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Significance 

Synaptic plasticity has been 
causally linked to homeostatic 
sleep regulation. However, how 
synaptic plasticity governs the 
dynamic accumulation and 
dissipation of sleep pressure 
remains elusive. Using synapse-
enriched proteomics and 
phospho-proteomics, we found 
that sleep pressure is associated 
with a coordinated regulation of 
phosphorylation confined to the 
presynaptic compartment, while 
postsynaptic regions remain 
largely unaffected. This phospho-
imbalance is likely maintained by 
modulating kinase and 
phosphatase activities, including 
reduced phosphorylation of PKA 
at its activating site and 
enhanced targeting of PP1 via 
hypophosphorylated Spinophilin. 
Such a presynapse-restricted 
hypophosphorylation scenario 
emerges as a core feature of 
sleep pressure and suggests an 
evolutionarily conserved 
molecular signature and spatial 
phospho-distribution for 
maintaining sleep homeostasis. 

Sleep need is associated with both circuit dynamics and widespread synaptic plasticity, 
yet the specific synaptic changes underlying sleep homeostasis remain incompletely 
understood. In Drosophila, sleep loss has been shown to trigger plasticity of the pre-
synaptic active zone, marked by increasing levels of the ELKS-family scaffold protein 
Bruchpilot (BRP). By titrating brp gene copy number, we previously established a 
presynapse-specific, dosage-dependent paradigm that modulates sleep pressure. Here, 
to elucidate the molecular landscape of this plasticity, we performed synapse-enriched 
integrated-omics. Proteomic and bioinformatic analyses revealed changes in immune and 
stress response pathways and local translation control. Strikingly, phospho-proteomic 
analysis uncovered a global shift toward hypophosphorylation, particularly in presyn-
aptic proteins, indicating a reprogramming of the phosphorylation–dephosphorylation 
balance. This presynaptic hypophosphorylation is likely contributed by reduced activity 
of Protein Kinase A (PKA) and enhanced substrate affinity of Protein Phosphatase 1 
(PP1) mediated by its regulatory subunit Spinophilin (Spn). Manipulating either PKA 
or PP1 activity was sufficient to suppress BRP-modulated sleep phenotypes. We propose 
that presynaptic hypophosphorylation constitutes a molecular signature of local synaptic 
remodeling that adaptively tunes sleep need via reversible posttranslational modification, 
a mechanism likely conserved across species. 

Bruchpilot (BRP) | active zone | synaptic plasticity | phosphorylation | sleep homeostasis 

Sleep is a conserved animal behavior thought to serve fundamental physiological functions, 
as highlighted by the fact that we spend roughly one-third of our lives asleep and suffer 
severe consequences from sleep loss (1, 2). The brain, as a central organ in sleep regulation, 
relies on precise synaptic transmission, particularly the fusion of neurotransmitter-filled 
synaptic vesicles (SVs) at specialized presynaptic release structures known as the active 
zone (3). Although the fundamental functions of sleep remain under intensive investiga-
tion, and various factors have been implicated in its regulation (4), a growing body of 
work has linked sleep to synaptic plasticity across species (5–10). According to the synaptic 
homeostasis hypothesis, sleep renormalizes synaptic gains accumulated during wake phases 
and reduces the burden of saturated plasticity (11, 12), a view supported by structural 
and proteomic evidence of synapse scaling during sleep–wake cycle (5–8, 10, 13). Beyond 
structural remodeling, dynamic oscillation of synaptic phospho-proteome driven by sleep– 
wake cycle has been observed in the mouse forebrain (14). Moreover, several kinases have 
been implicated in sleep regulation in both flies and mammals (15–20). More recently, 
phosphatases such as PP1 and calcineurin (PP2B) have been shown to counterbalance 
kinase signaling at postsynapse to regulate sleep (21, 22). While protein phosphorylation 
is critical for the regulation of synapse function and plasticity, how phosphorylation 
dynamics are coordinated with structural synaptic plasticity to tune synaptic transmission 
and sleep behavior remains unclear, particularly from a presynaptic perspective, wherein 
the release site number and release probability are important factors determining synaptic 
strength and plasticity. 

 In Drosophila, previous work established that presynaptic plasticity driven by the 
ELKS-family core active zone scaffold protein Bruchpilot (BRP) acts as a direct actuator 
of sleep homeostasis (6, 8, 9, 23–27). Such a remodeling of the presynaptic release machin-
ery driven by BRP provokes sleep in a dosage-dependent manner and reprograms the 
neuronal activity in the sleep pressure circuity to regulate sleep (8, 9, 25, 28). Furthermore, 
it also promotes adaptive sleep pattern changes and mediates a tradeoff between memory 
and longevity during early brain aging (9, 29). In this study, we employed this genetic 
model of high sleep need in combination with global proteomic and phospho-proteomic 
analyses to define the molecular landscape by which BRP-dependent presynaptic plasticity 
links synaptic remodeling to sleep homeostasis. Specifically, we dissect how structural 
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plasticity at presynaptic active zones coordinates local phospho-
rylation signaling to modulate synaptic function and regulate sleep. 

Results 

Proteomic and Phospho-Proteomic Profiling of BRP-Dependent 
Presynaptic Plasticity. To deepen our understanding of how BRP- 
dependent presynaptic plasticity executes sleep homeostasis, we 
intended to characterize its global molecular landscape. BRP- 
dependent presynaptic plasticity was genetically induced by 
adjusting the brp gene copy numbers from one to four, generating 
1xBRP, 2xBRP, 3xBRP, and 4xBRP flies. 2xBRP corresponds 
to the wild-type (wt) background control, and all lines were 
backcrossed to this genetic background to ensure isogeneity. To 
collect samples for omics analysis, 5-d-old flies, which normally 
show mature sleep behavior, were snap-frozen in liquid nitrogen 
at the middle of daytime (zeitgeber time 6, ZT6), when the 
sleep differences from one to four brp copies are most profound 
(Fig. 1A) (8). We also revisited the sleep structure of these flies 
and confirmed that BRP-dependent presynaptic plasticity dictated 
sleep by controlling the sleep pressure in a BRP dosage-dependent 
manner, indicated by a near-linear increase of P(Doze) (Fig. 1B), 
while a linear tendency of higher sleep quality demonstrated 
by lower P(Wake) (30) could be observed as well (Fig. 1C). We 
then performed synaptosome preparations from fly heads to 
biochemically enrich synaptic materials. Through differential 
centrifugation (Fig.  1A), we obtained three fractions for each 
genetic group: 1) the head homogenate supernatant S1 fraction; 
2) the synaptosome P2 fraction; and 3) the soluble S2 fraction 
which is enriched for microsomes and SVs (31). The synaptosome 
preparation procedure effectively enriched synaptic proteins as 
exemplified by an enrichment of BRP in the P2 fraction (Fig. 1D). 

To obtain a complete overview on both the global and 
synapse-specific proteome changes, we subject the head homoge-
nate S1 fraction and the synaptosome P2 fraction to quantitative 
label-free mass spectrometry for assessing both protein abundance 
and the protein phosphorylation level (Fig. 1A). Abundances of 
all identified BRP isoforms in both fractions exhibited a near-linear 
increase from one to four brp  gene copies (Fig. 1E). This quanti-
tative proteomic analysis of BRP protein abundance is consistent 
with our previous western blot analysis (8), supporting that genetic 
presynaptic plasticity induction by tuning brp   gene copies from 
one to four triggers a dynamic range of BRP protein levels com-
parable to that reported previously in short-sleeping mutants (8, 
9, 26). Global proteomics identified 5,453 protein isoforms cor-
responding to 2,967 unique proteins in the synaptosome P2 frac-
tion (SI Appendix, Fig. S1 A and B). To assess the quality of the 
fractionation, we performed a Gene Ontology (GO) enrichment 
analysis for cellular components on the synaptosome dataset. The 
terms including synapse, cell junction, vesicle, and mitochondrial 
components ranked among the top enriched categories (Fig. 1F), 
demonstrating an effective enrichment of the synaptic materials 
through synaptosome preparation. 

Synapse-Localized Protein Abundance Changes Associated 
with BRP Levels. Following synaptosome fractionation and 
mass spectrometric quantification, we performed an in-depth 
bioinformatic analysis of these datasets. Given that BRP is a 
core presynaptic scaffold which drives presynaptic active zone 
remodeling and promotes sleep in a dosage-dependent manner 
(6, 8, 9, 23–26), we started by searching for proteins whose 
abundance profiles followed that of BRP in the synaptosome P2 
fraction. Among these, we identified a distinct cluster of RNA 
binding proteins involved in translation control and mRNA 

splicing (U2af50, sqd, Hrb98DE, HnRNP-K, Hrb87F, Rbp2, 
and Rbp9), as well as a group of proteins that play a role in the 
regulation of circadian and locomotor rhythms: Gawky (32), Lark 
(33, 34), and Nocte (35) (Fig. 1G). Importantly, this group also 
includes Fmr1 (Fig. 1 G and K), which has been shown to bind 
mRNAs encoding approximately one-third of all the presynaptic 
proteins (36) and found to be required presynaptically for 
structural and functional presynaptic plasticity (37). Interestingly, 
although all of the proteins mentioned above were also detected 
in the head homogenate supernatant S1 fraction, they did not 
show the same BRP-correlated scaling-up pattern. This suggests 
that their regulation is locally confined to synaptic regions rather 
than occurring uniformly across the neuron. Meanwhile, members 
of the Turandot family proteins, which are typically induced in 
response to severe stress (38, 39), were found to be negatively 
correlated with BRP levels (Fig. 1H). Turandot proteins are also 
involved in immune response, and Turandot A in particular serves 
as a marker of JAK/STAT pathway activation (40). In addition, 
complement-like thioester-containing proteins TEP2 and TEP4, 
whose expression is induced by immune challenge via the JAK/ 
STAT pathway (41), were also found to be negatively correlated 
with BRP levels (Fig. 1H). Notably, the JAK/STAT pathway has 
been found involved in long-term synaptic plasticity (42) and 
is known to cycle under the control of the circadian clock (43), 
further connecting these immune-related proteins to synaptic and 
sleep regulation. 

We next performed pairwise comparisons between 2xBRP con-
trol and 1xBRP, 3xBRP, or 4xBRP flies to identify proteins with 
significant changes in abundance. In the synaptosome P2 fraction, 
protein abundance showed a general trend toward downregula-
tion: 4.5% in 1xBRP (247/5453), 4.6% in 3xBRP (253/5453), 
and 6.0% in 4xBRP (329/5453), whereas upregulated proteins 
comprised a smaller fraction (1.3%, 1.9%, and 4.9%, respectively; 
Fig. 1I). To assess whether proteins previously implicated in sleep 
regulation were represented among these changes, we performed 
an enrichment analysis using the keyword “sleep” in functional 
annotations. Notably, sleep-associated proteins were significantly 
enriched among the upregulated proteins across all genotypes in 
the synaptosome P2 fraction (Fig. 1J). This included Quiver/ 
Sleepless (Qvr/SSS; Fig. 1K), a GPI-anchored Ly-6 family protein 
that promotes sleep by stabilizing and modulating the Shaker 
potassium channel (44–47). Qvr/SSS levels were increased in both 
3xBRP and 4xBRP flies (Fig. 1K), linking BRP directly to a key 
molecular regulator of sleep. Moreover, several other GPI-anchored 
Ly-6 family members, including Bero, Bou, CG9338, CG6329, 
Witty, Crim, and Atilla (48), were also upregulated in 3xBRP and 
4xBRP flies (Fig. 1K), suggesting broader involvement of this 
protein family in how BRP-dependent presynaptic plasticity reg-
ulates sleep.  

BRP-Dependent Plasticity Triggers Hypophosphorylation of 
Presynaptic Proteins. Having analyzed protein abundances across 
BRP levels in global proteomics, we next turned to phospho- 
proteomics to examine changes in protein phosphorylation. To 
account for protein-level effects, phospho-peptide abundances 
were normalized to their corresponding protein levels measured 
by the global proteomics, and only proteins detected in both 
datasets were retained. The final datasets included 4,807 peptides 
from 1,006 proteins for S1 fraction and 5,301 peptides from 
1,043 proteins for P2 fraction (SI Appendix, Fig. S1 C and D). 
The phospho-proteomic analysis revealed that phosphorylation is 
drastically downregulated with increasing BRP levels (Fig. 2 A–F 
and SI Appendix, Fig. S2). In the S1 fraction, when compared to 
2xBRP, a major increase of phospho-peptide levels was observed in 
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Fig. 1. Synaptosomal proteomic characterization of BRP-dependent presynaptic plasticity. (A) Experiment and bioinformatic analysis workflow of the proteomic 
and phospho-proteomic investigation of BRP-dependent presynaptic plasticity. (B and C) Sleep structure of 1 to 4xBRP flies including sleep pressure shown 
by P(Doze) (B) and sleep depth shown by P(Wake) (C). One-way ANOVA with Tukey’s post hoc tests. n = 127 to 128. (D) Western blotting of BRP as a marker 
of synaptic component and Hsp60 as a marker of the mitochondrial component in different biochemical fractions of synaptosome preparation. H, head 
homogenate; P1, head homogenate pellet; S1, head homogenate supernatant; S2, soluble fraction enriched for microsomes and SVs; P2, synaptosome fraction. 
(E) BRP levels across three independent biological samples in 1 to 4xBRP animals. (F) Significantly enriched cellular components in the synaptosome P2 fraction. 
Significance is plotted against the enrichment factor of each cellular component. The color gradient of dots represents the number of proteins detected in the 
category. (G and H) Proteins scaled up (G) or down (H) with BRP in the synaptosome P2 fraction. The heat maps show the normalized Z-score. (I) Distribution 
of proteins with significantly upregulated and downregulated levels in the synaptosome of 1xBRP, 3xBRP, and 4xBRP compared to 2xBRP control. A total of 
5,453 proteins were detected in the synaptosome P2 fraction across different samples. (J and K) Percentages of sleep-related proteins among upregulated and 
downregulated proteins when comparing 1xBRP, 3xBRP, or 4xBRP to 2xBRP control in the synaptosome P2 fraction. The numbers of sleep-related proteins 
are indicated (J). Sleep-related proteins showing significant differences in each pairwise comparison are listed in (K). Fisher’s exact test, two-sided. *P < 0.05; 
**P < 0.01; ***P < 0.001; ns, not significant. Error bars: mean ± SEM. ↑ upregulation, ↓ downregulation. 
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1xBRP (SI Appendix, Fig. S2A), whereas nearly 5% of the detected 
phospho-peptides were downregulated in 4xBRP flies (SI Appendix, 
Fig. S2C). In the synaptosome P2 fraction, downregulation of 
protein phosphorylation by higher BRP levels was even more 
pronounced (Fig. 2 A–C). In 3xBRP flies, we observed that 330 
out of 5,301 phospho-peptides showed a significantly decreased 
phosphorylation when compared to 2xBRP control animals 
(Fig. 2B). Consistently, in 4xBRP animals, an even more dramatic 
drop in phosphorylation level was detected (Fig. 2C): 18% of the 
detected phospho-peptides were downregulated, while only 1.5% 
were upregulated. 

In the phospho-proteomic quantification, the number of iden-
tified phospho-peptides for each protein ranges from 1 to 603, 
with individual peptides containing one or multiple phosphoryl-
ation residues. The cumulative phosphorylation status of a protein 
is known to influence its function (49). To distinguish whether 
the observed global hypophosphorylation trend reflects broad 
changes across many proteins or is only driven by a small number 
of highly multiphosphorylated proteins, we calculated the cumu-
lative phosphorylation state change (∆P) of each protein by sum-
ming the log2(fold-change) values of all its significantly regulated 
phospho-peptides (15). In this analysis, proteins with ∆P > 4 were 
classified as hyperphosphorylated proteins, while those with ∆P 
< −4 were classified as hypophosphorylated proteins, based on an 
average SD of 1.96 across all the samples. 

In the S1 fraction, a mild change of protein cumulative phos-
phorylation was observed (SI Appendix, Fig. S2 D and E). By 
averaging the cumulative phosphorylation level of each protein in 
1xBRP, 3xBRP, and 4xBRP relative to 2xBRP wt  control, we 

observed a global shift toward dephosphorylation with increasing 
BRP levels (SI Appendix, Fig. S2F). In contrast, the synaptosome 
P2 fraction showed more remarkable dephosphorylation, with 16 
and 71 hypophosphorylated proteins identified in 3xBRP and 
4xBRP, respectively (Fig. 2 D and E). Consistently, with the aver-
age ∆P assessment, we demonstrate a larger extent of global 
dephosphorylation level driven by higher BRP levels in the 
synaptosome P2 fraction than in the S1 fraction (Fig. 2F and 
SI Appendix, Fig. S2F). 

Phosphorylation changes identified in the phospho-proteomic 
were further confirmed using phospho-tag SDS-PAGE analysis   
(15, 50). Synapsin (Syn), an evolutionarily conserved protein whose 
total protein level did not significantly differ in synaptosome P2 
fraction between 2xBRP and 3xBRP, showed a dramatic reduction 
of heavily phosphorylated species in 3xBRP (Fig. 2G and SI Appendix, 
Fig. S3A). We also attempted to assess phosphorylation changes 
under sleep deprivation. However, likely due to the low abundance 
of phospho-Synapsin, heavily phosphorylated Synapsin species were 
not detectable in phospho-tag SDS-PAGE from unenriched head 
homogenates (SI Appendix, Fig. S3C), different from enriched syn-
aptosome samples (Fig. 2G and SI Appendix, Fig. S3B). Because very 
large number of flies are needed for integrated proteomics and 
phospho-proteomics analysis of synaptosomal materials, we were 
unable to perform similar omics analysis for sleep-deprived flies. 

Notably, these hypophosphorylation changes are independent 
of protein abundance, as the expression levels of the corresponding 
proteins did not show consistent directional changes (Fig. 2H). 
Moreover, the magnitude of changes in the phospho-proteome 
exceeded those observed in the global proteome (Fig. 2I). Cellular 
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Fig. 2. BRP-dependent presynaptic plasticity drives synaptic dephosphorylation. (A–C) Volcano plots showing changes in phospho-peptides comparing 1xBRP 
(A), 3xBRP (B), or 4xBRP (C) to 2xBRP control in the synaptosome P2 fraction. Numbers of upregulated and downregulated, and the total phospho-peptides 
detected are shown. Multiple unpaired t tests followed by FDR correction. (D and E) Protein phosphorylation state analysis of 3xBRP (D) and 4xBRP (E) compared 
to 2xBRP control. Numbers of hyperphosphorylated and hypophosphorylated proteins, and the total number of proteins detected are indicated. (F) Cumulative 
phosphorylation state changes of phospho-proteins when comparing 1xBRP, 3xBRP, or 4xBRP to 2xBRP control in the synaptosome P2 fraction. Kruskal–Wallis 
test followed by Dunn’s multiple comparisons test. (G) Phosphorylation of Synapsin in the synaptosome P2 fraction of 3xBRP compared to 2xBRP control 
was assessed by phospho-tag SDS-PAGE followed by immunoblotting (three independent replicates are shown). In parallel, synaptosome Synapsin protein 
abundance was assessed by SDS-PAGE and immunoblotting. (H) Significantly regulated phospho-peptides and the abundances of the corresponding proteins. 
The heat maps show the normalized Z-score. (I) Density plots comparing the amplitudes of changes in phospho-peptides and in protein abundances in the 
synaptosome P2 fraction. ***P < 0.001. Error bars: mean ± SEM. 
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compartment and functional enrichment analysis further revealed 
that annotations related to presynaptic endocytosis and synaptic 
membrane were overrepresented among hypophosphorylated pro-
teins, indicating an enrichment of phosphorylation changes at 
presynaptic membrane compartments (SI Appendix, Fig. S3D). 
Together, these data support the synapse as a primary compart-
ment of BRP-associated phosphorylation changes. 

Prediction of Kinase Activity Changes Modulated by BRP. To 
dissect the role of site-specific phosphorylation modulation and 
the kinases involved here, we combined normalized phospho- 
peptide abundances that map to the same modification residue 

to generate normalized abundances of each phospho-site. In total, 
3,456 nonredundant high probability phospho-sites (location 
probability > 75%) were identified in the synaptosome P2 fraction, 
predominantly on serine (87.1%) (SI Appendix, Fig. S1 E and F). 
We again observed lower site-specific phosphorylation levels with 
increasing BRP levels (Fig. 3 A–C). We further applied a linear 
regression test to all the phospho-sites and identified 535 sites 
(15.48%), whose abundances were significantly and negatively 
correlated with BRP levels, while only 13 sites scaled positively 
with BRP levels (Fig.  3 D and E). Proteins containing these 
hypophosphorylated sites were highly enriched in presynaptic 
components and are functionally implicated in regulating 
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Fig. 3. Kinase and phosphatase activity alternations driven by BRP-dependent presynaptic plasticity. (A–C) Volcano plots showing changes in phospho-sites 
comparing 1xBRP (A), 3xBRP (B), or 4xBRP (C) to 2xBRP control in the synaptosome P2 fraction. Numbers of upregulated and downregulated, and the total 
number of identified phospho-sites are shown. Multiple unpaired t tests followed by FDR correction. (D) The distribution of phospho-sites with linear changes in 
their phosphorylation levels (positively or negatively) with BRP in the synaptosome P2 fraction. (E) Phosphorylation levels of phospho-sites scaled down with BRP. 
The heat maps show the normalized Z-score. (F) Enriched GO terms in the biological process and cellular component categories of proteins containing residues 
whose phosphorylation levels negatively correlated to BRP levels. (G) Phospho-sites on kinases and phosphatases with phosphorylation levels scaled down 
with BRP. The heat maps show the normalized Z-score. (H) Kinases predicted to be involved in synaptic hypophosphorylation of BRP-dependent presynaptic 
plasticity. The enrichment factor is plotted against significance indicated by the −log10(q-valve). The color gradient of dots represents the number of linear- 
changing phospho-sites. Hypergeometric tests followed by FDR correction. (I) Synaptic phospho-interactome-based predicted kinase–substrate relationships 
and protein–protein interaction. Wedge colors represent the log2(fold-change) in phosphorylation levels at each detected phospho-site of a given protein when 
comparing 4xBRP to 2xBRP control. 
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active zone organization and synaptic transmission, supported 
by significantly enriched structural and functional GO terms, 
including presynapse, distal axon, presynaptic active zone, synaptic 
vesicle localization, and presynapse organization among the top 
hits (Fig. 3F). Notably, no postsynapse-specific GO terms were 
detected, underscoring the selective impact of BRP-dependent 
plasticity on presynaptic phosphorylation dynamics. Importantly, 
several regulated phospho-sites were located on catalytic or 
regulatory subunits of kinases and phosphatases (Fig.  3G), 
suggesting potential regulations of their activities. 

Of particular relevance to sleep homeostasis, we observed the 
dephosphorylation of a key conserved site of the catalytic subunit 
of the wake-promoting Protein Kinase A (PKA) (20, 22), the 
Thr-200 (corresponding to the mammalian Thr-198) (Fig. 3G 
and SI Appendix, Fig. S4A), located within the activation loop of 
the catalytic subunit of PKA. Since the phosphorylation at 
Thr-200 is essential for PKA enzymatic activity (51), the observed 
negative correlation between BRP levels and PKA Thr-200 phos-
phorylation suggests that high BRP dosage suppresses PKA activ-
ity. In parallel, we detected 11 residues on a regulatory subunit of 
Protein Phosphatase 1 (PP1), Spinophilin (Spn), whose phospho-
rylation levels decreased linearly with BRP levels (Fig. 3G). Four 
of these sites, Ser-669, Ser-673, Ser-687, and Ser-694, are evolu-
tionarily conserved and located within the actin-binding domain 
of Spn (SI Appendix, Fig. S4B). Phosphorylation within this region 
potentially affects the subcellular localization of Spn (52). This is 
particularly relevant in this context, as Spn-dependent control of 
presynaptic actin organization has been shown to modulate the 
structural and functional plasticity of active zones in Drosophila 
(53), further linking BRP-driven plasticity to the modulation of 
presynaptic architecture and function. 

Generating a Presynaptic Plasticity-Mediated Synaptic Phospho- 
Map. To trace the kinase signaling pathways responsible for the 
linear changes in phosphorylation levels at the detected phospho- 
sites triggered by BRP-driven presynaptic plasticity, we sought to 
identify the upstream kinases. However, the limited coverage of 
curated phospho-site annotations for Drosophila within currently 
available databases constrains direct identification of kinase– 
substrate relationships. To overcome this, we employed the Group- 
based Prediction System (GPS) v5.0 (54) which allowed us to 
predict kinase–substrate relations for all phospho-sites identified 
in our phospho-proteomic dataset. Using a stringent threshold 
(false discovery rate = 2%) to ensure high prediction precision, 
we generated 53,526 kinase–substrate relationships involving 
165 kinases. To further refine these predictions, we integrated 
protein–protein interaction information from the STRING 
database (https://version-11-5.string-db.org/), resulting in a 
high-confidence set of 9,594 kinase–substrate relationships. We 
then performed an enrichment analysis to identify kinases whose 
predicted substrates were significantly overrepresented among the 
phospho-sites linearly downregulated by BRP. This analysis yielded 
9 enriched kinases (Fig. 3H), including Par-1, which itself harbors 
a phospho-site whose phosphorylation was negatively correlated 
with BRP levels (Fig. 3G). These kinases represent strong candidates 
for mediating the presynaptic plasticity-induced synaptic phospho- 
regulation (Fig. 3H). Finally, we integrated these findings into a 
synaptic phospho-map, depicting the kinase–substrate network 
of the candidate kinases alongside the Spn interactome (Fig. 3I), 
providing an overview of BRP-induced phosphorylation signaling 
architecture. This phospho-map identified PKA and Shaggy, along 
with the PP1 regulatory subunit Spn, as dominant regulators of 
synaptic phosphorylation, reflected by their extensive predicted 
synaptic substrates, including multiple kinases. 

Attenuated PKA Kinase Activity Contributes to BRP-Dependent 
Sleep Phenotypes. Among these kinase candidates, we focused 
on PKA because it harbors a conserved activation-loop phospho- 
site whose phosphorylation scaled negatively with BRP levels 
(Fig.  3G) and is essential for kinase activity (51). As PKA 
signaling is prominent in the mushroom body of the fly brain 
(55), we expressed the PKA activity reporter PKA-SPARK (56) 
in mushroom body to assess brain PKA activity levels in 1 to 
3xBRP flies (Fig. 4A). PKA-SPARK forms discrete puncta upon 
PKA activation from an otherwise diffuse signal (56, 57). Indeed, 
we observed a linear reduction in SPARK puncta numbers with 
increasing BRP levels (Fig. 4 A and B), indicating that elevated 
BRP levels attenuate PKA kinase activity. Consistent with this, 
western blotting using a phospho-PKA substrate antibody 
revealed significantly reduced phospho-PKA substrate level in the 
synaptosome P2 fraction from 3xBRP and 4xBRP flies compared 
with 2xBRP controls (Fig. 4 C and D). Global proteomics did 
not detect linear changes in the abundance of PKA subunits or 
other detected kinases across BRP levels (SI Appendix, Fig. S5), 
consistent with the idea that BRP-driven presynaptic plasticity 
modulates kinase activity rather than kinase abundance. 

We next asked whether the reduction in PKA activity observed 
under high-BRP conditions was more generally related to sleep 
regulation, and specifically whether it reflected changes in sleep 
amount or sleep pressure. To address this, we examined overall 
phospho-PKA substrate levels in head homogenates from 
sleep-deprived flies. Sleep deprivation resulted in a trend toward 
reduced phospho-PKA substrate level in head homogenates, 
although this effect did not reach statistical significance (Fig. 4 E 
and F). We further performed anti-phospho-PKA substrate brain 
immunostaining and validated the staining specificity using het-
erozygous mutants for Dc0 (Dc0H2  /+), which encodes the catalytic 
subunit of PKA. Dc0H2/+  animals displayed a reduction in 
phospho-PKA substrate level (Fig. 4 G and H). However, brain 
staining from sleep-deprived flies did not reveal detectable changes 
(Fig. 4I). This is likely because a single night of sleep loss was 
insufficient to induce brain-wide changes in PKA activity and/or 
synapse-specific PKA substrate signals may be masked by strong 
somatic, nonsynaptic signals in both immunostaining and western 
blot, consistent with the absence of detectable fluorescence differ-
ence between 2xBRP and 3xBRP brains (SI Appendix, Fig. S6 A 
and B). 

We therefore examined whether genetic models of chronically 
altered sleep states are associated with sustained changes in 
phospho-PKA substrate levels. In the short-sleeping mutant sleep-
less (sss ) (45), phospho-PKA substrate staining levels were signifi-
cantly reduced, whereas in the long-sleeping GABA transaminase 
(Gabat) mutant (58), phospho-PKA substrate signals were 
increased (Fig. 4 J–N). Taken together, and considering the wake- 
promoting role of PKA, these results suggest that hypophospho-
rylation of PKA substrates observed in animals with higher BRP 
levels is more closely associated with elevated sleep pressure rather 
than with increased sleep amount. 

To test whether reduced PKA activity functionally interacts with 
BRP-dependent sleep phenotypes, we analyzed sleep behavior of 
1 to 3xBRP flies in combination with genetic manipulations that 
increase PKA activity. Using an independent dataset, we replicated 
our previous findings (8), showing that flies with 1 to 3xBRP 
exhibited progressive increases in total sleep amount accompanied 
by a linear increase in sleep pressure, as measured by P(Doze) 
(Fig. 5 A and B). We first sought to enhance PKA activity by 
pan-neuronal overexpression of the PKA catalytic subunit Dc0 
using elav-Gal4 . However, Dc0  overexpression resulted in high 
posteclosion lethality in 3xBRP background during sleep 

http://www.pnas.org/lookup/doi/10.1073/pnas.2524065123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2524065123#supplementary-materials
https://version-11-5.string-db.org/
http://www.pnas.org/lookup/doi/10.1073/pnas.2524065123#supplementary-materials
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measurements (SI Appendix, Fig. S6C). Despite this limitation, we 
analyzed the available data and compared sleep between 2xBRP 
and 3xBRP under Dc0  overexpression (SI Appendix, Fig. S6 D and 
E). These data suggest that the sleep-promoting effect of 3xBRP 
is attenuated when PKA activity is enhanced. However, due to the 
high lethality of 3xBRP;elav>Dc0  flies, these results should be 
interpreted with caution. As an alternative approach, we reduced 
the gene dosage of the regulatory subunit type 1 of PKA (PKA. 
R1) to its heterozygosity, a manipulation expected to increase PKA 
activity (55). This resulted in a clear reduction in sleep amounts 
in 2xBRP control background and fully suppressed the 
sleep-promoting effects of 3xBRP (Fig. 5 C and D). Together, these 
findings indicate that reduced PKA-mediated phosphorylation is 
required for the expression of BRP-associated sleep phenotypes.            

PP1 Phosphatases Contribute to BRP-Dependent Sleep Pheno­
types. Our phospho-proteomic analysis identified extensive 
phosphorylation of Spn, with multiple sites exhibiting linear 
decreases in phosphorylation levels driven by BRP (Fig.  3G), 
implying altered Spn-directed PP1 targeting or substrate 
specificity. Spn is known to localize PP1 to synapses (59), and its 
interaction with PP1 depends on a conserved RVxF motif that 
is necessary and sufficient for PP1 binding in mammals (60). 

Using AlphaFold3 (61), we predicted that Spn interacts extensively 
with the most abundant Drosophila PP1 subtype (SI Appendix, 
Fig. S7A), the PP1-87B (62). We show that Spn binds to the PP1 
groove in a conserved manner via its RVxF motif (1212PKVRF1216) 
(SI Appendix, Fig. S7A). To potentially test this interaction, we 
manipulated PP1 phosphatase levels by generating heterozygous 
mutants of both PP1-87B and PP1α-96A and examined for the 
levels of Spn. We show that Spn level was upregulated when 
either PP1-87B and PP1α-96A activity was reduced (SI Appendix, 
Fig. S7 B and C). An upregulation of an adaptor protein when its 
phosphatase activity is reduced suggests compensatory mechanism 
of homeostatic phosphatase activity regulation in PP1. 

We next examined whether PP1 catalytic subunits contribute 
to the elevated sleep phenotypes observed in flies with increased 
BRP levels. Due to a lack of reliable reporter of phosphatase activ-
ity, we were unable to visualize phosphatase activity directly, as we 
did for PKA kinase (Fig. 4 A and B), we undertook a behavioral 
approach by reducing PP1 phosphatase catalytic subunit abun-
dance in 3xBRP flies. PP1α subtype heterozygosity for either 
PP1-87B or PP1α-96A  significantly suppressed the elevated sleep 
of 3xBRP flies (Fig. 5 G and H), while both heterozygous mutants 
did not show major sleep phenotypes in 2xBRP background 
(Fig. 5 E and F). These data suggest that the sleep-promoting effect 
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Fig. 4. BRP-dependent presynaptic plasticity constrains PKA kinase activity and suppresses the phosphorylation of PKA substrates at the level of synapse. 
(A and B) Whole-mount brain immunostaining against GFP for 1 to 3xBRP flies expressing PKA kinase activity sensor PKA.SPARK in the mushroom body driven 
by VT30559-Gal4, including representative images (A) and SPARK puncta number (B). (Scale bar, 20 μm.) One-way ANOVA with Tukey’s post hoc tests. n = 10. 
(C and D) Representative immunoblots (C) and statistics (D) of synaptosomal samples of 3xBRP or 4xBRP compared to 2xBRP control with antibody specific 
for PKA target phosphorylation motifs. Student t tests. n = 7. (E and F) Representative immunoblots (E) and statistics (F) of head homogenate supernatant of 
sleep-deprived (sd) wt flies compared to rested wt control (Ctrl) with antibody specific for PKA target phosphorylation motifs. Student t tests. n = 7. (G and H) 
Representative images (G) and statistics (H) of whole-mount brain immunostaining against PKA target phosphorylation motifs for wt and Dc0H2/+ flies. (Scale 
bar, 50 μm.) Student t tests. n = 12. (I) Statistics of whole-mount brain immunostaining against PKA target phosphorylation motifs for sleep-deprived (sd) flies 
compared to rested control (Ctrl) flies. Student t tests. n = 15 to 16. (J, K, and L) Representative images (J) and statistics of whole-mount brain immunostaining 
against PKA target phosphorylation motifs for wt control, short-sleeping sssP1 (K), and long-sleeping Gabatf01602 (L) mutants. (Scale bar, 50 μm.) Student t tests. 
n = 8 to 14. (M and N) Daily sleep time of sss P1 (M) and Gabatf01602  (N) mutants is also shown. Student t tests. n = 23 to 24. *P < 0.05; **P < 0.01; ***P < 0.001; ns, 
not significant. Error bars: mean ± SEM. 
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of 3xBRP is dependent on PP1α activity. Meanwhile, heterozy-
gosity for the PP1β subtype flw, which has a nonoverlapping 
function with the PP1α subtype (62) and been shown required 
for muscle attachment (63), increased sleep in 2xBRP control 
background and could further enhance the sleep of 3xBRP animals 
(Fig. 5 E–H). These results indicate subtype-specific roles of PP1 
catalytic subunits in shaping sleep phenotypes under elevated BRP 
conditions and that PP1α, but not PP1β, is required for BRP- 
dependent sleep promotion, likely through protein dephospho-
rylation. Notably, altering BRP dosage did not result in linear 
changes in the abundances of PP1 catalytic or regulatory subunits, 
nor any other detected phosphatases, as assessed by global pro-
teomics (SI Appendix, Fig. S8). Consistently, brain imaging of 
GFP-tagged PP1-87B, PP1α-96A, and Flw revealed no overt dif-
ferences in expression levels or spatial patterns between 2xBRP 

and 3xBRP flies (Fig. 5 I and J), suggesting regulation at the level 
of phosphatase targeting rather than phosphatase abundance. 

Enrichment of Dephosphorylated Proteins in the Synaptosome. 
Having identified and validated synapse-specific changes in 
phosphorylation dynamics upon BRP titration by using the widely 
used and well-established synaptosome preparation approach, 
we finally addressed the functional relevance of synapse-specific 
phosphorylation dynamics. For this purpose, we conducted tandem 
mass tags (TMT)-labeled proteome and phospho-proteome 
analyses on the head homogenate S1 and the synaptosome P2 
fractions from 2xBRP wt flies. We aimed to map the subcellular 
distribution of phospho-peptides and to identify kinases and 
phosphatases enriched at synapses. Compared to S1 fraction, P2 
fraction showed a markedly lower overall phosphorylation level 
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(SI Appendix, Fig. S9A). Specifically, 27.58% detected phospho- 
peptides exhibited lower phosphorylation level, whereas only 
9.50% showed higher phosphorylation level in P2 fraction than 
in S1 fraction (SI  Appendix, Fig.  S9A). This difference is not 
attributable to changes in protein expression levels, as phospho- 
peptide abundances were normalized to total protein levels, but 
rather likely reflects a preferential distribution of dephosphorylated 
proteins to the synaptic membrane. Consistently, phospho- 
peptides downregulated in the synaptosome P2 fraction were 
significantly enriched for synaptic components, particularly for 
presynaptic but not postsynaptic proteins (SI Appendix, Fig. S9 
B and C). To further assess which kinases are more active in the 
synaptic compartment here, we leveraged the predicted kinase– 
substrate relationships generated earlier (Fig. 3) and performed 
kinase substrate enrichment analysis (KSEA) (64). This analysis 
found that several kinases appeared more active in P2 fraction 
relative to S1 fraction (SI  Appendix, Fig.  S9F). These kinases 
include Gprk1, Gprk2, and inaC, which contain phospho-sites 
negatively correlated with BRP levels (Fig. 3G), as well as CaMKII, 
CASK, and Shaggy whose activity was predicted to be weakened 
by BRP-dependent plasticity (Fig. 3H). These findings are largely 
in line with their differential protein abundances across fractions 
(SI  Appendix, Fig.  S9E). We also identified several receptor 
tyrosine phosphatases enriched in the synaptosome P2 fraction 
(SI Appendix, Fig. S9G). Taking together, these findings suggest 
that phosphorylation modifications regulate protein subcellular 
distribution by preferentially localizing dephosphorylated proteins 
to the presynaptic compartment, particularly the active zone, 
where their function might be further fine-tuned by locally 
enriched kinases and phosphatases. 

Discussion 

Sleep homeostasis is accompanied by widespread changes in synap-
tic function, yet the molecular states that link synaptic remodeling 
to organismal sleep need remain poorly defined. Understanding 
how synapse-specific molecular programs scale with sleep pressure 
is therefore essential for connecting cellular plasticity to behavioral 
regulation. 

Presynaptic Hypophosphorylation as a Molecular State 
Associated with Sleep Pressure. In this study, we combined 
proteomic and phospho-proteomic approaches to perform 
an in-depth analysis of molecular changes in Drosophila with 
genetically titrated levels of BRP, the master scaffold protein 
at the active zone. The phospho-proteome of 1 to 4xBRP flies 
revealed a negative correlation between BRP-driven sleep and 
global phosphorylation levels (Fig. 2 and SI Appendix, Fig. S2). In 
particular, the synaptosome P2 fraction showed a linear decrease in 
phosphorylation across over 500 phospho-sites (Fig. 3), indicating 
a coordinated shift toward presynaptic hypophosphorylation. We 
interpret this pattern as reflecting altered kinase–phosphatase 
balance at the synapse, consistent with a system-level modulation 
of presynaptic phosphorylation state accompanying elevated sleep 
pressure. These findings point to a strong presynaptic bias of 
hypophosphorylation within the BRP titration paradigm. 

 Sleep/wake-driven phospho-proteome oscillations have been 
previously reported in mice, especially within synaptosomal frac-
tions (14) and synaptic phosphorylation has been shown to decline 
with sleep (15). In line with these observations, the phospho- 
proteome of 1 to 4xBRP flies showed decreased presynaptic phos-
phorylation in animals with elevated BRP levels and increased sleep 
pressure, supporting the idea that sleep-associated shifts in synaptic 
phosphorylation state represent a recurring feature across species. 

In our genetically defined, titratable model of increased sleep 
pressure, phosphorylation changes were strongly biased toward 
presynaptic compartments, with comparatively limited changes 
detected at postsynapse (Fig. 3F and SI Appendix, Fig. S3D). In 
particular, hypophosphorylation was largely confined to the active 
zone, consistent with a presynaptic mode of molecular remodeling 
accompanying elevated sleep pressure. Together with prior work 
showing sleep/wake–dependent synaptic phosphorylation dynam-
ics across species, these findings suggest that modulation of pre-
synaptic phosphorylation state represents a general feature 
associated with sleep homeostasis. 

Kinase–Phosphatase Balance in Synaptic Phosphorylation 
During Sleep Homeostasis. Various lines of evidence demonstrated 
links between synaptic phosphorylation status and the level of 
sleep (14–18), giving rise to the phosphorylation hypothesis of 
sleep, which proposes that sleep/wake–dependent kinase activity 
is associated with changes in synaptic protein phosphorylation 
linked to sleep/wake regulation (65). In line with this view, 
multiple kinases have been implicated in the regulation of sleep 
homeostasis, including PKA. In our dataset, phosphorylation of 
the activation loop of PKA at Thr-200, was negatively correlated 
with BRP levels (Fig. 3G). The Thr-200 is evolutionarily conserved 
(SI Appendix, Fig. S4A), and phosphorylation at this threonine 
is known to switch PKA from an inactive to an active state (66). 
Therefore, PKA dephosphorylation at Thr-200 triggered by 
BRP-dependent presynaptic plasticity indicates reduced PKA 
activity at synapses. Consistently, the short-sleeping sss mutant 
showed reduced PKA-mediated phosphorylation (Fig.  4 J–L) 
and increasing PKA activity suppressed the sleep-promoting 
effects of 3xBRP (Fig. 5 C–F). Given that PKA has been shown 
to promote wakefulness in both flies and mammals (20, 21), 
its downregulation induced by increasing BRP levels may well 
represent a conserved molecular mechanism by which elevated 
sleep pressure suppresses arousal-promoting signaling pathways. 
A recent study also identified the PKA pathway as a signaling 
cascade for balancing sleep and memory in Drosophila (55). 
With its broad presynaptic targets being predicted in our analysis 
(Fig. 3 G–H), PKA might play an important role in mediating the 
effects of BRP-dependent presynaptic plasticity in programming 
a phosphorylation status to regulate sleep homeostasis. 

However, the broad synaptic hypophosphorylation observed 
with increasing BRP levels is unlikely attributed to only a single 
kinase. Indeed, our analysis identified more than 10 kinases whose 
predicted activities scale negatively with BRP levels, including 
SRPK79D, CKII, Shaggy, and Par-1 (Fig. 3 G–H). The involve-
ment of multiple kinases is consistent with previous findings of 
murine synaptosome phospho-proteomes, where dynamic oscil-
lation in synaptic phosphorylation was meant to be achieved by 
the widespread coordinated regulation of kinase activity across 
sleep/wake states (14). 

Alternatively, and not mutually exclusively, BRP-dependent 
presynaptic plasticity may involve changes in protein phosphatase 
function or substrate engagement that contribute to synaptic 
hypophosphorylation. Phosphatases typically act on a broader 
spectrum of phospho-sites than individual kinases, making them 
well-suited to coordinate widespread dephosphorylation. In this 
context, altered phosphatase-associated signaling could comple-
ment the coordinated modulation of kinase activity observed with 
increasing BRP levels and elevated sleep pressure. Supporting this 
possibility, we observed that multiple phospho-sites on Spinophilin 
(Spn), a known regulatory protein that targets Protein Phosphatase 
1 (PP1) toward specific substrates, were negatively correlated with 
BRP levels, providing a potential link between BRP-dependent 
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presynaptic plasticity and altered phosphatase-associated signaling 
at synapses (Fig. 3G). The PP1 catalytic subunit can dephospho-
rylate a wide range of substrates with little motif preference. 
Substrate selectivity and spatial specificity are instead conferred 
by regulatory proteins such as Spn, which target PP1 holoenzymes 
to defined subcellular locations and substrates (67). The phospho-
rylation of Spn within its actin-binding domain has been shown 
to disrupt F-actin binding and can influence the subcellular local-
ization of Spn and associated PP1 holoenzymes (52, 68). In our 
dataset, four conserved serine residues within the Spn actin-binding 
domain showed phosphorylation levels that scaled negatively with 
BRP levels (Fig. 3G and SI Appendix, Fig. S4B), suggesting that 
BRP-dependent presynaptic plasticity may be associated with 
altered PP1-related signaling at synapses through changes in Spn 
phosphorylation. Consistent with an involvement of PP1 in this 
context, we found that genetically reducing the levels of two PP1α 
catalytic subunits suppressed the elevated sleep phenotype of 
3xBRP flies (Fig. 5 G and H), indicating that PP1α function is 
required for the expression of BRP-dependent sleep phenotypes. 
Importantly, PP1 and Spn have been reported to promote sleep 
in mice (22), suggesting that phosphatase-associated signaling may 
contribute to sleep regulation across species. Taken together, we 
speculate that enhanced synaptic PP1α phosphatase activity via 
higher synaptic substrate affinity mediated by hypophosphorylated 
Spn acts alongside coordinated kinase modulation, to shape the 
presynaptic phosphorylation state associated with elevated sleep 
pressure (Fig. 3I).  

Physiological Significance of Presynaptic Phosphorylation for 
Neurotransmission. Beyond its role in sleep regulation, broad 
presynaptic hypophosphorylation is likely to have significant 
consequences for synaptic physiology. During evoked synaptic 
transmission, presynaptic active zone proteins undergo extensive 
and not uniformly directional changes in phosphorylation 
state (69), suggesting that global shifts in phosphorylation may 
differentially influence multiple aspects of neurotransmitter 
release. More generally, presynaptic phosphorylation is known 
to tune synaptic efficacy by regulating SV pool organization, 
vesicle cycling, and active zone function. PKA is among the 
best-characterized kinases in this context. In both mammals and 
Drosophila, PKA-mediated phosphorylation of Syn reduces its 
affinity for actin, mobilizes SVs from the reserve pool, and enhances 
neurotransmitter release during sustained activity (70, 71). In 
addition, phosphorylation of active zone components such as RIM 
by PKA is required for the induction of long-term presynaptic 
potentiation (72). Thus, reduced PKA activity is expected to bias 
synapses toward impaired plasticity. In addition, the PP1 adaptor 
Spn has been identified as a key regulator of presynaptic plasticity 
and active zone organization (53, 73, 74). Spn mutants display 
selective impairments in long term homeostatic presynaptic 
plasticity (53), linking phosphorylation-dependent coordination 
of synaptic structure and function to adaptive behavioral states 
such as sleep. 

Together, our comprehensive phospho-proteomic analysis iden-
tifies presynaptic hypophosphorylation as a robust molecular sig-
nature associated with presynaptic plasticity under conditions of 
elevated sleep pressure. These findings highlight the importance 
of posttranslational modifications as locally encoded signals that 
accompany synaptic remodeling in response to sleep pressure. 
Notably, several molecular components implicated in this process, 
such as PKA, PP1, and Spn, are evolutionarily conserved, suggest-
ing that modulation of presynaptic phosphorylation state may 
represent a broadly relevant principle in sleep–synapse interac-
tions. Future studies dissecting how specific kinases, phosphatases, 

and their synaptic substrates contribute to these state-dependent 
changes will be essential for understanding how sleep shapes syn-
aptic function and plasticity across the lifespan. 

Limitations of the Study. The major finding of our study is that 
BRP-dependent presynaptic plasticity is associated with a synapse- 
specific modulation of phosphorylation, governed by the balance 
between PKA kinase and PP1 phosphatase activity. While our 
data support a central role for this kinase–phosphatase axis, the 
precise mechanisms by which broadly distributed enzymes such 
as PKA and PP1 achieve spatially restricted control of presynaptic 
phosphorylation remain unclear. In particular, direct presynapse- 
specific manipulation or tethering of these enzymes is currently 
not technically feasible, limiting mechanistic resolution at the 
subcellular level. 

More generally, synaptic scaling has been described in multiple 
contexts, including sleep, learning and memory, neural injury, and 
presynaptic homeostatic potentiation (8, 75, 76). However, 
whether these different forms of synaptic plasticity converge on 
shared phosphorylation-based mechanisms remains unknown. 
Our findings raise the possibility that presynaptic hypophospho-
rylation represents one molecular signature of sustained synaptic 
scaling, but this will require further investigation across systems 
and conditions. 

Due to technical constraints, we limited sample collection for 
proteomic analysis to ZT6, when sleep differences between gen-
otypes are most pronounced. While this strategy allowed robust 
detection of BRP-dependent effects, circadian timing is known 
to influence protein abundance and phosphorylation (14, 77, 78). 
Future studies will be required to systematically address the inter-
action between circadian and homeostatic regulation of presyn-
aptic phosphorylation. 

Finally, our synaptosomal approach, which enriches for distal 
synaptic compartments and requires large amounts of materials, 
does not provide cell-type resolution. While emerging single-cell 
proteomic strategies may eventually enable such analyses (79), 
these approaches are not yet well established for the Drosophila 
brain. In the meantime, circuit-level resolution can be addressed 
using targeted genetic approaches, such as systematic screening 
with diverse Gal4 driver lines to identify neuronal populations 
that are particularly sensitive to BRP-dependent modulation.   

Materials and Methods 

Drosophila Stocks and Maintenance. Flies were raised on semidefined 
medium (Bloomington recipe) under 12/12 h light/dark cycles with 65% humidity 
at 25 °C. Five-  to eight-day-old female flies were used for all experiments except 
for synaptosome preparation experiments in which mixed populations of both 
sexes were used. All fly strains were backcrossed to w1118 (iso31, BDSC#5905) 
background for at least six generations. 1 to 4xBRP flies were generated as pre-
viously described (8). Briefly, wt (w1118) control was used as 2xBRP and a brp 
null mutant (brpc04298 , BDSC#85966) was employed to reduce brp copy from 
2 to 1 (1xBRP). A genomic brp P[acman] construct integrated into the 5’ UTR 
of CG11357 was used to increase brp copy number from 2 to 3 or 4 (3xBRP or 
4xBRP). Additional fly lines used in this study are as follows: Dc0H2 (BDSC#4101), 
sssP1 (BDSC#16588), Gabatf01602 (BDSC#85192), PKA.R1c (BDSC#17792), elav-
Gal4 (BDSC#458), UAS-Dc0 (BDSC#35554), flwG0172 (BDSC#12287), PP1-87Bj6E7 

(BDSC#12129), PP1α-96AGS11179 (BDSC#23697), GFP::flw, GFP::PP1-87B, and 
GFP::PP1α-96A (80). 

Subcellular Fractionation, LC–MS/MS, and Integrated Omics Analysis. All fly 
samples were collected at ~zeitgeber time 6 (ZT6), snap-frozen immediately in liq-
uid nitrogen and stored at −80 °C. Biochemical subcellular fraction preparation was 
performed based on a protocol described previously (31). Global and IMAC enriched 
phospho-peptides corresponding to 0.5 µg P2 or 0.25 µg S1 (based on the AAA) 

http://www.pnas.org/lookup/doi/10.1073/pnas.2524065123#supplementary-materials
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and 1.4 µg P2 or 1.0 µg S1 (based on the Nanodrop), respectively, were analyzed by 
nano-LC–MS/MS using an Ultimate 3000 nano RSLC system coupled to a Orbitrap 
Lumos MS. All phospho-peptides enrichment experiments were performed on an 
AssayMAP liquid handling platform (Agilent) using the Phosphopeptide Enrichment 
2.0 protocol with Fe(III)-NTA 5 μL cartridges (G5496-60085). All the raw datasets for 
either S1 or P2 fraction were analyzed simultaneously with the Proteome Discoverer 
(PD) software 2.4 using the precursor-based label-free quantitation workflow nodes. 
More experimental details for synaptosome preparation and omics analyses are 
included in Supporting Information. 

Lists of significantly upregulated and downregulated proteins from proteomic 
and phospho-proteomic experiments were uploaded to Metascape (https:// 
metascape.org/) and enrichment analysis was performed for Gene Ontology (GO) 
Biological processes, Cellular components, and KEGG Pathway with a cut-off of   
P < 0.01, enrichment factor > 1.5, and number of hits > 2. 

Kinase Prediction and Protein Phosphorylation State Analysis. Kinase 
prediction for all the detected phospho-sites was performed with a Group- 
based Prediction System (GPS) v5.0 (54). Predictors for 165 kinases with a high 
threshold (false positive rate = 2%) were applied to all the phospho-sites. Then 
the predicted kinase–substrate relationships were filtered with protein–protein 
interaction information from STRING database (https://version-11-5.string-db. 
org/). The kinase enrichment analysis was performed in two ways, with the hyper-
geometric test and KSEA-base method (64). 

The cumulative phosphorylation state change (∆Ps) analysis for detected 
proteins was performed as previously described with slight modifications (15). 
The abundances of phospho-peptides were normalized to the individual protein 
levels. Only the proteins found in both proteomic and phospho-proteomic exper-
iments were included in this analysis. 

Phospho­ tag SDS–PAGE and Immunoblotting. For synaptosome samples, pro-
tein concentration was determined by BCA assay and equal amounts of protein 
were loaded into either phospho-tag or normal SDS-PAGE gels. For head homoge-
nate supernatant of sleep-deprived samples, the relative amounts of protein 
were determined by Tubulin as loading control. By binding to the phospho-tag 
chemical, Phospho-tag SDS-PAGE separates phosphorylated and nonphospho-
rylated proteins during electrophoresis based on their phosphorylation levels 
(15, 50). The Rf value of 1.0 is defined as the position of bromophenol blue dye. 
After electrophoresis, proteins on SDS-PAGE were transferred to nylon membrane 
for further immunoblotting. 

Western blotting was performed as previously described (8). The following 
primary antibodies were used: rabbit anti-BRPD2 (81) (1:100,000), rabbit anti-
Hsp60 (Enzo #ADI-SPA-805, 1:3,000), mouse anti-Synapsin (DSHB #3C11, 
1:1,000), and rabbit anti-PKA substrate (Cell Signaling #9624, 1:10,000). 
Secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti- 
mouse antibodies (Jackson ImmunoResearch, 1:5,000) were used for detecting 
the protein signals. The developed films without saturation were scanned by an 
EPSON V330 scanner and saved in 16-bit grayscale tiff format. 

Whole­ Mount Brain Immunostaining, Confocal Microscopy, and Image 
Analysis. Whole-mount brain immunostaining was performed as previously 
described (8). The following primary antibodies were used: rabbit anti-GFP con-
jugated with Alexa 488 (Cat# A-21311, 1:500); chicken anti-GFP (Abcam #13970, 
1:1,500); rabbit anti-PKA substrate (Cell Signaling #9621, 1:1,000); rabbit anti- 
Spn (73) (1:500). Goat anti-rabbit Alexa 488 and 647, and goat anti-chicken Alexa 
488 were diluted at 1:300 for secondary antibody incubation. 

Whole-mount adult brain samples were imaged on a Leica TCS SP8 confocal 
microscope from Leica Microsystems, and images were obtained using the Leica 

Application Suite X. Image stacks were processed and analyzed with Fiji (https:// 
fiji.sc/). For analyzing PKA SPARK puncta, image stacks of mushroom body lobes 
were converted to two-dimensional images using max Z-projection. The average 
gray pixel value of PKA SPARK was measured within a ROI of mushroom body 
lobes segmented automatically after background subtraction, image filtering, 
and thresholding processes in ImageJ (Fiji). The SPARK puncta were detected 
using “Find Maxima” (55). For PKA substrate and Spn staining, analysis was per-
formed similarly, except that the projection of a stack of confocal images of adult 
brains using “average intensity” was chosen and a region of interest was drawn to 
determine the mean intensity of all the pixels of this region of interest to analyze 
the fluorescence intensity. 

Sleep Measurements. Sleep and sleep deprivation experiments were per-
formed exactly as previously reported (8, 55). Briefly, sleep of single female flies 
was measured Drosophila Activity Monitors (DAM2) from Trikinetics Inc. in 12/12 
h light/dark cycle with 65% humidity at 25 °C. Three to four-day-old single female 
flies were loaded into Trikinetics glass tubes (5 mm inner diameter and 65 mm 
length) with 5% sucrose and 2% agar in one side of the tube. A period of immo-
bility without locomotor activity counts lasting for at least 5 min was determined 
as sleep (82). For sleep deprivation, DAM2 monitors were fixed onto a Vortexer 
Mounting Plate (Trikinetics) on an Analog Multi-Tube Vortexer controlled by a 
Trikinetics LC4 light controller and acquisition software. Pulses of vortex lasting 
for 1.2 s were applied to the flies randomly with interpulse intervals between 
0 s and 40 s to fully deprive sleep from ZT12 to ZT24 (nighttime). Sleep data were 
analyzed using the Sleep and Circadian Analysis MATLAB Program (SCAMP) (83). 

Data Representation and Statistics. Graphs were created with Python, R, 
PyMOL, GraphPad Prism, and Adobe Illustrator. Statistical analysis was performed 
using GraphPad Prism 8, Microsoft Excel and R. Statistical methods are stated 
within figure legends and the statistical details used in the bioinformatic analysis 
were described in previous sections. 

Data, Materials, and Software Availability. The mass spectrometry proteom-
ics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
(84) partner repository with the dataset identifier PXD067034 and 10.6019/ 
PXD067034. All other data are included in the manuscript and/or SI Appendix. 
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