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SUMMARY

Sirtuins are NAD-dependent protein deacetylases
that connect metabolism and aging. In mammals,
there are seven sirtuins (SIRT1-7), three of which are
associated with mitochondria. Here, we show that
SIRT5 localizes in the mitochondrial matrix and inter-
acts with carbamoyl phosphate synthetase 1 (CPS1),
an enzyme, catalyzing the initial step of the urea cycle
for ammonia detoxification and disposal. SIRT5
deacetylates CPS1 and upregulates its activity.
During fasting, NAD in liver mitochondria increases,
thereby triggering SIRT5 deacetylation of CPS1 and
adaptation to the increase in amino acid catabolism.
Indeed, SIRT5 KO mice fail to upregulate CPS1
activity and show elevated blood ammonia during
fasting. Similar effects occur during long-term calorie
restriction or a high protein diet. These findings
demonstrate SIRT5 plays a pivotal role in ammonia
detoxification and disposal by activating CPS1.

INTRODUCTION

Proteins with homology to yeast SIR2 are found in organisms
ranging from bacteria to humans and have been termed sirtuins
(Frye, 2000; Guarente, 2008). Yeast SIR2 and the mammalian or-
tholog SIRT1 were shown to be NAD-dependent deacetylases
(Imai et al., 2000), thus linking their function to cellular metabo-
lism (Guarente, 2006). SIRT1 has numerous nuclear substrates
that are important metabolic regulators, including PGC-1a,
LXR, NF-kB, p53, and forkhead proteins (Brunet et al., 2004; Li
et al., 2007; Luo et al., 2001; Motta et al., 2004; Rodgers et al.,
2005; Vaziri et al., 2001; Yeung et al., 2004). In yeast, C. elegans,
and Drosophila, SIR2 orthologs slow aging and respond to meta-
bolic conditions (Kaeberlein et al., 1999; Lin et al., 2002; Rogina
and Helfand, 2004; Tissenbaum and Guarente, 2001; Wang
et al., 2006). In mammals, genetic alterations in SIRT1 can affect
at least some of the phenotypes associated with calorie restric-
tion (Bordone et al., 2007; Chen et al., 2005).
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There are six other SIR2 paralogs in mammals, SIRT2-7, of
which SIRT3 and SIRT4 are mitochondrial (Ahuja et al., 2007;
Cooper and Spelbrink, 2008; Haigis et al., 2006; Onyango et al.,
2002; Schwer et al., 2002). SIRT3 and 4 have NAD-dependent
deacetylase and ADP-ribosyl transferase activities, respectively,
and have been shown to play roles in mitochondrial metabolism
(Haigis and Guarente, 2006). SIRT3 deacetylates acetyl-CoA
synthetase 2 (ACS2) at Lys-642 to regulate its activity (Hallows
et al., 2006; Schwer et al., 2006). A recent report indicates that
SIRT3 deacetylates a component of electron transport chain
complex 1 and regulates energy homeostasis (Ahn et al., 2008).
SIRT4 transfers ADP-ribose from NAD to glutamate dehydroge-
nase (GDH), an enzyme that converts glutamate to a-ketogluta-
rate, thereby repressing this enzymatic activity (Ahuja et al.,
2007; Haigis et al., 2006). This repression limits the flow of carbon
from amino acids into central metabolism, and thus regulates the
use of amino acids for gluconeogenesis in the liver and as insulin
secretagogues in pancreatic B-cells (Sener and Malaisse, 1980).
Repression of GDH by SIRT4 is alleviated during calorie restric-
tion, a time when amino acids can be an important energy source
and can also function to induce insulin (Haigis et al., 2006).

Importantly, both SIRT3 and SIRT4 have been shown to
protect cells from genotoxic stress (Yang et al., 2007). In stressed
or starved cells, the NAD synthetic enzyme Nampt was shown to
boost NAD levels in mitochondria to facilitate this protection.

In the case of SIRT5, the relevant biochemical activity and
cellular functions have not been clearly determined, and reports
on its location in mitochondria have been equivocal (Lombard
et al.,, 2007; Michishita et al., 2005; Nakamura et al., 2008;
Schlicker et al., 2008). Here we show that this sirtuin is a mito-
chondrial matrix NAD-dependent deacetylase that is specific
for carbamoyl phosphate synthetase 1 (CPS1), the committed
and regulated enzyme of the urea cycle (Haussinger, 1990;
Meijer et al., 1990). CPS1 is critical in the detoxification of excess
ammonia, and patients with CPS1 deficiency suffer from hyper-
ammonemia, which can lead to mental retardation and death
(Yefimenko et al., 2005). In normal individuals, excess ammonia
is produced when amino acids are used as energy sources,
for example during fasting (Meijer et al., 1990; Morris, 2002;
Schimke, 1962b). We also show that SIRT5 regulates CPS1
activity in vivo and this sirtuin is activated upon fasting or during
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a prolonged high protein diet. The fact that the function of this
sirtuin is dedicated to such a specific metabolic function as
ammonia disposal underscores the strong connection between
the activities of sirtuins and conditional metabolic adaptations.

RESULTS

SIRT5 Is a Broadly Expressed Mitochondrial Protein

We raised a rabbit polyclonal serum specific for SIRT5 and iden-
tified the relevant protein band on a western blot by comparing
total brain tissue lysates and liver mitochondria matrix lysates
from SIRT5 KO mice and their wild-type littermates (Figure 1A).
When blots were probed by anti-SIRT5 antibody, two bands ap-
peared in the wild-type, and the lower band (~23kDa) persisted
in the SIRT5 KO. Thus the upper band (~28kDa) corresponds to
SIRT5, while the lower corresponds to a protein recognized
nonspecifically by the anti-SIRT5 antibody.

Next, we analyzed various murine tissues by western blotting
and determined that SIRTS is a broadly expressed protein, with
highest levels in brain, heart, liver and kidney (Figure 1B). In order
to determine the subcellular localization of SIRT5, we first
obtained cell extracts from murine primary cultured hepatocytes
and found SIRT5 to be associated with an organellar fraction (see
Figure S1 available with this article online). A more systematic
fractionation of murine liver mitochondria showed clear localiza-
tion of SIRT5 to the mitochondrial matrix (Figure 1C). Expression

of amino-terminally Flag-tagged SIRTS in 293T cells
showed two bands, the faster migrating of which
was missing the Flag tag, consistent with the idea
that SIRT5 is processed at the amino terminus
(Figure S2A). N-terminal sequencing revealed that
the first 36 amino acids were cleaved (Figure S2B)
at a sequence (ARPSS) matching the consensus
sequence cleaved by mitochondrial processing pepti-
dase (Hendrick et al., 1989; von Heijne et al., 1989).
These results all indicate that SIRT5 is a mitochondrial
matrix protein.

Identification of SIRT5 Protein Substrates

To identify SIRT5-interacting proteins, we adopted

a biochemical approach. SIRT5 was Flag-tagged at

the carboxyl-terminus and expressed in 293T cells to

obtain large quantities of protein (Figure S2). Lysates
from these cells or control cells were mixed with the Flag M2
resin to generate a column of SIRT5-coupled beads (Figure 2A).
A mouse liver mitochondrial lysate (or buffer control) was applied
to the SIRT5-coupled or control columns, repeatedly washed,
and eluted with the Flag peptide. The eluents were concentrated
and subjected to SDS-PAGE followed by silver staining. The
control column did not bind any proteins at all, while the SIRT5
column eluted SIRTS itself, as expected, and numerous other
bands (Figure 2B). Notably, there were several proteins present
from the mitochondrial lysate that were absent in the buffer
control. The most prominent of these, a protein of about 150 kDa
(red box in the figure), was excised and analyzed by mass spec-
trometry. This analysis revealed peptides that covered 41.5%
of the first and rate-limiting enzyme of the mitochondrial urea
cycle, CPS1 (Figure S3). In order to confirm that this protein
species was CPS1, we probed a similarly prepared gel with anti-
bodies to this protein, and observed a single band of 150 kDa
(Figure 2C).

We examined whether the interaction between SIRT5 and
CPS1 observed on the beads was physiologically relevant and
specific by carrying out immunoprecipitation of extracts from
wild-type or SIRT5 KO liver with antibodies to SIRT5 and
SIRT4. CPS1 was co-immunoprecipitated by antibody to SIRT5
but not SIRT4 (Figure 2D) and only from the wild-type and not
SIRT5 KO extract (Figure 2E), demonstrating that these proteins
interact specifically at endogenous levels.
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Figure 2. SIRT5 Interacts with CPS1
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SIRT5 Activates CPS1 by Deacetylation
The interaction between SIRT5 and CPS1 suggested that this
urea cycle enzyme might be a substrate for this sirtuin. Thus we
determined whether CPS1 activity was altered in SIRT5 KO
mice. These KO mice develop and grow normally, and display
normal blood glucose (Figure S4). Liver mitochondrial extracts
were prepared from wild-type and SIRT5 KO fed mice, and
CPS1 activity was determined by measuring conversion to citrul-
line colorimetrically (Nuzum and Snodgrass, 1976). As expected,
activity was dependent on the essential co-factor, N-acetyl gluta-
mate (NAG) (Figures 3A and 3B; McGivan et al., 1976). Activity
was significantly lower in SIRT5 KO extracts, although the levels
of CPS1 protein were not discernibly different (Figure 3B).
When amino acids are catabolized for energy, the amino
groups are transferred to a-ketoglutarate and converted to gluta-
mate by aminotransferases (Haussinger, 1990; Meijer et al.,
1990). Glutamate is then converted back to a—ketoglutarate by
GDH releasing the excess ammonia for detoxification by the
urea cycle (Stanley, 2004). Since SIRT4 is known to ADP-ribosy-
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late and inhibit GDH (Ahuja et al., 2007;
Haigis et al., 2006), it seemed possible
that SIRT4 might also regulate CPS1.
However, extracts from SIRT4 KO mice
showed normal levels of CPS1 activity
(Figures 3C and 3D). As expected the
activity of the SIRT4 substrate GDH was
higher in SIRT4 KO extracts. Further vali-
dating the functional independence of
SIRT4 and SIRT5, GDH activity was not
altered in SIRT5 KO extracts (Figure 3E).

We also checked CPS1 and GDH activity in SIRT3 KO mice,
since this mitochondrial sirtuin is also a deacetylase, but did
not observe any differences in GDH (Figure S5) or CPS1
(Figure S6) activities. These results suggest that the regulation
of CPS1 in vivo is specific to SIRT5 and not other sirtuins.

While the first and second steps of the urea cycle occur in the
mitochondrial matrix, subsequent steps occur cytoplasmically
(Morris, 2002). The second step is mediated by ornithine trans-
carbamylase (OTC) (Wraith, 2001). To determine whether SIRT5
also regulates OTC, we monitored OTC activity in SIRT5 KO
mice, but observed no difference in activity between wild-type
and SIRT5 KO (Figure 3F). OTC activity was not affected in
SIRT4 or SIRT3 KO mice. (Figures 3F and S5).

Next, we determined whether SIRT5 could activate CPS1
in vitro. Because mitochondrial CPS1 was found to be acetylated
(Kim et al., 2006), SIRT5 could upregulate CPS1 activity via
deacetylation. For this purpose, we purified Flag-tagged mouse
SIRT5 using the Flag M2 resin (Figure 4B), and incubated it with
a mitochondrial extract from SIRT5 KO liver at 37°C in the
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Figure 3. CPS1 Activity Is Decreased in SIRT5 KO Mice,
but Not in SIRT4 KO Mice

(A) Liver mitochondria matrix lysates were prepared from SIRT5
KO and wild-type littermate controls, and subjected to western
blotting with anti-SIRT5, anti-CPS1, and anti-mtHSP70 anti-
bodies.

(B) Liver mitochondria matrix lysates from SIRT5 KO and wild-type
mice fed ad libitum were assayed for CPS1 activity in the presence
or absence of 10 mM N-acetyl glutamate (NAG), an allosteric acti-
vator. CPS1 activity is shown as unit/mg protein. Error bars repre-
sent standard deviations. (n = 8 for each groups).

(C) Immunoblots show SIRT5, SIRT4, GDH, CPS1, OTC, and
mtHSP70 protein levels in liver mitochondria matrix lysates

- prepared from SIRT5 KO, SIRT4 KO, and their wild-type littermate

controls fed ad libitum. Neither SIRT KO affected the protein levels
of the urea cycle enzymes or each other.

(D) CPS1 activity was measured in liver mitochondria matrix lysates
from SIRT4 KO, SIRT5 KO, and their wild-type littermate controls
fed ad libitum. CPS1 activity is shown as % of wild-type. Error
* bars represent standard deviations. (n = 8 for each groups).

(E) GDH activity was measured by monitoring NADH 340 nm
absorbance (Haigis et al., 2006). Liver mitochondria matrix lysates
from SIRT4 KO, SIRT5 KO and their littermate controls fed ad libi-
tum were assayed. GDH activity is shown as % of wild-type. Error
bars represent standard deviations. (n = 6 for each groups).

(F) OTC activity was determined by measuring converted citrulline
by the colorimetric method. Liver mitochondria matrix lysates
from SIRT4 KO, SIRT5 KO and their control mice fed Ad libitum
were assayed. OTC activity is shown as % to control. Error bars
represent standard deviations. (n = 4 for each groups).

data indicate SIRT5 specifically deacetylates CPS1
and upregulates its activity in vitro, as it does in vivo.

CPS1 Is Regulated by SIRT5 in Cultured
Primary Hepatocytes and in Mice

To determine under what conditions SIRT5 regulates
CPS1 in vivo, we first cultured primary murine hepato-
cytes from wild-type and SIRT5 KO liver, and deter-
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presence of 0.5mM NAD. Significant dose-dependent activation
of CPS1 by SIRT5 was observed, which was NAD-dependent
(Figure 4C). By homology to other sirtuins, we reasoned that
a SIRT5 H158Y mutant would lose catalytic ability (Figure 4A;
Schwer et al., 2002). Indeed, this mutant protein, purified like
the wild-type protein above, completely lost the ability to activate
CPS1 (Figure 4C).

Importantly, as observed in vivo CPS1 activation in vitro was
specific for SIRT5. SIRT1 and SIRT3 were totally unable to acti-
vate CPS1 (Figure 4C), even though they deacetylated the
canonical p53-related substrate (Figure 4D). Conversely, SIRT5
was completely inactive in the standard SIRT1 deacetylation
assay (Figure 4D). Finally we tested whether SIRT5 specifically
deacetylated CPS1 in vitro. After treatment with sirtuins, CPS1
was immunoprecipitated and blotted with anti acetyl-lysine anti-
body. Consistent with its ability to activate the enzyme, SIRT5
deacetylated CPS1 in NAD-dependent manner. However,
SIRT1 and SIRT3 did not deacetylate CPS1 (Figure 4E). These

WT KO
SIRT5

mined their responses to a nutrient depleted medium
(HBSS medium) to mimic starvation in animals.
Although SIRT5 KO hepatocytes appeared normal
morphologically when grown in serum (Figure 5A), their viability
was significantly more sensitive to nutrient depletion (Figures 5B
and S7). Moreover, while CPS1 activity in wild-type hepatocytes
was induced by nutrient depletion, activity in SIRT5 KO cells was
lower prior to nutrient depletion and unresponsive to this treatment
(Figure 5C). Nutrient depletion did notincrease CPS1 protein levels
in wild-type or KO cells (Figure 5D). These data suggest that SIRT5
is necessary to upregulate CPS1 activity in liver cells.

Next, we addressed the importance of SIRT5 in live animals.
When mice are subjected to prolonged fasting, glycogen stores
are rapidly depleted and fatty acids are subsequently catabolized
(Exton et al., 1972). In addition, over more prolonged fasting,
protein degradation in the muscle becomes an important source
of carbon backbones for gluconeogenesis in the liver (Ruderman,
1975). Since this process generates the excess ammonia that
requires detoxification by the urea cycle, we examined the effect
of a 48 hr fast on liver mitochondrial CPS1 activity in wild-type
and SIRT5 KO mice. CPS1 activity was induced about 50% in
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the wild-type liver, with no discernable change in total protein
levels (Figures 6A, 6B, and S8). Induction of CPS1 activity in
wild-type liver was not apparent in a shorter, 24 hr fast (data
not shown). In contrast, no induction of CPS1 activity by fasting
was observed in SIRT5 KO mice. Levels of CPS1 protein were
likewise unaffected by starvation in SIRT5 KO mice (Figures 6A
and 6B). Finally, CPS1 was also fully induced by fasting in
SIRT4 KO and SIRT3 KO mice (Figure S6).

A high protein diet (HPD) is another condition that promotes
the use of amino acids as energy sources (Schimke, 1962a).
Wild-type and SIRT5 KO mice were put on a HPD for 2 weeks
and the activity of CPS1 was measured. Two-fold induction of
CPS1 activity was observed in the wild-type livers (Figures 6C
and 6D). In this case, an induction of CPS protein levels was
also observed (Figure 6E), indicating that at least some of the
activation occurred at the level of CPS1 expression. Consistent
with this surmise, a small induction of CPS1 activity was also
observed in the SIRT5 KO mice, as was an induction in CPS1
protein levels similar to the wild-type (Figure 6C).

These findings suggested that starvation or HPD triggered
CPS1 activation by SIRT5-mediated deacetylation of the urea
cycle enzyme. To investigate whether CPS1 was indeed deacety-
lated upon fasting, CPS1 was immunoprecipitated from liver
mitochondria of fed and fasted wild-type and SIRT5 KO mice,
and its acetylation status determined using anti-acetyl lysine anti-
bodies. We observed that starvation caused deacetylation of
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SIRT5 (hSIRT5), and mouse SIRT5 mSIRT5). H248 in human
SIRT3 is also conserved in mouse and human SIRT5 as H158.
(B) Flag affinity-purified mouse wild-type SIRT5-Flag (SIRT5
WT), mouse catalytic mutant SIRT5-Flag (SIRT5 H158Y),
human SIRT3, human SIRT1 recombinant protein, and Mock
IP control were subjected to SDS-PAGE and stained with
Coomasie Brilliant Blue.

(C) Flag affinity-purified Flag affinity-purified wild-type SIRT5,
catalytic mutant SIRT5 H158Y, SIRT1, SIRT3 recombinant
protein, or Mock IP buffer (CTRL) were assayed for deacetyla-
tion using the p53 peptide-fluorescence based SIRT1 activity
o assay (BIO MOL). Error bars represent standard deviations
from triplicate experiments. SIRT1 is shown to deacetylate
this peptide, while SIRT5 does not.

(D) SIRT5 upregulates CPS1 activity in vitro. Mitochondria matrix
lysates from SIRT5 KO liver were incubated with Flag affinity-
purified wild-type SIRT5, catalytic mutant SIRTS5 H158Y,
SIRT1, SIRT3 recombinant protein, or Mock IP buffer (CTRL) at
37°C for 60 min in the presence or absence of NAD and subse-
quently subjected to the CPS1 activity assay. Error bars repre-
sent standard deviations from triplicate experiments. SIRT5 is
shown to activate CPS1, while SIRT1 and SIRT3 does not.

(E) SIRT5 specifically deacetylates CPS1 in vitro. Mitochon-
dria matrix lysates from SIRT5 KO liver were incubated with
flag affinity-purified wild-type SIRT5, catalytic mutant SIRT5
(H158Y), SIRT1, SIRT3 recombinant protein, or mock IP buffer
(CTRL) at 37°C for 60 min in the presence or absence of NAD
and subsequently subjected to immunoprecipitation with anti-
CPS1 antibody or normal rabbit serum (NRS). Immunoprecip-
itates were analyzed by western blotting with anti-CPS1 and
anti-pan acetylated lysine (Ac-K) antibodies.
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CPS1 in wild-type liver (Figures 6F and S9). In striking contrast,
no deacetylation was observed in starved livers of SIRT5 KO mice.
We also found that CPS1 was deacetylated in SIRT5 WT mice fed
the HPD, but not in SIRT5 KO mice fed the HPD (Figure S10).

We next studied what activates SIRT5 in the starved liver. The
above experiment indicates that SIRT5 protein levels do not
change upon starvation (Figures 6A and S8). Yang et al. (2007)
showed that a 48 hr fast induces NAD levels in rat liver mitochon-
dria by triggering Nampt transport to this organelle. Using a
different method, we found an almost two-fold increase in mito-
chondrial NAD in liver mitochondria after fasting, with no change
in NADH (Figure 6G). In vitro, SIRT5 showed a steep activation
by NAD in the 50-100 puM range (Figure S11), consistent with
the notion that the increase in mitochondrial NAD after starvation
upregulates SIRTS5 in vivo.

Since NAD itself does not cross the mitochondrial membrane
but the NAD precursor NMN does (Barile et al., 1996), we tested
whether the NMN synthetic enzyme Nampt was upregulated by
48 hr fasting. As was reported in rat liver (Yang et al., 2007), fasting
induced the levels of this enzyme in whole-cell extracts of mouse
liver 2- to3-fold (Figure 6H, upper). However, unlike in rats, Nampt
was not associated with the mitochondrial fraction at all (Figure 6H,
lower). Since the enzyme that converts NMN to NAD is found in
mitochondria (Berger et al., 2005; Zhang et al., 2003), our findings
suggest that the increase in Nampt in the starved liver cytosol
increases the NMN pool for new NAD synthesis in mitochondria.
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(Starvation) and cell viability was measured by
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Functional Importance of SIRT5 in Ammonia
Detoxification in Animals

Finally, we sought evidence that SIRT5 is physiologically important
in live animals. Since defects in CPS1 are known to trigger hyper-
ammonemia in humans (Yefimenko et al., 2005), we predicted that
the deficiency in SIRT5 KO mice after 48 hr fasting might result in
hyper-ammonemia. Thus, we subjected wild-type and SIRT5 KO
mice to 48 hr fasting and then determined their blood ammonia
levels. In fed control mice, SIRT5 KO and wild-type showed
comparable blood ammonia levels. On the contrary, after 48 hr
fasting, SIRT5 mice showed significantly elevated blood ammonia
levels compared to wild-type (Figure 6l). We conclude that SIRT5 is
critical to the proper disposal of ammonia during fasting.

Calorie Restriction Upregulates CPS1 Activity through
Deacetylation

During long-term calorie restriction, as during fasting, the energy
supply from carbohydrates is not sufficient, and amino acids are

3 (h)
S  — O S D W W == CPS

2 3 catabolized in liver and muscle (Hagopian

et al., 2003a, 2003b). As expected, CPS1
activity has been reported to increase
during calorie restriction (Dhahbi et al.,
2001). We thus assessed whether the
mechanism of CPS1 activation by deace-
tylation occurs during this regimen by
examining CPS1 in liver mitochondria of
mice that were 40% calorie restricted for
six months. Although CPS1 (and SIRT5)
protein levels were not changed by calorie
restriction (Figure 7A), CPS1 activity was significantly increased
in restricted animals compared to ad libitum fed controls
(Figure 7B). Moreover, CPS1 was highly deacetylated in calorie
restricted mice, similar to what was observed after fasting
(Figures 7C and S12). Finally, mitochondrial NAD levels were
significantly elevated in calorie restricted mice (Figure 7D). These
findings all suggest that SIRT5 also facilitates ammonia disposal
during calorie restriction by deacetylating CPS1.

SIRT5

DISCUSSION

Inlower organisms, sirtuins function to extend life span. Because of
their unique NAD requirement for activity, it was suggested that sir-
tuins respond to food limitation to program organisms for survival
during dietary stress. Indeed, SIRT1 deacetylates regulators of
numerous key metabolic pathways and may thus play animportant
role in the adaptation to calorie restriction. Here, we study a novel
sirtuin SIRT5, for which no functional information has been avail-
able. We show that SIRT5 is found in the mitochondrial matrix
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Figure 6. Starvation and High Protein Diet
Upregulate CPS1 Activity In Vivo
(A) Liver mitochondria matrix lysates from wild-
type and SIRT5 KO mice fed ad libitum or after
48 hr fasting were analyzed by western blotting
using antibodies to CPS1, mtHSP70, SIRT5, and
* SIRT4.
(B) CPS1 activity was measured in wild-type and
SIRT5 KO mice fed ad libitum or after 48 hr fasting.
Error bars represent SEM (n = 8 for each groups).
Starvation induces CPS1 activity in wild-type but
not SIRT5 KO mice.
(C) Liver mitochondria matrix lysates in wild-type
and SIRT5 KO mice fed normal chow or a high
% protein diet for 2 weeks were analyzed by western
L. blotting using antibodies to CPS1, mtHSP70,
asting 48hr SIRTS, and SIRT4. CPS1 protein levels were
induced by the high protein diet in both wild-type
and SIRT5 KO mice.
(D) CPS1 activity was measured in wild-type and
SIRT5 KO mice fed normal chow diet or high
protein diet for 2 weeks. Error bars represent
SEM (n = 4 for each groups). High protein diet
induces CPS1 in wild-type and to a lesser degree
in SIRT5 KO mice.
(E) CPS1 protein levels in mitochondria matrix in
wild-type mice fed ad libitum or fasted for 48 hr
or fed High protein diet for 2 weeks. The intensity
of CPS1 band relative to mtHSP70 was analyzed
by NIH Imaged. Data were shown as % to AL
control. Error bars represent SEM (n = 4 for each
groups).
(F) Liver mitochondria matrix lysates from wild-
type and SIRT5 KO mice fed ad libitum or after
NAD NADH 48 hr fasting were immunoprecipitated with anti-
* CPS1 antibody or normal rabbit serum (NRS).
Immunoprecipitates were analyzed by western
blotting with anti-CPS1 and anti-pan acetylated
lysine (Ac-K) antibodies. Fasting triggered deace-
tylation of CPS1 in wild-type but not SIRT5 KO
mice.
(G) NAD and NADH concentrations in liver mito-
chondria from wild-type mice fed ad libitum or after
48 hr fasting were measured by the enzyme
cycling method. The increase in NAD but not
NADH shown is the average of four independent
experiments. Error bars represent standard devia-
tions.
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(H) Mice were fed ad libitum (AL) or starved 48 hr, and whole-cell (upper) and mitochondrial (lower) extracts were blotted with antibodies to Nampt, actin and
mtHSP70. Nampt was induced 2-3 fold by starvation in whole-cell extracts (top), and was not associated with purified mitochondria (bottom).
(l) Blood ammonia was measured in wild-type and SIRT5 KO mice fed ad libitum or after 48 hr fasting. Error bars represent SEM (n = 8 for each group). Starvation

caused hyper-ammonemia in SIRT5 but not wild-type mice.

and deacetylates a specific mitochondrial enzyme, CPS1. This
enzyme mediates the first and regulated step of the urea cycle,
thereby linking SIRT5 to the major pathway of ammonia detoxifica-
tion and disposal in organisms. Indeed, fasted SIRT5 KO mice
become hyper-ammonemic. Since the need for ammonia disposal
becomes acute during fasting, our findings provide a novel
example of the importance of SIRT5 in adapting to food limitation.

Regulation of Ammonia Disposal by SIRT5

By linking SIRT5 to beads, we identified interacting proteins from
mitochondrial extracts of murine livers. The most prominent of
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these was carbamoyl phosphate synthetase 1 (CPS1). CPS1
catalyzes the condensation of ammonia with HCO3;™ and ATP
by generating carbamoyl phosphate, which is ultimately con-
verted to urea, a molecule readily disposed from the body (Haus-
singer, 1990; Meijer et al., 1990). The urea cycle comes into play
especially during fasting, when amino acids are catabolized for
energy in the muscle to generate an excess of ammonia, which
must be detoxified (Schimke, 1962b).

The interaction between SIRT5 and CPS1 is physiologically
significant by several criteria. First, the proteins interact at endog-
enous levels in cells. Second, SIRT5 deacetylates and activates
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CPS1 efficiently in vitro, while not deacetylating the canonical
p53-related SIRT1 substrate. Third, SIRT5 deacetylates CPS1
in vivo; prolonged starvation triggers deacetylation of CPS1 in
wild-type but not SIRT5 KO mice. Fourth, SIRT5 activates and
regulates CPS1 enzymatic activity in vivo and in vitro; the activity
of CPS1 in ad libitum fed animals was reduced in SIRT5 KO livers,
and the normal upregulation of activity by starvation did not occur
in SIRT5 KO mice. Finally, the deacetylation and activation of
CPS1 was specific to SIRT5 and not other mitochondrial sirtuins.
Indeed, the other mitochondrial deacetylase SIRT3 did not affect
the acetylation or activity of CPS1 in vivo or in vitro.

SIRT5 appears to regulate the urea cycle in a physiologically
meaningful way, since the defect in CPS1 upregulation during

Figure 7. Calorie Restriction Upregulates
CPS1 Activity through Deacetylation

(A) Liver mitochondria matrix lysates from wild-
type mice fed ad libitum (AL) or 40% calorie
restricted (CR) for 6 months were analyzed by
western blotting using antibodies to CPS1,
mtHSP70, and SIRTS5.

(B) CPS1 activity was measured in wild-type mice
fed ad libitum (AL) or 40% calorie restricted (CR)
for 6 months. Error bars represent SEM (n = 4 for
each groups).

(C) Liver mitochondria matrix lysates from wild-
type mice fed ad libitum (AL), after 48 hr fasting
(Fast) or 40% calorie restricted (CR) for 6 months
were immunoprecipitated with anti-CPS1 antibody
or normal rabbit serum (NRS). Immunoprecipitates
were analyzed by western blotting with anti-CPS1
and anti pan-acetylated lysine (Ac-K) antibodies.
(D) NAD and NADH concentrationsin liver mitochon-
dria from wild-type mice fed ad libitum or calorie
restricted were measured by the enzyme cycling
method. The increase in NAD but not NADH shown
is the average of four independent experiments.
Error bars represent standard deviations.

(E) Amodel for the role of SIRT5 on CPS1 regulation
in liver. In response to fasting, Nampt is induced in
the cytosol to increase NMN levels, thereby trig-
gering de novo NAD synthesis and SIRT5 activation
in mitochondria. Activated SIRT5 deacetylates
CPS1 and upregulates the detoxification of
ammonia by the urea cycle. A similar induction
likely occurs during calorie restriction.

NAD NADH

starvation of SIRT5 KO mice triggers
hyper-ammonemia in blood. This defect
in ammonia disposal is likely specific to
CPS1, since the second enzymatic step
of the urea cycle, matrix OTC, is not
affected by SIRT5 and the remainder of
the pathway lies in the cytoplasm.

Another condition in which the urea
cycle becomes very important is a high
protein diet (HPD) (Schimke, 1962a).
Indeed, we observed deacetylation of
CPS1 by SIRT5 in HPD mice, as well as
a second level of regulation—an increase
in CPS1 protein levels. The upregulation
of CPS1 expression observed in the high protein condition may
not occur during starvation, because energy for new synthesis
is limited during starvation and activation by a post-translational
mechanism may be most parsimonious. It will be interesting to
see if high protein diets in humans, like the Atkins diet, trigger
SIRT5-mediated activation of CPS1, increases in CPS1 protein
levels, or both.

Mechanism of SIRT5 Activation by Starvation

SIRT5 protein levels do not change during starvation. However,
we observed a doubling of NAD levels in liver mitochondria, with
no change in NADH levels. Since we observe a steep activation
of SIRT5 by NAD in vitro, we propose that this increase in NAD
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activates SIRTS5 in the starved liver. Since NAD does not cross
the mitochondrial membrane, the dramatic increase in mito-
chondrial NAD during starvation must be due to new synthesis
(Yang et al., 2007). Indeed, we observed induction of Nampt,
the enzyme that synthesizes the NAD precursor NMN, in the
starved liver cytosol. Since NMN can be imported into mitochon-
dria and then converted into NAD (Barile et al., 1996), we
propose that starvation induces the urea cycle by increasing
synthesis of NMN, which leads to de novo synthesis of NAD
in mitochondria, SIRT5 activation, and CPS1 deacetylation
(Figure 7E).

Finally, long-term calorie restriction also gave rise to a signifi-
cant increase in mitochondrial NAD levels without affecting
NADH. Since this regimen also induced the deacetylation and
activation of CPS1, we conclude that calorie restriction also trig-
gers SIRT5 to upregulate the urea cycle for ammonia disposal.

SIRT5 and SIRT4 in Mitochondrial Metabolism

SIRT4 represses another enzyme used during catabolism of
amino acids, GDH, in this case by ADP-ribosylating it (Haigis
et al., 2006). This repression is alleviated during calorie restric-
tion, during which there is a significant lowering in SIRT4 protein
levels in liver. We show here that unlike CPS1, GDH activity is not
elevated during prolonged fasting (Figures S6, S8, and S13).
These results indicate that the level of GDH activity is not limiting
in the adaptation to fasting. Since GDH is repressed both in fed
and fasted mice, SIRT4, unlike SIRT5, must already be active in
fed animals. We surmise that the lower level of NAD in fed mito-
chondria is sufficient to activate SIRT4, but not SIRTS. It will be of
interest to determine whether, indeed, SIRT4 has a lower K, for
NAD than does SIRT5.

In addition, the activation of CPS1 during fasting occurred nor-
mally in mice missing either SIRT4 or the other mitochondrial
sirtuin, SIRT3. Thus SIRT5 is the only sirtuin regulating the urea
cycle, and that the activities of SIRT4 on GDH and SIRT5 on
CPS1 appear to be surprisingly uncoupled.

Substrate Specificity of SIRT5 versus SIRT1

Previous studies on the enzymatic activity of sirtuins revealed, at
best, a feeble deacetylase activity for SIRT5. The robust activity
we observe in the case of CPS1 indicates a high level of
substrate specificity of this deacetylase. In fact, SIRT5 was
completely inactive on the SIRT1 p53-related substrate, while
SIRT1 was inactive on CPS1. Since SIRT5 contains only very
short amino and carboxyl terminal sequences flanking the
conserved, catalytic sirtuin core, it is likely that residues within
the conserved domain can dictate sirtuin substrate specificity.
It would be of interest to create SIRT1-SIRT5 chimeric enzymes
to pinpoint the basis of sirtuin substrate specificity.

Conclusion

Our findings indicate another important link between sirtuins and
the adaptation to food scarcity. At present, CPS1 is the only
bona fide SIRT5 substrate, although other substrates may
emerge. Since SIRT5 appears keyed to the conditional use of
amino acids as energy sources, it is possible that other methods
may reveal additional SIRT5 mitochondrial substrates involved in
energy production, for example enzymes of fatty acid oxidation.
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Our findings strengthen the ideas that sirtuins promote meta-
bolic adaptations during dietary changes, and that small mole-
cule sirtuin modulators will be an important approach to treat
metabolic disorders.

EXPERIMENTAL PROCEDURES

Animal Experiments

SIRT3 KO mice, SIRT4 KO mice, and SIRT5 KO mice were described previ-
ously (Haigis et al., 2006; Lombard et al., 2007) and male 12-16 weeks litter-
mates in 129Sv background were used for this study. Mice were housed under
controlled temperature (25°C) and dark-light cycle (12 hr:12 hr). Ad libitum
mice were fed normal chow diet containing 19% protein. High protein diet
contains 60% protein and the same amount of energy as control diet (Test
Diet). Calorie restricted wild-type mice were purchased from NIA. They are
fed 40% reduced calories compared to control mice for 6 month. For fasting
experiments, food was depleted for 48 hr, but mice could access water freely.
After 48 h fasting, mice were euthanized by CO2 and tissues were harvested.
For blood glucose assays, see Supplemental Data.

Western Blotting and Immunoprecipitation

Antibodies used for immunoblotting included anti-mtHSP70, CPS1, OTC
(Abcam), GDH (US biological), Actin (Chemicon), Tom20 (Santa Cruz), Cyto-
chrome ¢ (PharMingen), COX Va (Invitrogen), Nampt (Bethyl Laboratories),
pan-acetylated lysine (Immunechem), and anti Flag M2 (Sigma-Aldrich).
SIRT5 antisera were raised in rabbit against the C-Terminal peptide
(GPCGKTLPEALAPHETERT). SIRT4 antisera was described previously (Haigis
etal., 2006). HRP-conjugated secondary antibodies were obtained from Amer-
sham Pharmacia. PVDF membrane (Millipore) was used for blotting and
signals were revealed by ECL (Amersham Pharmacia).

For immunoprecipitation, liver mitochondria matrix supplemented with
150 mM NaCl and 10 mM Tris-HCI pH7.4 were incubated with anti-SIRT5,
CPS1 antibody or normal rabbit serum overnight at 4°C. Then protein A
sepharose (Amersham Pharmacia) were added and incubated for 1 hr. After
resins were washed, samples were boiled with 3x sample buffer and sub-
jected to western blotting.

Mitochondria Isolation and Subfractionation
Mitochondria were isolated from the livers of SIRT5 KO mice, SIRT4 KO mice,
SIRT3 KO mice and their control littermates, as described previously (Shimizu
et al., 1998). Briefly, livers were homogenized with a glass-Teflon Potter
homogenizer in medium containing 0.3 mM mannitol, 10 mM potassium
HEPES (pH 7.4) and 0.2 mM EGTA. The mitochondria were washed twice
and suspended in the same medium without EGTA. Mitochondria protein
concentration was measured using protein DC assay kit (Bio Rad).
Mitochondrial subfractionation was performed as described elsewhere with
some modifications (Cipolat et al., 2006). Mitochondria were incubated in
hypotonic buffer 2mM KCI, 10 mM HEPES) at 2mg/ ml for 20 min on ice. After
centrifuging, supernatant was saved and pellets were washed with wash
buffer (150mM KCI and 10mM HEPES) twice. All the supernatants were
combined and subject to TCA precipitation and saved as inter membrane
space fraction. Pellets were suspended in hypotonic buffer again and sub-
jected to freeze and thaw cycle three times. Suspension were sonicated for
5 s three times on ice and centrifuged. Pellets were washed three times and
saved as membrane fractions, and supernatants as matrix fractions.

Primary Cultured Hepatocytes Isolation

Primary cultured hepatocytes were isolated from SIRT5 KO mice and their
control littermates at 3-4 months of age using the retrograde two-step collage-
nase perfusion technique (Nakagawa et al., 2005). Details are described in
Supplemental Data.

In Vitro Flag Affinity Purification

293T cells were trasfected with pCAG-SIRT5 or pCAG-SIRT5-Flag plasmids.
After 24 hr, cells were harvested and lysed in CHAPS buffer (2% CHAPS,
50 mM Tris-HCI [pH 7.4], 150 mM NaCl, and 1 mM EGTA). The lysates were



sonicated and centrifuged. The supernatants were mixed with Flag-M2 resin
and washed with TBS buffer with NP40 (150 mM NaCl 10 mM Tris-HCI
[pH 8.0] and 0.1% NP-40). Mitochondria matrix lysates from wild-type mice
or buffer control were loaded onto columns, washed and eluted by 50 pug/ml
Flag peptide. The eluted samples were concentrated using 10kDa-filtered
microcon tube (Millipore) and subjected to SDS-PAGE and silver staining or
Coomasie staining. The 150 kDa band was excised and analyzed by mass
spectrometry for protein identification at Taplin Biological Mass Spectrometry
Facility (Harvard Medical School, Boston).

Enzymatic Activity Assays

CPS1 activity and OTC activity were assessed by measuring converted citrul-
line by a colorimetric method (Nuzum and Snodgrass, 1976). GDH activity was
determined as described (Haigis et al., 2006). To measure blood ammonia,
blood was collected by eye-bleeding. Whole blood was immediately centri-
fuged at 4°C and supernatant was saved as plasma at —80°C. Plasma
ammonia concentration was measured at the Children’s Hospital Boston
core laboratories (Boston, MA). For more details, see Supplemental Data.

In Vitro Deacetylation Assays

Flag tagged SIRT5 protein and catalytic mutant SIRT5 (Figure S5) were purified
by Flag M2 resin and eluted with Flag peptides in TBS buffer. To deplete
endogenous NAD completely, liver mitochondria matrix lysate from SIRT5
KO mice were dialyzed against dialysis buffer (20 mM Tris-HCI [pH 8.0],
0.2 mM EDTA, 10% Glycerol and 50mM NaCl) using Slide-A-Lyzer 10K
Dialysis Cassette (Pierce). For SIRT5 in vitro deacetylation assay, 20 ng liver
mitochondria matrix lysate from SIRT5 KO mice and 4 pg SIRT5-Flag were
incubated in HDAC buffer (50 mM Tris-HCI [pH 8.0], 4 mM MgCI2, and
0.2 mM DTT) in the presence or absence of 0.5 mM NAD for 60 min at 37°C.
After the reaction, samples were subject to CPS1 activity assay. SIRT1 and
SIRT3 in vitro deacetylation assay were performed using the p53 peptide Fluor
de Lys substrate Assay kit (BIOMOL) according to supplier's manual.

NAD/NADH Measurement

NAD and NADH were measured by enzyme cycling method as described
previously with a few modifications (Easlon et al., 2008). 5 mg of whole mito-
chondria pellet were suspended in hypotonic buffer and subjected to sonica-
tion. 2x acid buffer was added for NAD extraction and 2x alkali buffer was
added for NADH extraction. After 30 min incubation at 60°C, neutralization
buffer were added to each samples to destroy any endogenous enzymatic
activities that might interfere with the assay. After centrifuging, supernatants
were saved and part of them were used for enzymatic cycling reaction. After
the reaction, the concentration of nucleotides was measured fluorometrically
with excitation at 365 nm and emission monitored at 460 nm.

Statistical Analysis

Analysis was performed using an unpaired Student’s t test, and significant
differences are indicated by single asterisk () when p < 0.05 and double
asterisk (**) when p < 0.01.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, Supple-
mental References, and thirteen figures and can be found with this article
online at http://www.cell.com/supplemental/S0092-8674(09)00202-5.
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