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via bhb-CoA. Li et al. identify lysine
B-hydroxybutyrylation of CaMKIl-« in the
hippocampus and show it underlies an
inhibitory effect of -OHB on cocaine
conditional place preference
reinstatement.
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SUMMARY

Studies have shown the therapeutic effects of a ketogenic diet (KD) on epilepsy, but the effect of a KD on drug
reinstatement is largely unclear. This study aims to investigate whether KD consumption possesses thera-
peutic potential for cocaine reinstatement and the molecular mechanism. We find that a KD significantly re-
duces cocaine-induced reinstatement in mice, which is accompanied by a markedly elevated level of B-hy-
droxybutyrate (B-OHB), the most abundant ketone body, in the hippocampus. The underlying mechanism is
that B-OHB posttranslationally modifies CaMKIl-a with B-hydroxybutyrylation, resulting in significant inhibi-
tion of T286 autophosphorylation and downregulation of CaMKII activity. Collectively, our results reveal that
B-hydroxybutyrylation is a posttranslational modification of CaMKIll-« that plays a critical role in mediating

the effect of KD consumption in reducing cocaine reinstatement.

INTRODUCTION

Drug addiction is a chronic mental disease involving aberrant
memory, which plays a critical role in promoting the rewarding
effect of drugs and subsequent cravings and relapses (Torre-
grossa et al., 2011; Wolf, 2016). Successful treatment of drug
addiction depends on long-term abstinence, making relapse
prevention an essential therapeutic goal (Werner et al., 2020).
However, drug relapse is always the greatest obstacle for the
treatment of addictive disorders. Repeated exposure to environ-
mental cues without reward or punishment stimuli reduces the
behavioral response through a period of extinction. Disruption
of the motivational impact of drug-associated cues during the
extinction phase has long been proposed as an important strat-
egy to prevent drug relapse (Taylor et al., 2009; Torregrossa
et al., 2010).

A ketogenic diet (KD), which is a high-fat, low-carbohydrate,
and adequate-protein formulation, has been applied to treat ep-
ilepsy (Lutas and Yellen, 2013), neurodegenerative diseases,
and psychiatric disorders (Kraeuter et al., 2020). A decrease in
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carbohydrates reduces glucose utilization, leading to conversion
of free fatty acids to ketone bodies within the liver (Hartman et al.,
2007). Beta-hydroxybutyrate (B-OHB), acetoacetate, and ace-
tone are the three primary ketone bodies that circulate among
extrahepatic tissues as important energy sources during KD
treatment (D’Andrea Meira et al., 2019). Recent studies have
shown that administration of a KD diminishes behavioral re-
sponses to psychostimulants and alcohol in rodents and re-
duces withdrawal symptoms in humans, suggesting that KD
consumption holds potential as a novel therapy for the treatment
of psychostimulant addiction (Martinez et al., 2019; Wiers et al.,
2021). However, the effect of KD consumption on drug relapse
and the underlying mechanism remain largely unknown.
B-OHB, the most abundant ketone body, is synthesized in the
liver and possesses diverse bioactive properties. KD administra-
tion is one way to deliver high levels of B-OHB for a prolonged
time outside of a fasting or exercise context (Newman and
Verdin, 2014), and the predominant fate of B-OHB is terminal
oxidation as an energy substrate. Epigenetic refers to changes
in gene-expression patterns not caused by an alteration in

Cell Reports 41, 111724, November 29, 2022 © 2022 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:xbcen@scu.edu.cn
https://doi.org/10.1016/j.celrep.2022.111724
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111724&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

OPEN ACCESS

DNA sequence. Currently, several classic epigenetic mecha-
nisms have been extensively investigated, including modifica-
tions of DNA and histone posttranslational modification (PTM).
Accumulated evidence has demonstrated that B-OHB is
involved in cellular signaling, epigenetic control, and PTM of his-
tone lysine (Puchalska and Crawford, 2017; Ruan and Crawford,
2018; Xie et al., 2016), indicating that B-OHB may serve as a
regulator of epigenetics and cell signaling in addition to playing
a role as a metabolite.

Lysine B-hydroxybutyrylation (kbhb) is a PTM mediated by
B-OHB that plays a critical role in the regulation of target gene
expression and protein activity (Huang et al., 2021; Xie et al.,
2016; Zhang et al., 2020). For instance, H3K9 kbhb is associated
with active gene expression of multiple metabolic pathways in
response to starvation (Xie et al., 2016) and acts as an epigenetic
regulator of memory development in the CD8™ cells (Zhang et al.,
2020). A recent study revealed that kbhb occurs not only on his-
tone proteins but also on a large variety of non-histone proteins
(Liu et al., 2019). In this process, -OHB serves as the B-hydrox-
ybutyryl donor, and the intermediate metabolite B-hydroxy-
butyryl-coenzyme A (CoA) is then synthesized, which is subse-
quently utilized by p300 as a cofactor to generate kbhb (Huang
et al., 2021; Kaczmarska et al., 2017). However, the role of pro-
tein kbhb in the regulation of enzyme activity, as well as down-
stream signal transduction in drug addiction, is largely unknown.

CaMKllI-a is extremely abundant in the hippocampus (Hanson
and Schulman, 1992), and its activity is essential for synaptic
plasticity and memory formation (Yamagata et al., 2009).
CaMKIl-o activity is strongly regulated by CaMKII-a. autophos-
phorylation at a critical residue, threonine 286 (T286) (Irvine
et al., 2006), and dysregulation of CaMKIll-o. T286 is closely
involved in the pathogeneses of depressive disorder, schizo-
phrenia, epilepsy, and neurodevelopmental disorders (Robison,
2014). Activation of CaMKIl by autophosphorylation at T286,
particularly the a-isoform, plays an important role in the develop-
ment of drug addiction (Mijakowska et al., 2017; Muller
et al., 2016).

In this study, through proteome-wide kbhb analysis, we
discovered that kbhb is a PTM of CaMKII-a. B-OHB treatment
during the extinction period of cocaine conditional place prefer-
ence (CPP) markedly enhanced kbhb of hippocampal CaMKII-a.
at the K42 and K267 residues and then suppressed CaMKIl-a.
T286 autophosphorylation and activity, which is necessary for
reducing cocaine-induced reinstatement. Our findings reveal
that KD consumption or 3-OHB treatment holds therapeutic po-
tential for cocaine relapse, broadening the scope of diet therapy
for neuropsychiatric diseases.

RESULTS

KD consumption disrupts cocaine CPP reinstatement

CPP is a model used to evaluate the rewarding effects of psy-
chostimulant drugs. In this model, mice show a preference for
a drug-associated context that can be extinguished following a
drug-free period, but the drug-associated memories can be rein-
stated by exposure to the drug (Bavley et al., 2020; Sanchis-Se-
gura and Spanagel, 2006). We first explored the effect of a KD on
cocaine-induced reinstatement in mice. In the conditioning, mice
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received injections of cocaine (10 mg/kg, intraperitoneally [i.p.])
or saline and were confined to alternative sides of the CPP appa-
ratus daily for 4 consecutive days. During extinction, the mice
were maintained on a KD or a control diet (CD) and placed in
the CPP apparatus daily for 3 weeks. After extinction, the mice
received a priming dose of cocaine (7.5 mg/kg, i.p.) and under-
went a reinstatement test to assess relapse behavior (Figure 1A).
We found that the mice fed a KD showed a lower CPP score than
the mice fed a CD (Figure 1B; treatment: Fg 45 = 8.884,
p < 0.001; time: F2.149, 90.24) = 6.893, p < 0.05; interaction:
Fo, 126) = 3.874, p < 0.001), indicating that KD consumption
may disrupt cocaine-induced reinstatement in mice.

By ultra-high-performance liquid chromatography (UPLC)-
tandem mass spectrometry (MS/MS) analysis, we first measured
the levels of B-OHB in the brain and peripheral blood of mice at
the end of reinstatement test. The fragment ion peak and stan-
dard curve of B-OHB measurements are shown in Figures STA
and S1B. The results showed that the plasma concentration of
B-OHB was higher in the KD groups than in the CD groups (Fig-
ure 1C; Fg, 20y = 69.88, p < 0.0001). Since the hippocampus is a
crucial brain region for learning, cognitive function, and drug
relapse (Deschaux et al., 2014), we quantitatively measured
the hippocampal B-OHB level. As expected, KD feeding
increased the level of B-OHB in the hippocampus (Figure 1D;
F@, 20) = 46.63, p < 0.0001); nevertheless, the KD failed to in-
crease the level of B-OHB in the prefrontal cortex, nucleus ac-
cumbens, or striatum (Figures S1C-S1E). In addition, KD-treated
mice weighed less than CD mice (Figure 1E; Fg 49 = 42.32,
p < 0.0001).

-OHB acts as an endogenous blocker of histone deacetylase
(HDAC) and reduces drug relapse by suppressing HDAC activity
(Malvaez et al., 2013) or enhancing histone acetylation (Shimazu
et al., 2013). To investigate whether the KD reduced cocaine-
induced reinstatement through these mechanisms, we quantita-
tively measured HDAC activity in the hippocampus. However,
KD treatment did not affect HDAC activity (Figure 1F). As H3K9
and H3K14 acetylation are involved in the pathogenesis of
drug addiction (Heller et al., 2016; Zeng et al., 2019), we next de-
tected the acetylation levels of these two residues in the hippo-
campus, prefrontal cortex, nucleus accumbens, and striatum.
Similarly, KD treatment showed no effect on H3K9 and H3K14
acetylation in these brain regions (Figures 1G and S2A-S2C).
Collectively, these data suggest that the inhibitory effect of KD
consumption on cocaine-induced reinstatement may not rely
on the modulation of hippocampal HDAC activity or H3K9 and
H3K14 acetylation.

Considering that B-OHB is not only a KD metabolite for energy
supply but also a B-hydroxybutyryl donor for kbhb (Kaczmarska
et al., 2017; Liu et al., 2019; Xie et al., 2016; Zhang et al., 2020),
we explored whether kbhb (Pan-kbhb) of proteins occurred in
the hippocampus. Interestingly, CD and KD feeding induced
Pan-kbhb protein modification in the hippocampus, nucleus ac-
cumbens, and striatum of mice (Figures 1H, S2D, and S2E).

B-OHB treatment suppresses cocaine reinstatement

To investigate whether B-OHB directly affected cocaine rein-
statement, mice were i.p. injected with different doses of
B-OHB during extinction of the cocaine CPP and then subjected
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Figure 1. Ketogenic diet disrupts cocaine CPP reinstatement

(A) Schematic diagram of the cocaine CPP reinstatement experiment.

(B) KD treatment disrupts cocaine-induced reinstatement (n = 11 for saline + CD group, n = 10 for saline + KD group, n = 12 for cocaine + CD group, n = 13 for
cocaine + KD group).

(C) KD treatment induced a high concentration of B-OHB in the plasma (n = 6 for per group).

(D) KD treatment induced a high concentration of B-OHB in the hippocampus (n = 7 for per group).

(E) KD treatment decreased the weight of mice (n = 11 for saline + CD group, n = 10 for saline + KD group, n = 12 for cocaine + CD group, n = 13 for cocaine + KD
group).

(F) KD treatment did not alter the HDAC activity in the hippocampus (n = 4 per group).

(G) Western blot analysis showed the levels of H3K9ac and H3K14ac in the hippocampus (n = 4 per group).

(H) Western blot analysis showed the level of Pan-kbhb in the hippocampus (n = 4 per group).

Data are the means + SEM. One-way or two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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to behavioral tests (Figure 2A). The results showed that injection
of B-OHB (300 mg/kg) blocked cocaine-induced reinstatement;
however, injections of 150 and 75 mg/kg B-OHB showed
no obvious effects (Figure 2B; treatment: F5 o9 = 0.6036,
p = 0.618; time: F(2 426, 70.35) = 34.61, p < 0.0001; interaction:
Fo, 87y = 1.105, p = 0.368). In addition, the blood concentration
of B-OHB dose dependently increased, although the increase
was significant only after the injection of 300 mg/kg B-OHB (Fig-
ure 2C; F3, 12) = 18.98, p < 0.0001). We thus selected 300 mg/kg
as the dose for B-OHB treatment in the subsequent behavioral
experiments.

After identifying the ideal dose of -OHB, we measured the ef-
fect of B-OHB on CPP reinstatement using the full experimental
model that included saline controls. Compared with the saline
groups, B-OHB (300 mg/kg, i.p.) treatment in the extinction
phase significantly decreased the cocaine CPP score in the rein-
statement test (Figures 2D and 2E; treatment: F(3, 39 = 8.600,
p < 0.001; time: F2.704, 1055 = 9.751, p < 0.0001; interaction:
Fo, 117y = 4.844, p < 0.0001), which was accompanied by
elevated B-OHB concentrations both in the plasma and hippo-
campus (Figure 2F; F3 12 = 11.09, p < 0.001; Figure 2G;
F@, 12) = 20.65, p < 0.0001). In addition, B-OHB failed to affect
the acetylation levels of H3K9 and H3K14 (Figure 2H) but
induced Pan-kbhb modification in the hippocampus (Figure 2I).
To validate these results, we treated N2a cells with different con-
centrations of B-OHB (1, 2, 5, 20, and 40 mM) in vitro for 24 h.
Consistently, B-OHB induced the level of Pan-kbhb modification
in the N2a cells (Figure 2J), indicating that B-OHB is capable of
directly driving protein kbhb in vitro. Collectively, our results
reveal a link between B-OHB and protein kbhb both in vivo and
in vitro.

B-OHB significantly modifies the landscape of protein
kbhb

Using an affinity-directed MS approach, we performed hippo-
campal proteomics analysis of kbhb based on affinity enrich-
ment of kbhb peptides with a specific anti-kbhb antibody. A total
of 105 kbhb sites in 85 proteins were identified in the hippocam-
pus of B-OHB-treated mice (Table S1). Among these identified
proteins, the levels of 46 proteins were upregulated, and the
levels of 39 proteins were downregulated, compared with the
levels in the control group. In addition, among all the altered
kbhb sites, the levels at 53 sites were increased, while those at
52 sites were decreased in the 3-OHB-treated group compared
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with the control group (Figure S3A). Moreover, 35 sites were
altered only in the control group, 40 sites were altered only in
the B-OHB-treated group, and 30 sites overlapped between
the two groups (Figure S3B).

Cellular localization and biological function analyses showed
that over 50% of kbhb-modified proteins are localized to the
cytoplasm (Figure S3C) and participate in cellular biological
regulation as well as metabolic processes (Figure S3D). Interest-
ingly, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis revealed that kbhb modification
occurred among a few kinases and receptor channels that are
critical for synaptic signaling and function, such as Giul,
CaMKIl, and Gnb1 (Figure S3E). To determine the connection
of each B-hydroxybutyrylated protein, an interaction network
was generated and visualized using Cytoscape software based
on the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database. Through functional analysis, we
divided these proteins into several highly related categories,
such as Glud1, Gls, and Gnbl. Interestingly, interactions of these
kbhb-modified proteins are mainly involved in signaling and
metabolic pathways. For instance, Maob regulates histidine
metabolism, and CaMKIl-« as well as Gnb1 are involved in syn-
aptic signaling (Figure S3F).

CaMKIl-« is highly B-hydroxybutyrylated at the K42 and
K267 sites

Considering that CaMKIl-a is a critical regulatory protein for
learning and memory (Rossetti et al., 2017; Yamagata et al.,
2009) and participates in various aspects of drug addiction
(Easton et al., 2014; Liu et al., 2014; Loweth et al., 2013; Salling
etal., 2016), we focused on the potential role of CaMKIl-o kbhb in
modulating cocaine-induced reinstatement. To clarify whether
CaMKIll-a is a target of kbhb, we enriched CaMKIl-o. proteins
from B-OHB-treated or untreated cells by immunoprecipitation
and then detected kbhb of CaMKII-o with a Pan-kbhb antibody.
We investigated whether or not the level of CaMKIl-a kbhb
increased in response to B-OHB in vivo. After the mice were
administered B-OHB (300 mg/kg, i.p.) for 10 days continuously,
the level of CaMKII-a. kbhb was markedly increased in the hippo-
campus, whereas the total CaMKIl-«. level was not altered (Fig-
ure 3A; tu) = 4.539, p < 0.05). In addition, western blot analysis
showed that the levels of CaMKIl-a kbhb were significantly
increased in B-OHB-treated cells; nevertheless, total CaMKII-a
expression remained unchanged (Figure 3B; tu = 3.985,

Figure 2. B-OHB administration disrupts cocaine CPP reinstatement

(A) Timeline of cocaine CPP experimental procedure and B-OHB injection.

(B) Mice were intraperitoneally injected with different doses of B-OHB (75, 150, and 300 mg/kg) during the extinction period of cocaine CPP (n = 8 for cocaine +
vehicle group, n = 8 for cocaine + B-OHB [75 mg/kg] group, n = 8 for cocaine + 3-OHB [150 mg/kg] group, n = 9 for cocaine + 3-OHB [300 mg/kg] group).

(C) B-OHB treatment increased the level of plasma B-OHB dose dependently during the extinction period of cocaine CPP (n = 4 per group).

(D) Schematic diagram shows the experimental procedure of cocaine CPP reinstatement and p-OHB injection.

(E) B-OHB (300 mg/kg) administration disrupts the cocaine-induced reinstatement (n = 11 for saline + vehicle group, n = 11 for saline + -OHB group, n = 10 for

cocaine + vehicle group, n = 11 for cocaine + B-OHB group).
(
(
(
(

(J) Western blot showed Pan-kbhb level in N2a cells (n = 3 per group).

F) B-OHB (300 mg/kg) treatment induced a high concentration of B-OHB in the plasma of mice (n = 4 per group).
G) B-OHB (300 mg/kg) treatment induced a high concentration of 3-OHB in the hippocampus (n = 4 per group).
H) Immunoblotting analysis showed H3K9ac and H3K14ac levels in the hippocampus (n = 6 per group).

1) Western blot showed Pan-kbhb level in the hippocampus (n = 4 per group).

Data are the means + SEM. One-way or two-way ANOVA, *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001.
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p < 0.05). Proteomic quantification of kbhb revealed that
CaMKIl-ao K42 and K267 were highly B-hydroxybutyrylated.
Notably, CaMKIl-o kbhb on K42 was uniquely detected in
B-OHB-treated mice, and the level of CaMKIl-a kbhb on K267
was 1.489 times higher than that in the control mice (Figure S3G).
The MS data supported this finding, showing a mass shift at the
K42 and K267 residues of CaMKIl-a. (Figure 3C). To further vali-
date the sites of CaMKIl-a kbhb, specific antibodies targeting
the K42 and K267 kbhb sites of CaMKII-a were generated and
validated (Figures S4A-S4J). We transfected N2a cells with a
lentivirus (LV) expressing Flag-tagged CaMKIl-a. or mutated
CaMKll-a (K42 mutated to M42; K267 mutated to A267); an LV
expressing Flag-tagged CaMKII-a. was used as a control. Impor-
tantly, the expression of kbhb at CaMKIl-o K24 and K267 was
significantly increased by 3-OHB treatment at a final concentra-
tion of 40 mM for 24 h. However, this effect completely disap-
peared when K42 and K267 of CaMKIl-o. were mutated
(Figures S4E and S4J). Collectively, these results demonstrate
that B-OHB indeed enhances CaMKIl-a. kbhb both in vivo and
in vitro.

B-OHB acts as a donor of CaMKIl-o kbhb

We first measured the effect of B-OHB on the levels of CaMKII-a
kbhb and phosphorylation in the hippocampus after cocaine
CPP reinstatement. Notably, B-OHB increased kbhb levels at
K42 and K267 of CaMKIl-a. but reduced the phosphorylation
level at T286 (Figure 3D; treatment: F(5 15 = 3.745, p < 0.05; pro-
tein: F(2.604, 31.24) = 3.535, P < 0.05; interaction: F(g’ 36) = 4,998,
p < 0.01). Consistently, a quantitative assay of CaMKI| activity re-
vealed that hippocampal CaMKIl activity was decreased by
B-OHB treatment (Figure 3E; F(z, 24y = 4.300, p < 0.05). Further-
more, B-OHB treatment (40 mM) for 24 h upregulated the kbhb
levels at CaMKIl-o K42 and K267 in the N2a cells, whereas
both the phosphorylation levels at T286 and CaMKIl activity
were downregulated (Figure 3F; treatment: Fy 4 = 22.69,
p < 0.01; protein: Fg 12 = 11.90, p < 0.001; interaction:
F@s, 12 =11.90, p < 0.01; Figure 3G; t(6) = 3.199, p < 0.05). These
data suggest that B-OHB-induced kbhb of CaMKIl-o. may prefer-
entially disrupt T286 phosphorylation, thus inhibiting CaMKIl-o.
activity.

We further detected the expressions of mitochondrial acetyl-
CoA acetyltransferase 1 (ACAT1) and 3-OHB dehydrogenase 1
(BDH1), two key enzymes in ketogenesis. Interestingly, the pro-
tein expression levels of ACAT1 and BDH1 were also upregu-
lated, suggesting active ketogenesis in N2a cells in response
to B-OHB exposure (Figure 3H; treatment: F 4 = 44.69,
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p < 0.01; protein: Fy, 4 = 0.01726, p = 0.9018; interaction:
F, 4 = 0.01726, p = 0.9018). Unlike BDH1, ACAT1 is an up-
stream ketogenesis-regulating enzyme that has an important
role in regulating B-OHB production. To further verify the
involvement of exogenous B-OHB in CaMKIl-a. kbhb, we first
diminished endogenous B-OHB in N2a cells with nevanimibe,
a specific inhibitor of ACAT1, and then treated the cells with
B-OHB. Importantly, nevanimibe treatment (10 uM) for 24 h
decreased the levels of K42 and K67 kbhb of CaMKIl-a; how-
ever, these decreases were reversed by the addition of
40 mM B-OHB (Figure 3I; treatment: Fi3 g = 48.22,
p < 0.0001; protein: F;, g = 9.383, p < 0.05; interaction:
Fs, 8 = 3.082, p = 0.0902), indicating that exogenous B-OHB
is able to act as a donor of kbhb and directly promote
CaMKll-a kbhb.

B-OHB specifically -hydroxybutyrylates CaMKIl-o K42
and K267 but reduces T286 phosphorylation

N2a cells were transfected with LVs expressing CaMKIl-o. or
mutant CaMKIl-a and then treated with 40 mM B-OHB for 24
h. We found that the levels of K42 and K67 kbhb of CaMKiIl-a
were significantly increased in the cells overexpressing
CaMKllI-o but that the phosphorylation level of T286 was obvi-
ously decreased (Figure 4A). Moreover, kbhb modifications and
T286 phosphorylation were not altered in the cells expressing
mutant CaMKIl-a (Figure 4A; treatment: F3 g = 1.316, p =
0.3350; protein: F(1.427, 1142 = 4.923, p < 0.05; interaction:
Fe, 169 = 10.27, p < 0.0001). We further detected the specific
CaMKII-a kbhb in the N2a cells by using FLAG as a tag protein
to represent exogenous CaMKIl-o or mutant CaMKIl-a.. The re-
sults showed that the levels of K42 and K67 kbhb of CaMKII-a
were increased by B-OHB treatment in the N2a cells expressing
CaMKll-a, while this effect completely disappeared when
CaMKIl-a. was mutated, regardless of the presence of 3-OHB
(Figures 4B, S6E, and S6J). Furthermore, the level of T286
phosphorylation of exogenously expressed CaMKIl-o was
decreased by B-OHB treatment, whereas this decrease was
not observed in the N2a cells expressing mutant CaMKIl-a. (Fig-
ure 4B; treatment: Fg g = 262.8, p < 0.0001; protein:
F(1_549y 12.39) = 113.1, p< 0.0001; interaction: F ®, 16) = 115.9,
p < 0.0001). We next investigated the effect of kbhb on the ac-
tivity of exogenous CaMKIl in the N2a cells. As expected,
B-OHB treatment (40 mM) for 24 h suppressed exogenous
CaMKII activity, but not exogenous mutant CaMKII activity (Fig-
ure 4C; F, 20 = 23.80, p < 0.0001), demonstrating a direct ac-
tion of B-OHB on CaMKlI-a activity.

Figure 3. CaMKIl-« is highly B-hydroxybutyrylated at K42 and K267 sites

(A) Kbhb modification of endogenous CaMKlI-« in the hippocampus of mice treated with 3-OHB (n = 3 per group).

(B) Kbhb modification of endogenous CaMKIl-a. in the N2a cells treated with B-OHB (n = 3 per group).

(C) Mass spectrometry analysis identified CaMKII-a-derived peptides containing bhb K42 and K267.

(D) Western blot showed the levels of CaMKII-a kbhb at K42 and K267 as well as phosphorylated T286 in the hippocampus of mice treated with B-OHB during the

extinction of cocaine CPP (n = 4 per group).

E) B-OHB administration decreased hippocampal CaMKII activity (n = 7 per group).
F) Immunoblot analysis showed the levels of CaMKIl-o kbhb (K42 and K267) and phosphorylated T286 in N2a cells (n = 3 per group).

H) Immunoblot analysis showed the levels of ACAT1 and BDH1 in N2a cells (n = 3 per group).

(
(
(G) B-OHB treatment suppressed the CaMKI| activity of N2a cells (n = 4 per group).
(
(

1) Western blot analysis showed the levels of CaMKIl-a kbhb at K42 and K267 in N2a cells treated with nevanimibe (n = 3 per group).
Data are the means + SEM. One-way, two-way ANOVA, or unpaired t test, *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. Kbhb of CaMKII-o K42 and K267 inhibits CaMKII activity in vitro
(A) Western blot analysis showed the levels of Flag, CaMKIlI-a, CaMKII-a. kbhb (K42, K267), and phosphorylated T286 in N2a cells transfected with WT or mutant

CaMKiIl-a (n = 3 per group).

(B) Immunoblot analysis showed the levels of CaMKIl-a kbhb (K42, K267) and phosphorylated T286 of exogenous WT and mutant CaMKII-a in N2a cells (n = 3 per

group).

(C) B-OHB treatment decreased the activity of exogenous CaMKIl in N2a cells (n = 6 per group).

(D) Western bolt analysis showed the levels of Pan-kbhb, bhb K42, and bhb K267 of recombinant CaMKII-a protein after 3-OHB-CoA treatment.
(E) B-OHB-CoA treatment decreased the activity of recombinant CaMKII protein (n = 6 per group; unpaired t test).

Data are the means + SEM. One-way, two-way ANOVA, or unpaired t test, “p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

Finally, to further demonstrate the direct contribution of B-OHB
to CaMKIl-o. modification and activity, recombinant CaMKIl-o
protein was incubated with B-hydroxybutyryl-CoA at 37°C for 2
h, and formation of CaMKII-o. kbhb was monitored by western
blot analysis. Notably, B-hydroxybutyryl-CoA not only enhanced
CaMKIl-a kbhb at the K42 and K267 sites in the absence of any
potential acylating enzymes (Figure 4D) but also significantly
reduced CaMKII activity (Figure 4E; t10) = 3.929, p < 0.01). Taken
together, the findings suggest that B-OHB is able to induce
CaMKll-o. kbhb and inhibit T286 phosphorylation, which may
contribute to the decrease of CaMKII activity.
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Hippocampal CaMKIl-« kbhb inhibits cocaine
reinstatement in mice

The hippocampal CA3 region plays an important role in drug
relapse, and treatment targeting CA3 may be effective in manag-
ing relapse in the drug addiction (Kesner et al., 2016; Luo et al.,
2011). To explore the effect of hippocampus-specific K42 and
K67 kbhb of CaMKIl-o. on cocaine-induced reinstatement, a
doxycycline-inducible AAV2/9 expressing CaMKIl-o. and mutant
CaMKll-o (K42 mutated to M42; K267 mutated to A267) were
infused into the hippocampal CA3 regions of mice before the
cocaine CPP paradigm. After cocaine CPP training was
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Figure 5. Hippocampal CaMKII-a kbhb reduces cocaine CPP reinstatement

(A) Schematic diagram of cocaine CPP experiment and $-OHB injection.

(B) Representative images of CaMKII-a. expression in the hippocampus CA3 region (green); DAPI, nucleus (blue); scale bar: 25 um.

(C) Increased CaMKII-o kbhb suppressed cocaine-induced reinstatement (n = 7 for saline + AAV-CaMKII-a group; n = 9 for cocaine + AAV-CaMKIl-a group; n=9
for saline + AAV-mutant-CaMKiIl-a. group; n = 9 for cocaine + AAV-mutant-CaMKIl-a group).

(D) Immunoblot analysis showed the levels of CaMKIl-a kbhb (K42, K267) and phosphorylated T286 in the hippocampus CA3 region (n = 6 per group).

(E) B-OHB treatment decreased the CaMKII activity of hippocampus CA3 region (n = 6 per group).

Data are the means + SEM, One-way or two-way ANOVA, *p < 0.05 and **p < 0.01.

completed, mice were fed doxycycline (0.02% in 5% sucrose
drinking water) to switch on the expression of the exogenous
CaMKIl-o. and mutant CaMKII-o. gene and injected with B-OHB
(300 mg/kg, i.p.) for 10 consecutive days in the extinction phase
(Figures 5A and 5B). Importantly, B-OHB treatment significantly
reduced the cocaine CPP score in the CaMKII-a-overexpressing
mice compared with mutant CaMKIl-o. overexpressing mice (Fig-
ure 5C; treatment: F(3 30 = 17.48, p < 0.0001; time: F(1 912, 57.36) =
28.78, p < 0.0001; interaction: Fg, oq) = 8.465, p < 0.0001); more-
over, the levels of bhb K42 and K67 were increased by p-OHB,
but the level of T286 phosphorylation and CaMKIl activity in
the hippocampal CA3 region were reduced (Figure 5D; treat-
ment: F3 og = 5.589, p < 0.01; protein: Fp 916, 38.32) = 12.06,

p < 0.001; interaction: Fg 4q = 6.153, p < 0.001; Figure 5E;
F@, 20 = 5.763, p < 0.01). Overall, these results indicate that
-OHB-induced bhb at K42 and K67 residues of CaMKII-o inhibit
T286 phosphorylation and CaMKII activity, which is involved in
the inhibitory effect of B-OHB on cocaine-induced reinstatement.

To further illustrate whether K42 and K67 kbhb of CaMKIl-a
would affect the initial place preference learning of mice, mice
were fed doxycycline to switch on the expression of the exoge-
nous CaMKIl-a. or mutant CaMKIl-a. gene, followed by B-OHB in-
jection (300 mg/kg, i.p.) for 4 consecutive days in the acquisition
phase of CPP (Figure S4K). The results showed that bhb K42
and K67 of CaMKIl-o failed to alter the acquisition of
cocaine CPP (Figure S4L; treatment: F(5 30 = 3.927, p < 0.05;
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time: F1, 32 = 45.55, p < 0.0001; interaction: F3 3z = 6.967,
p < 0.01) in spite of the fact that the levels of bhb K42 and K67 of
CaMKIl-a. were increased in the hippocampal CA3 region (Fig-
ure S4M; treatment: F(3, o) = 13.62, p < 0.0001; protein: F, 20 =
0.0939, p = 0.7624; interaction: Fg g = 0.09854, p = 0.9599).
Collectively, kbhb of CaMKIl-a. may play an important role in the
cocaine-induced reinstatement.

DISCUSSION

The effect of KD consumption in regulating drug relapse and the
underlying mechanism are largely unknown (Martinez et al.,
2019; Wiers et al., 2021). Here, we found that administration of
a KD or B-OHB during the extinction phase significantly inhibited
cocaine-induced reinstatement in mice. This effect was mainly
attributed to the enhancement of CaMKIl-a kbhb and subse-
quent decrease in CaMKIl-a. activity in the hippocampus. In
this process, ketogenesis-generated 3-OHB contributed directly
to CaMKIlI-a kbhb and inhibited CaMKII-o. T286 phosphorylation
as well as its activity. These findings provide insight into how a
KD affects cocaine relapse, revealing a link between B-OHB-
mediated kbhb on CaMKII-o. and drug addiction.

B-OHB promotes protein kbhb modification

B-OHB is a non-volatile and stable compound; once synthesized,
it is released into the bloodstream, and most 3-OHB in the brain is
supplied by the liver via the bloodstream (Achanta and Rae, 2017).
Recent studies have shown that B-OHB plays a signaling role by
inducing kbhb, a type of PTM, on histone or non-histone proteins
(Koronowski et al., 2021; Liu et al., 2019; Xie et al., 2016). Of note,
numerous kbhb sites have been identified in enzymes
compared with in non-enzymes, suggesting that kbhb can regu-
late enzymatic activity (Koronowski et al., 2021; Liu et al., 2019;
Zhang et al., 2020). For example, kbhb modification of AHCY,
a rate-limiting enzyme that hydrolyses the conversion of
S-adenosylhomocysteine to homocysteine and adenosine, de-
creases AHCY enzymatic activity (Koronowski et al., 2021). As
the potential substrates for kbhb remain largely unknown, we first
performed a proteomic characterization of kbhb substrates in the
hippocampus of mice treated with B-OHB. Notably, we acquired
a kbhb proteome dataset containing 85 proteins with 105 kbhb
sites, most of which were highly enriched in the cytoplasm. This
feature of kbhb is quite different from lysine-succinylated (ksucc)
proteins, which are prevalently located in mitochondria (Ou et al.,
2020), suggesting that different types of PTMs may possess
unique substrate profiles. Indeed, kbhb is enriched on proteins
associated with biological regulation processes, whereas ksucc
is highly enriched on proteins involved in diverse metabolic path-
ways (Huang et al., 2021).

What is the driving force for protein kbhb, and how are kbhb
pathways regulated in cells? Previous studies have shown that
the CoA-bound form of B-OHB may serve as the substrate for
kbhb (Xie et al., 2016), and the local concentration of short-chain
fatty acids is an important factor influencing lysine acylation.
Intriguingly, a recent work has shown that locally generated succi-
nyl-CoA is also used by lysine acetyltransferase 2A (KAT2A,; also
known as GCNB5) for histone ksucc (Wang et al., 2017). Indeed,
we also found that B-hydroxybutyryl-CoA greatly promoted kbhb
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modification of recombinant CaMKIl-a, suggesting that dynamic
changes in short-chain CoAs and corresponding short-chain fatty
acids may drive the kbhb process. Protein kbhb functions as a
mechanism by which ketone bodies regulate cellular physiology,
supporting a model in which cellular utilization of metabolite
sources can regulate enzyme activity through metabolite-directed
PTM.

B-OHB reduces cocaine reinstatement through
hippocampal CaMKIl-o kbhb

A few studies have suggested that high-fat dietary therapy pro-
tects against the rewarding effects of drugs by disrupting
neuronal excitability or balancing excitatory and inhibitory neuro-
transmission (Davis et al., 2008; Wellman et al., 2007). However,
little is known about the mechanism by which KD consumption
modulates neuronal excitability and cocaine-induced reinstate-
ment. CaMKIl-« is a central node of several signaling pathways
implicated in drug-induced synaptic plasticity and addictive be-
haviors (Muller et al., 2016; Robison, 2014). Moreover, CaMKIl-o
seems to be a “memory molecule” that is important for the main-
tenance of drug-contextual memory (Bayer and Schulman,
2019). In this study, inhibition of CaMKIl-o activity via B-OHB
treatment obviously reduced cocaine-induced reinstatement,
further supporting the notion that CaMKIl-a. plays a key role in
maintaining the hypersensitivity of the hippocampus to drug
cues in the reinstatement test. Through PTM analysis, we
discovered CaMKIl-a as one of the targets of kbhb, and further
studies demonstrated that CaMKII-a was modified by kbhb at
the K42 and K267 sites in the presence of -OHB, which sup-
pressed its activity. Similarly, B-OHB-mediated p53 kbhb is a
mechanism for the regulation of p53 activity, providing a prom-
ising therapeutic target for cancer (Liu et al., 2019).

The enzymes participating directly in CaMKIl-o. kbhb are
currently unclear. Previous studies have suggested that CREB-
binding protein (CBP) is a flexible enzyme that may play an
important role in p53 kbhb (Liu et al., 2019). Acetyltransferase
p300 has been found to bind an array of acyl-CoAs (Kaczmarska
et al.,, 2017) and facilitate histone kbhb in a cell-free assay
(Huang et al., 2021). Further study is needed to clarify the en-
zymes responsible for CaMKIl-o kbhb in the hippocampus of
mice treated with a KD or B-OHB.

Histone hyperacetylation promotes cocaine reinstatement
through inhibition of HDAC (Shimazu et al., 2013). Interestingly,
a few studies have shown that B-OHB acts as an endogenous in-
hibitor of HDAC, suggesting that 3-OHB may disrupt cocaine
reinstatement by inhibiting HDAC directly and enhancing histone
acetylation (Shimazu et al., 2013). However, the acetylation
levels of H3K9 and H3K14 in the hippocampus were not altered
in the current study, indicating that KD or 3-OHB treatment dis-
rupts cocaine-induced reinstatement by promoting CaMKll-o
kbhb. We infer that B-OHB may be a preferred substrate for
kbhb modification rather than an HDAC inhibitor for modulation
of histone acetylation.

CaMKIl-« kbhb suppresses cocaine-induced
autophosphorylation

CaMKll-o is activated by Ca®* influx through NMDA receptors or
voltage-gated Ca?* channels, resulting in its autophosphorylation
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at T286. The dynamics of CaMKII-a activity and its autophosphor-
ylation suggest a role in learning and memory (Irvine et al., 2006).
Increase of T286 autophosphorylation may be a mechanism by
which naringin improves long-term cognitive function in the Alz-
heimer’s disease transgenic mouse model (Wang et al., 2013).
Importantly, CaMKIl-o. autophosphorylation at T286 is a primary
molecular mechanism of drug addiction (Easton et al., 2013; Sal-
ling et al., 2017). Therefore, inhibition of T286 autophosphoryla-
tion is proposed to be a therapeutic approach for drug addiction
and relapse. A key finding in this study was that CaMKII-« kbhb at
K42 and K267 sites suppressed CaMKIl-o T286 autophosphory-
lation as well as CaMKIl-a. activity in the hippocampus of mice
treated with the KD or B-OHB during the extinction period. This
finding suggests that KD therapy is a therapeutic strategy for
the treatment of cocaine reinstatement. Similarly, conditioned re-
inforcing properties that induce T286 autophosphorylation of
CaMKIl-o. promote alcohol reinstatement in mice, and inhibition
of T286 autophosphorylation is a useful medical management
technique for alcohol relapse (Salling et al., 2017). In addition,
CaMKIl-o. autophosphorylation controls remodeling of gluta-
matergic synapses in the reward system, which is a plausible
mechanism for alcohol-addiction-related behavior (Mijakowska
et al.,, 2017).

The role of CaMKIl-a. T286 autophosphorylation in maintain-
ing drug-related neuroplasticity and rewarding effects seems
to be cocaine specific and may be not specifically required
for the development of morphine addition (Andersen et al.,
2020). Mice without the capacity for CaMKIl-o autophosphor-
ylation (T286A) fail to establish a preference for cocaine
(Easton et al., 2014). Nevertheless, morphine induces a similar
CPP in mice lacking CaMKII-o autophosphorylation (T286A) as
in wild-type mice (Andersen et al., 2020), indicating that
CaMKIl-oo T286 autophosphorylation is not specifically
required for the development of CPP induced by opioids.
Emerging evidence has shown that environmental and non-
pharmacological factors determine the differences in the final
pharmacological effects observed among different types of
addictive drugs (Ahmed et al., 2020). The results of these
studies, together with our findings, indicate that CaMKIl-a
T286 autophosphorylation induced by different drugs medi-
ates distinct neuropsychological mechanisms.

In summary, the present study broadens the therapeutic
scope for metabolic therapies and generates significant interest
in the link between B-OHB-mediated protein PTM and drug
addiction. Notably, we have discovered a mechanism by which
B-OHB acts as a B-hydroxybutyryl donor, modifies CaMKIl-a.
kbhb, and then suppresses CaMKIl-a activity, which is neces-
sary for disruption of cocaine relapse. Further studies are
needed to explore whether CaMKIl-o kbhb affects synaptic
plasticity or NMDA-dependent long-term potentiation (LTP)
and to determine whether KD therapy indeed has clinical
applications.

Limitations of the study

In this study, we only measured HDAC H3K9 and H3K14 acety-
lation as well as its overall deacetylase activity. We admit that
more histone acetylation sites potentially induced by KD or
B-OHB need to be investigated. In addition, it is likely that certain
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HDACs or Sirtuins may regulate histone acetylation or other type
of modifications, which may also inhibit cocaine-induced rein-
statement. Therefore, we cannot completely exclude other
mechanisms by which KD or B-OHB disrupts cocaine-induced
reinstatement.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-H3K9ac (1:1000) Abcam Cat# ab 4441
Rabbit anti-H3K14ac (1:1000) Abclonal Cat# A7254
Rabbit anti-H3 (1:1000) Abcam Cat# ab 12079
Mouse anti-GAPDH (1:1000) Abcam Cat# ab 8245
Rabbit anti-Pan-kbhb (1:1000) PTM biolabs Cat# PTM-1201
Mouse anti-CaMKII-a. (1:1000) Invitrogen Cat# 13-7300
Rabbit anti-kbhb K42 (1:1000) PTM biolabs N/A

Rabbit anti-kbhb K267 (1:1000) PTM biolabs N/A

Rabbit anti-p T286 (1:1000) Cell signaling Cat# 12716

Rabbit anti-ACAT1 (1:1000)
Rabbit anti-BDH1 (1:1000)

Proteintech
Proteintech

Cat# 16215-1-AP
Cat# 15417-1-AP

Mouse anti-Flag (1:1000) Sigma Cat# F1084
Bacterial and virus strains
AAV2/9-CaMKII-a-EGFP-Flag Vigene Biotechnology N/A
AAV2/9-mutant CaMKII- Vigene Biotechnology N/A
a-EGFP-Flag
pLenti-EF1a-CMV-CaMKII- Vigene Biotechnology N/A
a-Flag-GFP-2A-Puro
pLenti-EF1a-CMV-mutant Vigene Biotechnology N/A
CaMKIl-a-Flag-GFP-2A-Puro
Chemicals, peptides, and recombinant proteins
Cocaine National Institute for the Control N/A

of Pharmaceutical and Biological

Products
B-hydroxybutyrate sodium Sigma-Aldrich Cat# 54965
Doxycycline TCI Cat# D4116
Nevanimibe MCE Cat# HY-10039A
3-Hydroxybutyric acid Sigma-Aldrich Cat# 166898
DMEM/High glucose Medium Gibco Cat# C1195500BT
Fetal bovine serum Gibco Cat# 10099-141
Antibiotic-Antimycotic Gibco Cat# 15240-062
Ketone diet Bio-Serv Cat# F3666
PBS Hyclone Cat# 10010049
Recombinant human CaMKIl-a Protein Abcam Cat# ab 60899
Chemiluminescence substrate Millipore Cat# WBKLS0500
Protein A/G magnetic beads Bimake Cat# B23201
Anti-Flag beads Bimake Cat# B26101
Flag peptide Bimake Cat# B23111
DL-B-Hydroxybutyryl coenzyme A lithium salt Sigma-Aldrich Cat#166898
Critical commercial assays
HDAC Activity Fluorometric Assay Kit Biovision Cat# K330-100
Mammalian Cell & Tissue Extraction Kit Biovision Cat# K269-500
Bradford assay kit Beyotime Cat# PO006
B-Hydroxybutyrate Colorimetric Assay Kit Cayman Cat# 700190

el Cell Reports 47, 111724, November 29, 2022

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Pierce™ Crosslink Magnetic IP/co-IP Kit Thermo Cat# 88805

CaMKIl enzymatic activity assay kits

Jingmei biotechnology

Cat: # JM-11610M1

Nuclear Extraction Kit Abcam Cat# ab 113474
Deposited data

Identified Kbhb peptides (see also Table S1) ProteomeXchange PXD037321
Experimental models: Cell lines

Mouse neuroblastoma 2a cells ATCC Cat# CCL-131

Experimental models: Organisms/strains

Mouse: Adult C57BL6/J

Charles River

N/A

Software and algorithms

UniProt-GOA database
UniProt database
GraphPad Prism 7.0
Chemi Analysis software

UniPort

UniPort

GraphPad Software
CLINX

http://www.ebi.ac.uk/GOA/
http://www.uniprot.org
http://www.graphpad.com/
N/A

Nis-Elements Nikon www.microscope.healthcare.nikon.com
CELLO N/A http://cello.life.nctu.edu.tw/

MoMo N/A http://motif-x.med.harvard.edu/
Wolfpsort WoLF PSORT https://wolfpsort.hgc.jp/

STRING database (version 10.1) STRING https://cn.string-db.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaobo Cen
(xbcen@scu.edu.cn).

Materials availability
Our study did not generate any new unique reagents.

Data and code availability
® The mass spectrometry proteomics data have been deposited at the ProteomeXchange Consortium via the PRIDE (Perez-Riv-
erol et al., 2022) partner repository with the dataset identifier ProteomeXchange: PXD037321 and are publicly available as of the
date of publication. Accession numbers are listed in the key resources table. The hippocampal proteomics analysis of kbhb
data are also available in Table S1.
@ This paper does not report original code
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male C57BL/6J wild-type (WT) mice were purchased from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China), and
8-12 weeks old mice were used in this study. All mice were housed in the animal room on a standard 12-h light/12-h dark cycle
with a constant temperature and food and water available ad libitum. All experimental procedures and use of the animals were con-
ducted in accordance with the guidelines established by the Association for Assessment and Accreditation of Laboratory Animal
Care and the Institutional Animal Care and Use Committee of Sichuan University. All efforts were made to minimize the suffering
of the mice.

Cell lines

Mouse neuroblastoma 2a (N2a) cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, C1195500BT, Gibco) containing
10% fetal bovine serum (10,099-141, Gibco) and grown in a 5% CO, atmosphere at 37°C.
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METHOD DETAILS

Cocaine conditioned place preference (CPP)
Cocaine CPP-induced reinstatement test was performed as previously described, with slight modification (Engblom et al., 2008). The
modification experimental methods are as fellow:

Apparatus

The CPP test was conducted using a standard three-chambered apparatus equipped with two large conditioning compartments
(black and white) that differed in their flooring (bar and grid) and a small middle chamber (gray, smooth PVC floor) that connected
the two large compartments.

Experimental procedure
The paradigm of CPP reinstatement was consisted of the following phases: pre-conditioning (habituation), CPP training (acquisition),
post-conditioning (test 1), extinction (test 2) and reinstatement (Figure 1A).

Pre-conditioning (habituation)

All mice were placed in the CPP chamber without receiving any injection and allowed to freely access to two chambers for 10 min for
once per day for 3 days. On day 4, baseline preference was assessed by placing the mice in the middle chamber and allowing them to
habituate the entire chambers freely for 15 min; an initial measurement of baseline preference (Timepaseiing Was assessed by
recording the time spent in each chamber. Animals were excluded from the test if they showed a strong unconditioned preference
for either side chamber (chamber bias >300 s).

CPP training (acquisition)

During the condition training, mice were randomly assigned to saline and cocaine group and received an injection of saline or cocaine
(10 mg/kg, i.p.). Cocaine-treated mice were immediately placed into the cocaine-paired chamber for 30 min after cocaine injection in
the morning. In the afternoon, the mice received a saline injection and were immediately placed into the opposite chamber for 30 min
for 4 consecutive days. Saline-treated mice received saline and then were placed into the saline-paired chamber for 30 min in the
morning and with repeated saline injection in the other chamber in the afternoon. On the test day, the animals were placed in the
middle compartment and the time of spent in the two compartments was recorded for 15 min. Timest1 was defined as the time spent
in the cocaine-paired chamber minus time spent in the cocaine-unpaired chamber. The CPP scores were calculated by Timeiest+
minus Timepaseiine (CPP score = Timeyest1-TiMepaseline). Generally, cocaine strongly reverses preference and results in a positive
CPP score, and the CPP score was defined as the extent of the shift in preference after the cocaine injection.

Extinction

After post-conditioning preference test, ketone diet (KD) group mice were fed with KD (F3666, Bio-Serv, 10% protein and 90% fat),
and the control diet (CD) group mice were given an equal volume of CD (10% protein,13% fat and 77% carbohydrates) for 21 days,
which was conducted as previously reported (Koronowski et al., 2021). The previously studies have shown that mice fed with KD
could induced a high level of B-OHB in peripheral blood. All the food was provided ad libitum at all the time.

For B-OHB treatment, 5 min before extinction training, mice were injected B-OHB (75, 150 and 300 mg/kg) twice a day (i.p.) for 10
successive days during extinction phase. While control mice were injected with same volume of saline.

In the extinction training, mice were placed into middle chamber and allowed to explore both chambers freely for 15 min. The mice
received extinction training daily for 21 days (KD treatment) or 10 day (B-OHB treatment), and cocaine injections were not given during
this extinction period. On the test day, the animals were placed in the middle compartment and the time of spent in the two compart-
ments was recorded for 15 min. Timesto Was defined as the time spent in the cocaine-paired chamber minus time spent in the
cocaine-unpaired chamber. CPP scores were calculated by Timeesio Minus Timepaseiine (CPP score = Timeyesto - TiMepaseiine)-

Reinstatement

After the extinction training, the mice were treated with a priming injection of cocaine (7.5 mg/kg, i.p.), and then placed into CPP appa-
ratus to examine the reinstatement of cocaine CPP. During this reinstatement test, mice were allowed to freely access to the entire
apparatus for 15 min, and the time spent in the cocaine-paired chamber minus time spent in the cocaine-unpaired chamber as
Timeest- CPP scores were calculated by Timegest minus Timepaseiine (CPP score = Timeest - TiMEpaseline)-

Tissue isolation

Mice were sacrificed by rapid decapitation at the end of the behavioral tests. Tissues of hippocampus, prefrontal cortex, nucleus
accumbens, striatum or hippocampus CA3 (separated from hippocampus) were separately removed from the brain, dry ice snap-
frozen, and stored at —80°C until assay.
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Western blot

Brain tissues and cells were lysed, and proteins were extracted using a mammalian cell and tissue extraction kit (K269-500, Biovision)
containing phosphatase inhibitors (4,906,845,001, Roche). Total protein concentration was detected with a bradford assay kit
(PO006, Beyotime). Protein (20 pg) was loaded and separated with the 10 or 12.5% sodium dodecyl sulfatepolyacrylamide gel. After
loading, the gels were then transferred to the polyvinylidene difluoride (PVDF) membrane. Membrane was blocked in TBST buffer
containing 5% non-fat dry milk for 1 h at room temperature, and then incubated and gently shaken overnight with primary antibody
at 4°C. After incubation with secondary antibody at room temperature for 2 h, protein immunoreactivity was visualized using a chem-
iluminescence substrate (WBKLS0500, Millipore) on chemiluminescence imagine system (CLINX, Shanghai, China). Band optical
density was quantified using Chemi Analysis software (CLINX, Shanghai, China). GAPDH level was used to normalize Western blot.

Measurement of B-hydroxybutyrate (B-OHB) levels

Plasma of mice was separated by centrifugation at 1500 g at 4°C for 15 min and frozen at —80°C until thawed for assay. 3-OHB level
of plasma was detected using the B-OHB assay kit (CAY-700190, Cayman Chemical), and brain tissues f-OHB level was measured
using Ultra Performance Liquid Chromatography (UPLC). Briefly, the cold methanol and Methyl tert-butyl ether (MTBE) (1:3, V/V) were
added to the hippocampus tissue and mixed gently. After samples were sonicated on ice, the organic phase and the aqueous phase
were separated by adding 300 pL 25% methanol. After centrifugation at 14,000 g at 4°C for 10 min, the sample were clearly divided
into three layers. The upper layer was the organic phase (lipid), the middle layer was the aqueous phase (metabolite), and the lower
layer was the protein. The middle aqueous phase (metabolite) was collected and stored at —80°C. The standard B-hydroxybutyric
acid was formulated into different concentration gradients of 0, 20, 50, 100, 200, 300 ng/mL for establishing a standard curve.
The extracted metabolites were transferred to clear insert pipes, and 4 uL volumes sample was injected into the UPLC system
(LC-30A, Shimadzu) and equipped with a C18 column (100 mm x 2.1 mmx1.8 um, Thermo) maintained at 40°C by gradient elution
with a mobile phase flow rate of 0.3 mL/min. Gradient elution mobile phase was consisted of A (0.1% formic acid water) and B
(methanol).

Assay of HDAC activity

Nuclear proteins of hippocampus tissue were extracted using Nuclear Extraction Kit (ab113474, Abcam). HDAC enzyme activity of
nuclear protein were determined using HDAC Activity Fluorometric Assay Kit (K330, Biovision). Measurements were performed ac-
cording to the manufacturer’s instructions.

Lentiviral vector construction and cell transfection

The lentiviral vectors (LV) pLenti-EF1a-CMV-CaMKIl-a-Flag-GFP-2A-Puro and pLenti-EF1a-CMV-mutant CaMKII-a-Flag-GFP-2A-
Puro (Vigene Biotechnology Co.Ltd, China) were constructed for cell studies. DMEM was replaced with serum-free DMEM and incu-
bated for 2 h before transfection, followed by incubations with the lentiviral vector containing mouse CaMKiIl-a. or mutant CaMKill-a.
Antibiotic-resistant clones were selected with 2.5 png/mL puromycin and cultured in DMEM medium containing puromycin. The pu-
rified Flag-CaMKIl-a. or Flag-mutant CaMKIl-a. was extracted from the transfected N2a cells with Flag beads (B26101, Bimake).
Western blot analysis was performed with antibodies specific for B-hydroxybutyrylated K42 and K267 residues.

Co-immunoprecipitation analysis

To clarify whether CaMKIl-o was a target of 3-hydroxybutyrylation, cells or tissues were harvested for the co-immunoprecipitation
(co-IP) analysis using the simplified and reliable Pierce Crosslink Magnetic IP/co-IP Kit (88,805, Thermo Scientific). Briefly, the
CaMKiIl-a primary antibody was bound to 50 uL of Protein A/G magnetic beads (B23201, Bimake) for 15 min and washed three times.
The protein was extracted using the mammalian cell and tissue extraction kit (K269-500, Biovision), and the protein supernatant from
each sample was incubated with the antibody-crosslinked beads overnight at 4°C. On the next day, beads were washed two times
with IP lysis/wash buffer and one time with ultrapure water. The supernatants were collected for Western blot analysis. Band optical
density was quantified using Chemi Analysis software (CLINX, Shanghai, China). CaMKII-« level was used as a control to quantify
CaMKIl-a kbhb level.

Western blot analysis of CaMKIl-o kbhb

The hippocampus tissues and cells were lysed with mammalian cell and tissue extraction kit (K269-500, Biovision). CaMKII-o. kbhb
were purified by IP with CaMKII-a primary antibody, and kbhb were detected by Western blots using the pan B-hydroxybutyrylation-
lysine antibodies (Pan-kbhb, PTM-1201, PTM Bio).

Protein purification

CaMKIl-o and mutant CaMKII-o overexpression resistant cells were harvested and lysed proteins were extracted using a mammalian
cell and tissue extraction kit (K269-500, Biovision). Anti-Flag beads (B26101, Bimake) were incubated with the cell lysates overnight
at 4°C. On the next day, the beads were washed with PBST buffer three times, and purified proteins were competitively eluted with
Flag peptide (B23111, Bimake). Purified proteins were collected for Western blot or enzyme activity analysis.
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CaMKIl-a B-hydroxybutyrylation in vitro

A vitro assay to induce B-hydroxybutyrylation of CaMKIl-a was performed as described previously (Kaczmarska et al., 2017; Koro-
nowski et al., 2021). Reactions were set up in reaction buffer (25 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM DTT, 100 uM EDTA, 10%
glycerol, supplemented with Protease Inhibitor Cocktail, 10 mM nicotinamide and 100 ng/mL TSA), with 2 ug recombinant CaMKlI-a.
(ab60899, Abcam) and 10 mM DL-B-hydroxybutyryl-CoA lithium salt (H0261, Sigma) for 2 h in a 37°C water bath. Reactions were
stopped with addition of SDS loading buffer for Western blot or loaded directly into CaMKII activity assay wells for measurement.

CaMKII activity assay
CaMKIl activity was measured using CaMKIl enzymatic activity assay kits (JM-11610M1, JINGMEI BIOTECHNOLOGY). Measure-
ments were performed according to the manufacturer’s instructions.

Adeno-associated virus injection

Doxycycline-inducible adeno-associated virus (AAV), AAV2/9-CaMKII-a-EGFP-Flag and AAV2/9-mutant CaMKII-a-EGFP-Flag were
constructed (Vigene Biotechnology Co. Ltd, China). Point mutations of lysine 42 to methionine and lysine 267 to alanine were syn-
thesized in the murine full-length CaMKII-o. amino acid sequence. Mice (8-12 weeks old) were anesthetized with sodium pentobar-
bital (60 mg/kg) and fixed on a stereotaxic apparatus. Small craniotomy holes were drilled with a skull rotor (RWD Life Science) for
virus injection. AAV2/9-CaMKII-a-EGFP-Flag (1uL, 0.1ulL/min) and AAV2/9-mutant CaMKIl-a-EGFP-Flag (1uL, 0.1pulL/min) were
infused into the bilateral hippocampus CA3 region (AP, —2.0 mm; ML, +2.1 mm; DV, —2.0 mm) (Wagatsuma et al., 2018). Mice
were recovered for at least 2 weeks before behavioral tests. At the end of the induction session, all mice were fed doxycycline
(0.02% in 5% sucrose drinking water) to switch on exogenous gene expression during the extinction period.

Immunohistochemistry

To illustrate the AAV injection sites of hippocampus, mice were anesthetized with sodium pentobarbital (60 mg/kg) and perfused
intracardially with PBS, followed by ice-cold 4% paraformaldehyde in 0.1M PBS (pH 7.4). Brains were carefully extracted from
the skull, fixed in 4% PFA for overnight, and then dehydrated with 30% sucrose at 4°C. The brain sections were washed in TBS
for 3 times and covered on Anti-fade Mounting Medium with Dapi (H-1200, Vector). Confocal images were acquired with a laser
confocal microscope (Nikon, Japan).

Dot blots

The purified peptides were prepared by PTM biolabs and then provided to PTM biolabs for generation of rabbit polyclonal antibodies
(PTM Biolabs Co., Ltd. China). For peptide dot blots, peptides were dotted as progressive protein concentrations (1, 4, 16 and 64 ng,
respectively) on a nitrocellulose membrane. Membranes were left to dry at room temperature for 1 h and then blocked in 5% milk/
PBST for 1 h. Immunoreactivity was visualized using a chemiluminescence substrate (WBKLS0500, Millipore) on chemiluminescence
imagine system (CLINX, Shanghai, China).

LC-MS/MS analysis of protein -hydroxybutyrylation

Protein extraction

Hippocampal tissues were transferred to a 5 mL centrifuge tube. Lysis buffer (8 M urea, 1% Protease Inhibitor Cocktail) was added to
the tubes, followed by sonication 3 times on ice using a high intensity ultrasonic processor. The remaining debris was removed by
centrifugation at 12,000 g at 4°C for 10 min. The supernatant was collected and the protein concentration was determined with
BCA Kkit.

Trypsin digestion

Protein was reduced with 5 mM dithiothreitol for 30 min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at room tem-
perature in darkness. The protein sample was then diluted by adding 100 mM TEAB to urea concentration less than 2M. Finally,
trypsin was added at 1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100 trypsin-to-protein mass ratio for
a second 4 h-digestion.

Peptide fractionation and immunoaffinity enrichment

Enrichment of kbhb peptides from different fractions by immunoprecipitation with Pan anti-kbhb antibody was carried out as
described previously (Huang et al., 2021). Briefly, the peptides were first dissolved in NETN buffer [100 mM NaCl, 50 mM tris-HClI,
1 mM EDTA, and 0.5% NP-40 (pH 8.0)] and incubated with pan anti-kbhb beads at 4°C overnight. Then, the beads were washed
three times with NETN buffer and twice with ddH,O. The combined peptides were eluted with 0.1% (v/v) TFA. The isolated kbhb pep-
tides were dried in SpeedVac.

LC-MS/MS analysis

The tryptic peptides were dissolved in 0.1% formic acid (solvent A) and then directly loaded onto a home-made reversed-phase
analytical column (15cm length, 75 um i.d.). The gradient was comprised of an increase from 6% to 23% solvent B (0.1% formic
acid in 98% acetonitrile) over 26 min, 23%-35% in 8 min and climbing to 80% in 3 min then holding at 80% for the last 3 min, all
at a constant flow rate of 400 nL/min on an EASY-nLC 1000 UPLC system.
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The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo)
coupled online to the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan range was 350-1800 for full scan, and intact
peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were then selected for MS/MS using NCE setting as 28 and
the fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS
scan followed by 20 MS/MS scans with 15s dynamic exclusion. Automatic gain control (AGC) was set at 5 x 10*. Fixed first mass was
set as 100 m/z.

Database search

The resulting MS/MS data were processed using Maxquant search engine (v1.6.6.0). Tandem mass spectra were searched against
Human uniprot database concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up to 4
missing cleavages. The mass tolerance for precursor ions was set as 20 ppm in first search and 5 ppm in main search, and the mass
tolerance for fragment ions was set as 0.02 Da. Carbamidomethyl on Cys was specified as fixed modification and acetylation modi-
fication and oxidation on Met were specified as variable modifications. FDR was adjusted to <1% and minimum score for modified
peptides was set >40.

Bioinformatics methods

Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). The identified
Kbhb sites were matched with the recorded binding and mutation sites extracted from the UniProt database (www.uniprot.org). We
used wolfpsort, a subcellular localization predication soft, to predict subcellular localization. For protokaryon species, subcellular
localization prediction soft CELLO was used. Soft MoMo (motif-x algorithm) was used to analysis the model of sequences constituted
with amino acids in specific positions of modify-21-mers (10 amino acids upstream and downstream of the site) in all protein se-
quences. All differentially expressed modified protein database accession or sequence were searched against the STRING database
version 10.1 for protein-protein interactions. STRING defines a metric called “confidence score” to define interaction confidence. We
fetched all interactions that had a confidence score >0.7 (high confidence). The interaction network identified using STRING was
visualized with Cytoscape.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of mice per group and experimental repeats are annotated in each of the corresponding figure legends. All data were
analyzed with GraphPad Prism 7 software, presented as means + SEM, and subjected to the Kolmogorov-Smirnov test to assess
the normality of the distribution. For simple comparisons, an unpaired two-tailed Student’s t test was used. For multiple comparisons,
one-way ANOVA or two-way ANOVA, with a repeated-measures factor when necessary, followed by Bonferroni’s post hoc tests was
utilized for each experiment. In all cases, n refers to the number of animals. For all results, statistical significance was defined
as p < 0.05.
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