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Abstract

Mammalian sirtuins (SIRT1-7) are members of a highly conserved family of nicotinamide adenine
dinucleotide (NAD*)-dependent protein deacetylases that regulate many biological processes
including metabolism, genome stability, and transcription. Among the seven human sirtuins,
SIRT7 is the least understood, to a large extent due to the lack of enzymatic activity /n vitro. Here
we reported that SIRT7 can be activated by DNA to hydrolyze acetyl group from lysine residues /n
vitro on histone peptides and histones in the chromatin context. Both N- and C- termini of SIRT7
are important for the DNA-activated deacetylase activity. The regulatory mechanism of SIRT7 is
different from that of SIRT6, which also showed increased activity on chromatin substrates, but
the deacetylase activity of SIRT6 on peptide substrate cannot be activated by DNA. This finding
provides an improved enzymatic activity assay of SIRT7 that will promote the development of
SIRT7 modulators. Further investigation into the activation mechanism of SIRT7 by DNA could
provide new insights into its biological function and help the development of sirtuin activators.

The silent information regulator-2 (Sir2) family of proteins, or sirtuins, are evolutionarily
conserved NAD*-dependent protein lysine deacetylases'=3. Mammals encode seven sirtuins
(SIRT1-SIRT7)# which govern important biological processes including transcriptional
regulation, genome stability, stress response, metabolism, and aging® 6. The seven
mammalian sirtuins have different subcellular localizations, with SIRT1, SIRT6, and SIRT7
being mainly nuclear, SIRT2 being predominantly cytosolic, and SIRT3-5 being mainly
mitochondrial’. Among the seven human sirtuins, the molecular function of SIRT7 is the
least understood. SIRT?7 is enriched in nucleoli where it activates rRNA gene transcription
by interacting with Pol I and upstream binding transcription factor (UBF)8: ©. In response to
metabolic stress, SIRT7 is released from nucleoli leading to hyperacetylation of PAF53, a
subunit of Pol | complex, and decreased Pol | transcriptionl®. SIRT7 also regulates Pol II-
mediated mRNA synthesis. It can be recruited by specific transcription factors (ELK41 and
Mycl2) to deacetylate H3K 18 acetyl modification specifically and thus suppress downstream
gene transcription. SIRT7 has also been reported to regulate transcription of mitochondrial
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biogenesis genes by directly deacetylating and activating a transcription factor GABPB113,
SIRT7 is also involved in attenuating stress-activated protein kinase (SAPK) and p53-
mediated stress responses!4 1 and regulating Pol 111-mediated tRNA transcription and
ribosomal biogenesis1®, but the exact molecular mechanism remains unknown.

Despite all the reports that connect SIRT7’s deacetylase activity to its biological functions,
the /n vitro deacetylase activity of SIRT7 in many cases cannot be detected. For example, no
appreciable amount of deacetylation product was observed by high pressure liquid
chromatography (HPLC)-based assays using peptide substratesl’. This was also observed in
our laboratory (Figure 1A-B). Inspired by the fact that SIRT7 is localized mainly in the
nucleus and involved in regulating transcription and protein synthesis!: 16, we postulated
that DNA might affect its enzymatic activity, similar to SIRT6 that displays a hucleosome-
dependent deacetylase activity!8.

SIRT7 was expressed in £. coli and affinity purified to near homogeneity. An HPLC assay
was used to monitor the activity of SIRT7 on H3K9 and H3K18 acetyl (H3K9 Ac and
H3K18 Ac) peptides in the absence or presence of double-stranded DNA (dsDNA, salmon
sperm DNA sheared to an average size less than 2000bp). In the absence of dsDNA, no
deacetylation was observed on either peptide substrate. Strikingly, in the presence of
dsDNA, SIRT7 displayed deacetylase activity on both H3K9 Ac and H3K18 Ac peptides
(Figure 1A-B). SIRT7 activity increased as the mass ration of DNA to SIRT7 was increased
and the activity almost reached a plateau when the ratio reaches 1:1 (Figure S1). In later
studies, we generally used 3:1 DNA to SIRT7 mass ratio to make sure SIRT7 was saturated
by DNA. Interestingly, all the other sirtuin proteins (except for SIRT4, which we could not
acquire the recombinant protein from £. coli) could not be activated by dsDNA (Figure 1C).
Even SIRT6, which is closest to SIRT7 and was shown to have a nucleosome-dependent
deacetylation activity, could not be activated by dsDNA on peptide substrates. Thus, among
all the human sirtuins, the activation of the deacetylase activity on peptide substrates by
DNA is a unique property of SIRT7.

We further determined the turnover number (4.4) and Michaelis constant (Kpy,) of SIRT7 in
the presence of dsDNA (Table 1). Again, without dsDNA we could not detect the activity
and thus could not determine the kinetic constants. Consistent with the reported activity
screen!l, H3K18 Ac peptide turned out to be a significantly better (16-fold) substrate of
SIRT7 compared to H3K9 Ac peptide. For H3K18 Ac, SIRT7 displayed a A, value of 0.16
min~1 and a Ky, value of 167 UM (kcat/Km 16 M~1s71). In contrast, for H3K9 Ac, we could
not saturate SIRT7 and thus could only obtain the Azs/Km, value, which was 1.0 M~1s71,
This is the first time that we could reliably detect the enzymatic activity of SIRT7 /in vitro.

We next investigated whether SIRT7 could be activated by DNA on histone protein
substrates. We incubated calf thymus histones with recombinant SIRT7 in the presence/
absence of dsDNA. The H3K18 Ac level was then blotted using an H3K18Ac-specific
antibody. SIRT7 exhibited no deacetylase activity on purified histone proteins.
Unexpectedly, addition of exogenous DNA did not significantly decrease the H3K18 Ac
level (Figure 2A).
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A nucleosomes consists of a segment of DNA wrapped around a histone octamer. Therefore,
we speculated that chromatin compositional DNA may activate SIRT7 to remove histone
acetylation. We first extracted chromatin fraction from HEK 293T cells as reported®. Using
the chromatin substrates, SIRT7 displayed robust NAD*-dependent H3K18 Ac deacetylase
activity. Furthermore, nuclease cocktail treatment completely abolished the deacetylase
activity on H3K18Ac while RNase treatment did not, suggesting that chromatin DNA is
required for SIRT7’s activity on H3K18 (Figure 2B). We also tested SIRT7’s activity on
H3K9 Ac with and without nuclease treatment (Figure 2C) and quantified the acetylation
level (Figure 2D). Interestingly, in the context of chromatin, SIRT7 was able to remove
acetyl group from H3K9. We further performed a time-course analysis of SIRT7 on H3K18
Ac in the context of chromatin (Figure S2). SIRT7 was able to hydrolyze ~50% of H3K18
Ac within 90 minutes.

We next investigated which domain(s) of SIRT7 is responsible for its activation by DNA.
Sirtuin proteins contain a conserved central catalytic core flanked by highly variable N- and
C-terminal extensions2%. Seven human sirtuins are categorized into four classes, where
SIRT6 and SIRT7 belong to class 1V 4. Bioinformatics prediction of DNA-binding sites of
SIRT7 suggested that the N- and C-termini that are rich in Arg and Lys residues could
potentially play an important role in binding to negatively charged DNA (Figure S3 and
S4)21, Thus, we hypothesized that the N- and C- termini of SIRT7 could be essential for its
activation by DNA.

We obtained full length (FL, residue 1-400) and several truncated SIRT7 lacking either the
N- or C-terminal extension: the N-terminal deletion (AN, residue 56-400), the C-terminal
deletion (AC, residue 1-364), and the core domain (56-364) (Figure 3A-B). Using the
H3K18 Ac peptide, we conducted activity assays for these four proteins. With dsDNA as the
in vitro activator, we found SIRT7 AC and the core domain did not exhibit detectable
enzymatic activity within the detection limit of the HPLC-based assay (Figure 3C). SIRT7
AN was only slightly activated by DNA. Kinetics studies indicated that the catalytic
efficiency of SIRT7 AN (Agat/ Ky ~2.0 M~1s71) was only 1/8 of FL SIRT7 (kgat/ K ~16.0
M~1s71) in the presence of dsDNA (Table 1).

We further examined whether SIRT7 truncations could deacetylate H3K18 Ac on chromatin
substrates. As shown in Figure 3D and quantified in Figure 3E, only full length SIRT7 was
able to efficiently deacetylate H3K18 Ac group while AN, AC and core domain exhibited no
activity, consistent with the results obtained using the peptide substrate.

In summary, our enzymology data demonstrated that SIRT7 has extremely low basal
deacetylase activity on histone peptides, but the activity can be significantly increased by
dsDNA. When working on physiologically relevant histone protein substrates, exogenous
DNA did not activate SIRT7’s deacetylase activity, but the chromatin compositional DNA
activated SIRT7 to deacetylate H3K18 Ac. Moreover, studies with SIRT7 truncations
implicated that both N- and C- termini are important for its dsSDNA-activated deacetylase
activity. Interestingly, the N- and C-terminal domains of SIRT7 have been previously
implicated in mediating nuclear and nucleolar localization?? and interaction with Myb-
binding protein 1a23, a SIRT7 inhibitor. Thus, it appears that the N- and C-terminal domains
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of SIRT7 play multiple roles in regulating SIRT7 physiological function. Our work
demonstrates for the first time that SIRT7 enzymatic activity could be regulated by DNA
molecules and identified regions of SIRT7 that are important for the activation. SIRT7 has
been widely known as a transcription regulator!1-13, The results presented here suggest that
DNA binding and activation could serve as a molecular switch that turns on SIRT7 when it
approaches histone substrates on chromatin.

SIRT7 is known to be important for regulating fatty liver formation12: 13.24 angd
tumorigenesist! 25-29, Thus, small molecule inhibitors of SIRT7 will be useful probes to
further explore the biological function and therapeutic potential of SIRT7. However, so far
no potent SIRT7 inhibitors have been reported. This is mainly due to lack of a reliable /n
vitro assay to detect SIRT7 activity. Our finding that DNA can significantly activate SIRT7
will fill in this gap and promote the development of SIRT7 inhibitors. Although
controversial, sirtuin activators have been reported to provide health benefits30-34,
Interestingly, the activation of SIRT1 by small molecules also involves its N-terminal
domain3, similar to the activation of SIRT7 by DNA. Further investigation into the
mechanism by which SIRT7 is activated by DNA may provide insights that may help the
development of novel sirtuin activators.

SIRT7 purification

The open reading frames of full length human SIRT7 (1-400), AN (56-400), AC (1-364), and
the core domain (56-364) were inserted into the pET28a vector. The plasmid was
transformed into £. coli ArcticExpress (DE3) cells. Cells were cultured at 37°C in LB broth
medium (BD biosciences catalog# 240220). Isopropyl-p-D-1-thiogalactopyranoside (IPTG)
was added to a final concentration of 0.2 mM when ODggg was between 1-1.5, and the
culture was grown for 48 hours at 10 °C. Cells were harvested and then re-suspended in lysis
buffer (50 mM K,HPO,, pH 7.20, 500 mM NaCl, 5% glycerol). The cells were lysed using a
cell disrupter. The lysate was centrifuged at 20,000 rpm for 30 min at 4 °C. The supernatant
was loaded onto a nickel column (HisTrap HP, GE healthcare life sciences) pre-equilibrated
with a buffer containing 50 mM KyHPO,4 (pH 7.20), 500 mM NaCl and 5% glycerol. SIRT7
was eluted with a linear gradient of imidazole (0 to 500 mM) in the buffer. The desired
fractions were pooled, concentrated and buffer exchanged against the cation exchange buffer
(80 mM NaCl, 50 mM KyHPOy, pH 7.20, 5% glycerol). The protein was further loaded onto
a cation exchange column (HiTrap SP HP, GE healthcare life sciences) and eluted with a
linear gradient of NaCl (80 mM to 1 M) in the buffer containing 50 mM K;HPO, (pH 7.20)
and 5% glycerol. Fractions were assayed for purity on SDS-PAGE and concentrated, snap
frozen and stored at =80 °C.

Synthesis of acetyl peptides

Acetyl peptides corresponding to residues 4-13 and 12-24 of Histone H3 (NHo-
KQTARKacSTGGWW-COOH and NH,-GGKAPRKacQLATKAWW-COOH) were
synthesized by standard solid phase peptide synthesis as described below. Two Trp residues
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were added to the C-terminus of the peptides to facilitate the detection of peptides by
monitoring the ultra-violet (UV) light absorption at 280 nm.

Peptides were synthesized by Fmoc SPPS on an automated peptide synthesizer (Focus XC
from aapptec) using standard protocols. 500 mg of Wang resin (100-200 mesh, 1% DVB,
1.2 meq/g) was swollen in 10 mL dichloromethane (DCM) for 6 h. The first amino acid was
coupled onto the resin for 3 h in N, N-dimethylformamide (DMF), with a 4-fold excess of
amino acid, 4-fold excess of HBTU, and 10-fold excess of diisopropylethylamine (DIEA)
followed by addition of 0.1 equivalent of 4-dimethylaminopyridine (DMAP) in 0.2 ml of
DCM. The resin was then treated with Ac,O/pyridine (1:9 v/v) for 10 min to cap any
remaining reactive functionalities on the resin. The coupling of the rest amino acids was
carried out following standard protocols using 4-fold excess of amino acid, 4-fold excess of
HBTU, and 10-fold excess of DIEA. Acetyl modification on lysine residues was introduced
through the use of Fmoc-Lys(acetyl)-OH. The peptides were cleaved from the resin using a
cocktail of trifluoroacetic acid, triisopropylsilane, water, ethanedithiol, thioanisole, and
phenol (81.5:1:5:2.5:5:5 by vollume) for 2 h. The crude peptides were purified by
preparative HPLC. The identities of the peptides were confirmed using LC-MS (LCQ Fleet,
Thermo Scientific).

The purified free-lysine and acetyl H3K9 and H3K18 peptides were dissolved in water. The
concentrations of peptides were determined at 280 nm using extinctions coefficient of the
two Trp residues attached at the C-termini of the peptides.

HPLC Assay and kinetics

Activity of SIRT7 was detected using HPLC. The reactions contained 50 mM Tris (pH 8.0),
150 mM NaCl, 1 mM DTT, 2 mM NAD™, 50 uM H3K9 Ac or H3K18 Ac peptides, and 2
UM SIRT7. Reactions were incubated at 37 °C for 1 h. Salmon sperm DNA mixture (10
mg/ml) was used as the /n vitro activator. Mass ratio of DNA to SIRT7 was maintained at
3:1 in the assays unless specified otherwise. The reactions were quenched with 1 volume of
10% (v/v) TFA and spun down for 10 min at 18,000 g to remove proteins. The supernatants
were then analyzed by HPLC using a reverse phase analytical column (Kinetex XB-C18
100A, 75 mm x 4.60 mm, 2.6 um, Phenomenex). The product and substrate peaks were
quantified using the absorption peak areas at 280 nm from the two Trp residues added at C-
terminus of the peptide substrates.

For kinetics, 2 mM NAD, 50 mM Tris (pH 8.0), 1 mM DTT, 2 uM SIRT7 (full-length) or 8
UM SIRT7 (AN, 56-400) was used. Peptide concentration used for H3K18 Ac and H3K9 Ac
were 10, 30, 50, 100, 150, 250 and 500 pM with an incubation time of 45 minutes. The
quenched reactions were then analyzed by HPLC. The product and substrate peaks were
quantified as described above and converted to initial rates, which were then plotted against
the peptide concentrations and fitted to the Michaelis-Menten equation using the Graphpad
Prism 6 program.

Histone deacetylation assay

Calf thymus histones were obtained from Roche. /n vitro deacetylation reactions were
performed with 10 pg of SIRT7 and 1 g of calf thymus histone in deacetylation buffer (50
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mM Tris, pH 8.0, 150 mM NaCl, 2 mM NAD*, 1 mM DTT), with or without 30 ug of
salmon sperm DNA. The reactions were incubated at 37°C for 2h. The reactions were
quenched by adding 3X Laemmli buffers and boiling for 15 minutes at 95°C. The
acetylation level of histones was assessed by Western blot using H3K9 Ac (Abcam cat#
ab4441)- and H3K18 Ac (Abcam cat # ab1191) -specific antibodies. To more quantitatively
determine H3K18 Ac level using Western blot, we used a fluorophore-conjugated secondary
antibody (Goat anti-rabbit Dylight 488, thermofisher cat # 35552). Signal intensity of all
Western blot bands was quantified using ImageJ.

For the chromatin deacetylation assay, we extracted chromatin fraction from 293T cells as
previously described2. 293T cells were treated with 2 uM histone deacetylases inhibitor,
trichostatin A (TSA) for 2h before harvest. 10 uM SIRT7 protein was incubated with ~1 M
chromatin substrate in deacetylation buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM
NAD*, 1 mM DTT). To remove DNA or RNA, 2 uL nuclease cocktail (Thermo Fisher cat. #
88702) or 4 uL Rnase | (Ambion cat. # AM 2294) was added to 30 uL of reaction mixture
and incubated at 37°C for 2h. The acetylation levels of H3K18 Ac and H3K9 Ac were
determined as described above.

Human 293T cell lines were acquired from the American Type Culture Collection (ATCC).
Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) complete medium
containing glucose and L-glutamine (Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SIRT7 deacetylase activity is significantly enhanced by DNA
(A) Overlaid HPLC traces showing SIRT7-catalyzed hydrolysis of H3K9 acetyl peptide with

DNA. (B) HPLC traces showing SIRT7-catalyzed hydrolysis of H3K18 acetyl peptide with
DNA. (C) Overlaid HPLC traces showing that other sirtuin proteins cannot be activated by
DNA.
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Figure 2. SIRT7 is activated by genomic DNA on chromatin substrates
(A) SIRT7 cannot be activated by exogenous DNA on histone proteins. (B) SIRT7 can

deacetylate H3K18 in the chromatin context. (C) Genomic DNA is required for SIRT7 to
remove H3K9 Ac from chromatin substrate. (D) Quantification of western blot results
shown in (B & C). The levels of H3K9 Ac and H3K18 Ac were normalized by the amount
of histone H3 proteins. The relative acetylation level was calculated by setting the negative
control (SIRT7 minus reaction) level to 100%.
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Figure 3. Both the N- and C- termini of SIRT7 are important for its activation by DNA
(A) Scheme showing the full length (FL, residue 1-400), N-terminal deletion (AN, residue

56-400), C-terminal deletion (AC, residue 1-364), and core domain (56-364) of SIRT7. (B)
Coomassie blue-stained gel showing the purity of SIRT7 deletion mutants. (C) HPLC traces
showing the activity of different SIRT7 deletion mutants with and without dsDNA on
H3K18 Ac peptide. (D) The deacetylase activities of SIRT7 FL and deletion mutants on
H3K18 Ac on chromatin substrates. Reactions without NAD were used as negative controls.
(E) Quantification of the Western blot results in (D). The H3K18 Ac level in each reaction
was normalized by the amount of histone H3 protein. The relative H3K18 Ac level was
calculated by setting the level of negative control to 100%.
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Table 1

Catalytic efficiencies of SIRT7 full-length (FL) and truncations on acetyl peptides

Keat (MIN™D) Ky (M) KooKy (M71570)

H3K9 Ac, FL NA NA NA
H3K9 Ac, FL+dsDNA®  ND ™™ ND 10

H3K18 Ac, FL NA NA NA
H3K18 Ac, FL+dsDNA  0.16+0.02 167+43 16

H3K18 Ac, AN +dsDNA  np** ND ~2.0
H3K18 Ac, AC +dsDNA  na*** NA NA
H3K18 Ac, core + ds DNA  NA NA NA

*
dsDNA: SIRT7=3:1 (mass ratio).

Aok

ND: kcat and Km cannot be determined because V~[S] is linear, thus only Acat/ Km value can be determined.

HokAh

NA: product formation cannot be detected.

FL: 1-400; AN: 56-400; AC: 1-364; core: 56-364
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