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Abstract

The mammalian sirtuin SIRT6 is a site-specific histone deacetylase that regulates chromatin
structure. SIRT6 is implicated in fundamental biological processes in aging, including maintaining
telomere integrity, fine-tuning aging-associated gene expression programs, preventing genomic
instability, and maintaining metabolic homeostasis. Despite these important functions, the basic
molecular determinants of SIRT6 enzymatic function—including the mechanistic and regulatory
roles of specific domains of SIRT6—are not well understood. Sirtuin proteins consist of a conserved
central ‘sirtuin domain’—thought to comprise an enzymatic core—flanked by variable N- and C-
terminal extensions. Here, we report the identification of novel functions for the N- and C-terminal
domains of the human SIRT6 protein. We show that the C-terminal extension (CTE) of SIRT6
contributes to proper nuclear localization but is dispensable for enzymatic activity. In contrast, the
N-terminal extension (NTE) of SIRT6 is critical for chromatin association and intrinsic catalytic
activity. Surprisingly, mutation of a conserved catalytic histidine residue in the core sirtuin domain
not only abrogates SIRT6 enzymatic activity but also leads to impaired chromatin association in
cells. Together, our observations define important biochemical and cellular roles of specific SIRT6
domains, and provide mechanistic insight into the potential role of these domains as targets for
physiologic and pharmacologic modulation.
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1. Introduction

Saccharomyces cerevisiae Sir2 is the founding member of an evolutionarily conserved family
of sirtuin proteins present in organisms ranging from bacteria to humans. As an NAD-
dependent histone deacetylase, Sir2 deacetylates lysines in the amino terminal ‘tails’ of

*Address correspondence to: Katrin F. Chua, M.D., Ph.D., Department of Medicine, Stanford University Medical Center, 300 Pasteur

Dr., Room S025, Stanford, CA 94305, USA. Fax: (650) 725-7085; kfchua@stanford.edu .

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tennen et al.

Page 2

histones H3 and H4, as well as on the globular core of histone H3 (Imai et al., 2000; Landry
et al., 2000; Smith et al., 2000; Xu et al., 2007). In this context, Sir2 modulates the assembly
and spreading of heterochromatin at telomeres, silent mating type loci, and ribosomal DNA
repeats. In turn, these activities of Sir2 impact on genomic stability, gene silencing, and yeast
lifespan (Denu, 2003).

In mammalian genomes, there are seven SIR2 family members, dubbed SIRT1-SIRT7 (Frye,
1999; Frye, 2000). SIRT6 has recently emerged as a critical regulator of transcription, genome
stability, telomere integrity, DNA repair, and metabolic homeostasis. The first clues to the in
vivo function of SIRT6 came from analysis of SIRT6 deficiency in mice. SIRT6 knockout
mouse cells exhibit DNA damage hypersensitivity and genomic instability, and SIRT6-
deficient mice develop a striking degenerative and metabolic phenotype with symptoms
suggestive of premature aging (Mostoslavsky et al., 2006). SIRT6 was also found to fractionate
with chromatin biochemically, suggesting that it might have a chromatin-regulatory function
(Mostoslavsky et al., 2006).

However, direct evidence for a physiologic enzymatic activity of SIRT6 at chromatin was
lacking. Initial studies did not detect NAD*-dependent deacetylase activity for SIRT6 on
several histone substrates. Instead, SIRT6 was observed to promote ADP-ribosylation, an
alternative NAD*-dependent reaction observed for some sirtuins (Liszt et al., 2005;
Mostoslavsky et al., 2006), but the physiological importance of this activity remains to be
determined.

Recently, we discovered that SIRT6 is indeed an NAD*-dependent histone deacetylase, but
because it is highly site-specific, this activity had been difficult to observe. We showed that
SIRT6 has specificity for deacetylating lysine 9 of histone H3 (H3K9AC)T, and we identified
functions for this activity in maintaining telomere integrity (Michishita et al., 2008) and in
negatively regulating aging-associated NF-xB-dependent gene expression programs
(Kawahara et al., 2009). We also showed that SIRTG6 is required for efficient DNA double-
strand break repair in the context of chromatin, though the specific role of histone deacetylation
by SIRT6 in this context remains to be clarified (McCord et al., 2009). More recently, we and
others (Michishitaetal., 2009;Yang etal., 2009) have shown that SIRT6 has a second substrate,
lysine 56 of histone H3 (H3K56), and our study (Michishita et al., 2009) demonstrated that
SIRTG is critical for maintaining dynamic changes in H3K56 acetylation levels at telomeres
over the cell cycle.

Despite these important cellular and physiologic functions, the basic molecular mechanisms
of SIRT6 enzymatic activity—including the mechanistic and regulatory roles of specific SIRT6
sequences—remain poorly understood. Sirtuin proteins share a phylogenetically conserved
central ‘sirtuin domain,” generally thought to comprise an enzymatic core. Eukaryotic genomes
typically encode multiple Sir2 family members, and these proteins contain variable N-and C-
terminal extensions flanking the ~270-amino acid sirtuin core domain (Frye, 1999; Frye,
2000). S. cerevisiae harbors several Sir2 family members, and studies of yeast Sir2 proteins
have shown that, in addition to residues within the central core domain, regions outside the
catalytic core play important roles in acetyl-lysine and NAD™* binding (Zhao et al., 2003), sub-
nuclear distribution (Cockell et al., 2000), and interaction with cellular binding partners
(Cuperus et al., 2000). In mammals, nuclear localization signals, nuclear export signals, and
mitochondrial localization signals have been identified on the N-terminal extensions of SIRT1
(Tanno et al., 2007), SIRT2 (North and Verdin, 2007a), and SIRT3 and SIRT4 (Haigis et al.,
2006; Onyango et al., 2002; Scher et al., 2007; Schwer et al., 2002), respectively, but evidence

TThe abbreviations used are: H3K9Ac, acetylated lysine 9 on histone H3; H3K56Ac, acetylated lysine 56 on histone H3; NTE, N-terminal
extension; CTE, C-terminal extension; IP, immunoprecipitation; NLS, nuclear localization signal.
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for other functions of the N- and C-terminal extensions of the mammalian SIRTSs is relatively
limited, and in the case of SIRT6, completely lacking.

Here, we have conducted a functional analysis of the N- and C-terminal extensions of SIRTS,
as well as the role of a conserved catalytic residue in the central sirtuin domain of SIRT6. We
show that the C-terminal extension (CTE) of SIRT6 is critical for proper sub-cellular targeting
and that the N-terminal extension (NTE) contributes to efficient chromatin association and
intrinsic catalytic activity. Surprisingly, a catalytically inactive SIRT6 point mutant is defective
in chromatin localization, providing the first example in which the catalytic activity of a
mammalian sirtuin is required for the protein’s stable association with chromatin.

2. Materials and methods

2.1. Constructs

To generate vectors for transient transfection, a FLAG tag was inserted downstream of EGFP
in pEGFP-N2 (Clontech, to generate pEGFP-N2-FLAG) or was inserted in place of EGFP in
PEGFP-N2 (to generate pN2-CT-FLAG). Full-length SIRT6 and SIRT6 deletion mutants were
generated by PCR and cloned into these modified pEGFP-N2 vectors as EcoRI-BamHI
cassettes, generating C-terminally tagged fusion proteins. For stable transduction and bacterial
expression, PCR-generated SIRT6 deletion mutants were cloned as Ascl-Pacl cassettes into
pWZL-3FLAG-hygro and pGEX-6P3 (GE Healthcare), respectively, each containing an
altered multiple cloning site (harboring Ascl and Pacl sites) and generating N-terminally tagged
fusion proteins. SIRT6-Acore contains an Ala-Ala-Ala linker (and a Notl site) between the N-
and C-terminal portions of the protein.

2.2. Antibodies

The antibodies used were as follows: anti-FLAG M2 (Sigma-Aldrich), anti-B-tubulin
(Millipore), anti-H3K9Ac (Sigma-Aldrich, Abcam), anti-H3K56 (Epitomics), anti-H3
(Abcam). SIRT6 antibodies have been previously described (Michishita et al., 2005).

2.3. Cell culture, transfection, and retroviral transduction

293T and U20S cells were maintained in DMEM with 10% FBS. 293T cells were transiently
transfected using the TransIT-293 transfection reagent (Mirus), according to the
manufacturer’s instructions. Cells were harvested 40-48 hours post-transfection. For retroviral
transduction, 293T cells were co-transfected with pVPack-VSV-G, pVPack-GP (Stratagene),
and pWZL-3FLAG-SIRT6 constructs, and viral supernatants were filtered onto target cells
after 40 and 64 hours in the presence of 8 ug/ml polybrene. 48 hours after the second infection,
cells were selected with hygromycin (250 ug/ml) for 4 days.

2.4, SIRT6-EGFP visualization

293T cells were transiently transfected with pEGFP-N2-FLAG-SIRT6 plasmids in 12-well
plates. Twenty-four hours after transfection, live cells were incubated with 1 pg/ml Hoechst
33342 for 2 hours and imaged with a Nikon Eclipse TE300 inverted fluorescence microscope
(40x) using Openlab imaging software.

2.5. GST-SIRT6 purification

BL21 E. coli transformed with pGEX-6P3-SIRT6 deletion mutants were induced with 0.1 mM
IPTG at 25°C overnight, lysed in E. coli lysis buffer (50 mM Tris pH 7.5, 150-400 mM NacCl,
0.05-0.5% NP40 + 50 pg/ml lysozyme), sonicated with a Branson digital sonicator, bound to
Glutathione Sepharose 4B (GE Healthcare), washed twice each with lysis buffer and elution
buffer, and eluted in 50-100 mM Tris pH 8 + 15 mM glutathione.

Mech Ageing Dev. Author manuscript; available in PMC 2011 March 1.
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2.6. Extract preparation

For analysis of H3K9AC levels in SIRT6-overexpressing 293T cells, cells were lysed in their
wells in a 1:1 mixture of 2x Laemmli buffer:RIPA (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% NP40, 1% sodium deoxycholate), and these whole-cell lysates were boiled for 10
minutes. To generate extracts with solubilized histones for histone interaction co-
immunoprecipitations (colPs), cells were lysed in their wells in colP buffer (50 mM Tris pH
7.5, 150 mM NacCl, 0.5% NP40, 10% glycerol, 1 mM DTT, 1 mM PMSF, complete protease
inhibitor (Roche)), sonicated with a Branson digital sonicator, and clarified at 16,000 g.
Extracts were incubated with anti-FLAG M2 agarose (Sigma-Aldrich) for 1 hour at 4°C,
washed 3-5 times with binding buffer, and boiled in 2x Laemmli buffer. Biochemical
fractionation was performed as previously described (Mendez and Stillman, 2000), and 5%
(for FLAG-tagged proteins) or 10% (for endogenous SIRT6) of each fraction was analyzed by
western blot.

2.7. In vitro histone deacetylation assays

In vitro deacetylation reactions were performed with 1 ug GST-SIRT6 deletion mutants and
200 ng calf thymus histone H3 (Roche) in NAD* deacetylation buffer (50 mM Tris pH 7.5,
150 mM NaCl, 10 mM NAD*, 3.3 mM DTT) for 2 hours at 37°C or overnight at 25°C (with
indistinguishable results). Histone deacetylation was assessed by western blot with H3K9Ac-
or H3K56Ac-specific antibodies.

2.8. Nucleosome-binding gel-shift assays

Mononucleosomes were purified from HelLa cells as described (Shi et al., 2006). 1 ug (Figure
4E and Figure S1) or 400 ng (Figure 4F) mononucleosomes were incubated with 2 pug GST or
GST-SIRT6 deletion mutants for 30 minutes at 30°C in mononucleosome binding buffer (20
mM HEPES pH 7.9, 80 mM KCI, 0.1 mM ZnCl,, 0.1% EDTA, 10% glycerol, 0.1% NP40, 0.5
mM DTT) in a total volume of 20 ul. Reactions were fractionated on a 5% non-denaturing
TBE gel (BioRad), and mononucleosomal DNA was visualized under UV light after staining
with 1 pg/ml ethidium bromide.

3. Results

3.1. The C terminus of SIRT6 is essential for proper nuclear localization

To study potential functions of the N- and C-terminal extensions of human SIRT6, we
generated a panel of mutants with progressive deletions from the N and C termini (Figure 1).
We also generated mutants consisting of the N-terminal extension alone (NTE), the C-terminal
extension alone (CTE), or full-length SIRT6 lacking the catalytic core (Acore). For comparison,
we included the mutant SIRT6-H133Y protein, which harbors a mutation in a highly conserved
histidine within the core sirtuin domain of SIRT6; the corresponding mutation abrogates
catalytic activity in all sirtuins tested thus far.

As expected, transiently transfected GFP-tagged wild-type SIRT6 was exclusively nuclear in
live 293T cells, as was the catalytically inactive H133Y mutant, whereas the unfused GFP
control was detected throughout the nucleus and cytoplasm (Figure 2A). Deleting the NTE of
SIRT6 (AN) did not significantly disrupt the nuclear localization pattern seen for wild-type
SIRT6. Conversely, progressive deletion of the CTE of SIRT6 (AC2 and AC) resulted in a
partial or dramatic mislocalization of SIRT6 from the nucleus to the cytoplasm (Figure 2B).
A similar mislocalization of C-terminally truncated SIRT6 proteins was also observed when
FLAG-tagged SIRT6 proteins were analyzed by indirect immunofluorescence (data not
shown). Intriguingly, the core domain alone (lacking both the N- and C-terminal domains) had
a more profound mislocalization than the AC mutants (Figure 2B), appearing more
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substantially excluded from the nucleus. These observations suggest that although the NTE
alone is dispensable for proper nuclear localization, it may have a partially synergistic function
with the CTE in maintaining proper SIRT6 nuclear localization.

Inspection of the C-terminal sequence of SIRT6 identified a seven-amino acid sequence
starting at residue 345—34°PKRVKAK351—that resembles a canonical nuclear localization
signal (NLS). We mutated the four basic residues (K346, R347, K349, K351) of this putative
NLS to alanine in the context of the full-length protein (to generate SIRT6-mutNLS) and
examined its localization. GFP-tagged SIRT6-mutNLS was partially mislocalized to the
cytoplasm (Figure 2B), and this pattern was indistinguishable from that generated by deleting
~80 amino acids of the C terminus (AC2). These data suggest that the 34°PKRVKAK?351
sequence at the C terminus of SIRT6 is an NLS essential for proper nuclear localization.

Finally, we analyzed the cellular localization of the isolated CTE and NTE sequences of SIRT6
fused to GFP. The CTE (and Acore) were sufficient to direct nuclear localization of GFP,
generating a pattern indistinguishable from that of full-length SIRT6 fused to GFP (Figure 2C).
In contrast, the localization pattern of the NTE was indistinguishable from that of GFP alone
(Figure 2C).

Together, our results indicate that the CTE of SIRT6 is necessary and sufficient for proper
nuclear localization of SIRT6 and identify an NLS at the very C terminus of SIRT6.

3.2. The N terminus of SIRT6 is required for H3K9 and H3K56 deacetylation in cells

SIRTG is a relatively site-specific histone deacetylase, for which two substrates have so far
been identified, lysines 9 and 56 of histone H3 (H3K9 and H3K56). To determine whether the
core sirtuin domain of SIRT6 is sufficient for its deacetylase activity in cells or whether the N
and C termini contribute to catalytic activity, we transiently overexpressed a panel of FLAG-
tagged SIRT6 deletion mutants (see Figure 1) and assessed global levels of H3K9 and H3K56
acetylation by western analysis. Similar results were obtained for both SIRT6 substrates. As
previously shown (Michishita et al., 2008;Michishita et al., 2009;Yang et al., 2009),
overexpression of wild-type SIRT6 reduced global H3K9 and H3K56 acetylation levels (but
not several other acetylation marks on H3 and H4 [data not shown]), whereas the catalytically
inactive H133Y mutant did not (Figure 3A; lanes 1-3).

Deleting nearly the entire C terminus of SIRT6 (AC) did not abrogate the ability of SIRT6 to
reduce H3K9 and H3K56 acetylation in cells (Figure 3A, compare lanes 2 and 5). The efficient
deacetylation of H3K9 and H3K56 that was observed upon expression of this protein initially
seemed surprising, because this AC mutant was predominantly cytoplasmic (Figure 2B) and
was expressed at lower levels than the exogenous wild-type SIRT6 (Figure 3A). However, in
these overexpression experiments, levels of the AC protein were substantially higher than
endogenous SIRT6, and a considerable fraction of the mutant protein was still present in the
nucleus (Figure 2B). In this context, our data suggest that the fraction of the AC protein that
accesses the nucleus is fully active enzymatically. By deleting fewer amino acids from the C
terminus (AC2, AC3, AC4; see Figure 1), we were able to achieve better expression (and less
severe mislocalization, Figure 2B and data not shown), and these mutants were as proficient
as wild-type SIRT6 in reducing global H3K9 and H3K56 acetylation (Figure 3A, lanes 8-10).
Together, these data indicate that when SIRTG6 is overexpressed in cells, the CTE is not essential
for H3K9 or H3K56 deacetylation, providing evidence that this sequence is dispensable for
the intrinsic enzymatic activity of SIRT6.

In contrast to the C-terminal deletion mutants, a SIRT6 mutant lacking the NTE (AN)— which
was appropriately localized to the nucleus (Figure 2A)—was severely compromised in its
ability to reduce global H3K9 and H3K56 acetylation (Figure 3A, lane 4). This held true for
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more conservative deletions of the N terminus as well (data not shown). Although SIRT6-AN
is expressed at lower levels than wild-type SIRT6 in this experiment, its expression is
comparable to that of the AC mutant, which is proficient in deacetylating H3K9 and H3K56.
Furthermore, wild-type SIRT6 is able to deacetylate H3K9 when expressed at much lower
levels than the AN mutant (Figure 3B), arguing that the inability of SIRT6-AN to deacetylate
H3K9 and H3K56 in cells cannot be attributed to lower levels of expression. Similar to the
SIRT6-AN mutant, the core of SIRT6 (lacking both the N and C termini) lacked catalytic
activity in cells (Figure 3A, lanes 6 and 7). This observation is expected, given that the NTE
deletion alone abrogates SIRT6 activity, although the more extensive exclusion of this mutant
core protein from the nucleus may also contribute to the observed lack of deacetylase activity
in cells. Together, our data indicate that the N-terminal extension of SIRT6 is important for its
ability to modulate global levels of H3K9 and H3K56 acetylation in cells.

3.3. The N terminus of SIRT6 is essential for the intrinsic catalytic activity of SIRT6

The inability of the SIRT6 N-terminal deletion mutant (SIRT6-AN) to reduce cellular H3K9
and H3K56 acetylation levels could be due either to an intrinsic defect in enzymatic activity
or to a failure to properly localize to chromatin substrates or interact with critical binding
partners. To directly test whether the NTE of SIRTG6 is required for the intrinsic deacetylase
activity of SIRT6, we purified GST-tagged wild-type SIRT®S, the catalytically inactive H133Y
SIRT6, and N-terminally deleted SIRT6 from E. coli and assessed their catalytic activity on
purified histone H3 in vitro (Figure 3C). As expected, wild-type SIRT6 deacetylated H3K9
and H3K56 (lane 4), whereas the H133Y mutant lacked activity (lane 6). Because all AN
mutants were partially degraded to GST during purification, we added an excess of GST to the
wild-type reaction to control for any effect of the AN degradation products. Wild-type SIRT6
still showed robust deacetylase activity in the presence of excess GST (lane 5). In contrast, the
AN2 mutant appeared to lack activity in vitro (lane 7), similar to the HY mutant, suggesting
that the NTE of SIRT6 is required for the intrinsic H3K9 and H3K56 deacetylation activity of
SIRT6. More conservative N-terminal deletion mutants also showed impaired catalytic activity
in vitro (Figure 3D; see Figure 1). As expected from the results of overexpression in cells, the
AC mutants were proficient in deacetylating H3K9 and H3K56 in vitro (Figure 3C, lanes 8-
9). From these data, we conclude that sequences in the NTE are essential for the intrinsic
deacetylase activity of SIRT6.

3.4. Catalytic and non-core SIRT6 sequences contribute to cellular chromatin association

We next used several different assays to assess the roles of the NTE and CTE of SIRT6 in the
interaction of SIRT6 with chromatin. First, we transiently overexpressed FLAG-tagged wild-
type, H133Y, and N- and C-terminally truncated SIRT6 and assayed for the presence of core
histones in FLAG immunoprecipitates. As previously shown, wild-type SIRT6 readily
associates with the core histones in cells, as detected by Coomassie (Figure 4A) and western
analysis (Figure 4B); the fact that the four core histones are present in approximately equimolar
amounts inthe SIRT6 IP argues that this interaction occurs in the context of intact nucleosomes
at chromatin (McCord et al., 2009). Intriguingly, co-immunoprecipitation of the core histones
with the catalytically inactive H133Y mutant was dramatically reduced compared to wild-type
SIRT®, as observed by both Coomassie stain and western blot for histone H3 (Figures 4A and
4B, respectively). This observation suggests that the H133Y mutation not only abrogates the
catalytic activity of SIRT6 but also profoundly impacts on the dynamics of SIRT6 association
with chromatin in cells.

We next assessed the N- and C-terminal deletion mutants in this chromatin association assay
using western analysis for H3, because this method was more sensitive and these mutant
proteins were expressed at lower levels than the WT and H133Y SIRT6 proteins. Strikingly,
deleting the N terminus of SIRT6 nearly abrogated the ability of SIRT6 to bind histones, an
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effect even more profound than that observed for the H133Y mutation (Figure 4B). In contrast,
deleting the C terminus of SIRTG6 had little effect on the interaction with histones in this assay
(Figure 4B). Thus, both the NTE and the catalytic activity of SIRT6 appear to be required for
its stable association with histones in cells. Consistent with these findings, neither the NTE
alone nor the Acore mutant (containing the NTE and CTE and lacking the core domain; see
Figure 1) was able to interact with histones in cells (data not shown), suggesting that multiple
regions of SIRT6 are required for its interaction with chromatin.

To assay chromatin association using an independent method, we carried out biochemical
fractionation of U20S cells stably expressing the different FLAG-tagged SIRT6 proteins,
according to the protocol of Mendez and Stillman (2000). Fractionation into soluble cytosolic,
soluble nuclear, and chromatin-enriched fractions (Figure 4C) revealed that wild-type SIRT6
is largely chromatin-enriched under these conditions, as previously shown (Mostoslavsky et
al., 2006) (Figure 4D). In contrast, both the catalytically inactive H133Y mutant and the AN
mutant showed a reduction in the relative amount of SIRT6 present in the chromatin-enriched
fraction, further supporting the conclusion that both the NTE and the catalytic activity of SIRT6
contribute to its ability to associate with chromatin in cells.

3.5. The NTE and CTE of SIRT6 are important for nucleosome binding

The inability of the H133Y and AN mutants to bind chromatin in cells could be due to an
intrinsic defect in nucleosome binding, an inability to interact with chromatin-associated
binding partners that propagate SIRT6 along chromatin, or another defect in chromatin
targeting. To investigate these models, we assessed in vitro nucleosome binding by incubating
the wild-type and mutant GST-SIRT6 proteins with purified HeLa mononucleosomes and
measured binding using a gel-shift assay (Figures 4E and 4F). As previously shown (McCord
et al., 2009), wild-type SIRT6 binds nucleosomes efficiently, as evidenced by the dramatic
shift of nucleosomes to a higher molecular weight. The H133Y mutant induced a similar
upward shift of nucleosomes (Figure 4E and Figure S1), suggesting that this mutant is largely
proficient at binding nucleosomes in vitro. Although there may be a very subtle difference in
the electrophoretic mobility shift for the H133Y mutant compared to wild-type SIRTS, this
effect is much less substantial than the defective chromatin association of SIRT6-H133Y
observed in cells (Figure 4A-D). Therefore, the impaired chromatin association of the SIRT6-
H133Y mutant protein observed in cells is likely not attributable to an intrinsic defect in
nucleosome binding. In contrast, the AN mutant was completely impaired in the in vitro
nucleosome binding assay (Figure 4F, lane 4), suggesting that the NTE of SIRTG6 is important
for direct binding of SIRT6 to nucleosomes. Surprisingly, although the CTE was dispensable
for binding histones in an overexpression context in cells (Figure 4B), deleting the CTE of
SIRTG6 abrogated nucleosome binding in vitro (Figure 4F, lanes 5 and 6), suggesting that this
domain may also impact on the chromatin association of SIRT6 under physiologic conditions.

4. Discussion

SIRT6 is a critical regulator of transcription, genome stability, telomere integrity, and
metabolism, but the enzymatic and regulatory roles of specific domains of SIRT6 have not
been clearly defined. Here, we describe new functions of the N- and C-terminal extensions of
SIRT6 that contribute to sub-cellular localization, catalytic activity, and chromatin binding.
Further, we have uncovered an unexpected effect of mutating a highly conserved catalytic
residue on the ability of SIRT6 to associate with chromatin.

4.1. Separation of function mutants reveal distinct roles for the NTE and CTE of SIRT6

SIRT proteins share a conserved central ‘sirtuin domain,” generally thought to be an enzymatic
core. In our experiments, the core domain of SIRT6 was not sufficient for proper localization
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or catalytic activity in cells, indicating that the N- and C-terminal extensions are critical for
SIRT6 function. Our data indicate that the NTE and CTE of SIRT6 have several distinct roles:
the NTE is required for H3K9 and H3K56 deacetylase activity and chromatin association in
vitro and in cells but is largely dispensable for nuclear localization, whereas the CTE is not
required for deacetylase activity but is important for nuclear localization. One possible
explanation for the effects of deleting the NTE of SIRT6 is that the N terminus of SIRT6 plays
a direct role in the chemistry of deacetylation, for example by contributing to binding of
substrate or NAD*; such a role has been proposed for the NTE of the S. cerevisiae sirtuin
protein Hst2 (Zhao et al., 2003). Alternatively, the NTE could contribute to SIRT6 function
by promoting proper folding or protein stability. However, arguing against the possibility that
the N-terminally deleted protein is dramatically misfolded are the observations that the mutant
protein is appropriately localized to the nucleus in live cells (Figure 2A) and engages efficiently
in protein-protein interactions (data not shown).

Intriguingly, an alignment of metazoan SIRT6 homologues reveals that the NTE of SIRT6 is
much more strongly conserved than the CTE, which diverges significantly even between the
primate and mouse proteins (Figure S2). This is consistent with the critical role of the NTE in
SIRT6 catalytic activity and suggests that the CTE of SIRT6 may have diverged to
accommodate primate-specific functions of the protein.

Using several independent biochemical assays, we found that both the NTE and CTE of SIRT6
appear to play a role in chromatin association in different in vitro and cellular contexts. The
NTE is required for both nucleosome binding in vitro (Figure 4F) and for chromatin association
in cells (Figure 4B-D). In contrast, deleting the CTE abrogated nucleosome binding in vitro
(Figure 4F) but had a minimal effect on chromatin association in cells under the specific
biochemical extraction conditions used (Figure 4B). Thus, the ability to see defects in the
chromatin association of the C-terminal deletion mutants depends on the particular assay used.
These observations suggest that the CTE may contribute to proper chromatin association of
SIRT6 under certain physiologic conditions, but that alternative biochemical extraction
conditions may be required to detect such an effect. We note that despite the reduced
nucleosome binding of SIRT6-AC, this protein was still able to interact sufficiently with its
chromatin substrates in cells to efficiently catalyze their deacetylation (Figure 3A). This is not
surprising, since enzyme-substrate interactions are frequently very transient. Together, our
findings highlight the importance of assaying chromatin association using several independent
techniques, as each assay reflects slightly different biochemical and physiological properties.

4.2. A link between catalytic activity and chromatin association

Surprisingly, although the catalytically inactive SIRT6-H133Y mutant was able to associate
with nucleosomes in vitro (Figure 4E and Figure S1), this mutant was significantly impaired
in associating with chromatin in cells (Figure 4A-D). This indicates that the reduced chromatin
association of SIRT6-H133Y is not due to an intrinsic defect in nucleosome binding. One
model that could account for the link between catalytic activity and chromatin association of
SIRT6 is that there may be a feed-forward mechanism in which histone deacetylation by SIRT6
stabilizes SIRT6 occupancy at chromatin or promotes propagation of SIRT6 molecules along
chromatin. The latter scenario is analogous to models of heterochromatinization in yeast, in
which histone deacetylation by Sir2 generates additional binding sites for the Sir protein
complex, mediating spreading of this complex from the telomere toward the centromere and
at the silenced mating type locus (Hecht et al., 1995; Hoppe et al., 2002; Rusche et al., 2002).
An alternative and not mutually exclusive model is that auto-ADP-ribosylation of SIRT6 (Liszt
etal., 2005) may generate a novel interface for chromatin binding; for example, macro domains
—present in histone macroH2A—are reported to bind mono-ribosylated proteins (Karras et
al., 2005). Such interactions could be important for stabilizing or propagating SIRT6 at
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chromatin. In the future, it will be interesting to probe these models (for example, by
determining whether chemical inhibition of SIRT6 leads to altered chromatin association in
cells).

4.3. Mechanistic insights into SIRT6 domains as targets for chemical modulation

In conclusion, our data provide important mechanistic information regarding structural features
of SIRT6 that impact on SIRT6 cellular function, and suggest testable models for the regulation
of sirtuin enzymes. Our data demonstrating functional roles for the N- and C-terminal
extensions of SIRT6 suggest that these domains may serve as sites of regulation, for example,
through post-translational modification (North and Verdin, 2007b) or interactions with yet-to-
be-identified SIRT6 regulatory factors. Furthermore, because chromatin-modifying enzymes
are highly amenable to small molecule regulation, SIRT proteins are actively being pursued
as pharmacological targets for metabolic disorders, age-related diseases, and cancer (Lavu et
al., 2008; Szczepankiewicz and Ng, 2008; Westphal et al., 2007). In this context, deciphering
the structural determinants of SIRT6 enzymatic activity—both in vitro and in cells—should
be valuable for improving the design of small-molecule modulators. Our identification of
important roles for the N- and C-terminal extensions of SIRT6-along with a surprising new
role for a conserved catalytic residue—may inform the development of SIRT6 as a
pharmacologic target.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of SIRT6 deletion and point mutants used in this study. WT, wild-type SIRT6;
H133Y, full-length SIRT6 with a catalytic mutation (histidine to tyrosine) at residue 133 (*);
mutNLS, K/R-to-A mutations at four residues (s*¢) in the C terminus of SIRT6. AN, AC, and
‘core’ mutants are missing the N-terminal extension (NTE), C-terminal extension (CTE), or
both the NTE and CTE, respectively. See text for further details.
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(B)

Hoechst GFP merge

core-2

Sub-cellular localization of wild-type and mutant SIRT6 proteins. Epifluorescence images of
live 293T cells transiently transfected with the indicated EGFP-FLAG-tagged SIRT6 deletion
and point mutants. Nuclei are co-stained with Hoechst 33342 (40x).

Mech Ageing Dev. Author manuscript; available in PMC 2011 March 1.



yduasnuepy Joyiny Yd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Tennen et al. Page 14

(A) (B)
= - o %
E2-085389 ES =
. 2T5388333 =
- WB: FLAG (SIRT6)

°”w. e --ng WB: FLAG (SIRT6) " :l

= . = == \WB: H3K9AC

——————— | \N\B B‘tUbUIin

- o a» | \\/B: total H3
- - WB: H3K9Ac 12 3 4

S - -~ -e - - ~\WB: H3K56AC

..........i WB: total H3

12345678910

(C) (D)
2 A
< 2
e O3 :
= . N ™
GSTF 29 N S WT
AE%EI%%% D B
..... T - — ———
Coomassie Coomassie
- — e
_—ae - WB: H3K9AC —— - - o == WB: H3K9AC
- - \V/B: total H3
——g _—- WB: H3K56AC

1234561738

e e \\B- total H3

12 3 456789

Figure 3.

Histone deacetylation activity of wild-type and mutant SIRT6 proteins. A—-B. Western analysis
of H3K9 and H3K56 acetylation levels in 293T cells transiently transfected with FLAG-tagged
SIRT6 deletion and point mutants. Quantities of transfected DNA were adjusted to achieve the
expression levels shown in (B). Results are representative of at least four (A) or two (B)
independent experiments. C-D. Western analysis of H3K9 and H3K56 acetylation levels in
in vitro NAD™*-dependent deacetylation reactions, using purified GST-SIRT6 deletion and
point mutants and purified calf thymus histone H3. (NAD* was omitted in lanes 3 and 2 of (C)
and (D), respectively.) In lane 5, excess GST protein was added to control for the GST
degradation product in the AN2 protein sample (lane 7). Note the impaired deacetylation for
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the HY mutant and N-terminally deleted proteins (AN’, AN, AN2, AN3), but not the isolated
C-terminal deletions (AC, AC2, AC3, AC4). We were unable to purify sufficient quantities of
the core-1 and core-2 mutants to test their deacetylase activity in vitro. -tubulin and total
histone H3 levels are shown as controls.
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Figure 4.

Impaired chromatin association of SIRT6 deletion and point mutants. A. Coomassie stain
showing co-immunoprecipitation of core histones with wild-type (WT) but not catalytically
inactive (H133Y) SIRT6 protein, from 293T cells transiently transfected with FLAG-tagged
SIRT6 proteins or empty vector control (-). HC and LC indicate antibody heavy and light chains
present in the IPs. B. Western analysis showing relative co-immunoprecipitation of histone H3
with the indicated mutant SIRT6 proteins compared to WT SIRT6, as in (A). Results are
representative of at least 3 independent experiments. C. Schematic of cellular fractionation
protocol, based on (Mendez and Stillman, 2000). D. Western analysis showing the relative
chromatin association of endogenous SIRT6, or of FLAG-tagged wild-type or mutant SIRT6
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proteins stably expressed in U20S cells, using the biochemical fractionation outlined in (C).
B-tubulin and histone H3 westerns provide controls for the cytosolic and chromatin-enriched
fractions, respectively. E. In vitro gel-shift assay showing similar nucleosome binding
efficiency of the wild-type and catalytically inactive H133Y mutant SIRT6. Top: Coomassie
stain of the purified GST-SIRT6 proteins used for the gel-shift assay. Bottom: migration of
free or SIRT6-bound mononucleosomes (MN) in nucleosome binding reactions, fractionated
on a non-denaturing gel and visualized by ethidium bromide staining of nucleosomal DNA.
Incubation with GST alone is shown as a negative control. F. In vitro gel-shift assay as in (E)
showing impaired nucleosome binding of N- and C- terminal SIRT6 deletion mutants
compared to WT SIRT®. In lane 3, excess GST protein was added to control for the GST
degradation product in the AN protein sample (lane 4). The slight difference in the nucleosome
shift may be due to imperfections in the gel, as this was not observed in other experiments (see
Figure S1).
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