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Phosphoproteome of Sleepy brain: probing the mechanism of sleep homeostasis
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We performed quantitative phosphoproteomic studies of whole mouse brains
from two models of sleep/wake perturbation. A combined proteome and phosphoproteome data for 9,410
mouse proteins and 62,384 phosphopeptides were examined. Comparison of two models identifies 80
mostly synaptic Sleep-Need-Index-PhosphoProteins (SNIPPs), whose phosphorylation states closely
parallel changes of sleep need. Mutant SLEEPY preferentially associates with and phosphorylates
SNIPPs. Inhibition of SIK3 activity reduces phosphorylation state of SNIPPs and slow wave activity
during non-rapid-eye-movement sleep, the best known measurable index of sleep need, in both Sleepy
and sleep-deprived wild-type mice. Our results suggest that SNIPPs accumulate/dissipate
phosphorylation as the molecular substrate of sleep need. Thus, phosphorylation/dephosphorylation
cycle of SNIPPs may represent a major regulatory mechanism that underlies sleep-wake homeostasis.
These results have been accepted by Nature (In press).
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(1) Sleep and wake globally impact brain
physiology, from molecular changes,
neuronal activities to synaptic
plasticity. The sleep-wake homeostasis is
maintained by generation of a sleep need
that accumulates during waking and
dissipates through sleep. Homeostatic
sleep regulation is a global, intrinsic
and cumulative process ultimately
involving most of brain cells/regions,
which is distinct from executive switching
between sleep and wake states controlled
by specific neural circuits.

We hypothesize that the molecular
substrates of sleep need should satisfy
four criteria: 1) globally and similarly
regulated in most brain cells/regions; 2)
accumulate gradually during waking and
dissipate through sleep; 3) change in
parallel with sleep need in different
contexts; 4) gain/loss of functions of
itself causes bidirectional changes of
sleep need.

(2) To solve the fundamental mystery of
sleep, our collaborator Dr. Masashi
Yanagisawa' s laboratory is conducting an
unprecedented electroencephalogram (EEG)
and electromyogram (EMG) based forward
genetic screen to isolate sleep mutant
mice. After screening ~8,000
ethylnitrosourea (ENU) mutagenized mice,
they have established multiple heritable

mutant pedigrees with strong sleep
abnormalities.
Notably, the first “ Sleepy” mutant,

which carries a dominant splice site
mutation and is predicted to result in exon
skipping and in-frame deletion of a
regulatory region of Sleepy Kinase,
exhibits the strongest hypersomnia
phenotype reported to date 1 , manifested
by elevated SWA and duration of NREMS.

A “ holy grail” of sleep research is to
identify the molecular mechanism of
homeostatic sleep regulation. Sleep
homeostasis describes a basic mechanism
for regulating sleep need. For example,
most humans need 7-8 hours of sleep/day.
A sleep deficit elicits a compensatory
increase in the intensity and duration of
sleep, whereas excessive sleep reduces
sleep propensity or need. This mechanism
is conserved from flies to human.

I hypothesize that the “ sleep need” of
the “ Sleepy’ mutant may be
constitutively higher than that of
wild-type mice. Therefore, the “ Sleepy”

mutant mouse model presents a unique
opportunity to identify the molecular
substrate of “ sleep need”

Advances in multiplexed quantitation,
such as tandem mass tag (TMT), have
recently revolutionized quantitative
proteomics. These cutting-edge mass
spectrometry technologies have greatly
impact many biology areas, such as cancer
and stem cell research, but have not been
applied to sleep research.

We 1investigate the molecular basis of
sleep need by quantitative
phosphoproteomic analysis of whole mouse
brain from several sleep models.

(1) We found sleep deprivation induces
cumulative phosphorylation of brain
proteome, which dissipates during
recovery sleep. Strikingly, Sleepy mutant
brains, with constitutively high sleep
need despite increased sleep amount,
exhibit a hyper-phosphoproteome mimicking
sleep deprived brains, owing to a
gain-of-function mutation of protein
kinase SIK3.
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Figure 1 | Sleepy brains exhibit
hyper-phosphoproteome mimicking sleep
deprived brains. a, Experimental design
for proteomic/phosphoproteomic analysis
of two models (Reprinted with permission
of Thermo Fisher Scientific © 2018.) b,
Volcano plots showing changes of
phosphopeptides in SIp/WT, SD6/RS3,
SD6/S6 groups. Multiple unpaired t-test
(p-value)  following FDR  (g-value)
analysis. ¢, Hierarchical cluster
analysis of 329 phosphopeptides changed in
all three groups.

(2) Comparison of two models identifies 80
mostly synaptic
Sleep-Need- Index-PhosphoProteins

(SNIPPs), whose phosphorylation states
closely parallel changes of sleep need.
Mutant SLEEPY/SIK3 kinase preferentially

associates with and phosphorylates
SNIPPs.
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Figure 2 | Phospho-state changes of SNIPPs
parallel changes of sleep need. a, Volcano
plots of quantified phosphopeptides of
Synapsin-1 in SD6/RS3 (violet), SD6/S6
(blue) and SIp/WT (orange) comparisons.
Multiple unpaired t-test (p-value)
following FDR (g-value) analysis. b,
Global APs analysis of phosphoproteins in

three comparisons. Dotted lines (APs =
+/-2.4). ¢, A Venn diagram showing
overlaps of the Hyper-phosphoproteins
(APs > 2.4) between sleep-deprived and
Sleepy models. d, Percentage of synaptic
proteins in total, Hypo-,
Hyper-phosphoproteins and 80 SNIPPs.
Chi-square test, two-sided. *(red) P <
0.001.

(3) Inhibition of SIK3/SLEEPY activity
reduces phosphorylation state of SNIPPs
and slow wave activity (SWA) during
non-rapid-eye-movement sleep (NREMS), the
best known measurable index of sleep need,
in both Sleepy and sleep-deprived
wild-type mice.
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Figure 3 | Inhibition of SIK3 Reduce
Phospho-State of SNIPPS and sleep need.
a-b, Global APs analysis of HG/Veh (Slp)
and HG/Veh (WT-SD) groups. c-d Circadian
absolute NREMS delta power analysis of
HG/Veh (SIp) (n = 14) and HG/Veh (WT-SD)
(n = 16) groups. Mean = s.e.m., two-way
ANOVA, Sidak"s (h, j); *(black) P < 0.05.

(4) Our results suggest that SNIPPs
accumulate/dissipate phosphorylation as
the molecular substrate of sleep need.
While waking encodes memories by
potentiating synapses, sleep consolidates
memories and restores synaptic
homeostasis by globally downscaling
excitatory synapses.

Thus, phosphorylation/dephosphorylation
cycle of SNIPPs may represent a major
regulatory mechanism that underlies both
synaptic and sleep-wake homeostasis.
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Figure 4 | A molecular model of synaptic
homeostasis and sleep-wake homeostasis.
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