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The tricarboxylic acid (TCA) cycle (or citric acid cycle) is
responsible for the complete oxidation of acetyl-CoA and formation of intermediates required for ATP production and other
anabolic pathways, such as amino acid synthesis. Here, we
uncovered an additional mechanism that may help explain the
essential role of the TCA cycle in the early embryogenesis of
Caenorhabditis elegans. We found that knockdown of citrate
synthase (cts-1), the initial and rate-limiting enzyme of the TCA
cycle, results in early embryonic arrest, but that this phenotype
is not because of ATP and amino acid depletions. As a possible
alternative mechanism explaining this developmental deficiency, we observed that cts-1 RNAi embryos had elevated levels
of intracellular acetyl-CoA, the starting metabolite of the TCA
cycle. Of note, we further discovered that these embryos exhibit
hyperacetylation of mitochondrial proteins. We found that supplementation with acetylase-inhibiting polyamines, including
spermidine and putrescine, counteracted the protein hyperacetylation and developmental arrest in the cts-1 RNAi
embryos. Contrary to the hypothesis that spermidine acts as an
acetyl sink for elevated acetyl-CoA, the levels of three forms of
acetylspermidine, N1-acetylspermidine, N8-acetylspermidine,
and N1,N8-diacetylspermidine, were not significantly increased
in embryos treated with exogenous spermidine. Instead, we
demonstrated that the mitochondrial deacetylase sirtuin 4
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pression of protein hyperacetylation and developmental arrest
in the cts-1 RNAi embryos. Taken together, these results suggest
the possibility that during early embryogenesis, acetyl-CoA consumption by the TCA cycle in C. elegans prevents protein hyperacetylation and thereby protects mitochondrial function.

The tricarboxylic acid (TCA)2 cycle plays pivotal roles in not
only the production of metabolic intermediates, but also the
developmental processes in metazoan. Several studies have elucidated that the TCA cycle inhibitor fluoroacetate blocks the
development of 1-cell or 2-cell embryos in rabbits and mice (1,
2). Moreover, down-regulation of genes for the TCA cycle components has been shown to hamper early embryogenesis in
Caenorhabditis elegans (3, 4). Thus, although the TCA cycle is
essential for early embryonic development, its molecular mechanism remains poorly understood.
The starting point for the TCA cycle is acetyl-CoA that reacts
with oxaloacetate to form citrate, which is then oxidized to CO2
for ATP production in the cycle. In addition, acetyl-CoA is used
for the acetylation reaction as a donor of the acetyl group that is
transferred to ␣-amino groups of N-terminal amino acids or
the ⑀-amino group of lysine residues of proteins as well as
amino groups of metabolites, such as polyamines (5).
Reversible protein acetylation is a major regulatory mechanism for controlling protein function. In the nucleus, reversible
acetylation of histones and transcription factors through
acetyltransferases and deacetylases plays central roles in the
regulation of gene expression (6). Likewise, mitochondria have
been shown to harbor numerous acetylated proteins; namely
63% of mitochondrial proteins contain lysine acetylation sites
(7). However, unlike the nucleus, mitochondrial acetylation is
2

The abbreviations used are: TCA, tricarboxylic acid; CE, capillary electrophoresis; IB, isolation buffer; TL, total lysate; MP, mitochondrial pellet; PMS,
post-mitochondrial supernatant; Spd, spermidine.
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thought to be largely elicited by nonenzymatic reaction of reactive lysine residues with acetyl-CoA and removed by the mitochondrial NAD⫹-dependent deacylase SIRT3 (8 –11). It should
be noted that protein acetylation in mitochondria typically
results in dysfunction of various major aspects of mitochondrial
biology.
It was previously reported that acetyl-CoA levels were elevated and proteins were acetylated in mitochondria when fuel
was increased (12). Furthermore, current evidence suggests
that acetyl-CoA is a key factor determining the levels of protein
acetylation during early embryonic development in Xenopus
laevis (13). Given that elevated acetyl-CoA levels could induce
protein lysine acetylation in mitochondria, we hypothesized
that the consumption of acetyl-CoA through the TCA cycle is an
indispensable process for maintaining normal mitochondrial
function. Here we provide a functional relationship between the
TCA cycle and mitochondrial protein hyperacetylation during
early embryonic development in C. elegans.

cts-1 knockdown causes developmental arrest at the early
embryonic stage without lack of intracellular ATP levels
The TCA cycle is an oxidative device coupled to the electron
transport chain for the production of ATP and the genes
responsible for the electron transport chain are known to be
required for early embryogenesis (4). Because cts-1 knockdown
led to dysfunction of the TCA cycle, we hypothesized that
cts-1 RNAi animals exhibit early developmental defects. As
expected, cts-1 knockdown dramatically reduced hatching rate
and also caused developmental arrest at the early embryonic
stage (Fig. 2, A and B). Next, to test whether these phenotypes
result from a failure of ATP production by cts-1 knockdown, we
measured ATP levels in mock or cts-1 RNAi embryos using
CE-TOF/MS. Surprisingly, however, the ATP levels of cts-1
RNAi embryos were comparable with those of mock RNAi
embryos (Fig. 2C). Similar result was obtained using the
luciferase-luciferin system (Fig. S1A). These data suggest
that energy shortage is not a cause of early embryonic arrest
in cts-1 RNAi animals.

Results
Citrate is consumed predominantly from the early to late
embryonic stage in C. elegans

A reduction in the levels of glutamate, aspartate, and citrate is
not a cause of early embryonic arrest by cts-1 knockdown

To understand the role of the TCA cycle during embryogenesis, we first measured the levels of metabolites of the TCA
cycle at both the early and late embryonic stages in C. elegans.
LC-MS analysis showed that the relative ratio of citrate, but not
other metabolites of the TCA cycle, is significantly decreased in
the late embryos (Fig. 1A). Given that citrate is consumed and
then regenerated by the sequence of reactions to complete the
TCA cycle, the reduction of citrate at the late embryonic stage
implies a contribution of the TCA cycle to the process of
embryogenesis. To investigate whether the consumption of
citrate is an essential process involved in embryogenesis, we
focused on citrate synthase encoded by cts-1 gene that is the
initial and rate-limiting enzyme of the TCA cycle. As shown in
Fig. 1B, the levels of all TCA metabolites in early embryos were
markedly decreased when cts-1 was silenced by feeding RNAi.
Thus, cts-1 knockdown approach has allowed us to clarify the
role of citrate consumption in early embryogenesis.

Several amino acids are synthesized from TCA metabolites,
including ␣-ketoglutarate and oxaloacetate. Thus, homeostatic
imbalance of amino acids could be a possible explanation for
early embryonic arrest by cts-1 knockdown. To test this hypothesis, we quantified the relative amounts of amino acids using
CE-TOF/MS and found that glutamate and aspartate, which
are derived from ␣-ketoglutarate and oxaloacetate, respectively, were decreased in cts-1 RNAi embryos as compared with
mock control (Fig. S1, B and C). Next, to determine whether
reduction of glutamate and aspartate is sufficient to account for
early embryonic arrest by cts-1 knockdown, we supplemented
cts-1 RNAi embryos with an excess dose (30 mM) of glutamate
and aspartate and examined hatching rate. Although the levels
of glutamate and aspartate in cts-1 RNAi embryos were completely restored by the supplementation, this treatment failed
to rescue the reduced hatching rate even when both glutamate
and aspartate were added (Fig. 2, D–F). These observations

3092 J. Biol. Chem. (2019) 294(9) 3091–3099

Downloaded from http://www.jbc.org/ at TSUKUBA DAIGAKU on August 19, 2019

Figure 1. Citrate is decreased from the early to late embryonic stage in C. elegans. A, the relative values of the TCA cycle metabolites between the early and
late embryonic stages. The levels of each TCA cycle metabolite were normalized to the amounts of total TCA cycle metabolites at each developmental stage
and indicated as relative value (early embryo versus late embryo). Data are mean ⫾ S.E.; n ⬎ 5; *, p ⬍ 0.05; N.S., not significant. ␣-KG indicates ␣-ketoglutarate.
B, the levels of the TCA metabolites in mock and cts-1 RNAi embryos with CE-TOF/MS. Data are mean ⫾ S.E.; n ⫽ 3; **, p ⬍ 0.01; ***, p ⬍ 0.001; N.S., not significant.
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Figure 2. cts-1 knockdown results in early embryonic arrest without depletion of intracellular ATP levels. A, the hatching rate in mock and cts-1 RNAi
embryos (data are mean ⫾ S.E.; n ⫽ 3; ***, p ⬍ 0.001). B, percentage of animals at each embryonic stage in cts-1 RNAi embryos (data are mean ⫾ S.E.; *, p ⬍ 0.05).
C, ATP levels in mock and cts-1 RNAi embryos with CE-TOF/MS (N.S., not significant). D, the levels of glutamate in mock RNAi embryos with vehicle (⫺), cts-1 RNAi
embryos with vehicle (⫺), and 30 mM glutamate (Glu) with LC-MS/MS (data are mean ⫾ S.E.; n ⫽ 3; N.S., not significant). E, the levels of aspartate in mock RNAi
embryos with vehicle (⫺), cts-1 RNAi embryos with vehicle (⫺), and 30 mM aspartate (Asp) with LC-MS/MS (data are mean ⫾ S.E.; n ⫽ 3; N.S., not significant). F,
the hatching rate of mock RNAi embryos with vehicle (⫺), cts-1 RNAi embryos with vehicle (⫺), and 30 mM Glu and/or Asp (data are mean ⫾ S.E.; n ⫽ 3; ***, p ⬍
0.001, N.S., not significant). G and H, citrate levels (G) and the hatching rate (H) in mock RNAi embryos with vehicle (⫺) and cts-1 RNAi embryos with vehicle (⫺),
and 30 mM citrate (data are mean ⫾ S.E.; n ⫽ 3; ***, p ⬍ 0.001; N.S., not significant).

imply that decreased levels of glutamate and aspartate do not
account for early embryonic arrest by cts-1 knockdown.
Alternatively, because it has been reported that citrate allosterically modulates metabolic enzymes, such as phosphofructokinase, pyruvate kinase, pyruvate dehydrogenase, and acetylCoA carboxylase, thereby controlling glycolysis and fatty acid
synthesis (14), we assessed a direct effect of citrate depletion on
the embryogenesis by adding back citrate to cts-1 RNAi
embryos. However, consistent with the results of amino acid
supplementation (Fig. 2, D–F), addition of citrate had no effect
on the reduced hatching rate in cts-1 RNAi embryos, despite
the fact that citrate levels were recovered to those in mock
RNAi embryos (Fig. 2, G and H). Taken together, these results
suggest that early embryonic arrest by cts-1 knockdown is not

attributed to reduced levels of glutamate, aspartate, and citrate
in C. elegans.
cts-1 RNAi embryos show an increase in the levels of acetylCoA and acetylation of mitochondrial proteins
As referred to above, our results demonstrated that at least
production of ATP, amino acids, and citrate through the TCA
cycle does not play a critical role in the hatching process of
C. elegans. If so, what is the role of the TCA cycle in early
embryogenesis? To find a clue to address this question, we
performed LC-MS/MS analysis with mock and cts-1 RNAi
embryos and found that acetyl-CoA, the starting point for the
TCA cycle, is significantly increased by cts-1 knockdown (Fig.
3A). This finding raised the possible involvement of acetyl-CoA
J. Biol. Chem. (2019) 294(9) 3091–3099
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Figure 3. cts-1 knockdown causes an increase in acetyl-CoA levels and mitochondrial protein hyperacetylation in early embryos. A, the levels of
acetyl-CoA in mock and cts-1 RNAi embryos with LC-MS/MS. Data are mean ⫾ S.E.; n ⫽ 3; *, p ⬍ 0.05. B, left, acetylated proteins of mock RNAi embryos and cts-1
RNAi embryos (AcK, acetylated proteins; CTS-1, citrate synthase-1). Right, the levels of total acetylated proteins larger than 28 kDa in mock and cts-1 RNAi
embryos (data are mean ⫾ S.E.; n ⫽ 3; ***, p ⬍ 0.001). C, acetylated proteins of total lysate (TL), post-mitochondrial supernatant (PMS), or mitochondrial pellets
(MP) in mock and cts-1 RNAi embryos (ATPB, ATP synthase ␤; ⌯3, histone H3).

Polyamine application counteracts protein hyperacetylation
and developmental arrest in cts-1 RNAi embryos
Next, we attempted to investigate whether early embryonic
arrest by cts-1 knockdown would be because of aberrant hyperacetylation of proteins in C. elegans. To this end, as a potent
acetylase inhibitor, we adopted the naturally occurring polyamines: spermidine and putrescine. It has been reported that
spermidine inhibits acetyltransferase activity and its decline
with age leads to hyperacetylation, early necrotic death, and
decreased life span (15, 16). Besides, putrescine is interconvertible with spermidine. Exogenous supply of putrescine and spermidine to cts-1 RNAi animals caused a marked decrease in the
extent of protein acetylation (Fig. 4A). Importantly, we found
that the same experimental conditions enable amelioration of a
reduced hatching rate of cts-1 RNAi embryos (Fig. 4B). On the
other hand, polyamine treatment had no recovery effect on
decreases in TCA metabolites and amino acids, glutamate and
aspartate (Figs. S3, A–C). Taken together, these results suggest
that the proper progression of the TCA cycle could be required
for normal embryogenesis to prevent aberrant hyperacetylation
of mitochondrial proteins in C. elegans.

3094 J. Biol. Chem. (2019) 294(9) 3091–3099

Spermidine does not act as a sink for the elevated acetyl-CoA
levels even when treated with high dose
Although the rescue effect of polyamine in embryogenesis
would be achieved through inhibition of hyperacetylation
because of overproduction of acetyl-CoA, the detailed mechanism how polyamine reduces protein acetylation remains
unclear. Meanwhile, we noticed key findings from the CETOF/MS data demonstrating that cts-1 knockdown augments
the levels of acetylated polyamines, namely, acetylputrescine
and acetylspermidine (Fig. 5A). These emerging data prompted
us to consider that excess concentrations of polyamines might
be sinks for the elevated acetyl-CoA levels as acetylation acceptors, thereby siphoning off the amount of acetyl-CoA for protein acetylation. To test this hypothesis, we set up to determine
the levels of acetylspermidine in mock and cts-1 RNAi embryos
treated with or without spermidine. Because amino groups of
spermidine are acceptable for acetylation at both its ends (Fig.
5B), the two distinct mono- (N1- and N8-acetylspermidine) and
the diacetylated (N1,N8-diacetylspermidine) forms of spermidine were measured specifically using LC-MS/MS. Unexpectedly, however, we found that the levels of all forms of acetylspermidine in cts-1 RNAi embryos are not significantly
increased when treated with exogenous spermidine (Fig. 5,
C–E). A similar result was observed in the levels of acetylputrescine (data not shown). These data indicate that polyaminemediated inhibition of protein hyperacetylation is not attributed to the function of spermidine as a sink for acetyl groups
under overproduction of acetyl-CoA.
sir-2.2 is required for recovery effect of spermidine on protein
hyperacetylation and developmental arrest in cts-1 RNAi
embryos
An alternative possible mechanism for polyamine-mediated
inhibition of hyperacetylation could be the activation of protein
deacetylase. Considering that polyamine treatment inhibited
protein hyperacetylation occurring primarily in mitochondria,
potential targets of polyamine should be the mitochondrial
deacetylases, including three sirtuin isoforms, SIRT3, SIRT4,
and SIRT5. Among them, mammalian SIRT3 is the major protein deacetylase in mitochondria (10), but there are no genes
with similarity to SIRT3 and also SIRT5 in C. elegans. Instead,
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in early embryogenesis, and because acetyl-CoA serves as an
acetyl donor for the acetylation as well as a source of ATP, we
tested whether elevated levels of intracellular acetyl-CoA promotes acetylation of proteins in cts-1 RNAi embryos. Expectedly, Western blotting with an anti-acetyl lysine antibody
showed that although only a few bands, probably histones, are
detected as acetylated proteins in mock control, cts-1 knockdown apparently enhances the acetylation of a wide range of
proteins (Fig. 3B). Next, to determine in which cellular compartment(s) hyperacetylation occurs in cts-1 RNAi embryos, we
focused on mitochondria where the elevation of acetyl-CoA
levels has been shown to induce lysine acetylation (12). Total
lysates from mock and cts-1 RNAi embryos were separated into
mitochondrial and post-mitochondrial fractions as verified by
Western blotting with organelle markers, and an increased
acetylation was observed exclusively in mitochondrial fraction
of cts-1 RNAi embryos (Fig. 3C). These data were further confirmed by proteome analysis, showing that a number of mitochondrial proteins, such as ACO-2, ATP-3, and HSP-6, are
acetylated to a greater extent by cts-1 knockdown (Fig. S2).
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C. elegans possesses two genes, sir-2.2 and sir-2.3, both of which
are orthologs of SIRT4 and their products are localized in mitochondria (17). However, because C. elegans SIR-2.2 and SIR-2.3
proteins have not been demonstrated to catalyze deacetylation
on a variety of substrates, we first examined broad deacetylase
activity of SIR-2.2 in mock and cts-1 RNAi embryos. As shown
in Fig. 6A, we found that although endogenous protein acetylation levels of early embryos are comparable between WT N2
and sir-2.2(tm2648) mutant animals, cts-1 knockdown-induced
hyperacetylation of proteins larger than 28 kDa is slightly augmented in sir-2.2(tm2648) mutant, suggesting that SIR-2.2 contributes to protein deacetylation, at least, when acetyl-CoA levels are elevated.
We next investigated the role of sir-2.2 in spermidine-mediated inhibition of protein hyperacetylation under cts-1 knockdown condition. Notably, the inhibitory effect of spermidine
on protein hyperacetylation in cts-1 RNAi embryos was
completely abolished by deletion of sir-2.2 gene (Fig. 6B). In
contrast, spermidine treatment substantially decreased the
cts-1 knockdown-induced hyperacetylation in sir-2.3(ok444)
mutants (Fig. 6C), indicating that not sir-2.3, but sir-2.2 is
involved in the spermidine-mediated inhibition of protein
hyperacetylation. Finally, we examined hatching rate of WT N2
and deletion mutants of sir-2.1 (the SIRT1 ortholog), sir-2.2,
and sir-2.3 to ascertain whether sir-2.2 indeed plays a role in the
spermidine-mediated recovery of embryonic development. As
expected, the reduced hatching rates by cts-1 knockdown were
observed in all strains tested, whereas the recovery effect of
spermidine was partially abrogated in the sir-2.2(tm2468)
mutant compared with N2 and other mutants (Fig. 6D). Taken
together, these results imply that SIR-2.2 is a target of spermidine for preventing hyperacetylation when the TCA cycle is
impaired during early embryogenesis.

Discussion
The fundamental question in this study is what the role of the
TCA cycle during embryogenesis in C. elegans is. We demonstrated that the TCA cycle is indispensable for early embryonic
development by RNAi depletion of CTS-1 that functions as the
initial and rate-limiting enzyme of the TCA cycle (Fig. 1, A and

B). Although ATP deprivation appeared to be a cause of early
developmental arrest in cts-1 RNAi embryos, there was no difference in intracellular ATP levels between control and cts-1
RNAi embryos (Figs. 1C and S1A). This finding indicates that
intracellular ATP levels are sustained during early embryogenesis even without ATP production through the TCA cycle. If so,
what pathways are used for supplying ATP? We consider two
possibilities: (1) through glycolysis and (2) through amino acid
metabolism. To address this issue, we treated early embryos
with 2-deoxyglucose, a glycolysis inhibitor, but no decrease was
observed in ATP levels (data not shown), suggesting that glycolysis is not likely to participate in ATP supply during early
embryogenesis. Another possibility is the use of amino acid as a
substitute for acetyl-CoA to produce ATP. An interesting
model has been proposed in which the TCA cycle reactions are
split into complementary mini-cycles: namely, the first minicycle converts ␣-ketoglutarate to oxaloacetate and the second
mini-cycle converts oxaloacetate to ␣-ketoglutarate (18). Based
on this model, the first mini-cycle would allow metabolizing
glutamate for producing ATP even when the second mini-cycle
does not function by cts-1 knockdown. Supporting this notion,
we found that the levels of glutamate are considerably decreased in
cts-1 RNAi embryos (Fig. S1B). Instead, the existence of multiple metabolic pathways to ensure the level of intracellular
ATP implies other roles of the TCA cycle in early embryonic
development.
Here, we demonstrated the relationship between the TCA
cycle and protein/metabolite acetylation through acetyl-CoA.
The primary function of the TCA cycle is to release stored
energy through the oxidation of acetyl-CoA into carbon dioxide and chemical energy in the form of ATP. As mentioned
above, however, we revealed that ATP levels are not influenced
by cts-1 knockdown and rather successive consumption of
acetyl-CoA via the TCA cycle plays a crucial role in preventing
accumulation of acetyl-CoA in mitochondria (Fig. 3A). Given
that mitochondrial proteins possessing intrinsic acetyltransferase activity have not been identified so far (9), excessive accumulation of acetyl-CoA exclusively in mitochondria seems to
cause aberrant acetylation of proteins and metabolite through
J. Biol. Chem. (2019) 294(9) 3091–3099
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Figure 4. Polyamine supplementation counteracts protein hyperacetylation and decreased hatching rates in cts-1 RNAi embryos. A, left, acetylated proteins
in mock RNAi embryos with vehicle (⫺) and cts-1 RNAi embryos with vehicle (⫺), putrescine (Put), or spermidine (Spd). Right, the levels of total acetylated proteins larger
than 28 kDa in mock and cts-1 RNAi embryos supplemented with or without Put or Spd (data are mean ⫾ S.E.; n ⫽ 3; ***, p ⬍ 0.001; *, p ⬍ 0.05). B, the hatching rate of
mock RNAi embryos with vehicle (⫺) and cts-1 RNAi embryos with vehicle (⫺), Put, or Spd (data are mean ⫾ S.E.; n ⫽ 3; *, p ⬍ 0.05; ***, p ⬍ 0.001).
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Figure 5. Spermidine does not act as an acetyl sink even when treated with high-dose. A, relative areas of acetyl polyamines in mock and cts-1 RNAi
embryos with CE-TOF/MS (data are mean ⫾ S.E.; n ⫽ 3; *, p ⬍ 0.05). B, structural formula of acetylated spermidines, N1-acetylspermidine (top), N8-acetylspermidine (middle), and N1,N8-diacetylspermidine (bottom). C–E, the levels of acetylated spermidines, (C) N1-acetylspermidine, (D) N8-acetylspermidine, and (E)
N1,N8-diacetylspermidine, in mock RNAi embryos with vehicle (⫺), cts-1 RNAi embryos with vehicle (⫺), mock RNAi embryos with Spd (⫹), and cts-1 RNAi
embryos with Spd (⫹) with LC-MS/MS. The y axis values indicate each acetylspermidine level relative to that of cts-1 RNAi embryos treated with Spd (data are
mean ⫾ S.E.; n ⫽ 4; N.D., not detected; N.S., not significant).

the nonenzymatic reaction, thereby resulting in mitochondrial
dysfunction related to early embryonic arrest. Moreover, it is
noted that a large number of mitochondrial proteins involved in
metabolic pathways have been shown to be regulated by reversible acetylation (7). Taken together, we suggest the notion that
homeostatic modulation of mitochondrial protein acetylation
could be an alternative function of the TCA cycle at least during
embryogenesis. Meanwhile, because blocking citrate synthase
would have a number of effects beyond producing an excess
amount of acetyl-CoA, it is important to provide evidence that
increasing acetylation of mitochondrial proteins by a method
except cts-1 knockdown also leads to mitochondrial dysfunction and early embryonic lethality.
To prevent hyperacetylation of mitochondrial proteins, we
used natural polyamines, such as spermidine, which has been
reported to inhibit histone acetyltransferases and thereby promote longevity through up-regulation of autophagy-related
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transcripts (15). In addition to the fact that a definitive mitochondrial acetyltransferase has not been identified, our findings
from metabolome analysis led to the hypothesis that excess
concentrations of polyamines might be sinks for the elevated
acetyl-CoA levels by being acetylated themselves and thus
siphon off the amount of acetyl-CoA for protein acetylation.
However, because no significant increase in the levels of acetyl
forms of spermidine, including N1-acetylspermidine, N8-acetylspermidine, and N1,N8-diacetylspermidine, was observed
even when the TCA cycle was compromised by cts-1 knockdown (Fig. 5), this hypothesis appears to be incorrect at least in
our experimental conditions. Instead, we discovered that the
nematode mitochondrial sirtuin, SIR-2.2, has deacetylase activity, albeit at a lower level, and could be a target of spermidinemediated inhibition of hyperacetylation (Fig. 6). Although we
are unable to uncover the molecular mechanism underlying the
action of polyamine on SIR-2.2 function, our findings provide
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Figure 6. sir-2.2 is necessary for recovery effect of spermidine on protein hyperacetylation and developmental arrest in cts-1 RNAi embryos. A, left, Western
blotting of acetylated proteins of mock RNAi embryos and cts-1 RNAi embryos in WT and sir-2.2(tm2648). Right, the levels of total acetylated proteins larger than 28 kDa
in mock and cts-1 RNAi embryos of N2 or sir-2.2(tm2648) (data are mean ⫾ S.E.; n ⫽ 3; *, p ⬍ 0.05; N.S., not significant). B and C, left, acetylated proteins of mock RNAi
embryos with vehicle (⫺) and cts-1 RNAi embryos with vehicle (⫺) or Spd in sir-2.2(tm2648) (B) and sir-2.3(ok444) (C) mutants. Right, the levels of total acetylated
proteins larger than 28 kDa in mock and cts-1 RNAi embryos of sir-2.2(tm2648) (B) and sir-2.3(ok444) treated with or without Spd (data are mean ⫾ S.E.; n ⫽ 3; ***, p ⬍
0.001; **, p ⬍ 0.01; *, p ⬍ 0.05; N.S., not significant). D, the hatching rate of mock RNAi embryos with vehicle (⫺) and cts-1 RNAi embryos with vehicle (⫺) or Spd in N2,
sir-2.1(ok434), sir-2.2(tm2648), and sir-2.3(ok444) mutants (data are mean ⫾ S.E.; n ⫽ 3; **, p ⬍ 0.01; ***, p ⬍ 0.001; N.S., not significant).

new insight into the physiological significance of polyamine as
an acetylation inhibitor.
Interestingly, it was reported that N1,N8-diacetylspermidine
is a potential cancer marker for early detection because its levels
in the urine from patients are increased along with a progression of cancer (20). However, to date, there is no report describing the existence of N1,N8-diacetylspermidine in animals other
than human and it remains unknown how N1,N8-diacetylspermidine is produced in cancer cells. In this study, we first discovered the endogenous production of N1,N8-diacetylspermidine

in nematode when the TCA cycle is compromised by cts-1
knockdown (Fig. 5E). Considering that N1,N8-diacetylspermidine is predicted to arise simultaneously with the accumulation
of mitochondrial acetyl-CoA, this diacetylpolyamine could be a
biomarker that identifies the metabolic balance between glycolysis and the TCA cycle.
Our present study revealed a possible link among the TCA
cycle, acetylation, and polyamine at the stage of early embryonic development in C. elegans. On the other hand, it is likely
that this mutual relationship plays an important role in various
J. Biol. Chem. (2019) 294(9) 3091–3099
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biological phenomena throughout life. In particular, considering that spermidine is a longevity drug that can increase life
span in yeast, nematodes, and flies (15), the acetylation status
mediated by the TCA cycle is emerging as a promising regulatory mode of chronological aging. Consistent with this notion, a
glucose-enriched diet has been shown to shorten life span by
down-regulating the DAF-16 and HSF-1 transcription factors
in C. elegans (21). Further investigations of the relationship
between the TCA cycle and protein/metabolite acetylation in
view of metabolic change with age will shed light on how spermidine increases longevity and also contributes to identify therapies to slow down aging and delay age-associated diseases.

Metabolome analysis with CE-TOF/MS
Chilled methanol and internal standards were added to the
embryonic pellet. The mixture was sonicated four times. For
metabolome analysis, the mixture was deproteinized with 5
kDa MW cutoff spin filter. The filtrate was frozen in liquid
nitrogen and stored at ⫺80 °C until use. The large-scale measurements and data processing of metabolites were performed
through a facility service at Human Metabolome Technologies,
Inc. (Tsuruoka, Japan).
Western blot analysis

Early and late embryos were collected immediately and 11–12 h
after bleaching of 5000 gravid adults, respectively. Embryos of
mock RNAi or cts-1 RNAi were collected after thorough bleaching
of ⬃14,000 or 27,000 gravid adults, respectively. The embryonic
pellets were stored at ⫺80 °C.

Early L4 animals were bred on RNAi plates for 45 h. Embryos
of mock RNAi or cts-1 RNAi were collected after thorough
bleaching ⬃3000 or 4000 gravid adults, respectively. The
embryonic pellets were boiled in 50 l of 1⫻ SDS-PAGE sample
buffer (50 mM Tris-HCl, pH 7.5, 1.8% mercaptoethanol, 1%
SDS, 0.01% bromphenol blue, 10% glycerol). Then, 5–10 l of
the lysates were separated on 15% SDS-PAGE, and then the
proteins were transferred to PVDF membrane. The membrane
was treated with the blocking buffer, and then incubated with
primary antibodies followed by HRP-conjugated secondary
antibodies (Table S1). Densitometric analyses of anti–acetylated-lysine Western blotting bands were performed by ImageJ
software. Briefly, areas of Western blot bands larger than 28
kDa were framed as acetylated protein signals and then converted into gray values. After subtracting background values,
the intensity profiles were determined and presented as a relative ratio. The acetylated protein signals larger than 28 kDa
were divided into three sizes, namely: upper (⬎ 75 kDa), middle
(48 –75 kDa), and lower (28 – 48 kDa) and then the linearity of
signal intensities was validated by quantification of densitometric values of each area around 3-s exposure.

LC-MS or LC-MS/MS analysis

Measurement of hatching rate

Chilled methanol and internal standards were added to the
embryonic pellet. The mixture was sonicated. Metabolites were
extracted by addition of chloroform and water. The upper
phase was carefully transferred into new tubes and dried with a
rotary concentrator at 4 °C. The dried pellet was resuspended in
MS-grade distilled water and centrifuged. The supernatant was
utilized for LC-MS and LC-MS/MS. Detailed procedures for
LC-MS or LC-MS/MS analysis are shown in supporting experimental procedures (Table S2).

Hatching rate was measured in reference to previous
research (3). In brief, early L4 animals were bred on RNAi plates
for 45 h, and then 6 – 8 gravid adults were transferred to new
RNAi plates. These animals were removed 6 h thereafter, and
then hatchlings and eggs were counted 24 h later.

Collection of animals
To suppress the loss of the collected embryos and metabolites through the nonspecific adsorption with tubes and tips, we
used platinum tubes and tips (BM-Bio Inc.) in all experiments.
Reagents and antibodies
Reagents were purchased from Sigma-Aldrich, Wako, TokyoINC, Tokyo Chemical Industry, Cambridge Isotope Laboratories,
Inc., and Cayman Chemical Co. Antibodies were purchased from
Santa Cruz Biotechnology, Cell Signaling Technology, MBL International, and Abcam. N1,N8-diacetylspermidine was chemically
synthesized and purified. The detailed information on reagents
and antibodies is shown in Table S1.
Sample preparation for metabolite measurement

RNAi experiments and metabolite supplementation
Synchronized L1 animals were grown on Nematode Growth
Medium plates seeded with Escherichia coli (OP50). Two hundred
early L4 animals were transferred to RNAi plates containing ampi-
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Mitochondria/cytosol fractionation
In this fractionation, we referred to the protocol shown by
Jonassen et al. (19). Large numbers of early embryos were collected by bleaching 35,000 gravid adults. The embryos were
washed four times in M9 buffer, then resuspended in 2 ml of
isolation buffer (IB) (210 mM mannitol, 70 mM sucrose, 0.1 mM
EDTA, 5 mM Tris, pH 7.4, 1 mM PMSF). The samples were kept
cold on ice throughout the fractionation procedure. The ani-
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Experimental procedures
Strains and the maintenance
Bristol N2 WT, sir-2.1(ok434), and sir-2.3(ok444) were provided by the Caenorhabditis Genetics Center (CGC). sir2.2(tm2468) was obtained from National BioResource Project
(NBRP). All mutants were backcrossed five times to N2. All
strains were maintained on Nematode Growth Medium plates
at 20 °C.

cillin (100 mg/L) and isopropyl 1-thio-␤-D-galactopyranoside (1.0
mM) seeded with E. coli (HT115) expressing target gene dsRNA,
and embryos were examined after 45 h of RNAi treatment. In supplementation with metabolites, we prepared RNAi plates seeded
with E. coli (HT115) and dropped metabolite water solution onto
the surface of the agar so that final concentration was 30 mM or 60
mM, and then dried it just before transferring early L4 animals to
RNAi plates. In this study, we used the plates as 30 mM or 60 mM
metabolite supplementation plates.

Hyperacetylation induces embryonic lethality

Statistical analysis
Results were presented as mean ⫾ S.E. Statistical significances were determined by two-tailed Student’s t test using
GraphPad Prism software. A p value ⬍ 0.05 was considered
statistically significant.
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mals were homogenized with 15 up-and-down strokes with a
Dounce homogenizer. The homogenates were centrifuged at
1000 ⫻ g for 10 min. The supernatants were saved, and 2 ml of
IB were further added to the pellets. The pellets were resuspended and homogenized again with additional 15 strokes, and
centrifuged at 1000 ⫻ g for 10 min. An aliquot of the combined
supernatants was saved as total lysate (TL). The supernatants
were centrifuged at 5000 ⫻ g for 10 min. The pellets were suspended with IB, and then centrifuged at 2000 ⫻ g for 10 min.
The supernatants were saved, and another 1 ml of IB was added
to the pellets. The pellets were resuspended and centrifuged at
2000 ⫻ g for 10 min. An aliquot of the combined supernatants
was centrifuged at 14,000 ⫻ g for 10 min, and the mitochondrial
pellet (MP) was obtained. The supernatants centrifuged at 5000
⫻ g for 10 min were additionally centrifuged at 12,000 ⫻ g for 10
min. An aliquot of the resulting supernatant was saved as postmitochondrial supernatant (PMS). Protein pellets of TL and
PMS were collected by chloroform precipitation. SDS sample
buffer was added to all pellets of TL, PMS, and MP.
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