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FIGURE 5. Alignments of SDH3 (A) and SDH4 (B) sequences. Amino acid residues proposed for binding of protoheme IX are shown In red and those for the
quinone binding in blue. Other conserved residues are indicated by green. Transmembrane helices found in E. coli (Protein Data Bank code 1NEK) and porcine

(Protein Data Bank code 1Z0Y) Complex |l are shown by red rect

and transs

helices predicted by TMHMM are indicated by blue rectangles.

TMHMM falled to predict transmembrane helices in T. brucel SDH3. Residue numbers refer to £ coli SDH3 (SdhC) and SOH4 (5dhD), GenBank™ accession
numbers for SDH3 and SDH4 sequences used are T. cruzi (XP_B09410, XP_808211), T. brucei (XP_845531,XP_823184), L major (XP_001684890, XP_001685874),
L. infantum (XP_D01467132), L brasiliensis (XP_001566908, XP_001567905), R. americana (NP_044796, NP_044797), Nicotiano tobacum (YP_173376,
YP_173457), Sus scrofa (120Y_C, 120Y_D), and E. coli (NP_415249, NP_415250).

and co-eluted with proteins and b-type cytochrome(s) at the
second Superdex 200 chromatography (Fig. 2). Specific activity
was increased 34-fold to 2.9 units/mg proteins, and the yield
was ~2%. A hrCNE of the pure protein identified 7. cruzi Com-
plex Il as an ~550-kDa complex (Fig. 3, lanes I and 3), which is
4-fold larger than bovine and yeast Complex 11 (130 kDa) and
potato Complex 11 (150 kDa) (26, 27). Upon phase partitioning
of the mitochondrial fraction with Triton X-114, the Complex
11 of T. eruzi was found only in the detergent-rich fraction (data
not shown). Analysis of the detergent-rich fraction by hrCNE
showed the Complex 1l as a single band at the same position as
the pure enzyme (~—550 kDa) (Fig. 3, lanes 2 and 4). These
results indicated that the purified Complex II was obtained in
its intact form. Interestingly, second dimensional analysis of
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both the purified Complex [I and the detergent-rich fraction
from phase partitioning with Triton X-114 with SDH activity
showed that T. cruzi Complex 11 is composed of 12 subunits
(Fig. 3, lanes 5 and 6). The same subunit composition was
obtained by immunoaffinity purification of the partially puri-
fied enzyme (data not shown). The apparent molecular weight
of the subunits ranges from 7.3 to 63 kDa (Fig. 3, lanes 7and 8).
Assuming the presence of equimolar amounts of subunits, a
total molecular mass of Complex Il would be 286.5 kDa, indi-
cating that T. cruzi Complex I is a homodimer.

Identification of Genes Coded for Subunits—We determined
N-terminal sequences (or internal peptide sequences in case of
SDH2,, and SDH8) of all subunits and identified genes coded
for SDH1-1, SDH2,, SDH2, SDH5-SDH?7 (hydrophilic sub-
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units), SDH3, SDH4, and SDH8 -SDH11 (hydrophobic sub-
units) (Table 2). All subunits, except SDH1-1, are trypanoso-
matid-specific and structurally unrelated to plant-specific
soluble subunits (AtSDH5-AtSDHS8, 5-18 kDa) (27-29). All
genes (except SDH6 with four copies) are present as two copies,
which are assigned to either Esmeraldo or non-Esmeraldo hap-
lotype (haploid genotype) in T. cruzi subgroup lle. In contrast,
only one copy each of the orthologues is present in T. brucei,
Leishmania major, Leishmania infantum, and Leishmania bra-
siliensis (supplemental Table S1). N-terminal sequence analysis
of SDH3 and SDH7 showed that yields of two isoforms are
similar (i.e. SDH3-1:5DH3-2 = 63:37, and SDH7-1:5DH7-2 =
54:46), indicating that isoforms are expressed from each haplo-
type. Because truncated isoforms for SDH1 and SDHS5 in the
Esmeraldo haplotype (see below) are not assembled into the
12-subunit complex and SDH2,, and SDH9 isoforms have
the identical sequence, 512 (= 1* % 4! x 2'*~%)) kinds of het-
erogeneity may exist in the T. cruzi Complex II monomer
(Table 2).

Flavoprotein Subunit—SDH1-1 (63-kDa band in Tricine-
PAGE) cross-reacted with the antiserum against bovine SDH1
(data not shown) and is highly homologous to counterparts in
T. brucei (93% identity), L. major (90%), Homo sapiens (59%),
Arabidopsis thaliana (62%), Saccharomyces cerevisiae (61%),
and Escherichia coli (48%, SdhA). Amino acid residues pro-
posed for dicarboxylate binding and a FAD ligand histidine
(12-14) are all conserved in SDH1-1. SDH1-1 and SDH5-1 of
the non-Esmeraldo haplotype share a weak sequence similarity
in the entire region, but the latter lacks amino acid residues
responsible for FAD and dicarboxylate binding. In the Esmer-
aldo haplotype, SDH1-2 and SDH5-2 are truncated and contain
only Met! to Gly'® of TcSDH1-1 and I1e*® to Met*** of
TcSDH5-1, respectively (Table 2). These findings suggest that
TeSDHI1-1, TeSDH1-2, TeSDH5-1, and TeSDH5-2 might have
evolved by gene duplication and subsequent degeneration.

Iron-Sulfur Subunit—Sequence analysis of the 25- and
21-kDa band proteins revealed that they contain the plant
ferredoxin domain (lp,) and bacterial ferredoxin domain
(Ipc) of canonical SDH2 (Ip) in the N- and C-terminal half,
respectively (Fig. 4). Sequence identities of Ip,; and Ip. are
37 and 43%, respectively, to those of human SDH2 (Table 2),
and the Ip,, and Ip- domains contain all amino acid residues
responsible for binding of iron-sulfur clusters and ubiqui-
none (12, 13, 30) (Fig. 4). Such a heterodimeric Ip subunit
can be found in T. brucei (31), T. cruzi, L. major, L. infantum,
and L. brasiliensis (Tables 2), which belong to the order
Trypanosomatida. Thus we named these subunits as SDH2,,
and SDH2,, respectively.

Splitting of mitochondrial membrane proteins has been
reported for cytochrome ¢ oxidase CoxIl in Apicomplexa and
Chlorophyceae (32, 33), and ATP synthase a subunit in Leish-
mania tarentolae and T. brucei (34, 35). The former occurs at
the gene level and the latter by post-translational cleavage.
Sequence analysis indicates that heterodimeric SDH2 and
CoxIl have emerged from gene duplication followed by degen-
eration of the N- or C-terminal half of the duplication products.
Conserved domains in degenerated duplicons, which have
arisen from mitochondrion-to-nucleus transfer of the dupli-
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FIGURE 6, Visible absorption spectra of T. cruzi Complex Il. Purified Com-
plex Il was desalted by ultrafiltration and diluted with 0.1 m sodium phos-
phate, pH 7.2, containing 0.1% 5ML at a final concentration of 0.06 mg/mil.
Absorption spectra of the air-oxidized (Ox, thin line) and dithionite-reduced
(Rd, thick line) forms were recorded at room temperature with UV-2400 spec-
trophotometer (Shimadzu Corp., Kyoto, Japan).
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cated genes (32, 33, 36), must retain the potential for protein-
protein interactions and constitute a heterodimeric functional
subunit by trans-complementation.

Membrane Anchor Subunits—Membrane anchor subunits in
protist enzymes are highly divergent from bacterial and mam-
malian counterparts and difficult to find with conventional
BLAST programs. We identified candidates for T. cruzi SDH3
and SDH4 by the presence of the quinone/heme-binding motifs
“RPX,¢SX,HR (SDH3 helix )" and "HX,,DY (SDH4 helix V),”
respectively, present in membrane anchor subunits. In Com-
plex II, Trp'®*in SDH2 (Fig. 4) and Tyr™ in the SDH4 HX ;DY
motif (Fig. 5B) (E. coli numbering) could hydrogen bond to the
O-1 atom of ubiquinone and contribute to the binding affinity
(12,37). Arg®* in the SDH3 SX,HR motif (Fig. 54) and Asp® in
the SDH4 HX,,DY motif are in close proximity to ubiquinone
and could interact with Tyr®® (37). Ser”” in the SDH3 SX,HR
motif has been shown to be essential for quinone binding (38)
and s a candidate for hydrogen bonding to the O-4 atom of
ubiquinone (30). The first arginine (Arg” in £ coli SDH3) in the
RPX,SX,R motif is in the vicinity of Glu'®* in SDH1 and
Asp'® in SDH2 and may play a structural role by making a
hydrogen bond network.

In T. cruzi, SDH3 has the “RPX,,SX;HR motif in front of the
predicted transmembrane helix I and lacks transmembrane
helices 11 and I1l. However, sequence alignment suggests the
presence of the alternative motif “TX;SR/(T)" in the Trypano-
somatida (Fig. 5A). In mitochondrial Complex I1, protoheme IX
is ligated by two His residues in the second transmembrane
helix of SDH3 ("HX, D" motif) and SDH4 (“HX,,DY" motif). A
heme ligand in helix 11 (His®*® in E. coli SDH3) may be substi-
tuted by a nearby histidine in the quinone-binding motif
“SX,HR" (39). In contrast, SDH4 lacks helix IV and appears to
interact with heme and ubiquinone with the HX,; ;DY motif. As
in rice SDH4 (GenBank™ accession number NP_001045324),
the heme ligand His is substituted by Gln in T. brucei SDH4.
The presence of a bound heme or an alternative ligand in T
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brucei SDH4 needs to be tested in future studies. It is also pos-
sible that trypanosomatid-specific subunits could be assembled
as a jigsaw puzzle-like membrane anchor.

Spectroscopic Properties of T. cruzi Complex [|—Pyridine fer-
rohemochrome analysis showed that T cruzi Complex Il binds
a stoichiometric amount of protoheme IX (0.85 heme/mono-
mer of enzyme) indicating that monomer enzyme complex
contains one heme. At room temperature, the air-oxidized and
fully reduced forms of the purified enzyme showed peaks at 413
and 426, 527, and 561 nm, respectively (Fig. 6). Peak positions
are similar to those reported for Complex Il from E. coli (40),
adult A. swum (41), and bovine (42, 43), where heme is ligated
via histidine in the second helices of SDH3 and SDH4.
Although heme has an important role in the assembly of Com-
plex 1L it is not essential for the reduction of ubiquinones
(43, 44).

Enzymatic Properties of T. cruzi Complex II—\e examined
SQR activity of the purified enzyme and found the difference in

Succinate:quinone reductase (U/img protein)

RN Y T S W WA W (S W |

0 50 100
[Ubaqumone] (;nM}

FIGURE 7. Kinetic is of succi Y. Succi-
nateubiquinone roductase activity of the punﬂed Complex ] was deter-
mined with Q, () and Q, (®) at a protein concentration of 1.25 ug/ml in the
presence of 10 mm sodium succinate. Data were fitted with the Michaelis-
Menten equation using KaleidaGraph, and apparent K and V,_,, values were
30.3 = 43 pmand 14.0 = 1.2 units/mg protein, respectively, for Q, and 12.4 +
0.7 wmand 11.9 = 0.3 units/mag protein, respectively, for Q,.

(A)
FIGURE 8. Subunit or

(B)

ion of Compl

Noncatalytic subunits and domains are shown in yellow and heme in red.

gani . A, common four-subunit Complex Il {(e.g. mammals, E. coli);
B, eight-subunit Complex Il in plants (e.g. A. thaliana); and C, 12-subunit Complex Il in the Trypanosomatida.

12-Subunit Complex Il from T. cruzi

apparent K,,, values between Q, (33.9 = 3.6 um) and Q, (18.8 =
6.4 pm) (Fig. 7), indicating that the 6-polyprenyl group of
ubiquinone contributes to the binding affinity. The apparent
Vi value of the T. cruzi Complex Il was rather constant,
11.9 = 2.2 for Q, and 11.5 = 0.4 Q, units/mg proteins, respec-
tively, and one-fourth of those reported for bovine and E. coli
enzymes (45, 46). This is not surprising because T cruzi com-
plex II has about 2-3 times more proteins than the other
enzymes. K, values for ubiquinone and succinate (18.8 + 6.4
1M (Q,) and 1.48 + 0,17 mm, respectively) were higher than 0.3
and 130 um, respectively, of bovine enzyme (45), and 2 and 277
M, respectively, of the E. coli enzyme (46, 47). Notably, the K,
value for succinate was comparable with 610 uMm in adult A.
suum (10), which expresses the stage-specific Complex Il as
quinol:fumarate reductase under hypoxic habitats in host
organisms.

Then we examined effects of inhibitors for binding sites of
quinones and dicarboxylates on SQR activity. Atpenin A5, a
potent inhibitor for Complex 11, inhibited the T. cruzi enzyme
with the IC,, value of 6.4 * 2.4 um, which is 3 orders of mag-
nitude higher than that of bovine Complex 11 (4 nm) (48). Fur-
thermore, carboxin, 2-theonyltrifluoroacetone, plumbagin,
and 2-heptyl-4-hydroxyquinoline N-oxide were ineffective
(100 um <ICg,). Structural divergence in trypanosomatid
SDH3 and SDH4 could be the cause for lower binding affinities
for both quinones and inhibitors. In addition, we found for the
dicarboxylate-binding site that the IC,, value for malonate (40
pum) was much higher than the K, value for bovine Complex 11
(1.3 M) (45).

Structure of Trypa tid Complex 1I—To the best of our
knowledge, this is the first report on the isolation of protist
Complex I1. T. cruzi Complex II has unusual subunit organiza-
tion with six each of hydrophilic and hydrophobic subunits.
Such a supramolecular structure and heterodimeric SDH2
(SDH2,, and SDH2,) are conserved in the Trypanosomatida.
Furthermore, SDH1, SDH2,, SDH2., SDH3, SDH4, and
SDH8-SDH10 can be identified in the ongoing genome
projects on the evolutionary relatives, the photosynthetic free-
living Euglena gracilis, and the nonphotosynthetic euglenoid
Astasia longa in the Euglenida. Thus a part of these features are
common in the Euglenozoa, a divergent lineage of eukaryotes
(Fig. 8).

Accumulation of noncatalytic subunits through expand-
ing the protein interaction network could be a driving force
for protein evolution. Structural
and catalytic features are unique,
and thus this enzyme could be a
potential target for novel chemo-
therapeutic agents for trypanoso-
miasis and leishmaniasis.

Conclusion—The parasitic protist
T. brucei is a gold mine where
unprecedented biological phenom-
ena like RNA editing and trans-
splicing in mitochondria were orig-
inally discovered. It was found
recently in Diplonema papillatum,
a free-living evolutionary cousin,

SDHa3/4/8-11
(€)

126

MARCH 13, 2009+VOLUME 284-NUMBER 11

JOURNAL OF BIOLOGICAL CHEMISTRY 7261

6002 '6 yare uo Aieigr] ofxo ] jo Aysieniun Je Bio"aql Mmm Woy pepeciumog



The Journal of Biological Chemistry

_ASBMB

12-Subunit Complex Il from T. cruzi

that mature mRNA for cytochrome ¢ oxidase Coxl was assem-
bled from nine gene fragments by a jigsaw puzzle mechanism
(49). From a characterization of Complex Il from T. cruzi, we
revealed a novel supramolecular organization, which is con-
served in the Trypanosomatida.

Parasites have exploited unique energy metabolic pathways as
adaptations to their natural habitats within their hosts (50, 51). In
fact, the respiratory systems of parasites typically show greater
diversity in electron transfer pathways than those of host animals.
As shown in this study, such is also the case with Complex 1I, which
is a well known marker enzyme of mitochondria. Studies on the
role of supramolecular Complex Il in adaptation of trypanosoma-
tids is now underway in our laboratory.
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SUMMARY

Acetate is activated to acetyl-CoA by acetyl-CoA
synthetase 2 (AceCS2), a mitochondrial enzyme.
Here, we report that the activation of acetate by
AceCS2 has a specific and unique role in thermogen-
esis during fasting. In the skeletal muscle of fasted
AceCS2~'~ mice, ATP levels were reduced by 50%
compared to AceCS2** mice. Fasted AceCS2 /"
mice were significantly hypothermic and had reduced
exercise capacity. Furthermore, when fed a low-
carbohydrate diet, 4-week-old weaned AceCS2~/~
mice also exhibited hypothermia accompanied by
sustained hypoglycemia that led to a 50% mortality.
Therefore, AceCS2 plays a significant role in acetate
oxidation needed to generate ATP and heat. Further-
more, AceCS2~'~ mice exhibited increased oxygen
consumption and reduced weight gain on a low-
carbohydrate diet. Our findings demonstrate that acti-
vation of acetate by AceCS2 plays a pivotal role in
thermogenesis, especially under low-glucose or keto-
genic conditions, and is crucially required for survival.

INTRODUCTION

Mammals have evolved complex metabolic systems to survive

mammals utilize glucose as the main metabolic fuel. Under keto-
genic conditions such as fasting, low-carbohydrate diet feeding,
and diabetes, fatty acids and ketone bodies are utilized as the
main energy sources. Ketone bodies, utilized mainly in brain
and also some in skeletal muscle and heart (Fukao et al., 2004),
are produced in liver from acetyl-CoA released after [} oxidation
of fatty acids in mitochondria. Several lines of evidence report
that acetate is synthesized in the liver and utilized as an alterna-
tive fuel under ketogenic conditions. For instance, acetate
concentration in livers of starved rats is quite high (Murthy and
Steiner, 1973). Also, formation of free acetate by the liver has
been reported from studies utilizing isolated rat liver perfusion
and studies using isolated hepatocytes (Leighton et al,, 1989;
Seufert et al., 1974, Yamashita el al., 2001). Acetate is generated
following hydrolysis of acetyl-CoA by acetyl CoA hydrolase, an
end product of fatty acid oxidation in rat liver peroxisomes
(Leighton et al., 1989). However, it is not known whether acetate
is actually utilized as an altemnative fuel (substituting for glucose,
fatty acids. or ketone bodies) in peripheral tissues such as skel-
etal muscle, heart, brown adipose tissues (BAT), or brain.
Acstyl-CoA synthetase (AceCS, EC 6.2.1.1) ligates acetate
and CoA to generate acetyl-CoA. In mammals, there are two
AceCSs with similar enzymatic properties: one, designated
AceC51, is a cytosolic enzyme, whereas AceCS2 is an enzyme
of the mitochondrial matrix (Fujino et al., 2001; Luong et al.,
2000). AceCS1 and AceCS2 are regulated posttranscriptionally
by members of the sirtuin family of deacetylases, SIRT1 and
SIAT3, respectively. Both SIRT1 and SIRT3 are upregulated

extended periods of nutrient deprivation. Under a fed condition, { ngring caloric restriction and have been implicated as mediating
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the longevity-promoting effects of caloric restriction (Schwer
and Verdin, 2008; Yang et al., 2007).

AceCS1 provides acetyl-CoA for the synthesis of fatty acids
and cholesterol. AceCS1 is highly expressed in liver, and its
transcription is regulated by sterol regulatory element-binding
proteins (SREBPs), basic helix-loop-helix leucine zipper
transcription factors that activate multiple genes involved in
cholesterol and fatty acid metabolism (lkeda et al., 2001; Luong
et al., 2000). By contrast, AceCS2 produces acetyl-CoA for
oxidation through the tricarboxylic acid cycle to produce ATP
and CO; (Fujino et al., 2001). AceCS2 is highly expressed in
BAT, heart, and skeletal muscle. Importantly, the levels of its
mRNAs in BAT, heart, and skeletal muscle are robustly increased
under ketogenic conditions, whereas the level of its mRNAs in
liver was barely detectable (Fujino et al., 2001). The fasting-
induced transcriptional activation of AceCS2 in the skeletal
muscle is largely controlled by Kriippel-like factor 15 (KLF15),
a member of the Krippel-like family of transcription factors
(Yamamoto et al., 2004) that regulates many genes involved in
gluconeogenesis such as phosphoenolpyruvate carboxykinase
(PEPCK) and amino acid-degrading enzymes required under
ketogenic conditions (Gray etal., 2007; Teshigawara et al., 2005).

To examine whether acetate is utilized as a fuel under keto-
genic conditions, we generated AceCS2-deficient mice. In this
paper, we show that AceCS2 is essential for energy expenditure
under ketogenic conditions.

RESULTS

Generation of AceCS2-Deficient Mice

To evaluate the role of AceCS2 in vivo, we generated mice lack-
ing AceCS2. We constructed an insertion-type vector that
disrupts exon 1 of the mouse AceCS2 gene (Figure 1A). Two lines
of mice harboring insertions in AceCS2 were identified by
Southern blotting (Figure 1B). Genotyping was performed by
PCR (Figure 1C), and the absence of AceCSZ2 transcripts
(Figure 1D) and protein (Figure 1E) was confirmed by quantitative
real-time PCR (QRT-PCR) and immunoblot analysis, respec-
tively. Wild-type (AceCS2*'"), heterozygous (AceCS2*/~), and
homozygous (AceCS2/) mice were born at frequencies
predicted by simple Mendelian ratios. AceCS2~'~ mice of both
sexes were narmally fertile and typical in appearance. No histo-
logical abnormalities were seen following light microscopy of
sections obtained from multiple tissues of adult male mice,
including bone, brain, stomach, heart, intestine, kidney, liver,
pancreas, white adipose tissue, BAT, and skeletal muscle
(data not shown). At birth, the body weight and length of
AceCS2~'~ mice were indistinguishable from their littermates.
By the time of weaning (4 weeks of age), both male and female
AceCS2~'~ mice exhibited significant growth retardation
(Figures S1A-S1C available online). After weaning, AceCS2 ™/
mice fed on normal chow diet began to catch up with
AceCS52"* mice in both body weight and body length. By 20
weeks of age, the body weight of the AceCS2 '~ mice became
comparable to their littermates (Figures S1A and 51B). Food
intake of 4-week-old AceCS2 '~ mice was slightly decreased
compared to AceCS2** mice but became comparable to that
of their littermates by 20 weeks of age (Figure S1D). Plasma
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Figure 1. Generation of AceCS52-Deficient Mice

{A] Diagram of the targeting strategy, Only the relevant restriction sites are
indicated, Locations of the probes for Southern blot analysis (bars) and PCR
primers {arrows) for genotyping are shown.

(B} Southem blat of Kpnl-digested DNA from ES cell clones. Southem
blotting was performed with the probe indicated in (A). Kpnl digestion resulted
In a 6.5 kb fragment in wild-type DNA and a 10.5 kb fragmant in homalogous
racombinants,

(C) An ethidium bromide-stained agarose gel (lustrates PCR products for
genotyping AceCS2"", AceCS2™", and AceCS2 ' mice. A description of
the PCR strategy Is 1 in the Exp | Proced:

D) QRT-PCR analysis of AceCS2 transcripts. Total ANA from heart of
AceCS52"*, AceCS52"'", and AceCS52"'" mice were analyzed by ORT-PCR
quantification as c ibed in the Exp Procedures. [l-actin was
used as the invarlant control. Values represent the amount of mRNA relative
1o that in AceCS2** mice, which is arbitrarily defined as 1. Data are mean &
SEM. 'p < 0.05 compared 10 AceCSZ*""; *"p < 0.01 compared to AceCS2"'~;
**p < 0,001 compared to AceCS2"* (", n=9:*" n=17;"",n=7.

(E) Immunoblot analysis, with an affinity-purified anti-rabbit polyclonal AceCS2
antibady, of AceCS2'" and AceCS52'" mouse heart protein. Each lane was
Ioaded with 20 ug of whole-cell lysates in SDS lysis buffer from the heans.
GAPDH was detected with a polycional anti-GAPDH antibody as a loading
control.

(2-4 weeks of age) and at 26 weeks of age are shown in Table S1.
Glucose, ketone bodies, nonesterified fatty acids (NEFA), and
insulin levels were indistinguishable between AceCS2™* and
AceCS2~'~ mice at both 2-4 weeks of age and at 26 weeks of

parameters of AceCS2*"* and AceCS2~'~ mice before weaning3page (Table S1). Plasma concentration of growth hormone and
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After 48 hr of fasting, 12-week-old male mice were tested lor their ability to oxidize [1-"*C}|

intraperitoneal (i.p.) injection with the labeled compound.

(A} Rate of "CO; production from acetats. *p < 0,001 compared to AceC52™""

(B) Total plasma [1-'*Clacetate was measured after 60 min,

Extrahepatic tissue cell

Mice Exhibit Lower Whole-Body Acetic Acid Oxidation during Fasting

to "CO; at 20, 40, and 60 min after

gy Ve
or [1-C]p-hydroxybuty

(C) Rate of “CO, production from acetate with inclusion of uniabeled acetate. Unlabeled acetate (0.6 g/kg) was injected with [1-'"Clacetate, and the acetate

oxidation rate was measured after 40 min,

(D) Rate of "CO, production from fi-hydroxybutyrate (AceCS2™*, n = 6; AceCS2 ', n=6).,

{E) Mode! for the role of AceCS2 in energy metabolism
{(A-D) Data are mean = SEM.

insulin-like growth factor-1 (IGF-1) of AceCS2 '~ mice (2-4
weeks of age) were also comparable to AceCS2™'*. The plasma
leptin levels of 2- to 4-week-old AceCS2™'" mice were lower
than those of age-matched, wild-type littermates. Notably,
plasma acetate levels were markedly elevated in AceCS2~
mice compared to AceCS2"* mice (Table S1).

AceC52 / Mice Exhibited Marked Reduction
in Whole-Body Acetate Oxidation
To examine whether acetate is, in fact, utllized as a fuel during

Mice were fasted for 48 hr and then injected with ['“Clacetate.
Figure 2A shows the sharply decreased rate of acetate oxidation
in AceCS2~'~ mice. As a consequence, ['“Clacetate levels
remained high in the plasma of AceC52~'~ mice, whereas
AceCS2*"* mice showed very low levels of plasma ['*Clacetate
(Figure 2B). Because higher levels of plasma acetate in
AceCS2 ' mice might affect the acetate oxidation rate, we
also examined the oxidation of [**Clacetate with the inclusion
of unlabeled acetate at similar levels to those found in the
AceCS2 '~ mice (about 2 mM) (Figure 2C). Injection of unlabeled

fasting, we performed whole-body acetate oxidization assays. 13qcetate (0.6 mg/kg) led to rapid increase in plasma acetate to

Cell Metabolism 9, 191-202, February 4, 2009 ©2009 Elsavier Inc.
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2 mM at 40 min after the injection (data not shown). Under this
candition, the rate of acetate oxidation measured was still signif-
icantly lower in AceCS2~'~ mice (Figure 2C). Oxidation of ketone
bodies was similar, irrespective of genotype (Figure 2D), indi-
cating that ketone body utilization is normal in AceCS2~'~ mice.

Together with our previous report showing that ['*Clacetate is
incorporated into CO, in AceCS2-transfected cells (Fujino et al.,
2001), these data indicate that, in mice, acetate oxidation to form
CO, and ATP requires AceCS2. Previous studies showed that an
appreciable amount of acetate is generated in liver by hepatic
acetyl-CoA hydrolase, a ubiquitous peroxisome enzyme, and
that this acetate can subsequently be utilized by extrahepatic
tissues (Leighton et al., 1989; Murthy and Steiner, 1973, Seufert
et al., 1974). We propose a model in which acetate is generated
in liver from fatty acids and released into the circulation under
conditions when glucose is low, such as 48 hr fasting or low-
carbohydrate/ high-fat diet. AceCS2 is necessary for salvaging
this acetate for use in extrahepatic tissues such as skeletal
muscle and BAT, where acetate is reactivated for reentry to
the mitochondrial TCA cycle to generate ATP and heat
{Figure 2E).

Adult AceCS52 ¥ Mice Exhibit Low Body Temperature
and Reduced Capacity to Sustain Running Exercise
under a Fasting Condition

To further evaluate the physiological role of acetate oxidation,
12-week-old AceCS2 '~ mice were freely fed a standard rodent
diet or fasted for 48 hr. During normal fed states, there was no
significant difference in core temperature between AceCS2*"*
and AceCS2™~ mice (Figure 3A). After 48 hr of fasting,
AceCS2""* mice were able to maintain their core body tempera-
tures, but AceCS2~'~ mice had significantly lower core body
temperatures (Figure 3A). These data demonstrate that acetate
activation by AceCS2 is important for maintenance of normal
body temperature, likely as a result of heat production during
fasting. Indeed, the mRNA levels in BAT of AceCS2 were 4-fold
higher under the fasted condition than under the fed condition,
suggesting that AceCS2 has an important role during fasting
condition (Figure 3B).

In mice, BAT and skeletal muscle are the main thermogenic
tissues in which oxidation of fatty acid, stimulated by the sympa-
thetic nervous system, generates heat through uncoupling
proteins (UCPs) present in mitochondria (Splegelman and Flier,
2001). During fasting, the quantity and morphology of mitochon-
dria in BAT and skeletal muscle are indistinguishable between
AceCS2"* mice and sex- and age-matched AceCS2~'~ mice
(Figure S2A). Oxidative proteins such as UCPs are thought to
be important in thermogenesis (Matthias et al., 2000; Spiegel-
man and Flier, 2001). The mRNA levels of UCP1 in the BAT or
UCP2 and UCP3 in the skeletal muscle did not differ significantly
between AceCS2*'* and AceCS52™'~ mice. Other thermogenic
molecules PGC12 and PPARS also did not differ in mRNA levels
(Figure S2B and data not shown).

To evaluate substrate supply, we determined the levels
of various metabolites in the plasma of fed and 48 hr fasted
12-week-old male AceCS2"'* and AceCS2~'~ mice (Table S2).
There was no significant change in plasma glucose or in
NEFA and ketone body levels between AceCS2'* and
AceCS2~'" mice (Table S2). There was also no significant differ-
ence in the percentage of fat mass between fed AceCS2 /- and
AceCS2** mice as assessed by dual-energy X-ray absorption
(DEXA) (Table S2). However, plasma acetate was 5- to 10-fold
higher in AceCS2~/ mice as compared to AceCS2™'* mice
under both fed and fasted conditions (Figure 3C), These data
indicate that acetate utilization is impaired in AceCS2 '~ mice,
implying that a deficit in extrahepatic acetate utilization causes
fasting-induced  hypothermia.  Acetyl-CoA levels were
decreased by 75% in fasted AceCS2 '~ mice (Figure 3D).
NADH and ATP levels in skeletal muscles of fasted AceCS2 '~
mice were significantly reduced compared to those found in
AceCS2""* mice (Figures 3E and 3F). These data indicate that
AceCS2 plays a pivotal role in supplying acetyl-CoA for ATP
production during 48 hr of fasting, Oxygen consumption was
significantly increased after 36 hr fasting, and locomotor activity
was not reduced (Figures 3G and 3H).

The hypothermia in AceCS2~'~ mice also differs from adaptive
hypothermia in response to cold (Lowell and Splegelman, 2000).
Exposure of these AceCS2~'~ mice to low temperature (4°C) did

Figure 3. AceCS2-Deficient Mice Exhibit Low Body Temperature and Reduced Exercise Capacity during Fasting

(A) Core temparature of male mice (12 weeks oid) fed on normal chow dist was monitored after 48 hr fasting (AceCS2**, n = B; AceCS2 ™~

compared to AceCS2*"*

(B) Relative mANA expression levels of AceCS2 in BAT of male mice (12 weeks old, six to seven par genot
(C) Plasma acetats levels of male mice (12 weaks old) fed or fasted for 48 hr (fed AceCS2™

AceCS27'" n=4).

(D) Acety-Cod levels in gastrocnemius muscle from 48 hr fasted male AceCS2** and AceCS2™""

AceCS2™'~ n=8).
(E) ATP content is markedly reduced in AceCS2 "
measured at 12 weeks of age (AceCS2*", n = 7; AceCS2™'

(AceCS2™* n=4; AceCS2'",n=4).

mice. ATP and AMP contents of gastrocnemius muscle from male AceCS2** and AceCS2 "~
. n=8). “p < 0.01 compared to AceCS2™"".
F) NAD* and NADH levels and NAD"/NADH ratio in gastrocnemius muscle and BAT of 48 hr fasted male AceCS2*'" and AceC52 '

n=T) p<005

"p<0.01c to AceCS52*"*
" n= 4 fed AceCS2™'", n = 4; fasteg

*. 0« 4; fasted AceCS2"
mice (12 weeks old) were measured (AceCS2*". n = T:
mice were

mice (12 weeks old)

(@) Oxygen consumption (VO,) fleft panel), average of VO, (center pansl). and RO (respiratory guobent) (nght panel) were determined n fasted male mice

(12 weaks oid) by indirect calorimetry (AceCS2"*, n = 6; AceCS52"'", n = 5).

[H) Total locomotor activity of male mice (14 weeks old) was measurad by beam breaks in the light and dark periods (AceCS2**
(1) Mala mice (12 weeks old) given food and water ad libitum were subjected to cold (4°C) (eft panel) (4ceCS52"
old) fasted for 24 hr and given water ad libitum were subjected to cold (4'C) (right panel) (AceC52"

over a 5 hr period.

,n=12; AceCS2™" . n=12).
’,n = 10; AceC52~'~,n = 11). Male mice (12 weeks
. n=T,AceCS2"'", n = B), Core temparature was monitored

{J) Mate mice (12 weeks old, nine per g
conditions (AceC52"*, n = 9; AceC52 '
All values are mean = SEM.

yne) were subjected to a run-to
, N =9). *p < 0.05 compared to fed.

protocol on a motorized treadmill under fed conditions and 48 hr fasted
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not further reduce their body temperatures under the fed condi-
tion (Figure 31, left panel). We next examined the effect of cold
exposure on 24 hr fasted mice. Unlike with 48 hr fasting, under
24 hr fasting conditions, AceCS2™/~ mice maintained their
core body temperatures at levels similar to AceCS2'"* mice,
although both levels were equally reduced by 2°C-3°C
compared to fed levels. Exposure of these mice to cold further
decreased their core temperatures; however, after 5 hr cold
exposure, there was no significant difference between
AceCS2~'~ and AceCS2""* mice (Figure 3, right panel). These
data indicate that adaptive thermogenesis in response to low
temperature was not Impaired in AceCS2~'~ mice and further
suggest that the sympathetic nervous system is able to properly
maintain core body temperature in AceCS2~'~ mice.

We hypothesized that fasting AceCS2~'~ mice would lead to
decreased exercise tolerance, owing to impaired acetate oxida-
tion and subsequent reduction of ATP production in skeletal
muscle (Figure 3E). AceCS2™ mice were exercised on
a motorized treadmill apparatus using a run-to-exhaustion
protocol. AceCS2~'~ mice fasted for 48 hr exhibited a markedly
reduced capacity to sustain running exercise, whereas the
running capacity of AceCS2"'* mice did not change between
the fed and fasted conditions (Figure 3J). This suggesls that
acetate is an important fuel required for exercise as well as for
heat generation during fasting.

AceCS2 ' Mice Ce Metaboli
through Hyperventilation

Because the plasma acetate levels are very high in AceCS2~"~
mice, we speculated that these mice could be acidotic, and, if
not, they might be hyperventilating to blow off CO; to prevent
acidemia. Accordingly, we measured the arterial blood gases,
pH. and bicarbonate concentration. The values of arterial carbon
dioxide partial pressure (PaCO,) were significantly decreased in
AceC52~'~ mice (p < 0.05, n = 5-6), indicating that AceCS2~'-
mice were hyperventilating to blow off CO,. There were no
significant differences in the values of PaO,, standardized bicar-
bonate concentration ([HCO47]), and the pH (Table 1). These data
indicate that AceCS2~'~ mice were hyperventilating to compen-
sate for a possible acidosis caused by acetate accumulation,
This hyperventilation in AceCS2 '~ mice might account for
some of their increased energy expenditure compared to
AceCS2""* mice.

ate for Acidosis

AceCS2 7 Mice Exhibit Hypothermia and Hypoglycemia
under Low-Carbohydrate, High-Fat Diet
Similar to fasting conditions, we hypothesized that acetate
utilization may be important under low-glucose or low-carbohy-
drate intake states. To examine this possibility, 4-week-old
AceCS2~'~ and AceCS2""* mice were fed a low-carbohydrate,
high-fat diet (LC/HF; 0.4% carbohydrate, 90.5% fat, and 9.1%
protein from calories). At the time of weaning (4 weeks of age),
AceCS52 '~ mice weighed an average of 40% less than their
littermates (Figures S1A-51C), and plasma acetate levels were
markedly elevated (Figure 4A). Plasma ketone bodies, NEFA,
glucose, and Insulin levels were comparable between
AceCS2™"" and AceCS2~'~ mice (Table S1).

On LC/HF diet, AceCS2 '~ mice exhibited lower body temper-
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Table 1. Blood Gas Analysis of AceCS2** and AceCS2 ’ Mice

+/+ —f

pH 734003 734003
Pa0; (mm Hg) 102327 1088 +55
PaCO; (mm Ha) 373212 333209
HCO4™ imM) 19708 17613
BE (mM) -514£12 69419

Male mice (12 weeks old, n = 6 per genotype) wera fed an a normal chow
diet. Samples were obtained from the femoral artery of awake, freely
moving mice. Dala are mean + SEM.

*p < 0.05 compared to AceCS2*"*.

of LC/HF diet feeding, whereas AceCS2*"* mice maintained their
body temperatures at 37°C on this diet. In addition, AceCS2'~
mice lost weight, whereas the body weight of AceCS2*"* mice
remained stable (Figure 4C). Furthermore, AceCS2™'~ mice
had sustained hypoglycemia (56 + 5 mg/dl) over this period
compared to AceCS2'* mice that exhibited transiently
decreased plasma glucose levels at weaning but soon recovered
to normal levels (137 + 7 mg/dl) (Figure 4D). This transient hypo-
glycemia in AceCS2*'" is most likely from the stress of forced
weaning, which causes suppression of feeding on the day of
weaning. Plasma NEFA and ketone body levels were highly
elevated, but there were no significant differences between
AceCS52"'* and AceC52~"" mice excep! in ketone body levels
on day 3 of the LC/HF diet (Figures 4E and 4F). The abundance
of mRNAs for the enzymes involved in gluconeogenesis was not
decreased in AceCS2~~ mice compared to AceCS2*'* mice
(Figure S3A). Furthermore, injection of pyruvate to these mice
rescued hypoglycemia (Figure S3B), indicating that the gluco-
neogenic pathway is intact.

After 5 days of LG/HF diet feeding, AceCS2™/~ mice began to
die, and, by 21 days, 50% of the AceCS2 '~ mice had died. By
contrast, none of AceCS2** mice died (Figure 4G). However,
following 21 days on the LG/HF diet, the surviving AceCS2~'~
mice gradually recovered body temperature and plasma glucose
levels. We observed no further excess mortality (data not shown).

Weight, body temperature, and plasma parameters (glucose,
NEFA, and ketone bodies) did not differ significantly between
the AceCS2™"~ mice that died and those that survived during
the 4 day period of LC/HF feeding after the weaning (Figures
S4A-S4E). Therefore, the cause of death was not simply from
malnutrition, We also examined the effect of a high-carbohy-
drate, high-fat (HC/HF) diet (58% fat, 15% protein, and 27%
carbohydrate from calories). On this diet, both AceC52™/~ and
AceCS2""* mice survived with no deaths (data not shown). These
data indicated that acetate oxidation mediated by AceCS2 s
essential to maintain normal thermogenesis and fuel usage
under low-glucose utilization states such as low-carbohydrate
diets or fasting.

AceCS2 ' Mice Exhibit Low Body Welght Gain under
Low Carbohydrate Intake

We continued to feed the surviving AceCS2 "/~ mice an LC/HF
diet, AceCS2*"* mice fed on this diet gained weight efficiently;
by contrast, AceC52 '~ mice exhibited reduced weight gain

atures (Figure 4B). This was most severe (30.1 + 1.4°C) on day §34under this diet (Figure 5A). Food intake was unchanged between
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Figure 4. AceCS2-Deficient Mice Exhibit Hypothermia When Fed an LC/HF Diet

(A) Male mice (4 weeks old, five per genotype) were fed milk from their mother. Plasma acetats lavels were measured.

{B-F) Male mice (4 weeks oid) were fad an LC/HF diet. (B) Core rectal temperature, {C) body weight, (D) blood glucose, (E) plasma NEFA, and (F) plasma ketone
body level were maasured (AceCS2"'*, n = B; AceCS2~"~, n = 7). "p < 0.05, *'p < 0.01, and ***p < 0.001 compared o AceCS2""

(G) Kaplan-Maier analysis of survival in males fed an LC/HF diet at 4 weeks oid (AceCS2"*, n = 22; AceCS52™'~, n = 18), “'p < 0.001 compared to AceCS2""* by

Log-rank test. Data are mean = SEM.

AceCS52** and AceCS52~'~ mice (Figure 5B). We excised various
tissues from these mice and measured tissue weights. The photo
shown in Figure SC was taken for representative mice of each
group. There were no marked differences in the weights of liver,
kidney, BAT, and heart between AceCS2"" and AceCS2™"~
mice, but the fat pads of AceCS52'~ mice were significantly
smaller than those of AceCS2*"* mice (Figure 5D). We measured
metabolic parameters of these mice at 24 weeks of age (Table 2).
Although the plasma glucose levels were unchanged, plasma
insulin levels decreased significantly in AceCS2™'" mice
as compared to AceCS2™* mice. Plasma levels of leptin were
4-fold lower, but plasma acetate was T7-fold higher in
AceCS2~'~ mice (Table 2),

In order to Investigate the mechanism underlying reduced

ture were examined. AceCS2~'* mice exhibited consistently
higher rates of oxygen consumption and, therefore, had higher
metabolic rates than AceCS2""* mice throughout day and night
(Figure 5E). After adjusting for allometric scaling and gender, the
effect of the AceCS2~'~ allele was highly significant (p < 0.01,
n = 7, multiple ANOVA) (Figure 5E, right panel). The respiratory
quotient was 0.71 in both AceCS2*'* and AceCS2~'~ mice (data
not shown). These data suggested that the resistance to weight
gain of AceCS52 '~ mice may be, at least in part, due to increased
energy expenditure. To examine the possibility that fatty acids
synthesis is changed in AceCS2 '~ mice, we measured
malonyl-CoA levels and acetyl-CoA carboxylase (ACC) activity
{Figure S5). Malonyl-CoA levels and ACC activity in skeletal
muscle and BAT did not significantly differ between AceCS2

weight gain in AceCS2 '~ mice, food intake and energy expendi-{ 3&nd AceCS2*"* mice (Figure S5). In liver, malonyl-CoA levels
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Figure 5. AceCS2 Deficiency Attenuates Body Weight Gain in Mice Fed an LC/HF Diet

(A) Body weight change of male mice fed an LC/HF det from 4 weeks old (AceCS2""", n = 15, AceCS2™’

n=12)

(B) Food intake of male mice ted an LC/HF diet at 25 weeks old (AceCS2*'* n = 15, AceCS2"'" n=12).

(C) Representative picture of AceCS2*"" and AceCS52 '~ mals mice (26 waek

% of age) fed an LC/HF diet.

(D) Various tissue weights for AceCS52*"* and AceCS2™'~ male mice (26 weeks of age) fed an LC/HF diet (AceCS *'*, n = §; AceCS2™" , n = 5),
(E) Oxygen consumption (VO left panal) and average of VO, [right paned) were determined in male mice (26 weaks old) led an LC/HF diet by indirect calorimetry

(AceCS2*"* n= 8; AceCS82™'

n = 7). Data are corrected for body weight. The original, uncorrected data are shown in Figure S6,

{F} Change of body weight. Male mice were weaned at 4 weeks and were fed on normal chow diet for 6 weeks (until 10 weeks of age) and switched to an LG/HF

diet (AceCS2"". n = 8: AceCS2~'". n = 8). "p < 0.05. “p< 0.01.and *“p < 0

were reduced by 20% in AceCS2~'~ (Figure S5), which could be
the secondary effect of lower plasma insulin levels since AceCS2
is not expressed in liver, These data suggested that fatty acid
synthasis and degradation are not impaired by the deficiency
of AceCS2.

It is possible that the reduced weight gain of AceCS2 ' mice
during LC/HF diet feeding simply resulted from a failure to thrive
phenotype (reduced body weight gain, hypothermia, hypogly-
cemia, and low survival rate) induced by low-carbohydrate diet
feeding immediately after weaning (Figure 4), Therefore, aftey:

198 Cell Metabolism 9, 191-202, February 4, 2009 £2009 Elsevier

001 compared 1o AceCS2"". Data are mean = SEM. NG, normal chow diet.

weaning, we first fed the mice a normal chow diet for 6 weeks
(until 10 weeks of age) and then switched them to an LC/HF
diet. By contrast to feeding an LC/HF diet immediately after
weaning, none of these AceCS2 ' mice died; however, they
did exhibit reduced weight gain compared to AceC52"'* mice
following the switch to an LC/HF diet (Figure 5F). Reduced
weight gain was observed only under a low-carbohydrate
regimen. When mice were fed a high-fat, high-carbohydrate
diet, AceC52"'~ mice were not protected against weight gain
qgldata not shown). These results clearly indicate that aduit

Ing.
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Table 2, Metabolic Parameters of AceCS2  and AceCS2™"*
Mice Fed an LC/HF Diet

++ . =
Glucosa (mg/dl) 2332 14 233 +22
Cholestero! (mg/dl) 110=7 70+11®
Triglycerides {mg/dl) 936 92+9
NEFA (uEql) 34317 332471
Ketone body (mM) 0.367 + 0,084 0.705 + 0.116*
Leptin (ng/mi) 280+112 0.74 +1.03°
Insulin (ng/mi) 33413 154 +0.71"
Acetate (mM) 0.18 £ 0.06 097 +0.17°

Male mice (24 weeks old, seven to nine per genotype) were fed an LC/HF
diet. Assays of blood ples woro part on isolated pk

"p < 0.05.

"p < 0.01 compared to AceCS2*'*.

AceCS2~'~ mice exhibit reduced adiposity under high-fat
feeding, low-carbohydrate intake, or ketogenic conditions.

DISCUSSION

Under ketogenic conditions, free fatty acids are released into the
circulation and taken up by thermogenic tissues such as BAT
and skeletal muscle, where they serve as a fuel for thermogene-
sis (Picard et al., 2002; Spiegeiman and Flier, 2001). Fatty acids
are also taken up by liver for the generation of ketone bodies, and
these ketone bodies are subsequently utilized in extrahepatic
tissues. In addition, previous studies showed that an appreciable
amount of acetate is generated in liver and this acetate can
subsequently be utilized by extrahepatic tissues (Leighton
et al., 1989, Murthy and Steiner, 1973; Seufert et al,, 1974),
Here, we demonstrate that acetate also serves as a fuel that
has specific functions that do not overlap with those of fatty
acids and ketone bodies in thermogenesis.

Our studies of mice with targeted deletion of AceCS2 reveal
that these animals can not maintain normal body temperature
when starved or when fed an LC/HF diet. Under these
conditions, AceCS2™'~ mice display sustained hypoglycemia,
strongly diminished capacity for exercise, and dramatically
increased mortality as compared to their wild-type or heterozy-
gous littermates. The mutant animals also exhibit strikingly
reduced rates of whole-body acetate oxidation and cormespond-
ingly increased levels of acetate in plasma. Most importantly,
ATP levels in the skeletal muscle of 48 hr fasted AceCS2™/
mice were profoundly reduced, showing the significant contribu-
tion of acetate and AceCS2 to the energy supply under ketogenic
conditions. Therefore, under ketogenic conditions, the hypo-
thermia and poor exercise tolerance observed in the AceCS2 "~
mice is maost likely from a lack of acetate utilization as a fuel
source. Supporting this possibility, plasma acetate levels were
significantly higher under fasting conditions than under fed
conditions. This suggests that acetate turnover is significantly
higher in the fasted state primarily due to AceCS2.

LC/HF diet has been generally recognized to have weight-
reducing effects on obese animals (Kennedy et al, 2007).
Although the body weight gain of mice fed an LC/HF diet is signif-

drate diets, our LC/HF diet has no weight-reducing or anti-
weight-gaining effect. In the experiments done by Kennedy
et al. (2007), B-week-old mice fed a normal chow diet were
switched to an LC/HF diet, and the weight of mice fed an
LC/HF diet dropped until it stabilized at 85% of the initial weight.
The discrepancy between these results may result from the
difference in the composition of the different LC/HF diets. The
LC/HF diet that Kennedy et al. used consists of 78.85% fat,
9.5% protein, and 0.76% carbohydrate, whereas our LC/HF
diet (purchased from Harlan Teklad) contains 67.4% fat, 15.3%
protein, and 0.6% carbohydrate (% by weight). In addition, the
source of the fat is also different. The LC/HF diet in their study
contains lard and butter, whereas our LC/HF diet contains vege-
table shortening. Regardiess of the differences in the exact diet,
we show that AceCS2 is critical for normal body weight gain
under an LC/HF diet.

Recent observations indirectly support a role for AceCS2 as
a determinant of growth and adiposity. From the mapping of
a quantitative trait locus (QTL) region on mouse chromosome 2
that has a large effect on growth and adiposity, AceCS2 was
reported as 1 of 18 candidate genes potentially controlling
predisposition to growth and predisposition to obesity (Jerez-
Timaure et al., 2005).

Although plasma acetate Is very high in AceCS2 /" mice, we
found that there was appropriate and sufficient respiratory
compensation for any metabolic acidosis caused by acetate
accumulation. AceCS2 /" mice exhibited hypocapnea to main-
tain a neutral arterial blood pH. Patients with chronic obstructive
lung disease and cystic fibrosis commonly have low body
weight, which is believed to be related to inadequate energy
intake, nutrient malabsorption, and excessive energy expendi-
ture (Bell et al., 1996). Basal metabolic rate is 10%-20% greater
in these patients than in healthy subjects and may contribute to
their energy imbalance. Furthermore, increased oxygen
consumption caused by increased respiratory muscle activity
has been reported in these patients, which largely explains the
increased basal metabolic rate (Campbell et al., 1959,
Cherniack, 1959; Donahoe et al., 1989; McGregor and Becklake,
1961). Because AceCS2~'~ mice seem to be hyperventilating,
this increased use of respiratory muscles might account for, at
least in part, the higher oxygen consumption.

We previously identified AceCS2 as a target of KLF15 (Yama-
moto et al., 2004). The fasting-induced transcription of AceCS2
is largely dependent on KLF15. Similarly to AceCS2™'~ mice,
KLF15-daficient mice also exhibit severe hypoglycemia after
overnight fasting (Fisch et al., 2007), KLF15 plays an important
role in gluconeogenesis by regulating amino acid degradation
and key gluconeogenic enzymes such as phosphoenolpyruvate
carboxykinase in the liver during fasting (Gray et al., 2007;
Teshigawara et al., 2005). Our data indicate that KLF15 is crucial
for survival during starvation through two mechanisms: (1) gluco-
neogenesis in liver and (2) acetate oxidation to generate ATP and
heat in muscle and BAT through AceCS2 activity.

The sirtuins comprise a conserved family of proteins that are
believed to mediate some of the health benefits of calorie restric-
tion, which leads to extension of life span in nearly all organisms
studied, Including mammals, SIRT1 has been reported to func-
tion as an energy-sensing gene that senses NAD" levels and

icantly lower than that of those fed high-fat and high-carbohy-1 3rpgulates the activity of critical transcriptional regulators of
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metabolism in multiple tissues (Yang et al., 2007). Within the
mitochondria, SIRT3 deacetylates a key lysine residue on
AceCS2, leading to its enzymatic activation (Hallows et al.,
2006; Schwer et al., 2006; Schwer and Verdin, 2008). As SIRT3
protein levels are specifically increased in calorie-restricted
mammals, regulation of AceCS2 activity by SIRT3 could be
a key metabolic factor responsible for homeostatic regulation
during calorie restriction, leading to its positive effect on life
span. Sirt3 was recently shown to be necessary for maintaining
basal ATP levels with ATP levels in multiple organs of Sirt3~/~
mice thal are markedly reduced compared to wild-type levels
(Ahn et al., 2008). This study, along with ours, suggests that acti-
vation of AceCS2 by Sirt3 is required to maintain basal ATP levels
in mammals. Future studies of AceCS52- and AceCS2-deficient
mice are warranted to investigate this potentially exciting link
between longevity and mitochondrial energy metabolism.

In conclusion, our current findings demonstrate that acetate
metabolism mediated by AceCS2 is crucial for survival and
energy production under ketogenic conditions such as starva-
tion or diabetes. These and future studies of acetate metabolism
mediated by AceCS2 will have a significant impact on the under-
standing of the acetate metabolism for heat generation and
energy metabolism.

EXPERIMENTAL PROCEDURES

Gaeneration of AceCS2-Deficient Mice

We da QP by using genomic DNA fragments denved
from Sv129 mice. Amzmawm.ﬂmuwmwm
were introduced into the AceCS2 locus of ES cells (derived from the Sv129
strain). EX 3 and g were performed with stan-
dard gene-targeting techni Briefly, g lc DNA was isolated from
neamycin-resistant ES cell ciones, dwuﬂmﬂ‘!{m and subjected to
hybridization with a probe to detect homologous recombination and the
presence of the flox allele (Figure 14),
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lysates from heart (20 pg) was subjected to SDS-PAGE on 10% geis followed
by analysis with a 1;1000 dilution of anti-AceCS52 Fujine ot al,, 2001),

Animal Expariments

All procedures were p d in
Society guidelines for animal care. Mmmmhmmdhcaguwnh
l12rw!-ﬂ‘rll12?rdn‘hcy\:ielmlMlﬂMﬂ!MnmdmdM{CE-e‘
CLEA Japan, Osaka). To induce a k i , wa an
LC/HF diet {Table S3; Rho et al., 1999) (TD9B355; H-m‘lmT-hlulPrum'L.m-
ratory Diets) consisting of 90.5% fat, 9.1% protsin, and 0.4% carbohydrate
[0% sucrese from calories) to a high-carbohydrate, high-fat diet consisting
of 58.0% fat, 15,0% protein, and 27.01% carbohydrate from calories (Tanaka
et al,, 2003). All mice had free access to water, Food consumption was
monitored daily, and body weight was recorded every week, unless otherwise
stated.

Core body temperature was monitored using a rectal thermometer at
10 a.m. For the exercise parformanca, the mice wera trained on the treadmill
(MK-GBOAT/OZM, Muromachikikal, Tokyo) prior to the exercise parformance
test (a 10 mn run at 10 mimin at a 5° inciine once per day lor 4 days), Exhaus-
tion was defined as the point at which mice were unable to continue running,

with J B TR

Food intake, Locomotor Activity, and Metabolic Rate Measurement

Male mice (26 weeks old) were housed under controlled lighting (12 hr light-
dark cycle) and ture (23°C) o . Food (standard chow pellets
or an LC/HF diet) and water were available ad libitum. Mice were then housed
singly under the same conditions as above for an acclimation period of at least
7 days. Body weights and food intake were monitored dally for the duration of
the study. Energy expenditure was measured by indirect calorimetry as
described previcusly (MK-5000RQ; M hi, Tokyo) (Takay ot al,
2006), Mice were placed in the 4 s and d for
1 day. Locomotor activity was measured by using an infrared (IR) passive
S8nsor system as described previously (Supermex, Muromachi Kikai, Japan)
(Takayasu et al., 2006). The experiment was started at 8 am. (light period).

Acetate Oxidation

Acstate ([1-'‘Clacetate, CFA13, GE Hsalthcare UK Limited) oxidation was
d in vivo as d d (Wolfgang et al,, 2006). The in vivo rate of

"Cmenﬂdﬁmﬂum[iCI:S?GBqulﬂ-"C]ncdaleﬂmdﬂh'w-

itoneally) to '*CO, was determined after treatment of mice. Mice were

Chimaeric males were genarated by using the morula aggreg:
and mated to C57BL/6J female mice. Homologous recombination wns
confirmed by Southemn blotting (Figure 18). Dalation of RNA transcripts and

I din halic chambers fitted with 2-aminosthanal traps to recover
expired *CO;. The oxidation of [1-'*Clacetate to form "*CO, was measured at
20 min intervals over the next 1 hr, At the end of experiment, plasma was

protein was confirmed by QRT-PCR and biotting,
(Figures 1D and 1E). After achieving germiine transmission. AooCS? mlca
werg crossed with C57BL/BJ for six to nine generations,

Heterozygous mice were mated to obtain AceCS2~'~ mice. Wild-type fitter-
mates were used as controls throughout the study. G of mice used in
this stucly was performed by PCR of tail DNA as shown in Figure 1C; the mutant
allele was detected by using a par of oligonuciectides. (5'-GGOGCAGAA
CAARMACCTAGT-3' and 5-GACAGTATCGGCCTCAGGAA-3) that amplfy
a512hpmmmwmwmea'wmzfm

The wild-typ PCR with a pair of oligonuciectides
(5"-GGCGCACAACAAAACCTAGT-3' and 5-GGGGTTCGTGCCTGGTTG-3)
that amplify a 355 bp PCR product spanning exon 1.

Quantitative Real-Tima PCR

Quantitative real-time PCA (QRT-PCR) was pedormed as previously
described (Tanaka et al., 2003). All primer sequences used in this paper are
available upon request.

Antibody

To produce rabbit polycional anti-murine AceCS2 (IgGADO1), a 12-residue
peptide c p g to the C of murine AceCS2 (COKYEEQ
RAATN) was synthesized (Sigma Genas's, Japan), coupled 1o keyhole limpet
hemocyanin, and injscted into New Zealand White rabbits. 1gG fractions
ware prepared by affinity ch aphy on protein A-Sepharose (GE

and plasma [1-'‘Clacetate was measured.

Acetate Measuroment

Plasma acetate levels were measured as described by (Hiiman et al. 1978)
with slight modifications, Briefly, plasma was mixed with 1 mM isovaleric
acid as the internal standard. The sample was acidified with one-fifth the
volume of 10% sulfosalicylic acd and then extracted three times with 10
volumes of diethylether. The ether extract was immediately back extracted
into 0.2 M NaOH. The ether was removed under a stream of dry nitrogen
Before injection, the sample was reacidified with one-fifth the voluma of
10% phosphoric acid. The acetate concentration of the sample was analyzed
by gas chromatograph (GC-2014, Shimadzu, Japan) equipped with a flama
ionization detector and a capiliary column (ULBON HR-20 M, 0.25 mm id, x
szxazsum:m:mmewcmmmmm
the flame lonizath were 1 at 300°C. The chromatograph
was standardized with a mixture of C2-C7 short-chain fatty acids.

Plasma Parametors

Mice were sacrificed by CO, asphyxiation following a 4 hr fast during the light
cycla (food removed 9:00 a.m., sacrificed at 1:00 p.m.). Blood was drawn by
cardiac puncture, and the plasma was separated immediately by centrifuga-
tion and stored at -80°C until use. Plasma glucose, NEFA, triglycerides, total
cholesterol, and total ketone body levels were determined by Glucose C2-
test (Wako Pure Chemical, Japan), NEFA C-test (Wako Pure Chemical, Japan),
Triglyceride E-test (Wako Pure Chemical, Japan), C E-test (Wako

Healthcare Bioscience). For immunoblot analysis, an aliquot of wnoie-cql339ue Chemical, Japan), and Autokit Total Ketone Bodies (Wako Pure

200 Cell Metabolism 9, 191-202, February 4, 2009 ©2009 Elsevier Inc.



Cell Metabolism
Acetate Is an Essential Fuel during Fasting

G Japan), dy. Plasma insulin and laptin levels were deter-  Donahoe, M., Rogers, A.M., Wilson, D.0., and Pennock, B.E. (1988), Oxygen
mined by ELISA with an insulin y kit (Shibayagl, Japan) and tion of the Y jes in normal and In mainourished
amouse leptin (R&D sy ) ding to the facturer's  p with chronic ot pub y dh Am. Rev. Respir. Dis.
instructions. 140, 385-391.

Assay Procedure for Acetyl-CoA, Adenine Nucleotides, NAD',
and NADH Contents

Acetyl-Col and adeni Jaotic tents in muscie or BAT of 12-
‘weak-old male mice ware measurad ially as i previousty (Miura
et al., 2006; Scott et al, 1992, Takamura et al., 1985). NAD" and NADH

nucleotide concentrations were directly measured by NAD'/NADH Assay kit

(Biochain Institute, Inc.) g to the : 's i i The
detail methods are dinthe S | Experimental Procedures.
Blood Gas Analysis

Blood gas lysis was parf d as previcushy ¢ etal,

1996). Amuwwmwmwmmmm
(2%-3%) anesthesia. Up 1o 70 u! of arterlal blood was drawn from the
indweliing catheter after a recovery period of mora than 2 hr and when the
animal was quietly awake. Biood gases were determined by a blood gas

Fisch, S,, Gray, S., Heymans, S,, Haldar, S.M,, Wang, B., Pfister, O, Cui, L.,
Kunaf.& Lin, Z., Smﬂ.lmrine,s uul [2007). Kruppel-like factor 15 is

lator of cardiomyocyte hy y. Proc. Natl. Acad. Sci. USA 104,
mn-?om
Fujino, T., Kondo, J., Ist M., Morik K. and Y T.T.{2001).
Acety!-CoA synth 2.a matrix d in the oxida-

tion of acetate. J. Biol. Chem. 276, 11420-11426

Fukao, T., Lopaschuk, G.D., and Mitchell, G.A. (2004), Pmmwwmlof
ketone body metabolism: On the ringe of lipid y. P

Leukot. Essent. Fatty Acids 70, 243-251,

Gray, S., Wang, 8., Orihuela, Y., Hong, E.G., Fisch, S., Haldar, S., Cline, G.W.,
Kim, J.K., Peroni, 0.0, Kahn, B.B., et al. (2007). Regulation of gluconeogen-
esis by Kruppel-like factor 15, Cell Metab. 5, 305-312.

Hallows, W.C., Lee, S,, and Denu, J.M. (2006). Sintuins deacetylate and acti-
vate mammalian acetyl-CoA synthetases, Proc, Natl. Acad. Sci. USA 7103,

YR A rEoparingen). 10230-10235.
Statistical Analyses Hillman, R.E. (1978). Simple, rapid method for of prop acid
All values are exp as mean = d error of the mean unless other-  and other short-chain fatty acids in serum. Ciin. Chem. 24, B00-803.
wise spacified. Significant differances between mean values ware evaluated  |yeda, Y., Yamamoto, J., Okamura, M., Fujino, T., Takahashi, 5., Takeuchi, K.,
using two-tailed, unpaired Student’s 1 test (when two groups were analyzed)  osp TF., Y T.T., o, S., and Sakai, J. (2001). Transcriptional
of ane-way ANOVA followed by Student Newman-Keuls test (for thres or mmuhm.ﬂﬂwm_,, ,m hrough multiple clus-
more groups). tered binding sites for sterol reg ¢ dli and a single
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Time-resolved fluorescence measurements with long-lifetime
luminescent lanthanide complexes' have attracted great attention
from scientists. This is because the time-resolved luminescence
signals are highly sensitive and are scarcely affected by other
fluorescent compounds that coexist in the sample, which often
interfere with steady-state fluorescence measurements. This method
is quite useful, especially in high-throughput drug screening.”
Protease inhibitors can be important drug targets for diverse
diseases, including cancer, AIDS, inflammatory disorders, and so
on, Therefore, lanthanide-based luminescent sensors that detect
protease activities assume great significance

Karvinen et al. reported a protease assay based on time-resolved
fluorescence resonance energy transfer (TR-FRET)." However, the
synthesis of TR-FRET probes is generally laborious because it
involves the attachment of both the luminescent lanthanide complex
and the appropriate quencher on the substrate peptides. Addinonally,
when the probe concentration is high, this system is associated with
the risk of diffusion-enhuanced intermolecular FRET.* Although
another simpler assay based on quenching by photoinduced electron
transfer 1s known, the luminescent substrate becomes nonlumines-
cent ufter enzyme reaction in this case.” In principle, such
quenching-type fluorescent probes are inferior to fluorogenic probes,
which fluoresce after enzyme reaction, because fluorescence is
generally quenched by several factors such as collisional quenching,
energy transfer, electron transfer, and so on. Besides TR-FRET
probes, there exist no other fluorogenic protease probes based on
lanthanide luminescence. Therefore, fluorogenic probes such as
substrate peptides attached with the short-lifetime fuorophore MCA
(4-methylcoumarinyl-7-amide) are widely used in protease assays,
despite the above-described limitations,” We here report simple-
structure luminogenic lanthanide probes that detect protease
activities.

The long-lifetime luminescence of lanthanide ions is due to the
forbidden f—f transitions of metal electrons. Generally, energy
trunsfer from an adjacent chromophore to a lanthamide ion 1s utilized
for the efficient excitation of lanthanide ions. The structures of the
antenna chromophores regulate the lanthanide | ence inten-
sity.” Thus, the antenna groups can be strategic targets for designing
luminogenic lanthanide probes. By modifying the antenna structures,
several kinds of lanthanide-based probes have been developed so
far, for instance, for detecting pH,® metal ions,” and other
molecules.'” To develop luminogenic lanthanide probes for detect-
ing protease activities, the candidate antenna groups should fulfill
two requirements: (1) antenna groups with an amino group should
yield strong lanthanide luminescence and (2) the lanthanide
luminescence should be very weak when the amino group is
protected with an acyl group. We thoroughly investigated the known
antenna groups for the above requirements. We found that very
few antenna groups that have an amino group could emit lanthanide
luminescence in aqueous solution.'' We considered this is because
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Figure 1. (a) Structures of synthesized compounds; (b) emission spectra
of [1-Th"*] and [2Th"|; A = 250 nm

Scheme 1. Structures and Sch ic Rep ion of the
Probes for Detecting Protease Activity
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amino groups generally function as quenching groups for lunthanide
luminescence.™'*!'* Generally, amino substituents cause the red shift
of the absorption spectrn, and long-wavelength dyes are not
adequate for the efficient excitation of Tb** or Eu*".'* Thus, we
hypothesized that only simple aromatic compounds with an amino
group can act as efficient antenna groups for luminescent lanthanide
ions such as Th** and Eu*. Since tyrosine is known to sensitize
Tb*" and Eu'",'"" we expected that even aniline derivatives could
serve as good antenni groups.

For confirming the hypothesis, we designed and synthesized
antenna-chelator conjugates 1 and 3, which have simple aniline
derivative groups as the antennas, and the corresponding acetylated
compounds 2 and 4 (Figure la). We chose DO3A (1,4.7-tricar-
boxymethyl-1,4,7, 10-tetraazacyclododecane) as the chelator for its
strong binding ability to trivalent lanthanide ions,'® The complex
[1-Th**] showed the characteristic emission spectrum of lanthanide
complexes besides the antenna fluorescence at 350 nm (Figure Ib),
Meanwhile, [2-Th*" |—the Th"" complex of the acetylated com-
pound 2—did not show lanthanide luminescence. On the other hand,
although [3-Tb"* | did not show lanthanide luminescence, [4-Tb* "]
showed strong lanthanide | ence (see Supporting Informa-
tion). Since the two acetylated compounds 2 and 4 are the model
compounds of peptide conjugates, the above results indicated that
the 4-aminobenzy! group can be a suitable antenna for luminogenic
lanthanide probes detecting protease activities and that 4-aminoben-
zoylmethyl group can be an antenna for quenching-type protease
probes, In addition, none of the Eu'* complexes of compounds
1—4 showed lanthanide luminescence (data not shown).

Next, we designed Suc-LY-Abd-Th to detect calpain activity,
as shown in Scheme 1. Calpains are o family of intracellular cysteine
proteases that are involved in many cellular processes.'® Calpains

10.1021/ja8003220 CCC: $40.75 © 2008 American Chemical Society
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Figure 2. (a) Steady-state and (b) time-resolved (delay time, 10 ux; gate
time, 3.0 ms) emission spectral change of Suc-LY-Abd-Th with calpain 1.
A = 250 nm.

Table 1. Photophysical Properties of the Synthesized Compounds
Agsnm &M 'om? L4 Tms

[1-Tv**] 240 12 000 0051 147
12-Tb**] 284 3500 <0001 149
Suc-LY-Abd-Th 254 11000 <0001 146
Suc-LY-Abd-Th + calpain I 63 13000 0012 145

“ It was confirmed by reversed-phase HPLC that enzyme reaction was
completed.

are also related to several discases such as muscular dystrophy,
Alzheimer's disease, Parkinson’s disease, and so on,'” Thus, highly
sensitive detection methods for calpain activities are crucial for
developing drugs for such diseases.'® The peptide sequence Suc-
LY is known to be recognized efficiently by both calpains | and
11.'7 The peptide-ligand conjugate Suc-LY-Abd was synthesized
by a liquid-phase method, and the ligand was then complexed with
Th**. As we expected, the emission spectrum of Suc-LY-Abd-Tb
was scarcely luminescent, similar to that of [2-Tb*"]. Then, the
addition of calpain 1 to the Suc-LY-Abd-Tb solution increased the
emission intensity in a time-dependent manner (Figure 2a). The
steady-state spectra in Figure 2a also include fluorescence around
350 nm derived from the antenna and the protein_ In such cases,
time-resolved measurement 15 very effective. The luminescence
lifetimes of the synthesized ¢ ds were approximately 1.5
ms (Table 1), much longer than those of general organic fluorescent
compounds. Thus, the short-lifetime components in the emission
spectra were completely excluded by performing measurements after
a delay of 10 us (Figure 2b).

We investigated the practical usefulness of Suc-LY-Abd-Tb.
When fluorescent molecules are present in samples, they are very
likely to significantly affect the results of fluorescence assays, For
example. fluorescent drug candidates would give rise to false results
for enzyme screening assays. We performed calpain assays with
Suc-LY-Abd-Th and the commercial probe Suc-LY-MCA in the
presence of fluorescent compounds such as umbelliferone. The
fluorescence intensity of Suc-LY-MCA was considerably increased
in the presence of such compounds as compared to that in their
absence. The nme-resolved fluorescence intensity of Suc-LY-Abd-
Th was barely affected under the same conditions (see Supporting
Information). This result indicates the superionty of our lanthanide-
based probes over conventional fluorescent probes in practical
applications,

Finally, to demonstrate the generality of our sensing system, we
synthesized another lanthanide-based probe, Leu-Abd-Tb. for
leucine aminopeptidase (LAP); this enzyme hydrolyzes the peptide
bond of N-terminal hydrophobic amino acids such as leucine
(Scheme 1). Leu-Abd-Th showed an increase in the time-resolved
luminescence when incubated with LAP (see Supporting Informa-
tion), similar to the case of Suc-LY-Abd.

In conclusion, we de 1 novel luminogenic lanthanide probes
for detecting protease activities. The probe design principle could
be widely applicable to time-resolved assays for any proteases,
These lanthanide-based probes could accelerate drug-screening
processes and also contribute to the clarification of biological
systems. Furthermore, achievement of longer wavelength excitation
could enable a microscopic time-resolved fluorescence imaging of
protease activities in living cells,"”
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