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O-linked N-acetyl-glucosamine glycosylation (O-GlcNAcylation) of intracellular proteins is a dynamic process broadly implicated in
age-related disease, yet it remains uncharacterized whether and how O-GlcNAcylation contributes to the natural aging process.
O0-GlcNAc transferase (OGT) and the opposing enzyme O-GlcNAcase (OGA) control this nutrient-sensing protein modification in
cells. Here, we show that global O-GlcNAc levels are increased in multiple tissues of aged mice. In aged liver, carbamoyl phosphate
synthetase 1 (CPS1) is among the most heavily O-GlcNAcylated proteins. CPS1 O-GlcNAcylation is reversed by calorie restriction and
is sensitive to genetic and pharmacological manipulations of the O-GlcNAc pathway. High glucose stimulates CPS1 O-GlcNAcylation
and inhibits CPS1 activity. Liver-specific deletion of OGT potentiates CPS1 activity and renders CPS1 irresponsive to further
stimulation by a prolonged fasting. Our results identify CPS1 O-GlcNAcylation as a key nutrient-sensing regulatory step in the urea
cycle during aging and dietary restriction, implying a role for mitochondrial O-GlcNAcylation in nutritional regulation of longevity.
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Introduction

Nutrient flux through the hexosamine biosynthetic pathway
(HBP) leads to dynamic and reversible protein modification by
single O-linked B-N-acetylglucosamine (0O-GIcNAc) moieties at
serine or threonine residues of nuclear, cytoplasmic, and mi-
tochondrial proteins, termed O-GlcNAcylation (Yang and Qian,
2017; Chatham et al., 2021; Ma et al., 2021). In mammals,
O-GlcNAc is added and removed by the enzymes O-GlcNAc
transferase (OGT) and O-GlcNAcase (OGA), respectively (Alteen
et al., 2021; Stephen et al., 2021). O-GlcNAcylation is a nu-
trient sensor and can directly modulate metabolic pathways
via modification of metabolic enzymes (Yang and Qian, 2017;
Hart, 2019). Phosphofructokinase 1 activity is decreased by
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O-GlcNAcylation at the site Ser529, which redirects glucose
flux from the glycolytic pathway to the oxidative pentose phos-
phate pathway (Yi et al., 2012). Ablation of the ogt allele in
Caenorhabditis elegans impairs metabolism and longevity (Lee
et al., 2010; Rahman et al., 2010). Aberrant O-GlcNAcylation
has been implicated in a spectrum of age-related diseases in
humans and rats, including obesity, diabetes, cancer, cardiovas-
cular disease, and Alzheimer’s disease (Rahman et al., 2010;
Marotta et al., 2012; Jahangir et al., 2014; Jozwiak et al., 2014;
Yuzwa et al., 2014; Li et al., 2018). It has been reported that
the levels of protein O-GlcNAcylation were increased in brain
and muscle tissues in aged Brown—Norway rats (Fulop et al.,
2008). Neuronal OGT can rejuvenate cognitive decline in aged
mice (Wheatley etal., 2019). Although these diseases are tightly
associated with aging, it remains unclarified whether, and if
so how, O-GlcNAcylation is broadly involved in the etiology of
aging.

As a hallmark and accelerator of aging, mitochondrial
dysfunction manifests as metabolic perturbations in the
tricarboxylic acid (TCA) cycle, fatty acid oxidation, oxidative
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phosphorylation (OXPHOS), ketogenesis, and amino acid
catabolism (Bratic and Trifunovic, 2010). Mitochondrial
metabolism plays an essential role in the life-extending actions
of dietary restriction, including calorie restriction (CR) and
prolonged, periodic fasting (Wilson et al., 2021; Green et al.,
2022). Deleting the LAT1 gene, encoding dihydrolipoamide
acetyltransferase, abolishes a chronological lifespan extension
induced by CR (Easlon et al., 2007). CR reduces oxidative stress
and upregulates mitochondrial biogenesis via peroxisome
proliferator-activated receptor-y coactivator-la activation
(Lopez-Lluch et al.,, 2006). Nutrient-sensing mechanisms
involved in CR include insulin-like growth factor 1 signaling,
adenosine 5-monophosphate-activated protein kinase, and
mammalian target of rapamycin complex (Wilson et al., 2021).
It is unknown whether there exist additional nutrient sensors.
Protein posttranslational modifications (PTMs) are the key
regulatory mechanisms that control mitochondrial metabolism
(Hofer and Wenz, 2014). For example, protein acetylation has
been known as a reversible mechanism linking metabolic state
and mitochondrial function (Ryu et al., 2014). Early studies
reported that levels of mitochondrial O-GlcNAcylation were very
low. However, there is increasing evidence that O-GlcNAcylation
is pervasive among mitochondrial proteins and potentially es-
sential for mitochondrial functions (Ruan et al., 2013; Tan et al.,
2014a; Jozwiak et al., 2021). Some O-GlcNAcylated mitochon-
drial proteins have been identified in rat liver, the majority
of which are involved in the urea cycle, TCA cycle, and lipid
metabolism (Cao et al., 2013). Overexpressing OGT/OGA can
inhibit cellular respiration and glycolysis indicating profound
effects on energy and metabolite production (Jozwiak et al.,
2014). Increased O-GlcNAcylation of the respiratory chain com-
plexes I, lll, and IV impairs mitochondrial energy production in
cardiac myocytes (Hu et al., 2009). Furthermore, low-running-
capacity rats exhibit increased O-GlcNAcylation of cardiac pro-

Table 1 Identification of potential O-GlcNAc targets in aged liver.

teins, including mitochondrial complex I and complex IV, VDAC,
and sarco/endoplasmic reticulum Ca?*-ATPase (Johnsen et al.,
2013). However, it is unknown how O-GlcNAcylation regulates
mitochondrional function other than OXPHOS.

To elucidate whether and how O-GlcNAc signaling contributes
to the aging process, we profiled the levels of O-GlcNAc in
four metabolic tissues of young and aged mice, and identified
10 O-GlcNAc-targeted mitochondrial proteins in aged mouse
liver through mass spectrometry (MS). Carbamoyl phosphate
synthetase 1 (CPS1), the first and rate-limiting enzyme in the
urea cycle, is the most abundant O-GIcNAcylated protein in
the list. We found that CR reduces the global O-GlcNAc levels
as well as CPS1 0O-GlcNAcylation in the liver. Next, we focused
on site mapping and regulation of CPS1. High glucose and
inhibition of OGA increase the levels of CPS1 O-GIlcNAcylation
and repress CPS1 activity. Overexpression of OGT increases
CPS1 O-GlcNAcylation, while depletion of endogenous OGT
or induction of OGA expression in cells eliminates CPS1
0-GlcNAcylation. OGT and OGA control the dynamic cycling of
0-GlcNAc by direct interaction with CPS1. We validated CPS1
0-GlcNAcylation in mouse liver and showed that liver-specific
OGT knockout enhances CPS1 activity and perturbs the stimu-
latory effects of 48 h fasting on ammonia detoxification. These
findings demonstrate the alteration of protein O-GlcNAcylation
in a broad range of tissues in the aging process and reveal
mitochondrial O-GlcNAcylation as a regulatory mechanism by
which dietary restriction regulates the urea cycle during aging.

Results
Identification of potential O-GlcNAc modification targets in
aged mice

To explore the role of dynamic O-GlcNAc cycling in the aging
process, we obtained tissues from young (4-month-old) and old
(24-month-old) mice, and analyzed O-GlcNAc signaling in the

1D Score Expectation Protein ID Protein name Molecular weight %Coverage

L-0-1 665 4.80E-63 GSTP1_MOUISE Glutathione S-transferase P 1 0S=Mus 23594 53.3
musculus GN=Gstp1 PE=1 SV=2

L-0-1 581 1.20E-54 GSTM1_MOUISE Glutathione S-transferase Mu 1 0S=Mus 25953 60.6
musculus GN=Gstm1 PE=1 SV=2

L-0-2 721 1.20E—-68 ATPA_MOUISE ATP synthase subunit alpha, mitochondrial 59716 32.5
0S=Mus musculus GN=Atp5al PE=1 SV=1

L-0-2 695 5.10E—-66 ATPB_MOUISE ATP synthase subunit beta, mitochondrial 56265 35.5
0S=Mus musculus GN=Atp5b PE=1 SV=2

L-0-3 535 4.80E—50 CH60_MOUISE 60 kDa heat shock protein, mitochondrial 60917 32.5
0S=Mus musculus GN=Hspd1 PE=1 SV=1

L-0-4 964 7.10E-93 GPR78_MOUISE 78 kDa glucose-regulated protein 0S=Mus 72377 40.8
musculus GN=Hspa5 PE=1 SV=3

L-0-4 857 3.10E—-82 GPR75_MOUISE Stress-70 protein, mitochondrial 0S=Mus 73483 31.7
musculus GN=Hspa9 PE=1 SV=2

L-0-4 754 7.20E-72 HSP7C_MOUISE Heat shock cognate 71 kDa protein 0S=Mus 70827 40.1
musculus GN=Hspa8 PE=1 SV=1

L-0-5 2917 0 CPSM_MOUISE Carbamoyl phosphate synthase (ammonia), 164514 46.2
mitochondrial 0S=Mus musculus GN=Cps1
PE=1 SV=2

L-0-6 3754 0 MYH9_MOUISE Myosin-9 0S=Mus musculus GN=Myh9 PE=1 226232 45.2

SV=4
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Figure 1 Alterations of tissue O-GlcNAcylation in aged mice. The protein levels of global O-GlcNAc (A and B), OGT (C and D), and OGA (E and
F) were detected in the liver, heart, muscle, and BAT from mice at 4 (young) and 24 (old) months old. (A, C, and E) Representative western
blots. (B, D, and F) Mean area densities of 0-GlcNAc (B), OGT (D), and OGA (F). *P < 0.05, old vs. young.

liver, heart, skeletal muscle, and brown adipose tissue (BAT).
Although no significant change in OGT or OGA expression was
observed, globalincreasesin O-GlcNAc levels in the tissues from
old mice suggest that the activities of OGT and OGA are possibly
modulated in aged mice (Figure 1A-F).

To delineate the pathways in which O-GlcNAc modification
contributes to aging, we identified potential O-GlcNAcylated
proteins from the liver using immunoprecipitation (IP) and MS-
based proteomics. Liver proteins (n = 5) were pulled down by
an O0-GlcNAc antibody (RL-2) and separated by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis. Coomassie blue
staining showed that several protein bands were significantly
more intense in the livers of old mice (Figure 2A). By using MS,
we identified these O-GlcNAc targets enriched in the aged liver,
which are involved in ATP generation (ATP5a1 and ATP5b), the
urea cycle (CPS1), detoxification (GSTP1 and GSTMu1), the chap-
eronin family (HSPD1, HSPA5, HSPA9, and HSPAS), and cytoki-

nesis (MYH9) (Table 1). The identified mitochondrial enzymes
indicate that O-GlcNAcylation may be an important regulator of
mitochondrial metabolism and bioenergetics during aging.
Among the O-GlcNAcylated proteins in the list, CPS1 accounts
for 20% of the protein mass in the mitochondrial matrix and
gates the entry into the urea cycle (Crouser et al., 2006).
To confirm the O-GlcNAcylation of CPS1, we carried out
reciprocal IP for liver extracts from young and old mice with
the CPS1 antibody and blotted with the RL-2 antibody. The
results showed that the level of CPS1 O-GlcNAcylation was
much higher in old mice than in young mice, but the protein
levels were not changed significantly (Figure 2B). We also
observed that mice subjected to 40% CR for 6 months exhibited
decreased levels of global O-GlcNAc, CPS1 O-GlcNAcylation,
and OGT in the liver without altering the level of OGA (Figure 2C
and D). In general, the magnitude of O-GlcNAcylation of
intracellular proteins correlates with extracellular glucose levels
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Figure 2 CPS1 is a target of O-GlcNAcylation in aged liver. (A) Coomassie blue staining identifies hyper-O-GlcNAcylated proteins precipitated
by O-GlcNAc antibody from liver homogenates of young (Y) and old (O) mice (left panel). Asterisks indicate protein bands with differential
intensity. Ponceau S staining shows the equal input (right panel). (B) CPS1 O-GIlcNAc was detected by reciprocal IP in liver homogenates
from young and old mice. (C) CR downregulated CPS1 O-GlcNAcylation. AL, ad libitum. (D) CR decreased global levels of O-GlcNAc in the
liver. (E) HepG2 cells and Hela cells were cultured with different concentrations of glucose overnight. The levels of CPS1 O-GlcNAc were
elevated by high glucose. (F) HepG2 cells were cultured with low (5 mM) and high (25 mM) glucose, in the presence or absence of PUGNAc
overnight. Excessive CPS1 O-GlcNAcylation was induced by high glucose and PUGNAc. CPS1 O-GlcNAcylation was increased by the OGA
inhibitor PUGNAC.

(Liu et al, 2000). We examined the levels of CPS1 glucose concentration, whereas levels of OGT protein exhibited
O-GlcNAcylation in response to different concentrations of a bell-shaped response to glucose concentration (Figure 2E).
glucose. The result showed that high glucose (25 mM) greatly Chemical inhibition of OGA activity by O-(2-acetamido-2-deoxy-
elevated CPS1 O-GlcNAcylation (Figure 2E). Levels of OGA D-glucopyranoslidene)amino-N-phenylcarbamate (PUGNAC)
protein increased in a dose-dependent manner with regard to overnight further increased the levels of CPS1 O-GlcNAcylation
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Figure 3 OGT and OGA regulate CPS1 O-GlcNAcylation. (A) HepG2
cells were transfected with plasmids expressing wild-type (pMyc-
OGT-WT) or catalytically dead OGT (pMyc-OGT-CD). Overexpression
of wild-type OGT increased the levels of CPS1 O-GlcNAc. (B) Primary
hepatocytes isolated from OGT"*/Y mice were infected with aden-
ovirus encoding Cre for OGT knockout or with Ad-GFP as control.
OGT knockout eliminated CPS1 O-GlcNAc in primary hepatocytes.
(C) Hela cells were stably transfected with pTRE2pur-3Flag/2Myc-
OGA (WT) and pTet-Off plasmids. OGA expression was induced
by removal of doxycycline. OGA overexpression decreased CPS1
O-GlcNAc.

(Figure 2F). These results showed that CPS1 is an O-GlcNAc-
targeted protein that is sensitive to glucose availability.

OGT and OGA regulate CPS1 O-GlcNAcylation

In order to ascertain the effect of OGT on CPS1
O-GlcNAcylation, HepG2 cells were transfected with pCMV-
Myc-OGT wild-type or pCMV-Myc-OGT catalytically dead
plasmids (Chen et al.,, 2013). As shown in Figure 3A,
CPS1 O-GlcNAcylation was significantly increased by OGT
overexpression; however, the catalytically dead mutant of
OGT only slightly upregulated CPS1 O-GlcNAcylation. The
primary hepatocytes were isolated from the livers of OGT!o*/Y
male mice and infected by adenoviruses encoding Cre, with
adenovirus green fluorescent protein (Ad-GFP) as the control. In
0GT"*/Y mouse primary hepatocytes subjected to Cre-induced
homologous recombination that eliminates OGT expression,
the expression of CPS1 was unchanged, but O-GlcNAcylation

of CPS1 was downregulated as demonstrated by IP analysis
(Figure 3B). These results indicate that CPS1 is the substrate of
OGT. To examine whether OGA catalyzes the removal of O-GIcNAc
from CPS1, Hela cells were stably transfected with pTRE2pur-
3Flag/2Myc-OGA (WT) and pTet-Off plasmids. As shown in
Figure 3C, OGA expression was induced by removal of doxycy-
cline, which significantly decreased O-GlcNAcylation of CPS1.

OGT and OGA interact with CPS1

To assess the physical interaction between OGT and
CPS1, we coexpressed FLAG-tagged CPS1 and Myc-tagged
OGT in HEK293T cells. The result showed that OGT was
coimmunoprecipitated with CPS1, demonstrating that
CPS1 can physically associate with OGT (Figure 4A). Direct
protein—protein interactions between CPS1 and OGT were
confirmed by reciprocal IP of endogenous CPS1 with
endogenous OGT in HepG2 cells (Figure 4B). To test whether
OGA physically interacts with CPS1, we overexpressed wild-
type, D177N mutant, or Y891F mutant OGA with FLAG tagging
in Hela cells. The data showed that endogenous CPS1 was
coimmunoprecipitated with wild-type OGA and OGA mutants
(Figure 4C). D177N mutant OGA is O-GlcNAcase catalytically
dead, and Y891F mutant OGA is histone acetyltransferase
catalytically dead (Toleman et al., 2004; Singh et al., 2020).
Our data indicated that the interaction between OGA and CPS1
is not affected by the point mutation on OGA Asp177 or Tyr891
residue. Previous report has confirmed the presence of OGA
in rat cardiac mitochondria (Banerjee et al., 2015). Our result
of immunostaining and confocal microscopy showed that OGA
and CPS1 were colocalized in mammalian cells (Figure 4D).

O-GlcNAc modification of CPS1 inhibits its enzymatic activity

PTMs play a pivotal role in regulating enzymatic activity (Gao
et al., 2014; Hofer and Wenz, 2014). It has been reported that
CPS1 has multiple types of PTMs, such as acetylation, succiny-
lation, and glutarylation, which inhibit CPS1 activity (Nakagawa
etal., 2009; Duetal.,2011; Tan etal., 2014b). We observed that
the activity of CPS1 in HepG2 cells was inhibited by high glucose
and the treatment of PUGNAc (Figure 5A). Our data suggested
that O-GlcNAcylation of CPS1 may be involved in the regulation
of the urea cycle and amino acid catabolism.

Verification of CPS1 O-GlcNAcylation sites

Three O-GlcNAcylation sites have been identified, i.e. Ser537,
Ser1331, and Thr1332, but the function of these O-GIlcNAc sites
remains uncharacterized (Cao et al., 2013). To determine the
contribution of these sites to overall O-GlcNAcylation of CPS1,
we constructed FLAG-tagged CPS1 in which Thr404, Ser537,
Thr730, and Ser1331/Thr1332 sites were individually or dou-
bly replaced with alanine to abolish potential O-GlcNAcylation.
Ectopically expressed CPS1 mutants were immunoprecipitated
with anti-FLAG antibody, and O-GIcNAc was detected using
the RL-2 antibody. The results showed that the mutation at
Ser537 was the only one that considerably reduced CPS1
O-GlcNAcylation (Figure 5B). To further confirm the function of
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Figure 4 Physical interaction between OGT, OGA, and CPS1. (A) 293T cells were transfected with Myc-tagged OGT and/or FLAG-tagged
CPS1 expression vectors, and co-IP was performed with anti-Myc and anti-FLAG antibody. (B) HepG2 cells were cultured with low and high
concentrations of glucose for 16 h. IP was performed with anti-CPS1 and anti-OGT antibody. Endogenous CPS1 and OGT were reciprocally
immunoprecipitated. (C) FLAG-tagged wild-type, D177N, or Y891F OGA was overexpressed in Hela cells. Co-IP was performed with anti-
CPS1 and anti-FLAG antibody. OGA was coimmunoprecipitated with CPS1. (D) HeLa cells were immunostained with anti-CPS1 and anti-OGA
antibody. OGA and CPS1 were colocalized as determined by confocal microscopy.

O-GlcNAc sites on CPS1, we assessed the activity of CPS1 mu-
tants. After transfection of FLAG-tagged CPS1 mutants for 48 h,
mitochondria were isolated and CPS1 activity was assessed by
ornithine aminotransferase (OTC)-coupled assay. We observed
that the S537A mutant of CPS1 showed a significantly higher
activity than the wild-type CPS1 (Figure 5C).

0O-GlcNAc inhibits CPS1 and ammonia detoxification in mice

To examine the physiological importance of OGT in mouse
liver, we generated liver-specific OGT knockout mice by tail-
vein injection of the recombinant adenovirus expressing Cre
recombinase into OGTxed/Y mice as described (Ruan et al.,
2017). We predicted that the deficiency of OGT might influence
metabolic adaptation to prolonged fasting, which triggers amino
acid catabolism. The data showed that OGT protein expression
was decreased after 48 h fasting in wild-type mice (Figure 6A).
CPS1 was immunoprecipitated from the mixture of liver ho-
mogenates and detected by the RL-2 antibody. The level of CPS1
O-GlcNAcylation was significantly reduced in response to 48 h
fasting and was almost eliminated by OGT knockout (Figure 6B).

CPS1 is the key enzyme for ammonia detoxification. It has
been observed that CR increases CPS1 enzyme activity by at

least 2-fold in the mouse liver, which is considered to facilitate
the turnover of extrahepatic proteins (Dhahbi et al., 2001). We
observed that CPS1 activity was significantly elevated by 48 h
fasting in wild-type mice; however, in hepatic OGT knockout
mice, the increased CPS1 activity could not be further induced
by fasting (Figure 6C). This is corroborated by the ammonia
levelin the blood of OGT-deficient mice during prolonged fasting
(Figure 6D). In the fed condition, OGT knockout and wild-type
mice showed comparable blood ammonia levels. After 48 h fast-
ing, wild-type mice showed significantly elevated blood ammo-
nia, but OGT knockout mice kept ammonia levels comparable to
the fed control (Figure 6D). The results indicated that decreased
0O-GlcNAcylation upregulated CPS1 activity to keep the fluc-
tuations of blood ammonia within the physiological range.
Together, these findings suggest that dietary restriction facili-
tates protein catabolism and ammonia disposal in part through
reducing O-GlcNAcylation of CPS1.

Discussion
Protein O-GlcNAcylation is a nutrient sensor that is broadly
studied in nuclear and cytoplasmic compartments, vyet
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Thr404, Ser537, Thr730, and Ser1331/Thr1332 sites were individ-
ually or doubly replaced with Ala. CPS1 was immunoprecipitated
using anti-FLAG antibody, and O-GlcNAc of CPS1 was analyzed by
IB with RL-2 antibody. (C) Mitochondria were isolated from 293T
cells transfected with plasmids expressing wild-type CPS1 or CPS1
mutants, and CPS1 activity was assessed by OTC-coupled assay.
Data are shown as mean £ SEM of three independent experiments.
*P < 0.05, wild-type vs. mutant.

mitochondrial O-GlcNAcylation is less characterized (Zachara
and Hart, 2004; Harwood and Hanover, 2014; Yang and Qian,
2017). Aberrant O-GlcNAcylation is associated with aging
and age-related diseases (Rahman et al., 2010; Yuzwa et al.,
2014). In this study, we identified a number of O-GlcNAcylated
mitochondrial proteins in aged tissues through proteome
profiling. These proteins play key roles in mitochondrial
metabolism (i.e. CPS1), bioenergetics (i.e. ATP synthase),
and stress response (i.e. glutathione S-transferase and heat
shock proteins). Aging increased the level of CPS1 protein 8-fold

in mouse adipose tissue (Plubell et al., 2017) and 1.5/2-fold in
rat brain tissues (Braidy et al., 2015). To our knowledge, CPS1
activity has not been linked to any age-related impairment of the
urea cycle. Intracellular glutathione depletion increases protein
O-GlcNAcylation in the skeletal muscle (Peternelj et al., 2015).
Hyper-0-GlcNAcylation of GST family proteins may be involved in
age-related oxidative stress. O-GlcNAcylation regulates stress-
induced heat shock protein expression by regulating both
HSF-1 and SP1 (Zachara et al., 2004). HSP70-GlcNAc-binding
activity released by stress can protect O-GlcNAcylated proteins
from their subsequent proteasomal degradation (Guinez et al.,
2007). In our studies, four major heat shock proteins have
been identified as the potential O-GlcNAc targets, i.e. they may
be either O-GlcNAcylated proteins that were not mapped for
the exact modification sites or the interacting proteins with
O-GlcNAcylated proteins.

Aberrant protein O-GlcNAcylation plays key roles in longevity,
stress, and the progression of many diseases associated with
aging (Banerjee et al., 2016). Aging is characterized by cel-
lular senescence, alteration of metabolic pathways, and sus-
ceptibility to chronic diseases (Lopez-Otin et al., 2013; Zhang
etal., 2020). Persistent metabolic stress, such as hyperglycemia
and glucose variability, can induce oxidative stress and in-
crease the activity of HBP, which increases the substrate supply
for O-GlcNAcylation (Papachristoforou et al., 2020). Recipro-
cally, changes in O-GIlcNAc levels of specific proteins and sites
are responsible for hepatic insulin resistance, glucose toxicity,
insulin-induced de novo lipogenesis, necroptosis, and tissue
fibrosis, contributing to the development of metabolic diseases
(Zhang et al., 2014, 2019, 2021a; Banerjee et al., 2016). Re-
cent evidence indicates that glucose flux promotes lipogenesis
through liver X receptor O-GlcNAcylation and transcriptional ac-
tivity on the promoter of sterol regulatory element-binding pro-
tein 1c (Bindesboll et al., 2015; Baldini et al., 2016; Tan et al.,
2021). Here, we discovered higher levels of O-GlcNAcylation
in aged liver and muscle compared with young tissues, sug-
gesting a correlation between O-GlcNAc signaling and altered
macronutrient metabolism in the aging process. Increased
O-GlcNAc potentially contributes to adaptive and maladaptive
intracellular signaling for metabolic dysfunction in aging and
chronic diseases, which has not been fully addressed. Targeting
overactivated O-GlcNAc signaling is beneficial in the diabetic
heart (Prakoso et al., 2022), which may be applicable in treating
age-related heart disease.

The age-associated increase of O-GlcNAcylation in tissues
may be adaptive to defend thermal homeostasis. Hypothermia
is more threatening to the elderly than to young people (Young
and Lee, 1997). O-GlcNAcylation of p65 enhanced p65 activ-
ity and nuclear translocation, leading to the upregulation of
interleukin-6, which maintains energy homeostasis and pro-
motes cell survival in mouse skeletal muscle during cold ex-
posure (Hu et al., 2022). Deletion of Ogt in brown adipocytes
resulted in severe cold intolerance with decreased uncoupling
protein 1 expression (Ohashi et al., 2017). We postulate that the
increased levels of O-GlcNAc in aged BAT and muscle are likely
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Figure 6 Prolonged fasting upregulates CPS1 activity through OGT downregulation in vivo. Liver-specific OGT knockout mice were generated
by tail vein injection of the recombinant adenovirus expressing Cre recombinase (Ad-Cre) into 0GToxed/Y mice, with Ad-GFP as control. After
4-7 days, mice were either fasted for 48 h or with normal chow (AL) as control. (A) OGT protein levels in the liver were decreased after 48 h
fasting. Mean area densities of OGT are shown (lower graph). n = 4 for each group, #P < 0.05. (B) The levels of CPS1 O-GlcNAcylation were
analyzed by IP and western blotting using anti-CPS1 antibody and the RL-2 antibody. (C) CPS1 activity was measured. Error bars represent
SEM (n = 4 for each group). Prolonged fasting induced CPS1 activity in wild-type. In OGT knockout mice, CPS1 activity was enhanced by
lessened O-GlcNAcylation, but not further induced by prolonged fasting. (D) The levels of serum ammonia were measured by an Ammonia
Colorimetric Assay Kit. Error bars represent SEM (n = 4 for each group). Prolonged fasting caused hyperammonia in wild-type but not OGT

knockout mice.

related to metabolic heat production elicited by cold exposure
and hypothermia in aging. Thus, O-GlcNAc may indicate the
degree of age-related stress in metabolic tissues.

The OGT/OGA enzyme pairis recognized as the core of a multi-
level molecular machinery that integrates stress and metabolic
signals from different organelles, including mitochondria (Ong
et al., 2018). The dynamics of O-GlcNAc cycling are determined

by the availability of the donor substrate UDP-GIcNAc, protein
substrates, and binding partners, as well as OGT/OGA enzyme
activity. OGT and OGA themselves are subject to transcriptional
and posttranslational regulation, which strikes a balance of
protein O-GlcNAcylation (Qian et al., 2018). This paradigm may
underlie the optimal metabolic adaptation to aging in a tissue-
specific manner. For example, protein levels of OGT and OGA
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were regulated differentially in BAT (Figure 1D and F), which may
reflect an adaptative response to a high level of O-GlcNAcylation
associated with lipid accumulation (Charles et al., 2017). In
the liver and muscle, where OGT and OGA are not significantly
altered, increased UDP-GIcNAc levels and PTMs of OGT/OGA may
lead to protein hyper-O-GlcNAcylation.

The liver reprograms mitochondrial metabolism to adapt to
a rising flux of amino acids and fatty acids for production
of glucose and ketone bodies during prolonged fasting or CR
(Chimienti et al., 2021; Zhang et al., 2021b). To prevent ammo-
nia, the urea cycle is induced. It is known that SIRT5 removes a
panel of different protein acylation, i.e. acetylation, succinyla-
tion, and glutarylation, from CPS1 to sustain a high flux into the
urea cycle during CR (Nakagawa et al., 2009; Park et al., 2013;
Tan et al., 2014b). CR promotes amino acid catabolism through
SIRT3-mediated deacetylation of ornithine transcarbamoylase
from the urea cycle (Hallows et al., 2011). In our studies, di-
etary restriction, such as prolonged fasting and CR, unanimously
decreased levels of global O-GlcNAcylation and O-GlcNAcylated
CPS1, which leads to increased CPS1 enzyme activity. The in-
tracellular colocalization of CPS1 and OGA suggests that CPS1
O-GlcNAcylation is reversible. The dual enzymatic activity of
acyltransferase and O-GlcNAcase on OGA may link acetylation
and de-O-GlcNAcylation on CPS1. These findings raise the possi-
bility that SIRT5-mediated deacylation (including deacetylation)
and OGT-mediated Ser537 O-GlcNAcylation may coordinately
regulate CPS1 activity for optimal adaptation to dietary restric-
tion. Collectively, these results indicate that CR reciprocally
modulates various nutrient-sensing PTMs to promote amino acid
catabolism. Nevertheless, it remains unknown whether and how
these protein modifications crosstalk to coordinate metabolic
adaptative responses. Uncovering the topology of these inter-
actions would shed light on the precise therapeutic target that
can mimic the anti-aging effects of dietary restriction.

Materials and methods
Animal studies

All procedures have been approved by the Institutional Animal
Care and Use Committee of Yale University. Young (4-month-old)
and old (24-month-old) male C57BL/6 mice and 12-month-old
male C57BL/6 mice subjected to CR and age-matched control
mice fed ad libitum were purchased from National Institute
on Aging/National Institutes of Health. The skeletal muscle,
liver, BAT, and heart were collected for biochemical analysis of
0-GlcNAc signaling. Male OGT /Y (5-month-old) mice were gen-
erated previously (Li et al., 2013). Recombinant adenoviruses
(6x 108 plaque forming units to male OGT/Y mice) were deliv-
ered by systemic tail-vein injection to mice. Three to seven days
after viral infection, mice were subjected to 48 h fasting.

Plasmids

Vectors for eukaryotic expression of the full-length and
catalytically dead OGT were described previously (Chen et al.,
2013). pSG5-hCPS1-FLAG plasmid was kindly offered by
Matthew D. Hirschey (Duke University School of Medicine). Point

mutants of CPS1 were generated with the QuikChange XL Il Site-
Directed Mutagenesis Kit (Stratagene). p3Flag/2Myc-OGA (WT),
p3Flag/2Myc-OGA (D177N), and p3Flag/2Myc-0OGA (Y891F)
were kindly offered by Andrew J. Paterson (Chalmers University
of Technology), and the fragments of NCOAT were subcloned into
pAdTrack-CMV plasmids. Overexpression adenovirus constructs
were established using the AdEasy system (Luo et al., 2007).
Adenoviruses were amplified in HEK293 cells and purified using
the kit from Virapur.

Cell culture

HepG2, Hela, and HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS). Primary hepatocytes were isolated by Yale Liver Center
Core Facility and plated in DMEM with 10% FBS, 2 mM sodium
pyruvate, 1 mM dexamethasome, and 0.1 mM insulin on colla-
gen |-coated plates. HepG2 and HEK293T cells were transfected
with FUGENE HD (Roche). Primary hepatocytes were infected with
adenovirus in medium containing 0.5% bovine serum album
(BSA). Treatment with different glucose levels was performed
with no glucose DMEM plus 10% dialyzed FBS and various
concentrations of glucose for 8 h. The OGA inhibitor PUGNAc
(10 mM, 16 h) was used as indicated. Hela cells stably trans-
fected with pTRE2pur-3Flag/2Myc-OGA and pTet-Off plasmids
were cultured in DMEM with 10% FBS and doxycycline (1 pg/ml).

Antibodies, IP, and western blotting

Anti-Flag (F3165) and anti-B-actin (A5441) antibodies were
from Sigma-Aldrich. Anti-CPS1 (ab3682), anti-O-GlcNAc (RL-2,
ab2739), anti-OGT (ab50270), and anti-OGA/meningioma ex-
pressed antigen 5 (MGEA5) (ab68522) antibodies were from
Abcam. Anti-Myc (9E10, sc-40) antibody was from Santa Cruz
Biotechnology. Procedures for IP and immunoblotting (IB) as-
says were described previously (Ruan et al., 2012).

Immunostaining and confocal microscopy

Hela cells were fixed with paraformaldehyde for 10 min on
ice. After washing with phosphate-buffered saline (PBS), pH
7.4, cells were incubated with 0.2% Triton X-100 for 5 min and
blocked with 10% goat serum at room temperature for 30 min.
Thereafter, cells were incubated overnight at 4°C with rabbit
anti-CPS1 and mouse anti-MGEA. Anti-rabbit Alexa Fluor®488-
conjugated secondary antibody (Molecular Probes) and anti-
mouse Alexa Fluor®537-conjugated secondary antibody were
used. Nuclei were stained with DAPI. Antibody staining was de-
tected at an emission of 500-530, 550-600, and 640-720 nm
after excitation at 488, 543, and 630 nm, respectively. An oil
immersion objective (Zeiss x63/1.4 numerical aperture) was
used. The image showed CPS1 in green, OGA in red, and nuclei
in blue.

Mitochondrion isolation

Mitochondria were isolated from the livers of OGT knockout
mice as described previously (Wieckowski et al., 2009). Briefly,
livers were homogenized with a glass-Teflon Potter homogenizer
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in medium containing 225 mM mannitol, 75 mM sucrose, 0.5%
BSA, 0.5 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA), and 30 mM Tris—HCl (pH 7.4). The mito-
chondria were isolated in a low-speed centrifuge (740x g/min)
and washed twice in the same medium without EGTA. A high-
speed centrifuge (9000x g/min) precipitated the purified mi-
tochondria. Then, the mitochondria were resuspended in mi-
tochondria resuspending buffer containing 250 mM mannitol,
5 mM HEPES (pH 7.4), and 0.5 mM EGTA. The mitochondrial
protein concentration was measured using a protein DC assay
kit (Bio Rad).

CPS1 enzyme activity assay

CPS1 enzyme activity was assessed by measuring con-
verted citrulline with a colorimetric method (Nakagawa et al.,
2009). Briefly, mitochondria were incubated in CPS1 assay
buffer (50 mM Tris—HCl, pH 7.6, 50 mM KHCOs, 35 mM
(NH4)»S04, 15 mM MgS0,, 10 mM ATP, 5 mM L-ornithine, 10 mM
N-acetylglutamate, and 2 unit/ml ornithine transcarbamylase)
for 10 min at 37°C. The reaction was terminated by adding 8%
TCA. A color development solution was prepared just before the
assay by mixing 400 pl solution 1 (0.74 g antipyrine, 6.25 ml
8% ferricammonium sulfate, 50 ml 95% H,S04, and 50 ml 85%
H3PO, in 200 ml) and 200 plsolution 2 (0.4 g diacetyl monoxime
and 7.5 g NaCl in 100 ml) for each assay. After 100 pl reactant
and 600 il color development solution were mixed, tubes were
boiled at 100°C for 15 min and then transferred to water at
room temperature for cooling. The absorbance at 464 nm in a
1-cm light path was measured. The relation between citrulline
concentration and light absorbance obeys Beer’s law, with a
millimolar extinction coefficient of 37.8. Activity was calculated
by unit definition as fellows (unit/mg protein = OD x 0.8 x 3.5
x 6/37.8 mg protein).

Ammonia assay

Serum ammonia was detected with an Ammonia Colorimetric
Assay Kit (Biovision, K370-100) as per the manual. The samples
and ammonium chloride standard were added to 96-well plate,
bringing the volume to 50 wl/well with assay buffer. Then, 50 .l
of the reaction mix was added to each well. The reaction was
incubated for 60 min at 37°C and protected from light. The OD
570 nm was measured in a micro plate reader. NH,Cl concen-
trations in the samples were calculated according to the NH,Cl
standard curve.

Statistical analyses

Results are shown as mean + SEM. The comparisons between
two groups were carried out using two-tailed unpaired Student’s
t-test. For multiple-group comparisons, one-way analysis of vari-
ance was used for determining no differences among the group
means. Post hoc comparisons were adjusted using Bonferroni
corrections. Statistical analysis was accepted as significantifthe
P-value was <0.05.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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