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SUMMARY

The circadian clock drives daily rhythms of gene expression and physiology. Advances in next-generation
DNA sequencing have provided extensive insights into RNA expression, but more functional information at
the protein level with sufficient depth has been limited by technical challenges. In this study, we generated
a comprehensive mouse circadian proteome atlas (https://chronoproteinology.org/circadian_atlas) by
analyzing 32 tissues, including the suprachiasmatic nucleus (SCN), using the next-generation mass spec-
trometer Orbitrap Astral. Data-independent acquisition of 584 samples, including developmental samples,
revealed the spatiotemporal profiles of about 19,000 proteins. Proteome and phospho-proteome analyses
of whole-cell and nuclear proteins in the liver revealed circadian changes in protein quantity and quality,
as well as global changes in hPER2-S662G mutant mice, a genetic model of human familial advanced sleep
phase (FASP). This multi-tissue circadian proteome atlas provides a fundamental resource for understanding

when, where, and which proteins are expressed and function.

INTRODUCTION

The circadian clock is an endogenous self-sustained oscillator
that drives daily rhythms of metabolism and physiology.'"
In mammals, the suprachiasmatic nucleus (SCN), known as the
central clock, synchronizes the temporal rhythms of peripheral
tissues. Studies on gene expression across various tissues
have revealed that thousands of transcripts show circadian
expression profiles.®® However, mRNA rhythms do not always
accurately reflect the rhythms of these cellular functions
because there is often a considerable time gap (typically several
hours) between the peak expression of mRNA and that of pro-
tein. Additionally, in many cases, the temporal profiles of
mRNA and protein abundance can differ substantially due to fac-
tors such as translation efficiency and protein stability. More-
over, the intracellular localization and post-translational modifi-
cations (PTMs) of proteins cannot be estimated from mRNA
levels, although they directly affect protein functions and thus
cellular processes. Therefore, it is crucial to comprehensively
describe the expression rhythms as well as the intracellular local-
ization and PTMs of proteins through proteomic analysis. Pio-
neering studies on circadian proteome analysis identified pro-
teins that showed circadian variation.°'” Moreover, rhythms of
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intracellular localization and PTMs play critical roles in regulating
the circadian clock and have been described in several
tissues.'?'®'9 However, proteome analyses focusing on circa-
dian rhythms require acquisition of data at numerous time points
throughout a day, resulting in extensive analysis time. Conse-
quently, compared with RNA studies, existing evidence is largely
limited to individual tissues and lacks comprehensive depth due
to technological limitations. Furthermore, there is no publicly
available database that allows us to compare protein temporal
profiles across multiple tissues from the same mouse under
identical conditions. Such a web-based platform would be highly
valuable for a wide range of researchers.

Orbitrap tandem mass spectrometry (MS/MS) traditionally
required long acquisition times for high-depth measurements
due to a trade-off between sensitivity and resolution caused
by shorter ion detection transients.”® On the other hand,
time-of-flight (ToF) analyzers enable shorter acquisition times
for high-depth measurements but have historically suffered
from poor sensitivity.?’ Recently, a next-generation mass
analyzer that leverages the strengths of both systems was
launched—the Orbitrap Astral mass spectrometer (Thermo
Fisher Scientific). The Orbitrap Astral achieves high resolving
power (~80,000), mass accuracy (5 ppm), a single-ion
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detection limit, and MS/MS scan speeds of up to 200 Hz. This
innovation yields both high-speed measurement and high-
depth analysis.?*>* For example, the combination of the
Orbitrap Astral with a data-independent acquisition (DIA) stra-
tegy achieved profiling of 48 human proteomes per day at suf-
ficient depth, where ~10,000 human protein groups were
detected within half an hour for each sample.?* In this study,
we performed circadian high-depth proteome analysis using
multiple mouse tissues (32 tissues, including the SCN and brain
regions). A total of 584 samples were subjected to proteome
analysis, revealing the temporal expression profiles of 18,956
proteins, which account for 73.8% of all proteins registered in
UniProt. Thus, we have constituted a portal for the mouse
Circadian Proteome Atlas (https://chronoproteinology.org/
circadian_atlas), which includes (1) circadian expression pro-
files in 32 mouse tissues; (2) developmental expression profiles
in mouse embryos and neonates; (3) temporal profiles of pro-
tein abundance and phosphorylation levels in whole liver, liver
nucleus, and the whole SCN; and (4) temporal profiles of
protein abundance and phosphorylation levels in whole liver
and liver nucleus of hPER2-S662G mutant mice, a mouse
model of human familial advanced sleep phase (FASP).>>™*’
The mouse Circadian Proteome Atlas allows users to explore
these spatiotemporal profiles of searched proteins to infer their
functions.

RESULTS

Orbitrap Astral revealed a circadian/developmental
proteome atlas in multiple tissues

To provide a fundamental resource for the circadian proteome
atlas, we collected 31 tissue samples from each mouse at six
time points, every 4 h throughout the day, under constant dark
(DD) conditions, with biological duplicates, resulting in a total
of 12 wild-type (WT) mice used. In addition, we performed
another set of experiments to investigate protein expression
profiles in the SCN; the SCN was punched out from 6 mice
and pooled into a single sample, and the SCN samples were
also collected at the six time points, with biological triplicates,
using a total of 108 mice. The 32 collected tissues were the
olfactory bulb (OB), hypothalamus (HYP), striatum (STR), hip-
pocampus (HPC), prefrontal cortex (PFC), cortex (CTX), thal-
amus (TH), midbrain (MB), hindbrain (HB), cerebellum (CEL),
SCN, brown adipose tissue (BAT), inguinal white adipose
tissue (IWAT), epididymal white adipose tissue (eWAT),
thymus, thyroid gland, salivary gland, duodenum, small intes-
tine, cecum, colon, kidney, stomach, esophagus, pancreas,
testis, liver, skeletal muscle, lung, spleen, heart, and eye
(Figure 1A). For these 390 samples, proteins in the whole-
cell lysate were digested with trypsin, and the resulting pep-
tides were analyzed using a DIA nano liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) method on
the Orbitrap Astral MS, a next-generation MS system. In total,
the experiment involved 390 h of active data acquisition time,
identifying 17,856 unique proteins using DIA-neural network
(NN), corresponding to 69.5% of the 25,688 proteins regis-
tered in UniProt (Figure 1B; Data S1). In addition to these ex-
periments, we also assessed the developmental changes in
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protein levels (Figures 1D and 1E, see below), identifying up
to 18,956 (73.8%) proteins from a total of 584 samples. We
have developed a portal for the mouse Circadian Proteome
Atlas (https://chronoproteinology.org/circadian_atlas) that al-
lows users to generate figures illustrating protein expression
and to download the related raw data. The proteomic analysis
in multiple tissues with our unified experimental condition can
clarify the tissue specificity of the protein expression and its
temporal patterns and identify marker proteins for each tissue
or brain region.

In this study, BIO_CYCLE analysis (24-h period; p < 0.05)*®
was used to detect circadian rhythms in protein abundance.
For example, we identified 1,456 rhythmic proteins (11.7%
of total proteins detected in this study) in the OB and 1,035
rhythmic proteins (9.3%) in the lung (Figure 1B). Overall,
11,154 proteins (62.7%) were found to show a circadian
expression pattern in at least one tissue. For example,
NR1D1 (Rev-erba), a circadian transcription factor, showed
circadian expression, with its peak at circadian time (CT)
10-14 in 25 tissues (Figure S1; Table 1; Data S1 and S2).
Intriguingly, the amplitudes of NR1D1 protein rhythms in the
brain regions were lower than those in non-brain tissues.
The expression levels of RTCA, MYO18A, and GPR165
showed circadian rhythms in the OB, whereas they remained
constant throughout the day in other brain regions. The prote-
ome atlas revealed a tissue-specific protein expression map,
providing insights into the unique proteomic landscape of
the head and body regions (Figure 1C), as highlighted by
distinct clustering of samples in the uniform manifold approx-
imation and projection (UMAP) analysis (Figure S2). Even
within the brain, we observed region-specific protein expres-
sion, which we believe will be helpful for identifying marker
proteins. For example, RGS16 was expressed specifically in
the SCN, suggesting that it functions as a marker for the
SCN (Figure S1), as was previously identified.?® Such findings
emphasize the functional specialization of these tissues and
provide a valuable resource for understanding region-specific
biological processes and pathways.

Next, we focused on the developmental samples because
some proteins are expressed only during embryonic stages
and not in adult tissues. Head, body, and placenta samples
were collected at zeitgeber time (ZT) 7 across 4 developmental
stages (embryonic day [E]9.5, E13.5, E17.5, and postnatal day
[P]1.5), and a total of 50 samples were analyzed. DIA Nano-
LC-MS/MS analysis using the Orbitrap Astral MS identified
15,601 proteins (Figure 1D; Data S3). For example, protein levels
of SRY-box 2 (SOX2) levels gradually decreased during the four
developmental stages, whereas protein levels of aldehyde dehy-
drogenase 1 family member L1 (ALDH1L1) levels gradually
increased (Figure 1E). Moreover, these data included proteins
with tissue- and time-dependent expressed proteins such as or-
thodenticle homeobox 1 (OTX1), hyperpolarization-activated cy-
clic nucleotide-gated channel 3 (HCN3), Nebulette (NEBL), and
natriuretic peptide A (NPPA) (Figure 1E). In addition, we per-
formed circadian proteomics in four tissues (forebrain, liver,
lung, and heart) at E17.5 and compared rhythmic proteins be-
tween embryos and adults (Figure S3; Data S3). Across all tis-
sues, the overlap of rhythmic proteins between the stages was
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Figure 1. Multi-tissue proteomics using Orbitrap Astral revealed spatiotemporal profiles of 18,956 proteins
(A) Schematic diagram indicating the sample collection strategy and proteomic analysis using Orbitrap Astral mass analyzer, along with a list of 32 collected

tissues.

(B) The number of detected total proteins (black) and rhythmic proteins (red) in each tissue.

(C) Heatmap of tissue-specific protein expression profiles across 32 mouse tissues. Tissue-specific proteins (proteins detected in only one tissue) were picked up
from the protein list with their expression ranking. Then, the number of specific proteins above the ranking threshold indicated in the column was shown with a
color. Note that because SCN is a part of HYP, the HYP protein list was excluded when we picked up “SCN-specific” proteins and vice versa.

(D) Schematic diagram indicating the collected sample and proteomic analysis used to explore changes in protein expression during development.

(E) Examples of protein expression profiles showing dynamic changes in protein levels during development. The maximum value of the protein levels was set to 1.

Data are means with SEM.

limited, indicating stage-specific remodeling of circadian out-
puts (Figure S3D). This developmental divergence is consistent
with a previous fetal heart RNA sequencing (RNA-seq) result,°
which reported the late-gestational emergence and remodeling
of clock-controlled transcriptional programs. It is noted that
approximately half of canonical clock proteins were not detected

in our circadian proteome analysis at E17.5 (Data S3). These data

are also included in the mouse Circadian Proteome Atlas. Thus,
we have described a comprehensive atlas detailing when,
where, and which proteins are expressed.

Circadian multi-omics atlas in liver nucleus

We performed a multi-omics analysis of the transcriptome,
whole-cell proteome, and nuclear proteome in the liver, one of
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Table 1. Rhythmic protein in top 20

Tissue count Gene name

25 Nrid1

22 Dbp

20 Ighv5-16

16 Hbbt1

13 Sorbs1

12 Actn4

11 Phyh, Ciapin1, Actb, Macf1, Rsrp1, Reg3b

10 Asph, Clasp2, Epb2113, Tom1, Vac3, Ddx5, Epb41

The top 20 proteins that exhibit rhythmic expression across multiple or-
gans. This table was derived from Data S2.

the tissues with the highest number of unique rhythmic proteins
(Figures 1B and 2A). We utilized previously reported RNA-seq
data.®’ We collected liver nuclear extracts from the same mice
as shown in Figure 1A at six time points every 4 h throughout
the day in DD. Nuclear supernatant (nuclear-sup) and nuclear
precipitate (nuclear-ppt) (soluble and insoluble fractions in the
nuclear extraction) were subjected to Nano-LC MS/MS analysis
(Figures 2A and S4; Data S4). These data are also included in the
mouse Circadian Proteome Atlas. In the liver transcriptome anal-
ysis, we identified 2,502 genes (19.5%) showing circadian rhyth-
micity (period: 24 h, p < 0.05) (Figure 2B). At the protein level,
1,755 proteins (18.5%) in the liver whole-cell lysate and 3,375
proteins (33.2%) in the liver nuclear-sup extract showed circa-
dian rhythms (period: 24 h, p < 0.05) (Figures 2C and 2D; Data
S2), indicating the importance of subcellular fractionation in
reducing proteome complexity and in detecting rhythmic func-
tions of low-abundance proteins such as transcription factors.
Although rhythmic mRNAs exhibited a variety of peak phases
throughout the day (Figure 2B, middle and lower panels), the ma-
jority of rhythmic proteins in the whole-cell proteome peaked
during the night (CT16-18) (Figure 2C). Among the 1,775 rhyth-
mic proteins, 342 (19.3%) also showed circadian rhythmicity in
mRNA levels (Data S2). These 342 proteins thus represented
only 13.7% of the 2,502 rhythmic mRNAs identified. This high-
lights the importance of conducting high-depth proteome anal-
ysis, as RNA-seq analysis is insufficient for understanding circa-
dian rhythms in tissue functions. Then, we focused on the 342
genes/proteins that exhibited rhythmicity at both the mRNA
and protein levels and compared their peak times. We observed
a phase delay of 2.91 h in protein rhythms relative to mRNA
rhythms (Figure 2E). In contrast, for 524 proteins that exhibited
rhythmicity in both the whole and nuclear proteomes, the peak
times of soluble nuclear protein abundance were similar to those
of whole-cell protein (Figure 2F). For example, temporal profiles
of typical clock proteins were comparable in both analyses
(Figures 2G and S5). Specifically, whereas the Per2 mRNA level
peaked at CT14, the peak phases of PER2 protein rhythms in
both the whole and nuclear proteomes were at CT18. The
phase delay observed between rhythmic mRNAs and proteins
is likely attributed to the time of translation and protein
degradation. %232
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Protein function is modulated by PTMs, particularly phosphor-
ylation, which is important for the circadian clock mecha-
nism.**~%® To characterize the circadian dynamics of phosphor-
ylation levels at each site in the liver, phosphopeptides were
enriched from the whole-liver lysate or liver nuclear-sup extract
and subjected to a data-dependent acquisition (DDA) Nano-
LC-MS/MS analysis using the Orbitrap Astral MS (Figure 3A).
The circadian phospho-proteome analysis using Proteome
Discoverer 3.1 identified 26,725 unique phosphopeptides in
the whole-cell phospho-proteome and 73,444 in the nuclear
phospho-proteome (Figures 3B and S6; Data S2 and S4). These
phosphopeptides were derived from 7,129 proteins, accounting
for 56.3% of 12,670 detected proteins in the liver (Data S2).
These data are also included in the mouse Circadian Proteome
Atlas. Among them, 4,392 (16.4%) of the phosphopeptides in
the whole liver phospho-proteome showed significant circadian
rhythms. Although a subset of rhythmic phosphopeptides in the
whole liver peaked at night (CT16-18), similar to protein levels
(Figure 2C), the majority of rhythmic phosphopeptides showed
their peak during the daytime (CT7-9) (Figure 3B). The rhythmic
phosphopeptides in the liver nucleus showed a wider distribution
of peak phases throughout the day (Figure 3B).

The combination of phospho-enrichment and Astral analysis
enabled us to describe phosphorylation rhythms of low-abun-
dance proteins, such as clock proteins. We quantified the phos-
phorylation levels of the PER2 protein and found that phosphor-
ylation at PER2 S971 peaked at CT18 in the liver nucleus
(Figure 3C). Phosphorylation levels of CLOCK, PER1, CRY2,
DBP, E4BP4, NR1D1, and RORC also exhibited circadian pro-
files in the liver nucleus (Figure 3C). Interestingly, we also
detected circadian phosphorylation of proteins whose amount
remained constant throughout the day in the liver, such as Dys-
trophin (DMD), Hepatitis B Virus Surface 1 (HBS1), Serine/Argi-
nine Repetitive Matrix Protein 2 (SRRM2), KN Motif and Ankyrin
Repeat Domain 3 (KANK3), STE20 Like Kinase (SLK), and Eu-
karyotic Translation Initiation Factor 4B (EIF4B) (Figure 3D;
Data S2). These data indicate that phosphorylation rhythms
independent of protein abundance, likely reflecting temporal
regulation by kinases and phosphatases, may contribute to the
regulation of their rhythmic functions.

In vivo nuclear translocation rhythms of proteasomes
and ubiquitin enzymes

Next, we focused on our finding that the most rhythmic nuclear
proteins exhibited their expression peaks at the early evening
phase (CT14) (Figure 2D). We noticed that 452 (72.1%) of these
626 proteins were categorized as non-rhythmic in their protein
levels by whole-cell proteomics analysis (Figure S7A). Gene
Ontology (GO) analysis revealed that these “nuclear-specific”
rhythmic proteins were enriched in biological pathways such
as “nucleobase-containing small molecule metabolic pro-
cess,” “small molecule catabolic process,” “small molecule
biosynthetic process,” and “biosynthesis of cofactors”
(Figure S7B). Additionally, protein-protein interaction enrich-
ment analysis identified that ubiquitin-proteasome-related
factors, such as proteins involved in proteasome assembly or
ubiquitinating enzymes, were enriched in nuclear-specific
rhythmic proteins (Figures S7C and S7D). Although expression
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Figure 2. Circadian expression profiles of mRNA, whole-cell protein, and nuclear protein levels in the mouse liver

(A) Schematic diagram indicating the sample preparation strategy and proteomic analysis using Orbitrap Astral mass analyzer. Liver nuclear extracts were
prepared from WT mice at 6 time points every 4 h in DD.

(B) Pie chart depicting the fraction of cycling mRNAs (BIO_CYCLE, period: 24 h, p < 0.05) (upper). Phase distribution of the rhythmic transcriptome in DD (middle).
Heatmap of the rhythmic transcriptome (lower). Transcriptome data were utilized from our previous study.®'

(C and D) Pie chart depicting the fraction of cycling proteins (BIO_CYCLE, period: 24 h, p < 0.05) (upper). Phase distribution of the rhythmic proteome in DD
(middle). Heatmap of the rhythmic proteome (lower). Two biological replicates are shown side by side.

(E) Density plot of the phase difference comparing 342 rhythmic mRNAs to rhythmic whole-cell proteins.

(F) Density plot of the phase difference comparing 524 rhythmic whole-cell proteins to rhythmic nuclear proteins.

(G) Abundance profiles of MRNA, whole-cell protein, and nuclear protein of the clock genes. The maximum value of the protein levels was set to 1. CK1e, NR1D2,
and CIPC proteins were not detected in the whole-cell proteome analysis.
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Figure 3. Circadian profiles of phosphopeptide levels in the mouse liver

(A) Schematic diagram indicating the sample preparation strategy and phospho-|

proteomic analysis using Orbitrap Astral mass analyzer. Whole-cell proteins and

nuclear extracts of the liver were prepared from WT mouse at 6 time points every 4 h in DD. Phosphopeptides were enriched using the High-Select Fe-NTA

Phosphopeptide Enrichment kit (Thermo).

(B) Pie chart depicting the fraction of cycling phosphopeptides (BIO_CYCLE, period: 24 h, p < 0.05) (upper left). Phase distribution of the rhythmic phospho-
proteome in DD (lower left). Heatmap of the rhythmic phospho-proteome (right). Two biological replicates are shown side by side.

(C) Normalized temporal profiles for protein and phosphopeptide levels of indicated clock genes in the liver nuclear extract.

(D) Normalized temporal profiles for protein and phosphopeptide levels of selected genes in the whole-cell proteins (whole) and nuclear extracts (Nuc) of the liver.
Although protein abundance is constant throughout the day, the phosphorylation levels exhibit rhythmic profiles in phosphorylated peptides.

levels of these proteins are constant in the whole cell, their tem-
poral profiles in the liver nucleus showed highly synchronized
circadian rhythms (Figures S8A and S8B, bottom panels).
Recent studies have shown that mammalian target of rapamy-
cin (mTOR) signaling regulates stress-induced nuclear translo-
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cation of proteasomes,®” and AKIRIN2 mediates proteasome
nuclear translocation in a cell-division-dependent manner.*®
Because nuclear abundance of importin proteins and
AKIRIN2 were constant throughout the day, we hypothesized
that mTOR-driven phosphorylation of proteasomes and
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ubiquitin enzymes promotes their rhythmic nuclear localization.
Supporting this hypothesis, S6K1, FKBP1A, and 4EBP1, known
as mTOR-regulating factors, showed nuclear localization
rhythms (Figure S8C). Additionally, UBA1, a ubiquitin-activating
enzyme E1, and UBE4B, one of the ubiquitin-conjugating E2
enzymes, showed circadian rhythms in both nuclear protein
abundance and phosphorylation (Figures S8D and S8E).
Notably, because UBAT1 interacting with E2 enzymes serves
as the first step in the ubiquitination process, its rhythmic local-
ization plays a critical role in regulating the global activity of the
ubiquitin-proteasome system within the specific time zone
(CT14, early active phase for mice) in the nucleus.

Circadian proteome atlas of SCN, a central pacemaker
of circadian rhythms
In mammals, the pacemaker neurons in the SCN maintain proper
phase alignment of the peripheral clocks throughout the body.
The SCN, located in the HYP of the brain, serves as the master
clock that is entrained to the light-dark (LD) cycle.***° Proteome
analysis provides insights into the pathways and processes
underlying the unique role of the SCN in driving circadian
rhythms, leading us to reevaluate the SCN as the central clock
(Figure 4A). SCN proteome analysis revealed that 1,140 proteins
(9.2% of 12,350 detected proteins) were rhythmically expressed
(period: 24 h, p < 0.05) (Figure 4B, left; Data S1). A significant
number of these rhythmic proteins showed expression peaks
at CT2 or CT14 (Figure 4B, left). Compared with the liver prote-
ome data (Figure 2C), the overall phase of rhythmic protein
expression in the SCN appeared to be advanced (Figure 4C).
Specifically, the peak phase of PER2 protein levels was at
CT14 in the SCN and at CT18 in the liver. Similarly, other clock
proteins, such as DBP, NR1D1, and RORa, also exhibited their
expression peaks approximately 4 h earlier in the SCN than in
the liver. This observation aligns with previous studies showing
that the peak phase of Per1 mRNA in the SCN is advanced rel-
ative to that in peripheral tissues.*’*? Interestingly, the protein
levels of salt-inducible kinase 1 (SIK1) exhibited robust circadian
rhythms, with a peak at CT6 (Figure 4C). A previous study
reported that a light pulse stimulates Sik7 expression and that
SIK1 plays a key role in clock resetting.*> Additionally, we iden-
tified SCN-specific expressed proteins, including RGS16
(Figures 1C and S1), which has been previously shown to func-
tion as a G protein signal regulator required for setting the
pace of the SCN clock.?® Although we need to consider the pos-
sibility that the expression of some of these proteins may be
below the detection limit in other tissues, or that some are
expressed in other tissues besides the 32 tissues that we
analyzed in this study, it is strongly presumed that they include
proteins exclusively expressed in the SCN at the protein level.
Next, we performed phospho-proteome analysis by enriching
phosphopeptides from the SCN and subjecting them to DDA
Nano-LC-MS/MS analysis using the Orbitrap Astral MS. We
found that 4,023 phosphopeptides (11.2% of 35,824 detected
phosphopeptides) in the SCN showed circadian rhythms in their
abundance (Figure 4B, right; Data S5). Notably, a majority of
these phosphopeptides peaked around early subjective morning
(CT0-3, Figure 4B). Because tissues were collected under DD,
we hypothesize that these rhythms reflect the anticipation of
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the next morning as a central role of the circadian clock. There-
fore, we focused on the most rhythmic phosphopeptides that
peaked during CT0-3. GO analysis revealed that they were
enriched in biological pathways such as ‘“signaling by Rho
GTPases,” “regulation of cell-projection organization,” and
“regulation of vesicle-mediated transport” (Figure 4D). A pre-
vious report on circadian oscillations in endogenous Rho1 activ-
ity in the small ventral lateral neuron (s-LNv) axons of Drosophila
supports our GO analysis finding.”* In mice, because SCN
neuronal activity is higher in the subjective light phase, the upre-
gulation of phosphorylation signaling may either contribute to
this regulation or be a result of the increased activity. In addition,
phosphorylation levels of proteins, such as neuropeptides,
transporters, ion channels, and receptors, exhibited circadian
rhythms, peaking during the daytime, while their protein abun-
dance remained constant throughout the day (Figure 4E). Kinase
activation at each time point was estimated using kinase-sub-
strate enrichment analysis (KSEA) based on kinase-substrate re-
lationships.®"**> This analysis revealed that the kinase activities
of Calcium/Calmodulin-Dependent Protein Kinase 2 (CAMK2)
and Extracellular Signal-Regulated Kinase 1/2 (ERK1/2) showed
circadian rhythms peaking during subjective morning (Figure 4F).
Notably, the CAMK2A activity rhythm estimated by the KSEA
was not likely attributed to constant CAMK2A protein abundance
but was consistent with circadian profiles of its phosphorylation
at T43, S52, and S234 (Figure S9). Accordingly, such temporal
regulation in kinase-signaling activities may result in time-depen-
dent physiological alterations, as suggested by the enriched GO
pathways.

S$662G mutation of hPER2 dramatically changes global
phosphorylation levels

In humans, a mutation in the hPER2 gene causes FASP syn-
drome and shortens the circadian period.”® FASP patients had
an ~4-h advanced sleep onset, and the responsible missense
mutation changed the amino acid at 662 from Ser to Gly. A sub-
sequent study demonstrated that bacterial artificial chromo-
some (BAC) transgenic mice carrying the human PER2-S662G
mutant gene also exhibited a shortened circadian period (~22
h) and an ~4-h phase advance of locomotor activity under LD
conditions.?” Consequently, hPER2-S662G transgenic mice
have been used as a model for the FASP behavioral trait.*® The
FASP phenotypes of advanced phase angle in the LD cycle
result in a chronic circadian misalignment between internal and
external time. However, a comprehensive understanding of the
causes and consequences of the phenotypes observed in these
transgenic mice remains insufficient. To address this, the
hPER2-S662G transgenic mouse was utilized as a model to
analyze the effects of the genetically driven circadian misalign-
ment on peripheral clocks and molecular profiles at the protein
level. We prepared whole and nuclear lysates of the liver, a repre-
sentative peripheral tissue, from the hPER2-S662G transgenic
mice and their littermate controls at six time points every 4 h
throughout the day in DD (Figure 5A). The collected protein sam-
ples were subjected to DIA Nano-LC MS/MS analysis using the
Orbitrap Astral MS (Data S6). These data are also included in the
mouse Circadian Proteome Atlas. In both the liver whole prote-
ome and nuclear proteome, the temporal profile of PER1 protein
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Figure 4. Circadian rhythms of (phospho)proteome in the mouse SCN

(A) Schematic diagram indicating the SCN preparation strategy and (phospho)proteomic analysis using Orbitrap Astral mass analyzer. SCN punch-outs were
collected from WT mouse at 6 time points every 4 h in DD.

(B) Pie chart depicting the fraction of cycling phosphopeptides (BIO_CYCLE, period: 24 h, p < 0.05) (upper left). Phase distribution of the rhythmic phospho-
proteome in DD (lower left). Heatmap of the rhythmic phospho-proteome (right). Three biological replicates are shown side by side.

(C) Normalized temporal profiles for protein levels of indicated genes. The maximum value of the protein levels was set to 1.

(D) GO terms representing the significantly enriched biological processes for proteins with their phosphorylation levels oscillating in circadian rhythm with a
specific phase (CT1-3). Enrichment analysis was performed using Metascape.**

(E) Normalized temporal profiles for protein and phosphopeptide levels of selected genes in the SCN. Although protein abundance is constant throughout the day,
the phosphorylation levels exhibit rhythmic profiles in phosphorylated peptides.

(F) Temporal profiles for representative kinase activity levels estimated by kinase-substrate enrichment analysis (KSEA) based on kinase-substrate relationships.
Positive and negative values indicate relatively higher and lower kinase activities, respectively.
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Figure 5. Circadian rhythms of (phospho)proteome in hPER2-S662G transgenic mouse
(A) Schematic diagram indicating the sample preparation strategy and (phospho)proteomic analysis using Orbitrap Astral mass analyzer. Whole-cell proteins and
nuclear extracts of the liver were prepared from WT and hPER2-S662G transgenic mice at 6 time points every 4 h in DD.

(legend continued on next page)
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in the control mice exhibited a rhythm similar to that observed in
our WT proteome (Figures 2G, 5B, and 5C, black). In the hPER2-
S662G mutant, however, the peak phase of the PER1 rhythm
was advanced to CT10 (Figures 5B and 5C, green). Similarly,
other rhythmic clock proteins, such as CLOCK, BMAL1, CRY1,
CRY2, and DBP, also exhibited expression peaks 4-8 h earlier
in the mutant compared with the WT (Figures 5B and 5C).
When comparing the phases of rhythmic proteins between the
WT and hPER2-S662G mutant mice, we observed a phase
advance of ~3 h on average in the mutant mice (Figures 5D
and 5E). Circadian misalignment leads to chronobiological
stress, which has been associated with various social challenges
and health issues in humans.*®™*° To investigate the underlying
mechanisms, we evaluated the average protein expression
levels in control mice and hPER2-S662G mutant mice. Volcano
plots revealed that the expression of a large number of proteins,
including CAMK2A, was decreased in the hPER2-S662G trans-
genic mice (Figures 5F-5H and S10). The hPER2-S662G muta-
tion not only advances the molecular rhythms but also affects
protein expression levels and nuclear localization. This finding
was uncovered by our next-generation deep proteome analysis
rather than conventional transcriptome analysis.

To characterize the changes in protein phosphorylation status
caused by the hPER2-S662G mutation, phosphopeptides were
enriched from the whole liver and nuclear extract of the mutant
and control mice and subjected to DDA Nano-LC-MS/MS anal-
ysis using the Orbitrap Astral MS (Data S6). These data are also
included in the mouse Circadian Proteome Atlas. Interestingly,
phosphorylation levels of proteins, including typical clock pro-
teins, were dramatically changed by the hPER2-S662G mutation
(Figure 5l). For example, whereas the phosphorylation levels
at PER1-S704 decreased, those at PER2-S971 increased
(Figure 5I). Volcano plots revealed that phosphopeptide levels
were dramatically affected by the hPER2-S662G mutation
(Figures 5J, 5K, and S10). These findings demonstrate that the
Astral analysis can effectively capture global changes in proteins
and their PTMs induced by a single amino acid mutation. Such
findings provide valuable insights into life sciences research,
paving the way for opportunities for discovery.

DISCUSSION

MS has revolutionized proteomics studies in a manner analogous
to the impact of next-generation sequencing on genomics and
transcriptomics.®®~>? Orbitrap Astral is expected to further revolu-
tionize proteomics studies due to its high resolution and high
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throughput. Several studies have performed deep proteomics us-
ing mouse'”*>® and human samples,®*°° highlighting the need for
using direct protein sequencing technologies such as MS. In this
study, we performed circadian multi-tissue proteome analysis and
quantified 18,956 proteins out of 25,688 mouse proteins regis-
tered in UniProt. Our proteome atlas drafts the most comprehen-
sive and high-depth proteome atlas in the mouse to date.
Comparative analysis of this massive proteome dataset with other
omics datasets will provide various insights into future studies,
and one example is shown in Data S2 through a comparison
with the most recent multi-tissue circadian proteomic analyses
in mice."” Furthermore, these data not only provide inter-tissue
expression profiles but also comprehensively capture expression
variations influenced by the circadian clock and developmental
stages. These data can be accessed in our database at any
time and from anywhere. This database provides an invaluable
resource for studying circadian regulation of protein expression
across multiple tissues, offering extensive insights into tissue-
specific molecular processes. Moreover, the depth and breadth
of the proteome in our database will facilitate the identification
of reliable biomarkers and advance research in many biological
fields. Even with the Orbitrap Astral, detecting low-abundance
proteins, such as transcription factors, remains challenging.
Therefore, pre-fractionation remains important for increasing
sequence coverage and proteome depth, even when using a
high-performance Orbitrap Astral platform. In fact, we detected
low-abundance proteins, such as NR1D2 and CIPC, in the liver
nuclear extracts (Figure 2G). Together, these observations sup-
port the value of combining the advanced proteomic platform
with biochemical fractionation to recover low-abundance pro-
teins. In addition, our analysis focused on only 32 tissues, leaving
several tissues, such as the ovary and skin, to be included in the
comprehensive circadian proteome map. Future studies incorpo-
rating these proteomes into our database are expected to
enhance proteome coverage, further advancing our understand-
ing of tissue-specific protein dynamics.

Due to technological limitations, most studies to date have
focused on circadian regulation at the mRNA level, revealing
that ~10% of transcripts exhibit daily cycles in any given
tissue.*’ Previous proteome data from the mouse liver nucleus re-
vealed that 13% of the 4,820 accurately quantified proteins
exhibited circadian oscillations with defined expression phases.'*
In contrast, our proteome data clearly establish that 18% of the
9,622 proteins detected in the whole-cell liver and 33% of the
10,177 proteins detected in the liver nucleus exhibited circadian
rhythms, respectively (Figures 2C and 2D). Among 7,129 proteins

(B and C) Normalized temporal profiles for protein levels of indicated clock genes in the whole-cell proteins (B) and nuclear extracts (C) of the liver (black, WT;

green, PER2-S662G). The maximum value of the protein levels was set to 1.

(D) Density plot for phase differences of the whole-cell protein rhythms from WT to hPER2-S662G.

(E) Density plot for phase differences of the nuclear protein rhythms from WT to hPER2-S662G.

(F and G) Volcano plot representing log, fold change of hPER2-S662G/WT protein levels and significance (—log, of p value) for the total proteome of whole-cell
(F) and nuclear (G). Red dots indicate proteins with abundance significantly different (t test, p < 0.05, n = 12) and fold change less than 0.5 times.

(H) Protein abundance of CAMK2A for each time point was averaged. The maximum value of the protein levels was set to 1. Data are means with SEM.

() Normalized temporal profiles for phosphopeptide levels of indicated clock genes in the whole-cell proteins and nuclear extracts of the liver (black for WT and

green for hPER2-S662G). The maximum value of the protein levels was set to 1.

(J and K) Volcano plot representing log, fold change of h\PER2-S662G/WT phosphopeptide levels and significance (—log, of p value) for the phospho-proteome of
whole-cell (J) and nuclear (K). Red dots indicate proteins with abundance significantly different (t test, p < 0.05, n = 12) and fold change less than 0.5 times.
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detected in both datasets, 2,851 proteins were non-rhythmic in
the whole-cell proteome yet rhythmic in the nuclear proteome,
while 524 were rhythmic in both, and 1,251 were rhythmic only
in the whole-cell proteome (Data S2). These findings suggest
the existence of a gating mechanism that forms the rhythm of nu-
clear translocation. A previous study reported that the non-coding
repressor of nuclear factor of activated T cells (NRON) complex
regulates the nuclear translocation of key proteins in the circadian
clock." In addition, a previous study suggested that the coordi-
nated action of PER molecules, mediated by multiple phosphory-
lations, rather than random actions of individual molecules, con-
tributes to rhythmic translocation to the nucleus.®” PTMs such
as phosphorylation have the advantage of being rapid and highly
efficient.®®>° These reports support our findings that the status of
the protein complex governs the rhythmic translocation of various
proteins to the nucleus.

Collecting small tissues such as the SCN and thyroid gland
is extremely challenging, and even performing western blot-
analysis can be difficult due to the limited amount of available ma-
terial. For example, the mouse SCN measures only 0.05 mm?,
which is one-twentieth of the pituitary gland. Despite such limita-
tions, we identified 12,350 proteins and 35,824 phosphopeptides
in the SCN with high reproducibility (Figure 4). As the SCN is a crit-
ical region for circadian rhythm regulation, its implications extend
beyond chronobiology to fields such as sleep medicine and psy-
chiatric research. In addition, proteome analysis holds the poten-
tial to be performed in even smaller areas within a specific brain
region. This capability highlights the power of modern proteomic
techniques in uncovering molecular insights in highly specialized
and anatomically restricted brain regions.

Circadian misalignment refers to a chronic mismatch between
internal circadian timing and externally imposed time cues, such
as the LD cycle and social schedules.”” It can stem from intrinsic
factors, such as genetic variants, and/or from extrinsic
demands, such as shift work.**%%¢" Circadian misalignment is
linked to disrupted sleep, metabolic and cognitive impairments,
and elevated cardiometabolic risk.?*%® Similarly, extreme chro-
notypes, such as early birds and night owls, chronically force
themselves to follow their social schedules, leading to similar
risks associated with social jet lag.?>°>®* Even without traveling
across time zones, shift workers with irregular sleep schedules
face similar risks of lifestyle-related diseases due to circadian
misalignment.*®%® This phenomenon is not limited to shift
workers; staying up late only on weekends can also result in a
condition similar to social jet 1ag.?°? In this study, we used the
hPER2-S662G transgenic mouse as a model of intrinsic cir-
cadian rhythm disorder (advanced sleep-phase type and circa-
dian misalignment) (Figure 5). Our analysis revealed that this
phase-advanced mouse model showed not only phase shifts
in protein rhythms but also significant changes in protein expres-
sion levels and phosphorylation states, likely as a consequence
of circadian misalignment. This dataset is publicly available for
database searches. With this study as the starting point, per-
forming the next-generation deep proteome analysis on mutant
and chronic stress mice will comprehensively describe the
effects of circadian rhythm disorders on protein profiles, contri-
buting to the development of treatments for diseases triggered
by these disorders.
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It has been known that drug absorption and distribution are
subject to diurnal variation in both mice and humans.®® In
fact, acetaminophen®® and theophylline®” exhibit different phar-
macokinetics in the morning compared with the evening. In the
field of chronopharmacology, which aims to optimize drug effi-
cacy and minimize side effects by considering the timing of
drug administration, high-depth proteomics has significant im-
plications. One key advantage of our database is its ability to
identify rhythmic proteins and pathways that are central to
drug metabolism and response. For example, we identified pro-
teins showing circadian phosphorylation, such as SCN9A, a
protein related to recurrent episodes of severe pain.®® Thus,
understanding the circadian dynamics of protein expression
and PTM s can provide valuable insights into the molecular
mechanisms underlying drug response and pave the way for
the development of time-specific therapeutic strategies.

Limitations of the study

Although our multi-tissue and multi-omics analyses provide an
extensive circadian proteome atlas, several limitations should
be noted. First, we calculated circadian rhythmicity with
BIO_CYCLE®® and MetaCycle.®® Different tools can give
different answers, even on the same data, so the set of “rhyth-
mic” proteins in this atlas can change depending on the
method. In addition, these tools emphasize the detection of
periodicity rather than biological effect size, so some statisti-
cally significant rhythms may have amplitudes that are too
small to carry biological significance. Second, despite the
high-depth proteome enabled by the Orbitrap Astral, some
low-abundance proteins, such as transcription factors and
signaling molecules, were either not detected or had large stan-
dard errors in certain tissues or developmental stages. The re-
sults reflect both the differences in expression levels by tissue
and the technical sensitivity limits. Third, our comparison of to-
tal proteome data (by DIA) with phospho-proteome data (by
DDA) involves inherent differences in acquisition strategy. DIA
quantifies proteins using multiple peptides per protein, whereas
DDA often relies on a single phosphopeptide for quantification
and site localization. These methodological differences may in-
fluence the interpretation of how protein abundance rhythms
relate to phosphorylation rhythms. Fourth, nuclear and whole-
cell proteomes were prepared using biochemical fractionation,
which does not exclude the possibility of cross-contamination
between compartments and may have a small impact on the
estimates of rhythmic nuclear translocation. Finally, our atlas
currently covers 32 tissues; several tissues, including the ovary,
skin, and specific brain microregions, remain uncharacterized.
These limitations should be considered when interpreting the
resource, and complementary approaches or additional tissues
will be needed to achieve a fully comprehensive circadian pro-
teome map.
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Materials availability
This study did not generate new unique reagents.

Data and code availability

® Mass spectrometry proteomics data generated in this study have been
deposited to PRIDE (ProteomeXchange) and are publicly available un-
der the accession numbers PRIDE: PXD061981, PRIDE: PXD064534,
PRIDE: PXD064461, PRIDE: PXD064539, PRIDE: PXD064583, PRIDE:
PXD069823, and PRIDE: PXD069794. The processed proteomics
results are provided in the Data S1-S6 files and can also be browsed
via the mouse Circadian Proteome Atlas (https://chronoproteinology.
org/circadian_atlas).

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon reasonable request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Trypsin Sigma-Aldrich 3708985001
lodoacetamide Nacalai 19302-54
Dithiothreitol (DTT) Nacalai 14112-52
Formic acid (LC-MS grade) Kanto Kagaku 16245-63
Acetonitrile (LC-MS grade) Kanto Kagaku 01922-12
PMSF Nacalai 329-98-6
NaF Nacalai 7681-49-4
Na3vO4 FUJIFILM 4987481331662
High-Select Fe-NTA Phosphopeptide Thermo Fisher Scientific A32992
Enrichment Kit

Peptide Clean-up Plate Thermo Fisher Scientific A57865
Mono-Spin C18 column GL Science 5010-21701

Deposited data

Raw mass spectrometry proteomics data, related to
Figure1D (developmental stage) and 5 (FASP).

Raw mass spectrometry proteomics data, related to
Figure 1 (STR, HPC, HB, TH, MB, CTX, HYP, OB, CEL,
and PFC).

Raw mass spectrometry proteomics data, related to
Figures 2 and 3 (Total proteome and phospho-proteome
in the liver and liver nuclear).

Raw mass spectrometry proteomics data, related to
Figure 1 (Colon, Cecum, Esophagus, BAT, iWAT, eWAT,
Small Intestine, Testis, Duodenum, and Stomach)

Raw mass spectrometry proteomics data, related to
Figure 1 (Kidney, Salivary, Lung, Thyroid, Heart, Eye,
Pancreas, Spleen, Thymus gland, and Muscle)

Raw mass spectrometry proteomics data, related to
Figure S3 (Forebrain, Liver, Lung, and Heart at E17.5)
Raw mass spectrometry proteomics data, related to
Figure S4 (Liver nuclear-ppt)

Processed proteomics result tables

This study

This study

This study

This study

This study

This study

This study

This paper (supplemental
information)

PRIDE, ProteomeXchange PXD061981

PRIDE, ProteomeXchange PXD064534

PRIDE, ProteomeXchange PXD064461

PRIDE, ProteomeXchange PXD064539

PRIDE, ProteomeXchange PXD064583

PRIDE, ProteomeXchange PXD069823

PRIDE, ProteomeXchange PXD069794

Data S1-S6

Experimental models: Organisms/strains

hPER2-S662G transgenic mouse (C57BL/6 background)
C57BL/6J (wild-type)

Xu et al.?’

Japan SLC

RRID:IMSR_JAX:013700
RRID: IMSR_JAX:000664

Software and algorithms

Proteome Discoverer 3.1

Thermo Fisher Scientific

B51001485

DIA-NN v1.9 Demichev et al.”® https://github.com/vdemichev/DiaNN?utm_
source=chatgpt.com

BIO_CYCLE.2 CircadiOmics/Agostinelli et a https://circadiomics.igb.uci.edu/biocycle

umap-learn (UMAP) Mclnnes et al.” https://umap-learn.readthedocs.io

Other

Orbitrap Astral Thermo Fisher Scientific BRE725660

Vanquish Neo UHPLC system Thermo Fisher Scientific VN-S10-A-01

Aurora Elite 15x75 C18 UHPLC column

lonOpticks

AUR4-15075C18

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Aurora Ultimate 25x75 C18 UHPLC column lonOpticks AUR4-25075C18-CSI
Column Oven PRSO-V2 Sonation Lab Solutions PRSO-V2-ES71

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Mice (C57BL/6 background) and the hPER2-S662G transgenic mice®’ were handled in accordance with the Guidelines for the Care
and Use of Laboratory Animals at Tokyo Metropolitan Institute of Medical Science, the Animal Experiment and Use Committee of
University of Tsukuba, Kyoto University, and thus with NIH guidelines. Mice were maintained under a 12hr/12hr light/dark (LD) or con-
stant dark (DD) condition in a light-tight chamber in a temperature- and humidity-controlled room with commercial chow and water
provided ad libitum. 12-week-old hPER2-S662G male mice were used for this study. Mice were entrained to the LD cycle for at least
two weeks and transferred to DD. On the second day in DD, mice were sacrificed, and tissues were collected, followed by proteomics
analysis. SCN samples was prepared as described’? with modifications. Coronal brain section (300-mm thick) containing the SCN
was prepared using a cryostat microtome (CM3050S, Leica) and mounted on a silicon rubber stage at 17°C. Under a magnifying
glass, the bilateral SCN was punched out from the frozen section using a blunt 20-gauge syringe needle whose edge had been sharp-
ened by filing.

METHOD DETAILS

Preparation of nuclear fractions of mice liver

Nuclear proteins were isolated as previously described.®' Briefly, the mouse liver (1 g wet weight) was washed with ice-cold phos-
phate-buffered saline and homogenized on ice with 9 mL of ice-cold buffer A (10 mM Hepes-NaOH [pH 7.8], 10 mM KCI, 0.1 mM
EDTA, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 4 pg/mL aprotinin, 4 pg/mL leupeptin, 50 mM NaF,
and 1 mM Na3VO4). The homogenate was centrifuged (700 xg for 5 min), and the resultant precipitate was rinsed twice. The pre-
cipitate was resuspended in 2 mL of ice-cold buffer C (20 mM Hepes-NaOH [pH 7.8], 400 mM NaCl, 1 mM EDTA, 5 mM MgCl,,
2% [vol/vol] glycerol, 1 mM DTT, 1 mM PMSF, 4 pg/mL aprotinin, 4 pg/mL leupeptin, 50 mM NaF, and 1 mM NazVO,). After being
gently mixed at 4 °C for 1 hr, the suspension was centrifuged (18,000 x g for 30 min), and the supernatant was used as the nuclear
fraction.

Preparation of digested peptides

Enzymatic digestion of proteins was performed according to a phase transfer surfactant (PTS) protocol’~ as previously describe
with minor modifications. The samples (200 pg) were reduced by incubation with 10 mM DTT at 60 °C for 30 min, and then alkylated by
incubation with 22 mM iodoacetamide at 37 °C for 30 min in the dark. The resultant protein samples were diluted with 100 mM
NH4HCO3 solution up to 500 pL, and digested with 2 pg of trypsin (Sigma) by incubation at 37 °C for 18 hr in the dark. After the diges-
tion, an equal volume of ethyl acetate was added to the samples, and the mixture was acidified with 0.5% TFA and mixed well to
transfer the detergents into the organic phase. After the samples were centrifuged at 15,700 xg for 1 min at room temperature,
the aqueous phase containing peptides was collected. The sample was concentrated by a centrifugal evaporator (EYELA) and de-
salted using Mono-Spin C18 column (GL Sciences) or Peptide Clean-up Plate (Thermo). All steps up to and including desalting were
common to both total-proteome and phosphoproteome workflows. The desalted peptides were either injected to LC-MS/MS (total
proteome) or subjected to a high-select Fe-NTA phosphopeptide enrichment kit (Thermo Fisher Scientific). Enriched phosphopep-
tides were eluted according to the manufacturer’s instructions, dried by evaporator, and subsequently analyzed by LC-MS/MS.

|73 gq7475

LC-MS/MS-based proteome analysis

The dried and desalted peptides were dissolved in distilled water containing 2% acetonitrile and 0.1% TFA. The LC-MS/MS analyses
were performed using a MS spectrometer (Orbitrap Astral; Thermo Fisher Scientific) equipped with a nano ultra-HPLC system
(Vanquish Neo; Thermo Fisher Scientific). The peptides were loaded to a capillary column (Aurora Elite 15x75 C18 UHPLC column,
Aurora Ultimate 25x75 C18 UHPLC column; lonOptics). The eluted peptides were ionized by electrospray (1.9 kV) and introduced
into the MS equipment (positive ion mode). Mobile phase A and B were 0.1% formic in water (Kanto Kagaku) and 0.1% formic acid/
100% acetonitrile (Kanto Kagaku), respectively. The column was heated to 55 °C with the Column Oven PRSO-V2 (Sonation Lab So-
lutions) and the flow rate was set to 650 nL/min at the start of the method to decrease delay time and turned to 300 nL/min at the start
of the active gradient. The loaded peptides were separated by a gradient using mobile phases A and B at a flow rate of 300 nL/min
(0% to 2% B in 0.5 min, 2% to 4.8% B in 0.4 min, 4.8% to 16.8% B in 32.2 min, 16.8% to 24.8% B in 12.7 min, 24.8% to 35% B in
5.2 min, 35% t0 99% B in 2.5 min and 99% B for 5 min). The column was washed for 5 min at 100% B and 650 nL/min at the end of the
gradient, followed by fast equilibration on the Vanquish Neo LC with an upper-pressure limit of 1,500 bar.
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As noted, we acquired the total proteome in DIA and the phospho-proteome in DDA. At least in our hands, DDA consistently yielded
more confidently localized phosphorylation sites and spectra than DIA under our acquisition and search settings, whereas DIA maxi-
mized protein identifications across large time-series, reduced missing values, and improved quantitative precision.

For the DDA experiments, the Orbitrap Astral mass spectrometer was operated with a fixed cycle time of 0.5 s and with a full scan
range of 380-980 m/z at a resolution of 180,000 (positive ion mode, data-dependent MS/MS). The automatic gain control (AGC) was
set to 500%. Precursor ion selection width was kept at 2-Th and peptide fragmentation was achieved by HCD (Normalized Collision
Energy 27%). Fragment ion scans were recorded at a resolution of 240,000 and maximum fill time of 7 ms.

The raw spectra were extracted using Proteome Discoverer 3.1 (Thermo Fisher Scientific) and searched against the Mus musculus
fasta with following settings. The parameter of the cleavage was set to trypsin, and the missed cleavage was allowed up to 2. The
mass tolerances were set to 10 ppm for the precursor ion and 0.02 Da for the fragment ion. As for protein modifications, we set
carbamidomethylation (+57.021 Da) at Cysteine as static (fixed) modifications for peptide, oxidation (+15.995 Da) at Methionine
and phosphorylation (+79.966 Da) at Serine, Threonine, and Tyrosine as dynamic (non-fixed) modifications for peptide, and acety-
lation (+42.011 Da) at amino terminus as a dynamic modification for protein terminus. The amount of each peptide was semi-quan-
tified using the peak area with Precursor lons Quantifier in Proteome Discoverer 3.1. According to the manufacturer’s procedure,
relative levels of proteins were quantified based on unique peptides without shared peptides.

For the DIA experiments, the Orbitrap Astral mass spectrometer was operated at a full-MS resolution of 240,000 at 200m/z with a
full scan range of 380-980 m/z when stated (positive ion mode, data-independent MS/MS). The full-MS AGC was set to 500% (5e6
charges) with maxIT of 5ms. DIA MS2 scans were acquired in the Astral analyzer over a 380-980 m/z range with a normalized AGC
target of 500% (5e4 charges) and a maximum injection time of 3 ms and an HCD collision energy setting of 25% and a default charge
state of +2. Window placement optimization was turned on. Isolation widths of 2 Th and active gradient lengths of 60 min (24 SPD)
were used.

The raw spectra from DIA comparison experiments were analyzed in DIA-NN 1.97° using an in silico DIA-NN predicted spectral
library (allowing for C carbamidomethylation and N-terminal M excision and 1 missed cleavage). The DIA-NN search included the
following settings: Protein inference = ‘Genes’, Neural network classifier = ‘Single-pass mode’, Quantification strategy = ‘Robust
LC (high precision)’, Cross-run normalization = ‘RT-dependent’, Library Generation = ‘Smart Profiling’ and Speed and RAM usa-
ge = ‘Optimal results’. Mass accuracy and MS1 accuracy were set to 0 for automatic inference. ‘No share spectra’, ‘Heuristic protein
inference’ and ‘MBR’ were checked. Output data was filtered at 0.01 FDR. Throughout this study, the number of detected proteins
was defined as the count of unique gene names reported by DIA-NN 1.9, which could increase or decrease by approximately 4%
under reasonable alternative definitions.

Definition of unique phosphopeptides

We counted unique phosphopeptides based on “Peptide Isoforms” definition by ptmRS in Proteome Discoverer 3.1. All isoforms are
determined by the peptide sequence (including missed cleavages) together with the position(s) of the phosphorylated residue(s). We
counted as distinct unique phosphopeptides: (i) peptides that contain the same phosphorylation site, with and without missed cleav-
ages; (ii) peptides of identical sequence but phosphorylated at different sites; and (jii) peptides for which the phosphorylation site
cannot be uniquely localized (ambiguous assignments).

Extraction of Tissue-Specific Genes

The extraction of tissue-specific genes was performed using a set of UniProt accession IDs for genes expressed in each tissue, with a
separate set created for each tissue. First, by comparing the set for a specific tissue with the union of all other tissues, IDs that were
unique to that tissue were extracted. Second, since multiple IDs may correspond to the same gene name, any IDs that had corre-
sponding entries for the same gene name in different tissues were excluded. Finally, within each tissue, if multiple IDs corresponded
to the same gene name, only the one with the highest detection intensity was retained, while the others were eliminated.

UMAP-based Visualization

To visualize proteomic similarities among tissues, we applied dimensionality reduction using the UMAP method’" to the intensity
values of proteins commonly identified across all 32 tissues. These vectors were then projected into a three-dimensional space using
the umap-learn library with custom parameters: n_neighbors = 30, min_dist = 0.05, and metric = cosine’. The resulting embeddings
were visualized using Plotly.

ADDITIONAL RESOURCES

the mouse Circadian Proteome Atlas (https://chronoproteinology.org/circadian_atlas).
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