L T

z

1\

BN AS PN AN D

. COMMENTARY

Protein acetylation links the circadian clock
to mitochondrial function
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The circadian clock is a time-keeping mech-
anism that allows organisms to organize their
behavior and physiology around the 24-h
day. In mammals, the generation of molec-
ular rhythms in cells relies on interconnected
transcriptional-translational feedback loops,
which integrate posttranscriptional and post-
translational mechanisms within their “cogs”
(1-3). Global analysis of these molecular os-
cillations have shown that approximately
10% of transcripts in a given tissue are under
circadian regulation, whereas at the protein
level the fraction has been estimated at
around 20% in mouse liver (4). In PNAS,
Masri et al. (5) reveal that the hepatic pro-
teome exhibits circadian rhythms in revers-
ible lysine acetylation, especially directed
toward mitochondrial proteins.

Acetylation was initially recognized as
a reversible post-translational modification
in the 1960s and its function has mostly
been discussed in the context of gene reg-
ulation, because histone tail acetylation is
part of the “histone code,” the dynamic
changes of which are believed to modulate
gene expression epigenetically. Acetylation
is also known to regulate the function of
nonhistone proteins, including transcrip-
tion factors and molecular chaperones (6).
However, investigations aimed at assaying
reversible acetylation of lysine residues in
proteins in general have gained momen-
tum, thanks to global proteomics studies
suggesting that such acetylation is a key
posttranslational modification, perhaps as
prevalent as phosphorylation (7). More-
over, acetylation has emerged as an im-
portant regulator of metabolic function
because the vast majority of enzymes in-
volved in gluconeogenesis, fatty acid oxi-
dation, and the tricarboxylic acid cycle
can be acetylated in human liver tissues
(8). Notably, the sirtuin SIRT3, a NAD*
-dependent protein deacetylase located in
mitochondria, has been identified as a
regulator of fatty acid oxidation and an

essential component of mitochondrial func-
tion (9).

In the context of circadian time-keeping,
rhythms in the acetylation of histones were
first reported at few specific clock-controlled
loci activated by the transcriptional complex
involving the BMAL1/CLOCK circadian tran-
scription factors, and subsequently several
reports highlighted genome-wide oscillations
in histone acetylation across day and night
(10-12). CLOCK itself has been reported to
be a histone acetyltransferase (13), which not
only catalyses the acetylation of histones, but
also of its heterodimeric partner, BMAL1
(14). CLOCK acetyltransferase activity is
thought to be counterbalanced by the
NAD™-dependent deacetylase SIRT1, form-
ing an autoregulatory loop contributing
to energy homeostasis, because BMAL1/
CLOCK modulate the levels of NAD" in
the cell through the transactivation of the
rate-limiting enzyme in NAD™ biosynthesis
(15). Moreover, SIRT1 promotes the deace-
tylation of the clock protein PERIOD?2, and
its subsequent degradation, reinforcing the
likely role of reversible protein acetylation
in the circadian clockwork.

Masri et al. (5) set out to measure the
circadian acetylome (the set of acetylated
proteins) in mouse liver using mass spec-
trometry-based proteomics. To this end, they
collected liver samples at four time points
during a 24-h cycle from wild-type and
Clock-deficient mice kept in light-entrained
conditions. Using label-free mass spectrome-
try, they measured the acetylation profiles of
179 proteins, the majority of them being acet-
ylated at a single lysine residue. About 5% of
the 306 acetylation sites were rhythmic in
either the wild-type or Clock-deficient ani-
mals (19 and 15 sites, respectively), with
two sites being shared between the two
groups. Pathway analysis highlighted that
the 30 proteins differentially acetylated in
wild-type and mutant backgrounds were
enriched for proteins participating in the
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Fig. 1. Circadian acetylation in the cell. Scheme repre-
senting plausible mechanisms that the circadian clock
might use to generate cytosolic and mitochondrial acet-
ylation rhythms. The activity of acetyltransferases (AcT),
including CLOCK, together with deacetylases (DeAc),
might be controlled through transcriptional and post-
transcriptional mechanisms. In addition, the circadian
clock may also use the NAD*-dependant deacetylases
SIRTs to modulate protein acetylation, because NAD*
levels are rhythmic in the cytosol.

tricarboxylic cycle and amino acid metabo-
lism. The results thus substantiate the role of
acetylation in the regulation of cellular me-
tabolism, in particular mitochondrial func-
tion, and suggest that the liver clock drives
rhythmic acetylation of several cytosolic and
mitochondrial enzymes. However, the fact
that a similar number of rhythmic acety-
lation sites were detected in the two ge-
netic backgrounds indicates that systemic
cues, such as food- and activity-related
cues, might contribute to the daily acety-
lation patterns, given that Clock-deficient
mice still exhibit robust circadian locomotor
activity (16).

To gain further insight into the function-
ality of rhythmic acetylation, Masri et al. (5)
integrated their acetylome data with pub-
lished mouse liver transcriptome datasets
(17) and with metabolomics data (18) that
they generated from the same animals used
in this study. Moreover, Masri et al. were also
able to measure total protein abundance from
their acetylome data, because unmodified
peptides also copurify, albeit at low levels,
during the enrichment of acetylated peptides.
Whereas the distribution of metabolite/
acetylation site pairs with high absolute
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correlation (that is, an absolute value of
the Pearson correlation coefficient > 0.9)
displayed a similar number of highly cor-
related and anticorrelated pairs, both tran-
script/acetylation and protein/acetylation
pairs had predominantly a positive corre-
lation. Although there were examples, such
as betaine-homocysteine methyltransferase,
that displayed an antiphasic relationship
between published protein accumulation
(4) and acetylation profiles, this may be
a result of acetylation-mediated degrada-
tion. Furthermore, a number of proteins
were acetylated in a circadian fashion, yet
their abundance remained approximately
constant over time.

Taking these data together, Masri et al. (5)
suggest an unanticipated role of the circadian
clock in modulating mitochondrial function
through reversible acetylation (Fig. 1). These
results support the growing importance of
posttranslational and nontranscriptional
mechanisms for circadian time-keeping (4,
19, 20). The integration of the acetylome data
with other datasets suggests that acetylation
might have various functions in circadian
physiology, including rhythmic activation of
constitutively expressed proteins and fine-
tuning protein function. Such mechanisms
may act to reshape metabolic networks to
fulfill dynamic demands on a daily timescale,
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without paying the cost of expressing genes,
thus licensing certain biosynthetic pathways
at specific times of the day. This is indeed
a key function of circadian clocks: tempo-
ral sequestration of cellular tasks that
are immiscible. Mechanistically, CLOCK’s
histone acetyltransferase activity might
contribute to the generation of acetylation
rhythms. However, it is very likely that
other acetylases/deacetylases play an im-
portant role, because a significant num-
ber of acetylation sites are still rhythmic

in Clock-deficient animals. For example,
the mitochondrial deacetylase SIRT3
might contribute to rhythmic acetylation
because its cofactor NAD™ undergoes circa-
dian oscillations in the cytosol (15), and
perhaps also in the mitochondria of liver
cells. Further studies will surely help to
identify the coupling between transcrip-
tion/translation loops within the clockwork
and acetylome oscillations, and thus shed
light on how circadian acetylation modulates
cellular metabolism.
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