SirT3 is a nuclear NAD"-dependent
histone deacetylase that translocates
to the mitochondria upon cellular stress
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In humans, there are at least seven Sir2-like proteins (SirT1-7) with diverse functions, including the
regulation of chromatin structure, and metabolism. SirT3 levels have been shown to correlate with extended
life span, to localize to the mitochondria, and to be highly expressed in brown adipose tissue. In humans,
SirT3 exists in two forms, a full-length protein of ~44 kDa and a processed polypeptide lacking 142 amino
acids at its N terminus. We found that SirT3 not only localizes to the mitochondria, but also to the nucleus
under normal cell growth conditions. Both the full-length and processed forms of SirT3 target H4-K16 for
deacetylation in vitro and can deacetylate H4-K16 in vivo when recruited to a gene. Using a highly specific
antibody against the N terminus of SirT3, we found that SirT3 is transported from the nucleus to the
mitochondria upon cellular stress. This includes DNA damage induced by Etoposide and UV-irradiation, as

well as overexpression of SirT3 itself.
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SirT3 is a member of the Sir2 family of NAD*-dependent
protein deacetylases (Frye 1999). This family of proteins
is implicated in chromatin structure, transcriptional si-
lencing, and aging in organisms ranging from yeast to
humans. It has been proposed that human sirtuins gen-
erally have nonhistone substrates. Yet the SirT proteins
(especially SirT1, SirT2, and SirT3) are highly related to
the yeast Sir2 protein, a dedicated histone deacetylase
with specificity for Lys 16 of histone H4 (H4-K16), a
residue important in attaining a repressed chromatin
state in yeast upon its deacetylation (Suka et al. 2002;
Shogren-Knaak et al. 2006). Recent speculations suggest
a function for SirT1 (and other SirTs) in caloric restric-
tion and life span (Haigis and Guarente 2006). SirT1 ini-
tially was found to deacetylate the tumor suppressor p53
(Luo et al. 2001; Vaziri et al. 2001; Langley et al. 2002), as
well as other transcription factors (Brunet et al. 2004;
Giannakou and Partridge 2004; Haigis and Guarente
2006). However, SirT1 was later found to function in the
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formation of facultative heterochromatin through its
deacetylation of core histones, specifically acetyl-Lys 16
of histone H4 (H4-Kl6ac) (Vaquero et al. 2004). SirT1
also interacts with histone H1 and deacetylates acetyl-
Lys 26 (Vaquero et al. 2004). The ability of sirtuins to
deacetylate H4-K16ac is not restricted to SirT1, as SirT2
has been shown to deacetylate H4-K16ac during mitosis
(Vaquero et al. 2006).

SirT3 is the only Sirtuin with an apparent direct link
to extended life span in humans. Mutations in an en-
hancer region of the SirT3 gene that potentially up-regu-
late its expression were found at a high frequency in
long-lived individuals, suggesting that high expression of
SirT3 can be an important marker in life extension (Bell-
izzi et al. 2005). Overexpression of murine SirT3 also has
been shown to increase the expression of genes involved
in mitochondrial biogenesis and metabolism in brown
fat cells, linking SirT3 concentration to the regulation of
nuclear gene expression (Shi et al. 2005). However, SirT3
has been reported to localize exclusively to the mito-
chondria, and it has been speculated that this localiza-
tion may have important implications in SirT3 function
in life span (Onyango et al. 2002; Schwer et al. 2002). It
has also been reported that once SirT3 enters the mito-
chondria the protein becomes processed at the N termi-
nus, resulting in the activation of its enzymatic activity
(Schwer et al. 2002). Finally, studies demonstrated that
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SirT3 is able to deacetylate and activate the enzyme ace-
tyl-CoA synthetase 2 within the mitochondria, showing
an important role of SirT3 at this organelle (Hallows et
al. 2006; Schwer et al. 2006). The previous studies used
overexpressed SirT3 and did not address whether or not
the endogenous SirT3 also resides exclusively in the mi-
tochondria.

Using highly specific antibodies against the N termi-
nus of SirT3 and hence specific to the full-length human
protein, we show that under normal cellular conditions,
full-length SirT3 resides in the nucleus. Full-length
SirT3 does, indeed, localize to the mitochondria; how-
ever, we show that such translocation occurs upon stress
caused by either environmental conditions or by the
massive overexpression of SirT3 itself. We further ob-
serve that SirT3 completely exits the nucleus upon these
conditions in a manner sensitive to Leptomycin B (LMB).
In characterizing the biochemical activity of SirT3, we
show that both the full-length and processed forms of
SirT3 have a strong NAD"-dependent histone deacetyla-
tion activity in vitro with specificity for acetyl-Lys 16 of
histone H4 and to a lesser extent acetyl-Lys 9 of histone
H3. We further show that SirT3 is an in vivo histone
deacetylase (HDAC), which can repress transcription of a
gene when recruited to its promoter. Our work comple-
ments studies that revealed a mitochondrial function for
SirT3 by showing that SirT3 also localizes to the nucleus
and deacetylates acetyl-Lys 9 and acetyl-Lys 16 of his-
tones H3 and H4, respectively.
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SirT3 is a nuclear and mitochondrial deacetylase

Results
Full-length SirT3 is a nuclear protein

In order to study SirT3 function in vivo, we initially
sought to generate a highly specific antibody. We used
the N terminus of human SirT3 (hSirT3) as it does not
share homology with other Sirtuins and it is specific to
the human protein, as the mouse protein lacks this do-
main (Fig. 1A). After affinity purification of the antibod-
ies, we examined SirT3 localization in several cell lines
(Fig. 1A). Using immunofluorescence studies, we ob-
served that the SirT3 antibodies recognize a protein that
resides exclusively in the nucleus and is excluded from
the dark DAPI regions (Fig. 1B). Since the murine SirT3
is devoid of the N-terminal region, no immunofluores-
cence signal was observed in the mouse cell line
NIH3T3, demonstrating specificity of the antibodies.
Moreover, in competition experiments only recombi-
nant SirT3 competed away the signal, further verifying
the specificity of the antibody (Fig. 1C). Since the anti-
body is generated against the N terminus, it is not pos-
sible to probe for the localization of endogenous SirT3
that has been processed. Using a highly specific antibody
generated against the C terminus of SirT3 (Schwer et al.
2002), we demonstrated using Western blot analysis the
presence of full-length and processed forms of SirT3 in
the nucleus (Fig. 6B [below], lane 1). However, and in
agreement with previous studies, we also observed that a
large population of the N-terminal-processed SirT3 is lo-
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Figure 1. Full-length SirT3 is nuclear. (A) Schematic representation of full-length human and mouse SirT3. (B) Immunofluorescence

analyses of the cell lines indicated using antibody specific to the N terminus of human SirT3. DAP1 was used to visualize the nuclei.
(C) HeLa cells analyzed as in B but in the presence of the competitors indicated.
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calized to the mitochondria (Fig. 6B, below). Therefore,
from these observations, we conclude that SirT3 is lo-
calized in the nucleus and mitochondrion.

SirT3 has NAD"-dependent histone
deacetylase activity

In order to understand the nuclear function of SirT3, we
examined its enzymatic activity and substrate specific-
ity. Only the processed SirT3 is considered biochemi-
cally active (Schwer et al. 2002). Yet given our findings
that full-length SirT3 exists in the nucleus, we re-exam-
ined whether both forms of SirT3 have detectable NAD*-
dependent activity. Recombinant SirT3 expressed in
Escherichia coli generated exclusively full-length pro-
tein, but it was highly aggregated and exhibited very
weak enzymatic activity; therefore, we generated a bacu-
lovirus SirT3 (bSirT3), which contained both a histidine
and a Flag tag at the N terminus. After double affinity
purification, only full-length bSirT3 was observed (Fig.
2A). We compared the bSirT3 to SirT3 purified from hu-
man cells (hSirT3) after transfection of a SirT3 expres-
sion plasmid containing an HA-tag at the C terminus.
After HA affinity purification, >90% of the hSirT3 was
in the processed form (Fig. 2A). Both SirT3 preparations
displayed strong NAD* -exchange activity (Vaquero et al.
2004) to either acetylated BSA or hyperacetylated core
histones (Fig. 2B, top panel). As expected, unacetylated
BSA as a substrate was inactive. Most importantly,
SirT5, which localizes exclusively to the mitochondria
(Haigis and Guarente 2006), displayed NAD*-exchange
activity with specificity for acetylated BSA but not to
hyperacetylated core histones. These observations col-
lectively demonstrate that the histone-dependent ex-
change activity observed with SirT3 is specific.

We next compared the SirT3 preparations in a histone

Figure 2. Full-length and truncated SirT3
exhibit similar HDAC activity and sub-

strate specificity. (A, Ileft side) Western A bSis  hairts
blot of affinity-purified SirT3 from baculo- (ng) 100 300 "'100 300
virus-derived or human cells as indicated. 150 kD

(Right side) Coomassie blue stain of puri-

deacetylation assay using hyperacetylated core histones
purified from TSA and sodium butyrate-treated HelLa
cells as substrate, coupled with Western blot analyses
using antibodies against specific histone acetylated resi-
dues. In the absence of SirT3, deacetylation of histones
was not observed (Fig. 2C, top panel). However, the ad-
dition of equivalent amounts of nicotinamide exchange
units of both forms of SirT3 (full-length and processed
forms shown in Fig. 2B, bottom panel) revealed a strong
specificity for deacetylation of H3-K9ac and H4-K16ac in
each case (Fig. 2C, top panel). We further analyzed the
specificity and NAD" dependence of baculovirus-de-
rived, full-length SirT3 and human-derived, processed
SirT3 by titrating down the enzymes, in the presence and
absence of NAD" (Fig. 2C, bottom panel). In each case,
SirT3 exhibits apparently a higher specificity for H4-
Kl6ac, and this HDAC activity is NAD"-dependent. As
well, full-length SirT3 containing a Flag tag at the N
terminus and isolated from human cells using anti-Flag
affinity purification exhibited equivalent HDAC activity
and specificity (data not shown), demonstrating that its
expression in mammalian cells has no effect on its ac-
tivity.

SirT3 deacetylates histones in vivo

The results described above indicate that SirT3 is local-
ized to the nucleus and that it deacetylates histone H4-
Kl6ac and H3-K9ac in vitro. To analyze whether the
above observations are biologically relevant, we ana-
lyzed whether SirT3 can deacetylate histones in vivo.
We first tested if RNA interference (RNAi)-mediated re-
duction of cellular SirT3 would affect the overall levels
of acetylated H3-K9 and H4-K16; these results were
negative (data not shown). We then speculated that
SirT3-mediated deacetylation of histone residues may be

C bSIrT3 hSirT3
SiT3(pMoles) . 0 25 " 25 :

fied bSirT3 shows that only full-length e A _ H3 K14
SirT3 is detectable. (B, top) Nicotinamide 50kD “ -
exchange reaction in the presence of full- gol T - | _|<Full Length ke r— . |
length SirT3 from baculovirus (bSirT3), EJ _ Ha K12
truncated SirT3 from human cells i “ o "« Truncated

(hSirT3), or recombinant SirT5 (rSirT5) as _ H4 K16
indicated. Substrates were acetylated BSA &ElRg)  HA,

(Ac.B) histones derived from cells treated B diplde o6 18 R mw 18 A

with histone deacetylase inhibitors (H) none bSirT3 hSirT3 1SirT5

and BSA (B). (Bottom) Titration of bSirT3 " AcB HAcB H B AGBHB AGBH B ' _ H3 K9
and hSirT3 with histones as substrate. (C)

Comparison of bSirT3 and hSirT3 in his- _ Helr4
tone deacetylation reactions analyzed by _ S ATRE
Western blot using hyperacetylated his- . BSITS hSITs

tone substrates and with respect to speci- ] _ H4 K12
ficity and NAD" requirement. Antibodies

against specific acetylated lysine residues M _ HaKig
of particular histones are indicated. SirT3 (pMoles) 13 25 5 13 25 5
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gene-specific. To test whether SirT3 can repress tran-
scription in a gene-specific manner and in a deacetyla-
tion-dependent manner, we transfected a luciferase re-
porter directed by the TK promoter with Gal4 DNA-
binding sites and Gal4-SirT3 expression plasmids into
293F cells. Recruitment of wild-type full-length Gal4-
SirT3 to the luciferase reporter led to its repression (Fig.
3A). Transfection of a SirT3 mutant protein with a single
substitution in the catalytic domain was ineffectual,
demonstrating that the repression is dependent on SirT3
enzymatic activity. Since the N terminus of SirT3 may
have an important role in the nucleus, we tested whether
a truncated Gal4-SirT3 could repress transcription. Sur-
prisingly, the N terminus was required for repression
(Fig. 3A). Gal4-SirT3 fusion proteins were expressed and
remained almost exclusively nuclear as shown by frac-
tionation of cells transfected with full-length and pro-
cessed forms of SirT3 (Fig. 3B). We next tested a cell line
in which the full-length Gal4-SirT3 is stably integrated
and its expression is regulated by tetracycline. Recruit-
ment of Gal4-SirT3 to an integrated luciferase reporter
was analyzed by chromatin immunoprecipitation (ChIP)
experiments (Fig. 3C). After tetracycline induction,
Gal4-SirT3 was present at the luciferase reporter gene as
expected. Importantly, the levels of acetylated H4-K16
and H3-K9 were clearly reduced, relative to the unin-
duced case. Of note, tetracycline treatment was without
effect at the actin promoter with respect to the levels of
acetylated H4-K16 (Fig. 3C).

A

Gal4 DBD Gal4 SirT3  Gal4 SirT3  Gald4 SirT3 HY

short
Transfected Fusion Protein

% Luciferase/B-Gal
N A O ® D
o o o o o o

SirT3 is a nuclear and mitochondrial deacetylase

Overexpression of SirT3 leads to its relocalization
to the mitochondria

We next sought to rationalize previous results showing
the exclusive localization of SirT3 to the mitochondria.
These previous studies used conditions under which
SirT3 was overexpressed. Toward this end, we generated
a stable cell line that constitutively expresses SirT3 con-
taining an HA tag at its C terminus. Consistent with the
current literature, when SirT3 was overexpressed, the
protein localized to the mitochondria as evident with
anti-HA antibodies (Fig. 4A). Interestingly, when SirT3
antibodies that recognize the N terminus of either en-
dogenous or overexpressed protein were used for immu-
nofluorescence, we no longer observed any signal in the
nucleus and found SirT3 only in the mitochondria. This
result led us to postulate that prolonged overexpression
of SirT3 created an environment that provoked nuclear
SirT3 to vacate the nucleus. It also is evidence of a
mechanism whereby SirT3 function in the nucleus can
be rapidly and negatively controlled through its potential
physical exclusion from this site.

Hst2, the closest homolog of SirT2, has recently been
shown to contain an NES and its cytoplasmic localiza-
tion to be sensitive to LMB (Wilson et al. 2006). LMB
inhibits CRM1 (chromosomal region maintenance 1), a
protein required for nuclear export of proteins containing
a nuclear export signal (NES). Examination of the pri-
mary sequence of SirT3 did not reveal an NES; however,

Gal4-SirT3-short

- .

25kD
aCox IV

B Gal4-SirT3

C Chromatin Immunoprecipitation

r 1

G4 SirT3 -Tet

Reporter
G4 SirT3 +Tet
G4 SirT3 -Tet

Actin

G4 SirT3 +Tet

Figure 3. SirT3 directed to a promoter mediates gene repression and HDAC activity toward H4-K16ac. (A) Results of luciferase assays
performed using a stable cell line containing an integrated luciferase reporter under the TK promoter with GAL4 DNA-binding sites.
Transient expression of the GAL4 fusion proteins indicated was performed. (B) Western blots of extracts fractionated into nuclear and
mitochondrial fractions after transfection with expression vectors for the indicated protein. (C) ChIP experiments performed with a
stable cell line containing both an integrated luciferase reporter and an integrated tetracycline-inducible GAL4-SirT3 fusion protein.
The experiment was performed in the presence or absence of tetracycline as indicated and with the specific antibodies shown at the
top. Primers targeted to the luciferase reporter as well as the actin promoter were used to assay the immunoprecipitations.
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Mitotraker Red
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o-SirT3

Figure 4. Constitutively overexpressed
SirT3 is actively transported to the mito- B

chondria. (A) Immunofluoresence experi-

ment performed with a stable cell line that

constitutively expresses SirT3 with an HA o-HA
tag using either HA-specific or SirT3 N-
terminal-specific antibodies and Mito-

tracker. (B) Immunofluorescence studies

of 293F cells transfected with SirT-HA and

then treated with LMB as indicated. Cells o-HA
were stained with antibodies against the

HA tag.

it is possible that SirT3 export is mediated through an
interaction with a protein containing an NES. We tested
the possibility that LMB would inhibit SirT3 export from
the nucleus upon its overexpression. After transfection
of SirT3-HA, cells were treated with LMB followed by
immunofluorescence. Since transfection of SirT3 leads
to constitutive expression of SirT3, we reasoned that
treatment with LMB would inhibit newly expressed pro-
tein from leaving the nucleus. Following transfection of
SirT3 under normal conditions, we did not observe any
cells containing nuclear SirT3; however, upon treatment
with LMB, we observed many cells that contained a
nuclear SirT3 signal (Fig. 4B). This result suggests that
SirT3 is actively transported from the nucleus to the
mitochondria by a pathway dependent on CRM1.

Full-length SirT3 resides in the nucleus and
translocates to the mitochondria upon cellular stress

In light of the results presented above as well as the
proposal that the main function of sirtuins might be to
promote survival and stress resistance in times of adver-
sity (Guarente and Picard 2005), we hypothesized that
SirT3 localization to the mitochondria may be biologi-
cally relevant during cellular stress—a condition at-
tained by its overexpression. Toward this end, we ana-
lyzed SirT3 localization under other conditions that lead
to cellular stress: UV-irradiation or treatment with Eto-
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poside, an inhibitor of topoisomerase II that causes DNA
damage. In agreement with the results presented above,
untreated cells displayed most of the endogenous full-
length SirT3 in the nucleus (Fig. 5). However, upon UV
or Etoposide treatment, a large population of the endog-
enous SirT3 was now localized to the mitochondria, as
detected using the antibodies directed against its N ter-
minus recognizing full-length human protein (Fig. 5).
Since the SirT3 antibodies used in the last two experi-
ments (Figs. 4, 5) are directed toward the N terminus of
SirT3 and give rise to a strong mitochondrial signal un-
der the conditions used (cellular stress induced by SirT3
overexpression, UV irradiation, or Etoposide treatment),

we surmised that the full-length SirT3 protein is trans-
ported into the mitochondria after stress (see below).

Newly synthesized SirT3 is processed in the nucleus

To analyze the fate of SirT3 upon its overexpression, we
used a stable cell line encoding a tetracycline-inducible
SirT3 harboring an HA-tag at its C terminus. We exam-
ined SirT3 localization as a function of time after tetra-
cycline induction using anti-HA antibodies in immuno-
fluorescence experiments (Fig. 6). Early after induction
(10 min), SirT3 localized primarily to the nucleus, and at
subsequent time points, SirT3 starts to accumulate in
the mitochondria (Fig. 6A). After 1 h of induction, a large
fraction of SirT3 localized to the mitochondria, but de-
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SirT3 is a nuclear and mitochondrial deacetylase
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DAPI Mitotracker

SirT3
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Figure 5. SirT3 is expelled from the nucleus upon cellular stress. Immunofluorescence experiment performed in HeLa S3 cells as a
function of UV or Etoposide treatment using antibodies specific to the N terminus of hSirT3 and Mitotracker.

tectable amounts in the nucleus were also observed. At 2
h of SirT3 induction, most of the protein was localized to
the mitochondria (Fig. 6A). This result is consistent with
the observation shown above demonstrating that pro-
longed overexpression of SirT3 results in its complete
translocation to the mitochondria. Similar results were
observed when cells were fractionated into nuclear and
mitochondrial fractions and SirT3’s localization ana-
lyzed by Western blots (Fig. 6B). Normal uninduced 293
cells displayed endogenous SirT3 in the nucleus and mi-
tochondria as detected using an antibody against the C
terminus of the SirT3 protein. The presence of SirT3 in
the nucleus was not due to mitochondrial contamina-
tion in the nuclear fraction, as Western blots using an-
tibodies against the mitochondria-specific protein Cox
IV demonstrate its absence in the nuclear fraction (Fig.
6B, lanes 1,2). Consistent with the immunofluorescence
studies presented above, after induction of SirT3-HA,
most of the nontagged, endogenous SirT3 quickly local-
ized to the mitochondria (Fig. 6B, lane 4). The C-terminal
HA-tagged SirT3 protein can still be detected in the
nuclear fraction as this represents the newly synthesized
protein before it translocates to the mitochondria. That
SirT3 is still detected in the nucleus by Western analysis
and not by immunofluorescence may be due to the dif-
ferences in the two methods. The normalization of the
protein loaded for Western blot may not accurately rep-
resent the physiological ratio that is present in the fixed
cells used for immunofluorescence. These observations
further stress the presence of full-length SirT3 in the
nucleus. Moreover, they suggest a path by which newly

synthesized SirT3 translocates to the nucleus and then
to the mitochondria.

Interestingly, both the truncated and full-length forms
of SirT3 were present in the nuclear fraction, while only
the truncated form was detected in the mitochondria
(Fig. 6B, lanes 1,2). The most likely explanation for the
presence of truncated SirT3 in the nucleus is that SirT3
becomes cleaved at this site. Overexpression causes the
cell to become stressed (and oversaturated with SirT3),
and this signals the full-length SirT3 to translocate to
the mitochondria.

Discussion

In this study, we analyzed SirT3, a protein related to the
yeast Sir2 (Frye 1999), which is involved in the formation
of repressive chromatin structures through its ability to
deacetylate histone H4-K16ac (Imai et al. 2000; Landry et
al. 2000). In agreement with previous results (Onyango et
al. 2002; Schwer et al. 2002), we found that SirT3 exists
in two different forms, a full-length protein and a protein
in which the N-terminal 142 amino acids are removed.
However, in contrast to previous studies demonstrating
that SirT3 localizes exclusively to the mitochondria, we
found that the full-length SirT3 actually resides com-
pletely in the nucleus. It is intriguing that conditions
that foster cellular stress such as those that induce apop-
tosis and even those caused by overloading the cell with
ectopic expression of SirT3 result in the expulsion of
full-length SirT3 from the nucleus. This suggests that
the nuclear function of SirT3 can be completely and
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Figure 6. Full-length endogenous SirT3 is expelled from the nucleus upon SirT3 overexpression. (A) Immunofluoresence experiment
showing the localization of HA-tagged SirT3 as a function of induction time with tetracycline in a stable cell line, using antibody
specific to the HA tag. (B) Western blot using antibody specific to the SirT3 C terminus and nuclear or mitochondrial fractions derived
from either 293F cells or from a 293F stable cell line expressing tetracycline-inducible HA-tagged SirT3 after treatment with tetra-
cycline overnight. Arrows on the right indicate both tagged and endogenous SirT3. Large arrows on the Ieft indicate the sizes of
endogenous SirT3. The antibodies used for Western analysis are indicated on the Ieft.

quickly halted and, in keeping with this, that the en-
zyme has an extremely important and time-sensitive
role in the nucleus. Since a large amount of processed
SirT3 is localized to the mitochondria, it certainly per-
forms important roles there. However, we posit that this
role is not as sensitive as the nuclear one in that most of
the cellular processed SirT3 resides in the mitochondria
already. Thus the small increase of SirT3 in the mito-
chondria from the pool of nuclear SirT3 would not be
expected to lead to a strong effect on its concentration
there. On the other hand, the exclusion of 100% of the
full-length SirT3 from the nucleus would create a dra-
matic change in concentration at this site.

The nuclear full-length SirT3 protein is enzymatically
active and deacetylates histones H3-K9ac and H4-K16ac
both in vivo and in vitro. Previous reports indicated that
only the processed SirT3 is enzymatically active (Schwer
et al. 2002). In this case, SirT3 was generated by in vitro
translation using rabbit reticulocyte extract and was
tested for activity by using a histone H4 peptide that was
chemically labeled in vitro. Our results were obtained
using endogenous core histones that were acetylated in
vivo. That the previous studies used a chemically labeled
H4 peptide as opposed to using core histones isolated
from cells may have in part led to the results obtained.
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Another possible explanation of the difference observed
could be due to expression of SirT3 in reticulocyte ex-
tracts. We found that the bacterially expressed SirT3 pro-
tein tends to aggregate, prompting us to generate a bacu-
lovirus vector for SirT3 expression. The possibility exists
that the SirT3 protein used in previous studies was mis-
folded, thereby inhibiting its enzymatic activity, and
that treatment with peptidase removes the N terminus
and this putative block.

Our studies also indicate that SirT3 is processed in the
nucleus. This finding is consistent with studies of the
mouse SirT3 (Shi et al. 2005), which lacks the N termi-
nus and localizes to the mitochondria. This is in contrast
to previous studies of the human SirT3 that reported a
requirement for the N terminus in its localization to the
mitochondria based on immunofluorescence studies and
using a SirT3-GFP fusion protein (Schwer et al. 2002).
Rather than the suggested possibility that mouse and
human SirT3 proteins use two different pathways to lo-
calize to the mitochondria (Shi et al. 2005), it is more
likely that both proteins are transported to the mito-
chondria by the same process. Should this be the case,
the mouse protein would initially go to the nucleus and
then travel to the mitochondria, while the human pro-
tein goes to the nucleus, where it is cleaved, and then the



processed protein travels to the mitochondria via the
same pathway. Furthermore, a possible explanation as to
why truncated SirT3-GFP lost its localization to the mi-
tochondria (Schwer et al. 2002) is that the N terminus is
required for the human SirT3 to correctly localize to the
nucleus before it can be transported to the mitochondria.

Our results also show that the N terminus of human
SirT3 is required for transcription repression, further
suggesting a regulatory role in the nucleus for this do-
main. It is possible that in mice, a murine adapter pro-
tein performs a similar function as the human SirT3 N
terminus. The N terminus of human SirT3 might medi-
ate protein recruitment and substrate specificity in the
nucleus as compared with the mitochondria. For ex-
ample, the N terminus might facilitate SirT3 activity in
histone deacetylation in vivo through the recruitment of
chromatin remodeling factors or an intrinsic chromatin-
related activity. It is also possible that other HDACs are
recruited to the gene and that the SirT3 activity is re-
quired for deacetylation of another transcription factor
required for full repression.

Since Sirtuins, like Sir2, are dependent on NAD" for
enzymatic activity (Imai et al. 2000; Landry et al. 2000),
SirT3-mediated gene repression is probably regulated by
changes in metabolism and NAD"/NADH levels during
normal cell conditions, and, as such, SirT3 functions in
the mitochondria to deacetylate acetyl-CoA synthetase
2, leading to metabolic changes. Furthermore, given that
upon cellular stress SirT3 completely leaves the nucleus,
this might cause the rapid activation of nuclear genes in-
volved in mitochondrial function. Hence, SirT3 may auto-
regulate itself between the nucleus and the mitochondria.

From diverse studies (Vaquero et al. 2004, 2006; Haigis
and Guarente 2006), it is clear that the sirtuin family of
proteins uses NAD" for at least two functions, histone/
protein deacetylation and protein ADP-ribosylation
(Haigis and Guarente 2006). Three members, SirT3,
SirT4, and SirT5, have been directly implicated in mito-
chondrial activity through their localization to the mi-
tochondria and in the case of SirT1 through its ability to
deacetylate and thereby enhance the activity of the
nuclear coactivator PGC-1a, which regulates the expres-
sion of proteins involved in oxidative phosphorylation
and mitochondrial biogenesis in skeletal muscle and
brown adipose tissue (Koo and Montminy 2006; Lagouge
et al. 2006). That sirtuins use NAD" as a cofactor for
enzymatic activity prompted speculations that these
proteins, including ySir2, may be involved in the re-
sponse to caloric restriction and in prolonging life span
(Haigis and Guarente 2006). This speculation gained
credibility when resveratrol, a naturally existing com-
pound enriched in red grapes and thus in red wine, was
found to specifically stimulate SirT1 activity. Further
precise biochemical studies uncovered that the resve-
ratrol effect was actually specific for one among several
types of assays that measure SirT1l-mediated protein
deacetylation, and thus disputed the resveratrol effects
both in mammals (Borra et al. 2005) and in yeast (Kae-
berlein et al. 2005). However, recent studies performed
in mice suggest that resveratrol does function in regulat-

SirT3 is a nuclear and mitochondrial deacetylase

ing caloric restriction by stimulating the activity of
SirT1, which, in turn, deacetylates PGC-la and stimu-
lates the expression of nuclear genes involved in mito-
chondrial function and biogenesis (Lagouge et al. 2006).
Certainly, the possible role of resveratrol in caloric re-
striction and in prolonging life span requires further
studies. However, despite the existence of contradictory
data, it is surprising and certainly encouraging that in-
dependent studies uncovered that increasing SirT1 activ-
ity through resveratrol or SirT3 expression through en-
hancer mutations is associated with prolonged life span.
Our results predict that increased SirT3 expression
would result in its expulsion from the nucleus and trans-
location to the mitochondria. Perhaps future experi-
ments should concentrate on understanding how the
SirT3 nuclear function together with its mitochondrial
function participate in the processes of aging, metabo-
lism, mitochondrial biogenesis, and thermogenesis (Bell-
izzi et al. 2005; Shi et al. 2005). Based on the studies
described herein, it appears that drugs targeted toward
the regulation of SirT3 activity and/or its expression as
well as to the protease responsible for its cleavage may
have important consequences in a cell’s response to
stress and its life span.

Materials and methods

Plasmids and antibodies

All constructs were generated using standard PCR-based clon-
ing strategy, and the identities of individual clones were verified
through DNA sequencing using an ABI prism DNA sequencer.
SirT5 was cloned into pET30a (Novagen), SirT3-HA was cloned
into pcDNA4/TO, and baculovirus SirT3 was cloned into
PACHLT-B. Site-directed mutagenesis was performed to change
histidine 247 of SirT3 to tyrosine to generate SirT3 HY. N-
terminal SirT3 antibodies were generated in rabbits using the
N-terminal peptide sequence (H,N-VGPFQACGCRLVLGGRD
DVSAGLRGSHGARGEPLDPARPLQRPPRPEVPR-COOH). SirT3
C-terminal antibodies were a gift from Eric Verdin and are de-
scribed in Schwer et al. (2002). The antibodies used in HDAC
assays and ChIP were previously described (Vaquero et al. 2004).
Anti-HA antibodies and HA peptide were purchased from
Sigma. Anti-H3 acK9 antibodies were purchased from Abcam.
Mitotracker was purchased from Molecular Probes.

Preparation of nuclear- and mitochondrial-enriched extracts

To generate fractions enriched in nuclear and mitochondrial
proteins, 5.0 x 10° cells were harvested and washed in PBS.
Cells were resuspended in 0.2 mL of buffer MgRSB (10 mM
NaCl, 1.5 mM MgCl,, 10 mM Tris-HCI at pH 7.5, 0.1 mM
PMSF, 1 mM DTT) and incubated on ice for 10 min. Cells were
dounced to yield free nuclei, and 0.034 mL of sucrose buffer (2
M sucrose, 35 mM EDTA, 50 mM Tris-HCI at pH 7.5) was
immediately added. Free nuclei were collected by centrifuga-
tion at 800 rcf for 10 min. Mitochondria were collected by cen-
trifugation at 10,000 rcf for 10 min. Nuclei were resuspended in
buffer C (20 mM Tris-HCI at pH 7.9, 25% glycerol, 0.42 M
NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1 mM PMSF, 0.5 mM
DTT) and incubated on ice for 20 min. To generate nuclear
extract, nuclei were spun down at 20,000 rcf, and the superna-
tant was collected. Mitochondria were resuspended in buffer C
to be used in Western blots.
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Immunofluorescence

Mitotracker Red and Green were incubated with cells at a con-
centration of 0.1 nM and 0.4 nM, and the cells were allowed to
grow for 45 min prior to fixation. For Etoposide treatment, cells
were incubated in media containing 50 pM Etoposide for 4 h.
For UV treatment, media was removed from the cells that were
then irradiated with 40,000 uJ/cm? UV followed by the addition
of fresh media. The cells were allowed to grow for 4 h after UV
treatment. Immunofluorescence was performed as described
(Vaquero et al. 2006). For LMB experiments, 293F cells were
transfected on coverslips with a vector expressing SirT3-HA
overnight. The following day, cells were treated with 5 ng/mL
LMB for 120 min, and immunofluorescence was performed as
described.

In vitro enzymatic assays and cell-based assays

All assays were as previously described (Vaquero et al. 2004,
2006).

Stable cell lines

Cells harboring a Gal4-inducible luciferase reporter were gen-
erated by transfecting 293F TREX cells (Invitrogen) with a plas-
mid containing the luciferase gene downstream from Gal4-bind-
ing sites described previously (Vaquero et al. 2004) and selected
for G418 resistance. After selection for luciferase expression,
cells were transfected with pcDNA4/TO Gal4-SirT3 and were
selected for G418 and Zeocin resistance. Inducible SirT3 stable
cells were generated by transfection of pcDNA4/TO SirT3-HA
into 293F TREX cells and selected for resistance.
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