning the 7angol0 locus rescue bsr mutant pheno-
types in transheterozygous females (Fig. 1D and SI Appendix,
Table S1), suggesting that bsr might be a recessive mutant allele
of Tangol0. To assess this possibility, we compared the coding
sequences of Tangol0 in wild-type (WT) and bsr mutants.
Indeed, we found a missense mutation in bsr mutants that con-
verts phenylalanine at the position of amino acid 462 to leucine
(P462L) within the third coding exon of Tangol0 (Fig. 1B and
SI Appendix, Fig. S34). Sequence alignments reveal strong con-
servation of this residue among TANGO10 homologs including
human (SI Appendix, Fig. S3B), implicating its significance in
the structure, stability, or function of TANGO10 proteins. Con-
sistent with this hypothesis, we find that TANGO10 proteins
are barely detectable in head extracts of bsr mutants (Fig. 1C
and SI Appendix, Fig. S2). Finally, a genomic transgene harbor-
ing a WT Tango10 locus fully rescues the circadian phenotypes
in bsr mutants (Fig. 1E and SI Appendix, Table S2). Taken
together, these genetic data convincingly demonstrate that
Tangol0 is a clock gene whose importance for sustaining high-
amplitude rhythms is comparable to core clock genes.

Tango10 Function in PDF Neurons Is Necessary to Drive Free-
Running Rhythms. To determine the anatomical requirements for
Tangol0, we employed GAL4-UAS to express WT Tangol0
complementary DNA in Tangol0“C mutants in specific tissues
and stages. We find that adult-specific 7angol0 induction using
the RU486 inducible GeneSwitch system either pan-neuronally
or ubiquitously (elav-geneswitch-GAL4 or daughterless-genes-
witch-GALA4, respectively) restores robust behavioral rhythms
in Tangol0 mutants, indicating that 7angol0 functions in adult
neurons (Fig. 24 and SI Appendix, Table S3). In contrast,
Tangol10 expression in all (tim-GALA4) or subsets of (Clk-GALA4,
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rhythmicity in Tango10 mutant, rescue, and RNAI strains, as determined using y? periodogram analysis. GG indicates Tango1

Pdf-GALA4) circadian pacemaker neurons does not rescue
Tangol0 mutant rhythms (Fig. 2B and SI Appendix, Table S4).
The lack of rescue using circadian drivers cannot be attributed
to overexpression, as Tangol(0 overexpression with these circa-
dian drivers in a WT background does not reduce rhythmicity
(81 Appendix, Table S4), suggesting that Tangol0 may function
in nonclock neurons to sustain free-running locomo-
tor rhythms.

To narrow down the anatomical locus necessary for Tangol0-
dependent clocks, we combined broader GAL4 rescue with dif-
ferent GALSO transgenes to block GAL4 induction in defined
subsets of neurons. We used the broadly expressing GALA4,
30Y-GALA4 (45), which robustly rescues rhythmicity in Tangol0
mutants (Fig. 2B and SI Appendix, Table S4). 30Y-driven
Tango10 rescue is blocked using the pan-neuronal elav-GALSO,
confirming a neuronal Tangol0 requirement (Fig. 2C and SI
Appendix, Table S4). 30Y is notably active in mushroom body
(MB) neurons (45), yet the MB-specific GALS0, 247-GALSO0,
does not block rescue. On the other hand, blocking 30Y specifi-
cally in PDF neurons did substantially suppress rescue of
behavioral rhythms (Fig. 2C and SI Appendix, Table S4). Thus,
Tango10 function in PDF neurons is necessary to drive free-
running rhythms.

To validate the necessity of Tangol0 in PDF neurons, we
silenced endogenous Tangol0 expression in the select neurons
by RNA interference (RNAI) and examined effects on circadian
locomotor rhythms. We first confirmed that pan-neuronal
expression of the Tangol0 RNAI transgene effectively depletes
endogenous TANGOI10 proteins in fly head extracts, indicating
RNAIi efficacy and neuronal TANGOI10 expression (S
Appendix, Fig. S4). We further found that Tangol0 depletion in
PDF neurons but not in MB neurons leads to behavioral
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indicate SEM. (A) Adult-specific expression of Tango70 in TangoIOGG mutants, using elav-GeneSwitch-GAL4 (elav-GS-GAL4) and daughterless-GeneSwitch-
GAL4 (da-GS-GAL4). Flies in which Tango10 expression is induced in adulthood (RU486) exhibit increased behavioral rhythmicity compared to ethanol
(EtOH, vehicle control)-fed flies (n = 8 to 22). Statistical significance determined by Student’s t test (***P < 0.001). (B) 30Y-GAL4-driven Tango10 expres-
sion restored rhythmicity of Tango70°® mutants in contrast to circadian GAL4s including Pdf-GAL4, tim-GAL4, and Clk-GAL4 (n = 19 to 34). Statistical
significance between GAL4 crossed lines and iso31 crossed control was determined by Student’s t test (**P < 0.01). (C) elav- and Pdf-GAL80 blocked the
rescue of rhythmicity by 30Y-GAL4 driven Tango10 expression (n = 15 to 39). Statistical significance was determined by one-way ANOVA with Dunnett's
multiple comparisons test. (ns, not significant; ***P < 0.001). (D) RNAi-mediated TANGO10 depletion in clock neurons phenocopies Tango70°® mutants.
UAS-Dicer2 was combined with GAL4 driver (GAL4>Dcr2) to increase RNAI efficiency (n = 32 to 44). Statistical significance was determined using one-way
ANOVA followed by Dunnett’s test ***P < 0.001) (S/ Appendix, Tables S3 and S4).
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arrhythmicity, comparable to that of Tangol0 mutants (Fig. 2D
and SI Appendix, Table S4). Taken together, these data demon-
strate that Tangol0 in PDF neurons is necessary but not suffi-
cient for robust rhythmicity in circadian locomotor behavior.

Loss of Tango10 Function Selectively Affects Small LNv PER and TIM
Oscillations. Daily rhythmic expression of clock proteins underlies
circadian locomotor behavior. We thus examined the daily expres-
sion of core clock proteins PER and TIM as a measure of molecu-
lar clocks. Immunoblotting of adult head extracts at circadian
time (CT) 3 and CT15 showed comparable levels of PER and
TIM between WT and Tangol0 mutants (SI Appendix, Fig. S5).
We also evaluated PER and TIM rhythms in light:dark (LD) cycle
(ie., 12-h light: 12-h dark) in individual groups of circadian
pacemaker neurons: PDF+ sLNv and large LNv (ILNv) and PDF-
LNd and fifth sLNv (Fig. 3). PER and TIM oscillations were evi-
dent in all groups of neurons in both WT and 7angol0 mutants
(Fig. 3). Moreover, in most of those groups, levels and oscillation
amplitude were comparable between WT and Tangol0 mutants,
although modest time-dependent changes in protein levels are
consistent with a small phase delay in 7angol0 mutants (Fig. 3).
Tangol0 sLNv exhibit the most prominent effects, with a modest
~30% reduction in peak PER levels (2.5x oscillation in WTand 1.
9% in Tangol0) and a ~60% reduction in TIM levels, although
TIM levels still oscillate significantly (~3x; Fig. 3). Similar results
were obtained in free-running DD when circadian locomotor
rhythms disappear in Tangol0 mutants (SI Appendix, Fig. S6).

Loss of Tango10 Dramatically Elevates PDF Levels in Clock Neuron
Terminals. The finding of persistent but reduced amplitude molec-
ular oscillations suggests that 7Tangol0 may function to regulate
the output of PDF neurons. The molecular clock is thought to
transmit timing information in part via the daily rhythm in the cir-
cadian neuropeptide PDF. To assess Tangol0 effects on PDF, we
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examined PDF accumulation at the dorsal axonal terminals of
the sLNv. WT sLNv display robust PDF rhythms, with the
peak levels 2 h after lights-on in LD cycle (i.e., zeitgeber time
[ZT] 2; lights-on at ZTO0; lights-off at ZT12) (Fig. 4 A and B)
(25). Tango10 mutant sLNv, however, displayed constitutively
high PDF levels at their axon terminals, dampening PDF
rhythms in both LD cycle (Fig. 4 A and B) and DD (S/
Appendix, Fig. S7). Moreover, the structural rhythmicity in
sLNv terminals was dampened by Tangol0 mutation, whereas
Tangol0 sLNv cell bodies displayed PDF oscillations compa-
rable to WT (Fig. 4 C and D). Tango10 effects on PDF levels
were also detected at ILNv terminals in the optic lobe since
Tangol0 1LNv displayed no significant changes in terminal
PDF levels (SI Appendix, Fig. S8). Given that the circadian
clock regulates PDF levels at sLNv terminals (25) and
Tango]O impacts TIM levels, we wondered if high PDF levels
in Tango10 mutant sLNv requ1red tzm Accordingly, we gener-
ated double mutants of Tangol0°“ and tim”’ and examined
their PDF expression. We found that loss of Tangol0 results
in elevated PDF levels even in a tim null mutant background
(Fig. 4E), indicating tim is not required for Tangol0 regula-
tion of PDF.

We next examined the subcellular localization of TANGO10
to determine how it might exert loss-of-function effects on PDF.
Unfortunately, our anti-TANGO10 antibody failed to detect
endogenous TANGOI10 proteins in whole-mount brains by
immunostaining. We thus expressed transgenic TANGO10 pro-
teins with an HA epitope-tag in order to visualize expression in
PDF neurons. We confirmed that the 7angol0-HA transgene
strongly rescues 7angol0 mutant rhythms indicating it is func-
tional (Fig. 54). When expressed in PDF neurons, transgenic
TANGO10-HA exhibits punctate localization in the axonal tract
and terminals of SLNv neurons (Fig. 5B). We observe partial
colocalization between PDF and TANGO10-HA expression in
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Fig. 3. Clock oscillations are dampened in Tango10 mutant sLNv. (A and B) PER and TIM levels were quantified from individual groups of circadian pace-
maker neurons during the LD cycle. Averaged intensity in WT at ZT 2 was set as 1 for normalization. Data represent means = SEM (n = 14 to 18 hemi-
spheres from two experiments). WT and Tango10 measurements were compared at each time-point using Student’s t test (*P < 0.05, **P < 0.01). ILNv,
large ventral lateral neuron; sLNv, small ventral lateral neuron; fifth LNv, PDF-negative LNv; LNd, dorsal lateral neuron. (C and D) Representative confocal

images of WT and Tango710°® mutant sLNv.
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Fig. 4. Loss of Tango10 results in elevated PDF in the absence of tim. (A) Representative z-stacked maximum intensity projection images of PDF staining
in dorsal terminals of sLNv under LD conditions. ZT, zeitgeber time. (B) Quantification of PDF intensity in sLNv dorsal projection. Section images were
stacked as maximum intensity projection. Integrated intensities above a threshold were measured and normalized to averaged measurement of Tan-
go70°C mutant at ZT2 (set as 1). Data represent means + SEM (n = 14 to 22 hemispheres from two experiments). WT and Tango70 measurements were
compared at each time point using Student’s t test (*P < 0.05, **P < 0.01). (C) Quantification of sLNv arborization in dorsal projections (Left) and PDF
expression in sLNv cell bodies (Right). Axonal crosses were measured using Sholl analysis. PDF intensity in sLNv cell bodies was normalized to averaged
measurement of WT at ZT2 (set as 1). GG indicates Tango7OGG mutant. Data represent means + SEM (n = 17 to 23 hemispheres for sLNv arborization; n =
16 to 18 hemispheres for sLNv cell bodies). Two-way ANOVA detected significant genotypex time point interaction effects on total axonal crosses in sSLNv
dorsal projections (P = 0.0037) but not on PDF levels in sLNv cell bodies (P = 0.8904), whereas Tango10 effects on both measurements were significant (P
< 0.0001 and P = 0.0010, respectively). ns, not significant; *P < 0.05, **P < 0.01, as determined by Tukey’s post hoc test. (D) Axonal crosses for each con-
centric ring were analyzed in WT and Tango70°® mutant sLNv. Data represent means = SEM (n = 17 to 23 hemispheres from two experiments). *P <
0.05, **P < 0.01 as determined by Student’s t test. (E) Representative images and quantification of anti-PDF signals in dorsal projections of tim°’ or Tan-
go710°¢ tim°" mutant sLNv at ZT15. Integrated intensities for anti-PDF staining above a threshold were measured and normalized to averaged measure-
ment of tim°” mutant (set as 1). Data represent means *= SEM (n = 22 to 24). **P < 0.01 as determined by Student’s t test.

the sLNv terminals, with TANGO10 exhibiting somewhat  WTclock cells using tim-GAL4 or in all postmitotic neurons using
broader localization (Fig. 5B). Moreover, our quantitative analy-  elav-GALA4. The protein complex associating with FLAG-tagged
sis revealed robust TANGO10 rhythms at axonal terminals of =~ TANGO10 was then affinity purified by immunoprecipitation at
sLNv in LD cycles (Fig. 5 C and D; peak ZT10, trough ZT22).  ZT10 and ZT22 and analyzed by mass spectrometry. To identify
These data suggest that rhythmic TANGO10 expression in the  “hits,” we looked for proteins that were detected in at least two of
dorsal terminals is downstream of the circadian clock and, in  the four samples but not present in GALA4/+ controls nor in
turn, may contribute to rhythmic PDF levels. immunoprecipitation of the clock translation factor TWENTY-

FOUR (6). This strategy revealed 21 overlapping hits from inde-
Proteomic Analysis Identifies CUL3 as a TANGO10-Interacting  pendent proteomic analyses (SI Appendix, Table S6). Interestingly,
Partner. Multiple sequence alignments indicate that BTB/POZ  an E3 ligase CUL3 was identified as one of the overlapping hits
and BACK domains implicated in protein-protein interactions  present in both zim-GAL4 samples and one out of two elav-GAL4
are well conserved among TANGO10 homologs (SI Appendix,  samples. CUL3 has been proposed to play a role in TIM ubiqui-
Fig. S3B). Accordingly, we performed proteomic analyses of tination, contributing to high-amplitude TIM cycling and behav-
immunoprecipitated TANGO10 protein complexes from fly ioral rhythms (16, 46, 47). TANGO10 and CUL3 coimmunopre-
heads to identify factors mediating Zangol0-dependent clock  cipitate from Drosophila S2 cells when transiently transfected.
function in vivo. We first confirmed that a C-terminal triple  (Fig. 64). We also observed that endogenous CUL3 coimmuno-
FLAG tag does not interfere with WT Tangol0 function as  precipitates with fim-GALA-driven FLAG-tagged TANGOI10,
pan-neuronal expression of the FLAG-tagged TANGOI10 res-  further confirming their in vivo interactions (Fig. 6B). Taken
cues behavioral phenotypes in Tangol0 mutants (SI Appendix,  together, these data suggest that TANGO10 and CUL3 form a
Table S5). We expressed FLAG-tagged TANGO10 either in  protein complex to sustain circadian rhythms.
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Fig. 5. Transgenic TANGO10 protein localizes to and oscillates in PDF neuron dorsal terminals. (A) 30Y-GAL4-driven Tango10-HA expression rescues behavioral
rhythmicity in Tango70°® mutants (GG), analyzed over 7 d DD using »> periodogram analysis. Data represent means + SEM (n = 16 to 24). ***P < 0.001 as deter-
mined by Student’s t test. (B) Representative confocal images of sLNv dorsal terminals expressing PDF (green) and TANGO10-HA (red) at ZT 15. (C and D) Pdf-
GAL4—driven TANGO10-HA cycles in the sLNv dorsal projections. Quantification of TANGO10-HA and PDF signals was performed as in Fig. 4. TANGO10-HA or
PDF intensity at ZT2 was set to 1. Data represent means = SEM (n = 27 to 38 from three independent experiments). TANGO10-HA cycling was detected by one-
way ANOVA (P < 0.0001). Representative maximum intensity projection images of TANGO10-HA staining in Pdf-GAL4 UAS-Tango 10-HA brains were shown.

CUL3 Depletion Phenocopies the Behavioral Rhythms and PDF  Cul3, like Tangol0, similarly affects PDF levels and find that
Levels of Tango10 Mutants. To assess Cul3 function in PDF neu-  PDF levels are constitutively high in the axon terminals of
rons, we employed Pdf-GAL4~driven Cul3 RNAi. We find that ~ CUL3-depleted sLNv (Fig. 6 D and E), phenocopying the
CULS3 depletion in PDF neurons severely dampens locomotor  effects of Tangol0 mutants. Given the proposed links between
rhythms in free-running DD (Fig. 6C and SI Appendix, Table = CUL3 and TIM, we assessed Cul3 effects in a tim null back-
S7), consistent with a prior report (16). We next determined if  ground (tim’” ) and find elevated PDF levels similar to what we
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Fig. 6. Depletion of TANGO10 interactor CUL3 in PDF neurons phenocopies PDF expression phenotypes observed in Tango70 mutants in the absence of
tim. (A) Co-immunoprecipitation (IP) of CUL3 and TANGO10 in Drosophila S2 cells. Representative immunoblots of input and IP samples from S2 cells
cotransfected with expression vectors for CUL3-V5 and TANGO10-HA as indicated. (B) Co-IP of CUL3 and TANGO10 in Drosophila heads. Inmunoblotting
analysis of input and IP samples from adult head extracts upon transgenic expression of FLAG-tagged TANGO10 using tim-GAL4, compared to tim-GAL4/+
control, assayed by anti-FLAG and anti-CUL3 antibodies. CUL3 is detected in input blots as well as IP blots for samples expressing FLAG-tagged TANGO10.
The asterisk indicates nonspecific bands observed in both IP samples independent of Tango70-3xFLAG transgene, but the size of this band is larger than
CUL3. (C) CUL3 depletion in circadian pacemaker neurons including PDF+ cells induces decreased rhythmicity. Cul/3 RNAi refers to NIG strain 11861R-2;
Pdf>Dcr2, Pdf-GAL4 UAS-Dcr2; tim>Dcr2, tim-GAL4 UAS-Dcr2. Power of rhythmicity was determined using 3 periodogram. Data represent means = SEM
(n =8 to 44). ***P < 0.001 as determined by Student’s t test. See also S/ Appendix, Table S7. (D) CUL3 depletion increases PDF intensity in sLNv dorsal pro-
jections at ZT 14 in the absence of tim. PDF signals were analyzed as in Fig. 4. Data represent means = SEM (n = 14 to 16 from two independent experi-
ments). Two-way ANOVA detected significant Cul3 effects on PDF levels (P < 0.0001) but not their interaction with tim (P = 0.0599). ***P < 0.001 as deter-
mined by Tukey’s multiple comparison test. (E) Representative PDF staining images of the dorsal projection from CUL3-depleted sLNv and RNAi control in
a tim+ or tim°’ background at ZT14.
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observe for Tangol0 mutants (Fig. 6 D and E), supporting a
role of Cul3 on PDF in the absence of tim. The biochemical
association and phenotypic similarity of Cul3 and Tangol0
prompted us to hypothesize that CUL3 employs TANGO10 as
an adaptor to drive PDF and behavioral rhythms downstream
of the molecular clock.

Loss of Tango10 Increases Firing Rate and Depolarizes Membrane
Potential. PDF levels in axonal terminals are also dependent
on neuronal excitability (41, 42). To investigate the impact of
a Tangol0 mutation on excitability, we performed whole-cell
patch electrophysiology on the PDF-expressing ILNv. ILNv
electrophysiology has been well-studied, as their position
near the surface of the brain and large soma makes them
more accessible compared to other fly clock neurons. We
find that Tangol0 mutant 1LNv exhibit increased excitability
compared to WT (Fig. 74). Firing frequency of Tangol0
ILNv is significantly higher compared to WT ILNv (Fig. 7B).
The increase in firing rate of Tangol0 1LNv is linked to a
more depolarized membrane potential (Fig. 7C, P < 0.01).
Input resistance of ILNv was measured using a hyperpolariz-
ing current injection protocol, with no significant difference
found between WT and Tango10 (Fig. 7D). Cell capacitance
was determined from a current step measured in voltage-
clamp mode, with Tangol0 1LNv neurons found to have a sig-
nificantly lower capacitance compared to WT during morn-
ing hours (Fig. 7E). Nonetheless, the finding of elevated
excitability in 7angol(0 mutant neurons is consistent with a
role in neuronal output.
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4-AP-Sensitive 1, Potassium Current Is Significantly Reduced in
Tango10 Mutant ILNv. To investigate which ion channels could be
mediating the difference in 7angol0 mutant ILNv, we used volt-
age clamp electrophysiology. We observed a voltage-gated out-
ward current with fast- and slow-inactivating components (Fig.
84). We noted that the fast- but not slow-inactivating compo-
nent was reduced in Tangol0 mutants (Fig. 8 A-C). We then
used pharmacology to block subsets of potassium channels to
further resolve the mechanisms underlying Tangol0 hyperexcit-
ability. Whole-cell currents were recorded in the presence of
tetrodotoxin (TTX) to block sodium channels, before repeating
the same voltage-clamp protocol while adding tetraethylammo-
nium (TEA) to block voltage-gated potassium channels. The
TEA-sensitive current was calculated by subtracting the cur-
rents measured in the two conditions (Fig. 8D). No significant
differences were found in the TEA-sensitive current between
WT and Tangol0 (Fig. 8E). To further interrogate potassium
channel currents, the same voltage-clamp protocol was per-
formed with the further addition of 4-aminopyridine (4-AP) to
the solution, with the 4-AP-sensitive current again calculated
using subtraction of the currents evoked in the two conditions.
Isolating the 4-AP-sensitive current revealed a significant
reduction in 7ango10 1LNv (Fig. 8 D and F). The inactivation
kinetics and pharmacological specificity of this current identi-
fies a reduced Shaker-like (I5) current in 7angol0 mutants.

To determine if reductions in I, current can explain the
increased firing rate observed in Tangol0 mutants, we devel-
oped a mathematical model of 1ILNv electrophysiology (S/
Appendix, Table S8). Our model builds on the Smith model of
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Loss of Tango70 increases excitability in PDF neurons. (A) Representative current-clamp recordings at ZT0O~4 (Top) and ZT8~12 (Bottom) of WT

(Left) and Tango10°C (Right). (B) Summary bar graphs showing mean firing rate of WT (n = 18 at ZTO~4; n = 21 at ZT8~12) and Tango10°® mutant (n =
19 at ZT0~4; n = 19 at ZT8~12). (C) Summary bar graphs showing mean membrane potential (MP) of WT (n = 18 at ZTO~4; n = 21 at ZT8~12) and Tan-
go1OGG mutant (n = 19 at ZT0~4; n = 19 at ZT8~12). Data represent means = SEM **P < 0.01 as determined by Student’s t test. (D) Input resistance was
measured in current clamp from the voltage response to hyperpolarizing current steps. No difference was found between WT and Tango10°C at both
morning and evening (Student'’s t test). (E) Cell capacitance of Tango70 mutant ILNv is significantly lower than WT at morning hours (**P < 0.01) but not
evening (P = 0.11), as determined by Student's t test.
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Fig. 8. Decreased I current in Tango10 mutants may underlie increased firing rate. (A) Whole-cell current traces induced by step pulse to potentials
between —120 and +100 mV with 10-mV increment in WT (Top) and Tango10°¢ mutant (Bottom). Pulse protocols for recording whole-cell currents
(Inset). (B and C) current-voltage plots show mean whole-cell current densities for the peak current (IK fast) and the late portion (IK slow) of the current
of ILNv in WT (n = 14 at ZT0~4; n = 12 at 8~12) and Tango10GG mutant (n = 17 at ZT0~4; n = 13 at ZT8~12). The amplitude of IKs, current was signifi-
cantly lower in Tango70°¢ mutant ILNv compared with WT (two-way ANOVA, P < 0.0001). (WT ZT0~4 versus GG ZTO~4, WT ZT8~12 versus GG ZT8~12; P
< 0.05 by two-way ANOVA; *P < 0.05, Tukey's honestly significant difference [HSD] test). (D) TEA-sensitive outward current (Top traces) and
4-AP-sensitive outward current (Bottom traces), respectively. (E) |-V show mean TEA-sensitive current densities of ILNv in WT (n = 7 at ZT0~4; n = 6 at
8~12) and Tango10°® mutant (n = 5 at ZTO~4; n = 7 at ZT8~12). (F) I-V show mean 4-AP-sensitive current densities of ILNv in WT (n = 7 at ZTO~4; n = 6
at 8~12) and Tango10°© mutant (n = 5 at ZTO~4; n = 7 at ZT8~12). The amplitude of 4-AP-sensitive current was significantly lower in Tango70°® mutant
ILNv compared with WT animal (two-way ANOVA, P < 0.0001) (WT ZTO~4 versus GG ZTO~4, WT ZT8~12 versus GG ZT8~12; P < 0.05 by two-way ANOVA;
#P < 0.05, Tukey's HSD test). (G) Simulations of mathematical models of WT (Top trace, firing rate ~1 Hz) and Tango70 mutant ILNv (Bottom trace, firing
rate ~4 Hz). (H) Firing rate of model as a function of the percentage reduction in Shaker/Shal current, with red dot (30% reduction) and gray dot (0%
reduction) corresponding to the Tango70 and WT models shown in Fig. 8G, respectively.

ILNv (48), which includes an inward sodium current, an inward
calcium current, a leak current, and four outward potassium
currents: fast-inactivating A-type currents Shaker and Shal, and
slow- or noninactivating currents Shab and Shaw. In the Smith
model, the potassium current parameters were fit to voltage-
clamp data isolating these currents in ILNv, whereas the
sodium and calcium current parameters were taken from a pre-
viously published model of mammalian circadian clock neurons
(49). For our model, we retained the Smith model potassium
current parameters but refit the sodium and calcium current
parameters to current-clamp data from ILNv using data assimi-
lation (DA), a state and parameter estimation technique for
optimally combining dynamical models with observations
(Materials and Methods). This approach yielded a model that
closely matches the firing rate and action potential (AP) shape
observed in recordings from WT LNv (Fig. 8G and SI
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Appendix, Figs. S9 and S10). We then simulated the model with
reduced values of the maximal conductance parameter for the
Shaker and Shal currents. We found that a 30% reduction in
Shaker/Shal currents can reproduce the increased firing rate
phenotype of the Tangol0 mutants (Fig. 8 G and H).

To experimentally test the contribution of the TEA- and
4-AP-sensitive currents on 1ILNv neurophysiology, we measured
the effects of pharmacological application of the respective drugs
upon resting membrane potential, measured in the presence of
TTX. Application of TEA resulted in a small depolarization of
membrane potential (~1 to 2 mV), both at morning and evening,
with no difference observed between 7Tangol0 and WT (SI
Appendix, Fig. S11 A and B). However, application of 4-AP caused
a larger depolarization (~5 to 10 mV) in WT ILNv, with a signifi-
cantly smaller response in 7angol0 1LNv evident in the evening
(SI Appendix, Fig. S11 A and C), providing further evidence for a
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reduction of the 4-AP-sensitive current in Tango10 1LNv. Interest-
ingly, Shal gene expression and current levels are more elevated in
the evening consistent with these 4-AP effects (48, 50).

Discussion

To discover genes involved in circadian behavior, we performed
two large-scale genetic screens: one P-element—candidate based
and the other an unbiased chemical mutagenesis. These diver-
gent approaches independently identified mutants of 7angol0,
highlighting its pivotal role. These mutants profoundly disrupt
free-running rhythmicity. Moreover, loss of Tangol0 results in
dramatic accumulation of PDF in clock neuron terminals and
loss of PDF accumulation rhythms. These effects persist in the
absence of a functioning core clock. To better understand the
molecular mechanisms by which 7Tangol0 functions, we ana-
lyzed TANGO10 complexes using immunoprecipitation and
mass spectrometry and found interactions with the E3 ubiquitin
ligase CUL3. CUL3 depletion also results in similar PDF accu-
mulation effects. Patch clamp electrophysiology of PDF neu-
rons demonstrates increased excitability and reduction of
Shaker-like potassium currents suggesting that Cul3/Tangol0
effects are via elevated excitability. TANGO10 protein levels
also oscillate in these terminals, suggesting they are under clock
control and contribute to cellular rhythms. Taken together, this
study reveals a critical ubiquitin—proteasome pathway by which
temporal information is conveyed to cellular and behavioral
outputs (SI Appendix, Fig. S12).

This work highlights a neuronal output pathway with remark-
ably robust effects on free-running circadian rhythms. Loss of
Tangol0 with two independent alleles results in a substantial
reduction in rhythmic power (~95% reduction in power-
significance [P-S] for the GG allele). Independent alleles were
discovered in two phenotype-driven screens. The strength of the
rhythmicity phenotype is in contrast with those previously
reported for loss-of-function alleles of other putative output
genes. Much of the prominent work examining output in circa-
dian neurons has focused on fasciculation/defasciculation of
axonal arbors (33, 34). While the gold standard loss-of-function
genetics (e.g., RNAI or dominant-negative manipulations) have
profound consequences on rhythmic fasciculation neural states
(see figure 1C in ref. 34) they have limited effects on the crucial
functional output of these neurons, circadian behavior (see Fig.
4D; RholDN in ref. 34; and table 2 Pdf > Mef2 RNAI in ref.
33). The only studies that have observed large circadian behav-
ioral phenotypes as a result of loss-of-function genetic manipu-
lations are those targeting the PDF neuropeptide itself as well
as subunits of the ion channel NA and its regulator NLF-1,
which function via excitability (20, 39, 51). Our finding that
Tango10 has profound effects on free-running rhythmicity indi-
cates it defines a special pathway crucial for free-running
rhythmicity.

Using cell-type-specific genetic rescue and quantitative
immunofluorescence, we demonstrate that Tangol0 effects on
rhythmicity map to just ~20 clock neurons expressing the neu-
ropeptide PDE. RNAi knockdown specifically in the LNv dis-
rupts free-running rhythmicity, and LNv expression is required
for robust rescue of the 7Tangol0 rhythmicity phenotype
although 7angol0 in nonclock neurons further contributes to
free-running rhythms. Additionally, the effects of Tango10 and
Cul3 on the molecular clock are mainly observed in the sLNv
group and not other pacemaker neuron groups (figure 3 in ref.
16). Taken together, our data indicate a critical functional
requirement for TANGO10-CUL3 in the PDF-positive LNv to
promote molecular and behavioral rhythmicity.

We have demonstrated that 7angol0 likely functions in con-
cert with the E3 ubiquitin ligase CUL3, thus defining a role for
protein ubiquitination in neuronal output. Proteomic and

Lee et al.
The E3 ubiquitin ligase adaptor Tango10 links the core circadian
clock to neuropeptide and behavioral rhythms

coimmunoprecipitation (Co-IP) experiments indicate that
CUL3 and TANGO10 interact in vivo. Loss of Tango10 or Cul3
function in PDF neurons causes comparable arrhythmicity.
Moreover, decreased Tangol0 or Cul3 function also results in
similar molecular phenotypes, including elevation of PDF levels
even in the absence of tim. Ubiquitination can serve as a signal
for protein degradation and/or traffic proteins to the cell mem-
brane (52, 53). It will be of interest to examine the function of
other TANGO10-interacting proteins as potential enzymatic
targets of this complex.

Under this model (SI Appendix, Fig. S12), core clock effects
observed may be secondary to Tangol0-mediated effects on
excitability/PDFE. In most pacemaker neurons and in whole
heads, PER and TIM oscillations are largely intact in Tangol0
mutants. We did observe modest reductions in peak PER levels
and more robust reductions in TIM specifically in the sLNv.
Interestingly, these sLNv phenotypes are very similar to those
observed after Cul3 impairments (16). This prior study pro-
posed that CUL3 ubiquitinates TIM, targeting it for degrada-
tion. Yet loss of putatively TIM-degrading Cul3 results in a
decrease in peak TIM levels in clock neurons (figure 2 in ref.
16) inconsistent with a direct role in degrading TIM. Moreover,
reduction of Cul3 on its own in vivo does not alter TIM ubiqui-
tination (46).

We believe that our data suggest that these effects are
instead due to elevated excitability/PDF signaling. Acute
increases in excitability lead to acute reductions in TIM but not
PER (47). Chronic activation of LNv clock neurons (via expres-
sion of the bacterial sodium channel NaChBac) results in
reductions in peak levels of the CLK-activated transcription fac-
tor PDP1 (41). This effect is comparable to the reduction in
peak levels in CLK-activated PER and TIM seen in ZTangol0
(Fig. 3). Cul3 has previously been shown to be required for
excitation-dependent reductions in TIM (47). One possibility is
that knockdown of Cul3, like Tangol0, elevates excitability and
thus additional excitation may not be able to further drive
down TIM levels. In addition, PDF signaling is also known to
feedback and regulate PER and/or TIM levels. The finding that
PDF effects of Tungol0 and Cul3 are evident even in a tim
further cements the notion that core clock effects may be a sec-
ondary consequence of its excitability/PDF effects and not due
to direct effects on the core clock or TIM. It is worth noting
that a clockwork orange allele (cwo®) with comparable effects
on PER and TIM oscillation amplitude in the sLNv retain
more robust rhythms than observed with Tangol0 (54), suggest-
ing the core clock effects are not sufficient for the behavioral
phenotype.

We hypothesize that the primary effects of Tangol0 are on
excitability, which in turn regulates PDF levels in the terminals
(SI Appendix, Fig. S12). Tangol0 mutant 1LNv exhibit an
increased firing rate, possibly due to reductions in I, current.
Electrical activation of the LNv via NaChBac or TrpAl each
result in elevated PDE as seen in 7angol0 or Cul3 reductions
(41, 42). Activity-induced increases in PDF may be further sus-
tained by PDF release and PDFR feedback signaling (42).

Our finding of reduced I, currents in 7angol0 mutants sug-
gest they are a key target for mediating LNv excitability and
behavior. Reduction of I, currents elevates ILNv firing rates
and alters the timing of sleep onset (48, 55). We have devel-
oped a computational model for the ILNv that more faithfully
recapitulates in vivo activity, and this model demonstrates that
the changes in I5 observed in 7angol0 can explain the elevated
firing rates. The Shal transcript expression and current activity
are time-dependent peaking in the evening hours, suggesting a
role in mediating clock control of neuronal excitability (48, 50).
These results are consistent with time-dependent effects of Ia
inhibition in the evening (SI Appendix, Fig. S11). One possibil-
ity is that TANGO10 expression may enhance Shal currents in
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the evening. These effects may be conserved in mammals as
reduction in I, currents also more strongly elevate firing rates
at night in the suprachiasmatic nuclei and alter circadian behav-
ior (56, 57). I has also been observed to exhibit time depen-
dence (58). It will be of interest to test the hypothesis that
reductions in I, current may result from reduced ubiquitination
of Shaker/Shal ion channels or their regulators possibly via
increased ion channel trafficking and/or degradation of their
negative regulators.

In summary, we demonstrate a role for the BTB adapter
TANGOI10 in regulating LNv excitability and PDF signaling to
promote circadian rhythmicity (SI Appendix, Fig. S12). Our
behavioral, molecular, and electrophysiological data support a
primary role for CUL3-TANGOI10 in increasing K™ current
activity to decrease excitability. These effects on excitability can
in turn regulate PDF signaling and levels to affect rhythmic
behavior. Molecular clock effects may be downstream or inde-
pendent of changes in excitability. Future studies will be
required to determine whether CUL3/TANGOI10 plays a
broader role in other neuropeptidergic neurons, particularly in
circadian output circuits.

Materials and Methods

Drosophila Strains. All flies used this study were raised at 25 °C, 60% humid-
ity, with standard cornmeal food under 12-h light:12-h dark (LD) cycles.
Behavioral assays and immunostaining utilized male flies, except for comple-
mentation assays performed in females. Proteomic and Co-IP used a mix of
males and females. w'"’® (is031) was used as a WT strain (Bloomington Dro-
sophila Stock center, 5905). Tango10°C (also known as Tango10°°"3”") and
Tango10 deficiency strains were also obtained from the Bloomington Stock
Center [stock Nos. 12775 (Tango10°¢°'37"), 9171 (Df(1)ED7147), and 26574
(Df(1)BSC722)]. The Tango10%C rhythmicity phenotype was initially identified
from a screen for putative loss-of-function mutations covering 1,015 genes
(44). Tango10”" was isolated as part of an EMS mutagenesis screen in which
F1 progeny of mutagenized w'’’® males X C(1)DX females were assayed for
locomotor behavioral phenotypes (59). Tango10°C excision strains were gen-
erated using P-element transposition. The following Tango70 transgenic flies
were generated through embryo injection by BestGene: UAS-Tango70 (no
tag), UAS-Tango10-HA, and UAS-Tangol0-3xFLAG. Tango10 RNAi (strain
103920) and UAS-Dcr2 strains were obtained from Vienna Drosophila Stock
Center. Cullin-3 RNAi was obtained from National Institute of Genetics (NIG)-
FLY stock center (11861R-2). elav-GAL4 (60), Pdf-GAL4 (20), tim-GAL4 (61),
Clk4.1-GAL4 (62), 30Y-GAL4 (45), 247-GAL4 (63), elav-GAL8O0 (64), Pdf-GAL80
(65), 247-GAL80 (66), tim°" (67), per®! (68), elav-GeneSwitch-GAL4 (69), and
da-GeneSwitch-GAL4 (70) were described previously.

Fly Locomotor Analysis. Drosophila locomotor behavioral assays were per-
formed as described previously (71). Briefly, crosses and strains were raised at
25°C and individual progeny were loaded into tubes containing 1% agar, 5%
sucrose food, and monitored using the DAM (Drosophila activity monitor, Triki-
netics) system under five LD cycles followed by 7 d in DD at 25 °C. Period was
calculated from y? periodogram using Clocklab (Actimectrics). Rhythmic power
of individual fly was calculated from P-S and averaged in each genotype, and
percent rhythmic was defined as percentage of flies with P-S value > 10. For
GeneSwitch crosses, 1- to 3-d-old flies were maintained on standard Drosophila
food supplemented with 250 pM RU486 in ethanol (EtOH) or EtOH alone for 5
d. Flies were then loaded into agar-sucrose behavior tubes, again containing
either RU486 or EtOH, and activity was monitored using the DAM system.

Plasmids. The coding region of Tango70 was subcloned from DGRC, HL07962
into modified pAc5.1 (untagged, 3xHA, or 3xFLAG tags). Constructs were then
subcloned into pUAS-C5 for generation of transgenic strains. The Tango10
genomic locus, spanning 2,969 base pairs (bp) upstream and 435 bp down-
stream of the transcript region, was subcloned into pCasper vector. A 3xHA
tag was cloned in between the C terminus of TANGO10 and the 3' untrans-
lated region. The CUL3-V5 expression vector was described previously (44).

Antibody Generation. Rat anti-TANGO10 antibodies were generated using
full length GST-TANGO10 (Cocalico Biologicals). Mouse anti-TANGO10 anti-
bodies were generated using AKMVWGEDVP as an epitope (Abmart).

Immunohistochemistry. Flies aged >5 d were entrained at least 2 d before dis-

section. Immunostaining was performed as in ref. 7. Fly brains were dissected
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at the indicated time and fixed in 4% formaldehyde in phosphate-buffered
saline (PBS) for 30 min at room temperature (RT). Brain samples were blocking
with 5% normal goat serum in PBS containing 0.3% Triton X-100 (PBS-T) for
30 min at RT. Primary antibodies were diluted in the blocking solution and
incubated in 4°C overnight. Binding with secondary antibodies in PBS-T was
done in 4°C overnight. Samples were mounted using VECTASHIELD (Vector
Labs). The antibodies used for immunostaining were as follows: mouse anti-
PDF C7 (1:800, DSHB), rabbit anti-PER (1:200, gift from E.Y. Kim, Ajou Univer-
sity Graduate School of Medicine, Suwon, Republic of Korea), guinea pig anti-
TIM [1:5,000 (72)], rat anti-HA (1:2,000, Sigma-Aldrich), rabbit anti-PDF
(1:2,000, gift from J.Choe, Korea Advanced Institute of Science and Technol-
ogy, Daejeon, Republic of Korea). Alexa 488, Alexa 594, and Alexa
647-conjugated secondary antibodies (Invitrogen) were diluted as 1:800.
Imaging was performed by confocal microscopy using a Nikon C2 or Zeiss
LSM780 confocal microscope system.

Quantification of Immunostaining. Images were processed using NIH Imagel/
Fiji. Confocal images of sLNv projections in dorsal brain regions and ILNv projec-
tions in optic lobes were z-stacked as maximum intensity projection. The intensi-
ties of anti-PDF staining above a threshold were integrated from individual
z-stacked images and averaged for each genotype. Quantification of PER, TIM,
and PDF in clock cells was performed as described previously (7). Arborization of
PDF-positive projections was quantified by Sholl analysis using Fiji.

S2 Cell Culture. Drosophila Schneider 2 cells (S2-R+) (Drosophila Genomics
Resource Center), which are derived from Oregon R late embryonic stage
male tissue, were cultured in Shields and Sang M3 Insect Medium (Sigma-
Aldrich) containing 10% fetal bovine serum and 1% Penicillin-Streptomycin at
25°C. The expression plasmids were transiently transfected using Effectene
(Qiagen) followed by manufacturer's protocol. Cell were harvested at 72
h post transfection.

Immunoprecipitation. Fly heads or S2 cell were lysed in T300 buffer [25 mM
Tris(hydroxymethyl)aminomethane-chloride (Tris-Cl) pH 7.5, 300 mM Nadl,
10% glycerol, 1 mM ethylenediaminetetraacetic acid, 0.5% Nonidet P-40, 1
mM dithiothreitol, and 1 mM phenylmethylsulfony! fluoride]. After centrifu-
gation, the same volume of TO (without NaCl from same recipe of T300) was
added to lysates and bound to anti-FLAG or anti-V5 antibody—conjugated
beads (Sigma-Aldrich) for 1.5 h at 4 °C. The immunoprecipitated proteins were
eluted by boiling with sodium dodecyl sulfate sample buffer after
three washes.

Western Blot. For immunoblotting of heads extract, 40 heads of male flies
were collected and frozen at indicated time. Heads were homogenized with
T300 buffer, and protein samples were loaded onto acrylamide gels. Proteins
were transferred on nitrocellulose membranes (GE health), and the mem-
branes incubated with rat anti-TANGO10 (Fig. 1 and S/ Appendix, Fig. S4),
mouse anti-TANGO10 (S/ Appendix, Fig. S5), mouse anti-synapsin (Develop-
mental Studies Hybridoma Bank 3C11), rat anti-GE-1 (73), mouse anti-CUL3
(BD Biosciences 611848), mouse anti-V5 (ThermoFisher), rat anti-HA (Sigma
Aldrich), rabbit anti-PER (74), guinea pig anti-TIM (10), mouse anti-actin
(Developmental Studies Hybridoma Bank, JLA20), and anti-FLAG (Sigma-
Aldrich) antibodies. The blots were detected using enhanced chemilumines-
cence prime (GE Healthcare). Quantifications were performed using Image J
from two separate experiments (S/ Appendix, Fig. S5).

Proteomics. Transfected S2 cells and transgenic fly heads (tim-GAL4/UAS-
Tango10-3xFLAG, elav-GAL4/Y; UAS-Tango10-3xFLAG/+) expressing triple FLAG-
tagged TANGO10 were harvested and immunoprecipitated with anti-FLAG beads
at ZT10 or ZT22, as in ref. 6, with n = 1 experiment per timepoint for each GAL4.
Bound proteins were eluted using 3xFLAG peptides (Sigma). The eluted samples
were subject to liquid chromatography with tandem mass spectrometry (LC-MS/
MS) analysis by the Northwestern Proteomics Core Facility. The proteomics hits
were identified from analysis using Proteome Discoverer software version 1.3
(Thermo Scientific), with hits for each GAL4 defined as proteins identified from
either or both timepoints. Proteins identified in any GAL4-only controls were
excluded. Proteins identified in proteomic analysis of FLAG-tagged TWENTY-
FOUR in fly heads (6) were also removed from the hit list to improve specificity.

Electrophysiology. Brains from adult male Drosophila were removed from
their heads in ice-cold control recording solution (in mM: 101 NacCl, 1 CaCl2, 4
MgCl2, 3 KCl, 5 glucose, 1.25 NaH,PO,, and 20.7 NaHCO3, pH 7.2, 250 mOsm).
The connective tissue, air sacs, and trachea were removed with fine forceps.
No enzymatic treatment was used to avoid removing ion channels from the
cell surface. Brains were then transferred to a recording chamber and held
ventral side up with a harp slice grid. Brains were allowed to rest in
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continuously flowing oxygenated saline (95% oxygen and 5% carbon dioxide)
for at least 10 min and no more than 2 h before recording. Perfusion with oxy-
genated saline was continued throughout the recording period. Time of
recording is used to determine ZT.

Whole-brain electrophysiology experiments were performed on an Ultima
two-photon laser scanning microscope (Bruker, formerly Prairie Technologies)
equipped with galvanometers driving a Coherent Chameleon laser. Fluores-
cence was detected via photomultiplier tubes. Images were acquired with an
upright Zeiss Axiovert microscope with a 40 x 0.9 numerical aperture water
immersion objective at 512- x 512-pixels resolution and 1-um steps. Current-
and voltage-clamp recordings were performed with thick-walled borosilicate
glass electrodes (1B150F-4; World Precision Instruments) ranging in resistance
10 to 14 MQ filled with internal solution containing the following (in mM):
102 K-gluconate, 0.085 CaCl2 1.7, MgCI2, 17 NaCl, 0.94 EGTA, 8.5 Hepes, 4
Mg-ATP, 0.3 Tris-GTP, and 14 phosphocreatine (di-Tris salt), pH 7.2, 235 Osm.
To visualize the recorded cell, Alexa Fluor 594 biocytin (10 M) was added into
the intracellular solution. Recordings were made using Axopatch 200B patch-
clamp amplifier, digitized with a Digidata 1320 A, and acquired with pCLAMP
software (Axon Instruments).

To determine firing frequency from current-clamp data, APs were detected
by applying a median filter to the data, after which a set of biologically feasi-
ble thresholds were applied and used to count peaks in the signal. The most
robust peaks were selected using the threshold that corresponded to the max-
imal voltage difference without changing the number of detected peaks. To
assess membrane potential from current-clamp data, a 10™-percentile win-
dowed filter was applied, and the membrane potential was estimated as the
average of this filtered signal.

Mathematical Modeling of ILNv Electrophysiology. Our conductance-based
model is based on the Smith model of LNv electrophysiology (48) and includes
a voltage-gated sodium current (/y,), a voltage-gated calcium current (/cJ),
four voltage-gated potassium currents (/cy1, lkva, lkva, @and Igya), @ sodium leak
current (ieak,na), @nd a potassium leak current (/eak ):

dv
dt = e
— gk Mgyr it (V — Ex) — graMig, (V — Ex) — GraMigyshis (V — Ex)

— gkvaMiahia(V — Ex) — Gieak, na(V — Ena ) — Gieak, k (V — Ex )

C 79Nam,3\|ahNa(V*ENa> — gcaMcahca(V — Eca)

1
Xo(V) = —7;
1+e %

Vinax

% (V) = Amp x et

The potassium channels Shaker, Shab, Shaw, Shal are the Drosophila orthologs
of the mammalian Kv1, Kv2, Kv3, and Kv4 channels, respectively. For the Smith
model, these four potassium currents were fit to voltage-clamp data from
ILNv to characterize the kinetic parameters associated with their steady state
activation, X, and time constants, t,. However in the Smith model, the kinetic
parameters of the sodium and calcium currents were used unaltered from a
previously published model of mammalian suprachiasmatic nucleus (SCN) neu-
rons (49). Simulations of the Smith model show a discrepancy with our LNv
recordings in terms of AP amplitude and shape (S/ Appendix, Fig. S9), presum-
ably due to misspecified sodium and calcium kinetics. To address this issue, we
employed DA to fit the parameters of the sodium and calcium currents from
current-clamp recordings of LNv. DA is a technique for obtaining optimal state
and parameter estimates for dynamical models directly from observations. DA
was originally developed for numerical weather prediction but has recently
been utilized in neuroscience applications (75, 76). Here, we used an imple-
mentation of a variational DA algorithm previously applied to fit models to
current-clamp data from SCN neurons (see ref. 77 for a detailed description of
our implementation and its mathematical representation). This approach can
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simultaneously estimate the mean trajectory of the state variables (V, m, and
h) and parameters of our model. To simplify the optimization problem, we
assume a more stable form of the rate kinetics:

11 V—vx
Xeo (V) :§+Etanh vk
(V) = Tx0 + Tx1 (1 — tanh? (Vd;xv:t)>

for x = mya, hna, Mca, hca - For me,, the time constant is assumed to be volt-
age independent (i.e., Tx(V) = t40). We are estimating each of the parameters
in these equations in addition to the maximal conductances
ONas 9car Jieak, Nar @Nd Gieak, k- The Smith model has a single leak current, but
here we separate the leak into sodium and potassium components as in previ-
ous SCN models (39, 78).

In variational DA, a very high-dimensional optimization problem is con-
structed where each model state variable, parameter, and time point adds
one dimension. The fact that each time point included increases the dimen-
sion of the optimization problem, combined with the high sampling rate (10
kHz) required for current-clamp experiments to accurately capture AP wave-
forms, means that only a relatively small amount of data (a few seconds at
most) can be assimilated before the optimization problem becomes too large
to be solved. To increase the amount of information contained in these short
windows of data, previous work with DA- and conductance-based models
have utilized current-clamp recordings performed with complex time-varying
stimuli (79) or a series of current pulses (77). In this work, we are able to fit
models with DA in the absence of input currents to stimulate the neuron (i.e.,
using spontaneous firing activity alone). Since LNv fires slowly, there may only
be one or two APs present in the short window of data that can be used for
DA due to constraints on the size the optimization problem that can be
solved. Thus, rather than using a raw voltage trace as the data for the DA
algorithm, we elected to use an average AP waveform obtained from multiple
APs in a current-clamp recording (S/ Appendix, Fig. S10A). We extracted 30
APs from this trace and aligned them at the time point where the voltage
crossed a spike threshold of —35 mV (S/ Appendix, Fig. S10B). We then com-
puted the mean membrane potential across these aligned APs at each point in
time for a window of 350 ms prior to and 400 ms after the threshold crossing.
This average AP waveform was then used as the data (observations) for our
DA algorithm. The use of an average AP waveform as the observations is a
contribution to DA methodology for constructing models of slow spontane-
ously firing neurons. We ran our DA algorithm starting from over 100 differ-
ent initial conditions to select the parameters for the WT model (S/ Appendix,
Fig. S9 and Table S8). MATLAB code to perform simulations of the model is
available at ModelDB (https:/senselab.med.yale.edu/modeldby/).

Data Availability. The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD029326.
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