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Abstract

Using an engineered pyrrolysyl-tRNA synthetase mutant together with tRNACUA
Pyl , we have 

genetically encoded Nε-(7-azidoheptanoyl)-L-lysine (AzHeK) by amber codon in Escherichia coli 
for recombinant expression of a number of AzHeK-containing histone H3 proteins. We assembled 

in vitro acyl-nucleosomes from these recombinant acyl-H3 histones. All these acyl-nucleosomes 

contained an azide functionality that allowed quick click labeling with a strained alkyne dye for in-

gel fluorescence analysis. Using these acyl-nucleosomes as substrates and click labeling as a 

detection method, we systematically investigated chromatin deacylation activities of SIRT7, a 

class III NAD+-dependent histone deacylase with roles in aging and cancer biology. Besides 

confirming the previously reported histone H3K18 deacylation activity, our results revealed that 

SIRT7 has an astonishingly high activity to catalyze deacylation of H3K36 and is also catalytically 

active to deacylate H3K37. We further demonstrated that this H3K36 deacylation activity is 

nucleosome dependent and can be significantly enhanced when appending the acyl-nucleosome 

substrate with a short double-stranded DNA that mimics the bridging DNA between nucleosomes 

in native chromatin. By overexpressing SIRT7 in human cells, we verified that SIRT7 natively 
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removes acetylation from histone H3K36. Moreover, SIRT7-deficient cells exhibited H3K36 

hyperacetylation in whole cell extracts, at rDNA sequences in nucleoli, and at select SIRT7 target 

loci, demonstrating the physiologic importance of SIRT7 in determining endogenous H3K36 

acetylation levels. H3K36 acetylation has been detected at active gene promoters, but little is 

understood about its regulation and functions. Our findings establish H3K36 as a physiologic 

substrate of SIRT7 and implicate this modification in potential SIRT7 pathways in 

heterochromatin silencing and genomic stability.

Graphical Abstract

INTRODUCTION

Sirtuins are class III histone deacylases that rely on catalytic dissociation of nicotinamide 

from NAD+ to drive deacylation from protein lysines.1–4 There exist seven sirtuins in 

humans, namely SIRT1–7.5,6 Four of these, SIRT1, 2, 6, and 7, can translocate to the 

nucleus, and therefore potentially remove acylation from chromatin for regulating chromatin 

epigenetic marks.3,7–9 Among these four sirtuins, SIRT7 is perhaps the least studied. 

Accumulating work suggests that SIRT7 has complex effects on cellular homeostasis, 

oncogenic potential, and cellular aging pathways.10 Multiple studies have observed high 

SIRT7 levels in cancers, including head and neck squamous cell carcinoma, colorectal 

cancer, early stage and metastatic breast cancer, thyroid carcinoma, ovarian cancer, and 

gastric cancer, consistent with oncogenic functions of SIRT7.11–20 Moreover, SIRT7 

represses transcription of several tumor suppressive genes through deacetylation of histone 

H3 lysine 18 (H3 K18ac), and depletion of SIRT7 is sufficient to reduce malignant 

properties of cancer cells and inhibit tumor growth in mice.16,21 SIRT7 is enriched in 

nucleoli, and associates with both euchromatic and heterochromatic ribosomal DNA genes 

(rDNA).9,22,23. At euchromatic rDNA genes, SIRT7 deacetylates the RNA polymerase I (Pol 

I) subunit PAF53, which leads to enhanced interactions with rDNA for active transcription.
9,24 This SIRT7-dependent rRNA synthesis may help support the high ribosome biogenesis, 

proliferative capacity, and metabolic demands of cancer cells.25 However, SIRT7 also has 

tumor suppressive functions, and SIRT7-deficient mouse embryonic fibroblast cells show 

increased cell viability and cell-cycle entry into S and G2/M.26–29 Moreover, SIRT7 is 

recruited to DNA double-strand breaks (DSBs) and protects against DNA damage by 

promoting recruitment of 53BP1 for initiating Non-homologous End Joining.30,31 Recently, 

SIRT7 was also shown to guard against genomic instability due to rDNA rearrangements in 
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nucleoli, by maintaining rDNA heterochromatin silencing.23 This function of SIRT7 is 

important for preventing senescence of human cells, which can contribute to tissue 

dysfunction in many aging-related pathologies and favor tumor growth in cancers. Thus, 

SIRT7 has pleiotropic effects on genomic stability and cellular homeostasis pathways that 

can impact on cancer and aging biology.

Although much evidence has established SIRT7 as a bona fide histone deacetylase, 

molecular details of SIRT7 interactions with chromatin for deacetylation have not been 

directly investigated. Two recent studies showed that both DNA and RNA can activate 

SIRT7.32,33 However, the mechanism of this activation process is yet to be illustrated. In the 

current study, we re-constituted in vitro acyl-nucleosomes that have acyl-lysines installed 

site-specifically at a number of native histone H3 lysine sites and used these recombinant 

acyl-nucleosomes as substrates to systematically investigate SIRT7 recognition of histone 

lysines for deacylation in the physiologic context of chromatin. In addition to confirming the 

SIRT7 deacylation activity on H3K18, we have uncovered two novel histone substrates of 

SIRT7, H3K36 and H3K37. Among these two, only acetylation at H3K36 has been validated 

as the physiological histone modification.34,35 We show that SIRT7 is a highly active, 

physiologic H3K36 deacylase, and this activity is nucleosome or chromatin dependent and 

can be significantly enhanced when free DNA is appended to the acyl-nucleosome substrate. 

This novel activity of SIRT7 may serve a pivotal role in guarding against genomic instability 

and human cellular senescence in cancer and aging-related pathology.

RESULTS

SIRT7 is catalytically inert toward acetyl-histone H3 substrates.

In order to profile what histone H3 lysine sites are recognized by SIRT7 for acetylation 

removal, we initiated our study by testing SIRT7 activities on acetyl-H3 substrates that have 

been discovered in cells. We previously showed that histone H3 with acetyl-lysine (AcK) 

installed at K4, K9, K14, K18, K23, K27, K36, K56, and K79 positions can be 

recombinantly produced using the amber suppression-based genetic noncanonical amino 

acid (ncAA) mutagenesis approach.36 In this recombinant expression technique, we used an 

acetyl-lysyl-tRNA synthetase (MmAcKRS1) that was evolved from Methanosarcina mazei 

pyrrolysyl-tRNA synthetase (MmPylRS1) and amber suppressing tRNACUA
Pyl  to deliver AcK 

at an amber mutation site in a H3 mRNA during translation in Escherichia coli.37,38 

MmAcKRS1, tRNACUA
Pyl , and H3 genes were all plasmid-born for transforming E. coli 

BL21(DE3) cells. We grew the transformed cells in the presence of AcK to produce acetyl-

H3 proteins (H3K4ac, H3K9ac, H3K14ac, H3K18ac, H3K23ac, H3K27ac, H3K36ac, 

H3K56ac, and H3K79ac) that we purified and used as stand-alone substrates for SIRT1, 2, 6, 

and 7 during deacetylation assays. As a positive control, we carried out the same 

deacetylation assays of these acetyl-H3 substrates using a Thermotoga maritma sirtuin, 

Sir2Tm that has low substrate peptide sequence specificity. Our results revealed that Sir2Tm, 

SIRT1, and SIRT2 displayed strong deacetylation activities toward almost all acetyl-H3 

substrates. We observed strong deacetylation of all acetyl-H3 substrates after their 

incubation with Sir2Tm, SIRT1, and SIRT2 and subsequent Western blotting with a pan 
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anti-Kac antibody. On the contrary, both SIRT6 and SIRT7 exhibited negligible activities 

toward all examined acetyl-H3 histone substrates (Figure S1). Previous studies showed that 

SIRT6 deacetylase activity requires nucleosomal substrates, and SIRT7-dependent H3K18 

deacetylation was previously reported on nucleosomes.21,39 Since SIRT7 deacetylates 

histones in the setting of chromatin, we reasoned that its low activities towards all tested 

acetyl-H3 histone substrates might be due to the lack of nucleosomal chromatin context of 

the assay.

A click chemistry-based assay for quick profiling of SIRT7-targeted chromatin lysine 
deacylation sites.

Although originally defined as histone deacetylases, accumulated evidence has established 

that sirtuins catalyze the removal of a spectrum of acylation types from protein lysines.
32,40–47 Therefore, they are categorized more generally as protein lysine deacylases. 

Specifically for SIRT7, studies have demonstrated that it catalytically removes fatty acyl and 

succinyl groups from histone lysines.32,47 Through genetic incorporation of Nε-(7-

octenoyl)-lysine (OcK) into histones in conjunction with the alkene-tetrazine cycloaddition 

reaction to analyze fatty acylation levels in acyl-nucleosome substrates that we assembled in 
vitro from OcK-incorporated histones, we previously revealed that SIRT6 is catalytically 

active to remove acylation from multiple H3 lysine sites.48 Given the structural similarity 

between SIRT6 and SIRT7 and the demonstrated activity of SIRT7 to remove fatty-acylation 

from protein lysines, a similar approach might be applied to profile SIRT7-targeted H3 

lysine deacylation sites. However, the previously described alkene-tetrazine cycloaddition-

based method has a significant drawback. The slow reaction (the second order rate constant: 

~0.01 M−1s−1) between a terminal alkene and a tetrazine requires long reaction time.49 

Given the delicate nature of acyl-nucleosome substrates, this long reaction time is 

particularly undesirable. To accelerate the labeling reaction, we envisioned that Nε-(7-

azidoheptanoyl)-L-lysine (AzHeK) could be installed in acyl-nucleosome substrates and 

expected that AzHeK’s close mimic of Nε-decanoyl-L-lysine (DeK) would allow efficient 

recognition by SIRT7 for defatty-actylation. AzHeK has an azide functionality that reacts 

favorably with a dibenzocyclooctyne (DBCO) dye (the second order rate constant: ~1 M−1s
−1)50–52 for quick labeling of acyl-nucleosome substrates. Therefore, we can potentially use 

acyl-nucleosomes with AzHeK installed at different H3 lysine sites as SIRT7 substrates for 

defatty-acylation and then analyze relative activities of SIRT7 toward different acyl-

nucleosomes by probing residual fatty-acylation on these substrates using a DBCO dye after 

their reactions with SIRT7 finish (Figure 1). Accordingly, an effective assay for profiling 

SIRT7 targeted H3 lysine deacylation sites can be potentially developed. This novel assay 

will allow not only straightforward determination of SIRT7 deacylation activities at different 

nucleosome lysine sites but also their quick kinetic characterization. In comparison to 

antibody-based detection, this designed assay is much simpler, quicker, and more accurate.

The genetic incorporation of AzHeK into a protein allows its click labeling with a strained 
alkyne dye.

Following a synthetic route shown in Scheme S1, we synthesized AzHeK in a gram quantity. 

For its genetic incorporation, we employed our previously identified OcKRS.48 We have 
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shown that this MmPylRS mutant actively charges tRNACUA
Pyl  with OcK for their 

incorporation at amber codon during translation in E. coli (data not shown). When growing 

E. coli BL21(DE3) cells that harbored plasmids coding genes for OcKRS, tRNACUA
Pyl , and 

ubiquitin-6×His with an amber mutation at the K48 position in the presence of 1 mM 

AzHeK, we successfully induced the expression of full-length ubiquitin UbK48az (Figure 

2B). The expression level was 18 mg/L, equivalent to the expression of Ub with OcK 

incorporated at K48. Wild type Ub has an expression level around 100 mg/L in the same 

conditions. On the contrary, we were not able to induce the expression of ubiquitin when 

AzHeK was absent. After incubating UbK48az with 100 μM MB488-DBCO, a strained 

alkyne dye for 1 h, we observed a strongly labeled ubiquitin band when we analyzed the 

protein using in-gel fluorescence (Figure 2C). However, the control wild-type ubiquitin was 

not labeled using the same conditions. In comparison to the previous alkene-tetrazine 

cycloaddition-based labeling that requires a minimum of 8 h for close to 40% labeling of an 

OcK-containing protein in the presence of a 200 μM tetrazine dye, this new labeling was 

much quicker and led to close to quantitative labeling in about 30 min (Figure S2). The azide 

group in UbK48az was stable at r. t. for about 1 h when 1 mM β-mercaptoethanol (BME) 

was present. We also characterized the purified UbK48az using MALDI-TOF mass 

spectrometry (Figure 2D). The MALDI-TOF-MS-determined molecular weight (9540.9 Da) 

agreed well with the calculated one (9540.7 Da).

SIRT7 catalyzes removal of acylation from H3 K18 and H3 K36 in the context of 
nucleosomes.

After confirming that OcKRS was efficient in mediating the genetic incorporation of AzHeK 

at amber codon, we proceeded to recombinantly express H3 proteins with AzHeK 

incorporated at K4, K9, K14, K18, K23, K27, K36, and K56, respectively. These AzHeK-

containing H3 histones were named as H3K4az, H3K9az, and so on. To recombinantly 

produce a specific AzHeK-containing H3 protein, we transformed E. coli BL21(DE3) cells 

with pEVOL-OcKRS that contained genes coding OcKRS and tRNACUA
Pyl  and a pETDuet-H3 

vector that contained a N-terminally 6×His-tagged H3 gene with an amber mutation 

introduced at a designated lysine coding site and grew the transformed cells in 2YT media 

supplemented with 1 mM AzHeK. We successfully expressed all eight proteins and affinity-

purified them using Ni-NTA resins (Figure 3A). Expression levels of these proteins were 

much higher than their acetyl-H3 counterparts that typically required the supplementation of 

2YT media with 5–10 mM AcK, potentially allowing easy and quick characterization of 

SIRT7-catalyzed deacylation of histones. Electrospray ionization mass spectrometry (ESI-

MS) analysis of purified proteins confirmed the incorporation of AzHeK (Figures S3 and 

S4). Using these recombinantly produced acyl-H3 proteins together with H2A, H2B, H4, 

and 601 DNA,53 we succeeded in reconstituting corresponding acyl-nucleosomes, named as 

nu-H3K4az, etc. that we visualized using ethidium bromide (EtBr) staining in a 

polyacrylamide gel (Figure 3B). We then subjected these in vitro assembled acyl-

nucleosomes to deacylation by SIRT7. Acyl-nucleosomes treated with and without SIRT7 

were then labeled with MB488-DBCO and imaged in 5% 1X TBE Native-PAGE gels. As 

shown in Figure 3C, SIRT7 removed acylation from H3K18 and H3K36 but was not active 

toward other lysine sites. The deacylation activity of SIRT7 on H3K36 is clearly much 
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higher than that on H3K18. The fluorescent gel showed total removal of acylation at H3K36 

but residual acylation on H3 K18. H3 K18 was a previously demonstrated lysine deacylation 

site for SIRT7. However, SIRT7-catalyzed deacylation activity on H3K36 came as a 

surprise. We went further to quantify deacylation activities of SIRT7 on all tested sites. In 

the given deacylation conditions in which a 1 μM acyl-nucleosome was incubated with 0.5 

μM SIRT7 and 1 mM NAD+ at 37 °C for 2 h, the deacylation activity of SIRT7 on H3K36 

was about 4 times of that on H3 K18 based on calculated deacylation percentages (Figure 

3D).

DNA and salt inhibit SIRT7-catalyzed nucleosome deacylation.

Since a previous study reported that DNA activates SIRT7-catalyzed deacetylation on 

peptide substrates,33 we investigated whether it has the same effect on SIRT7-catalyzed 

nucleosome deacylation. We used nu-H3K36az as a SIRT7 substrate and tested its 

deacylation by SIRT7 when we provided different concentrations of free 147 bp 601 DNA in 

the reaction solution. As shown in Figure 4A, SIRT7 strongly removed acylation from nu-

H3K36az but this activity decreased significantly when we provided free DNA to the 

reaction solution and was close to be abolished when 2 μM free DNA was present. Thus, 

DNA apparently inhibits SIRT7-catalyzed nucleosome deacylation. Free DNA is negatively 

charged. It interacts electrostatically with both a positively charged histone-based peptide 

substrate and SIRT7 that has positively charged N- and C-termini. Therefore, it potentially 

serves as a bridge to bring SIRT7 and a peptide substrate in close proximity for improved 

deacetylation. We suspected that the wrapping DNA in an acyl-nucleosome substrate might 

play a similar role to interact electrostatically with SIRT7 for improved deacylation. To test 

this prospect, we examined SIRT7-catalyzed deacylation of nu-H3K36az in different 

concentrations of NaCl salt. If interactions between SIRT7 and nu-H3K36az are electrostatic 

in nature, increasing ionic strength of the reaction solution by providing NaCl will disrupt 

the binding of SIRT7 to nu-H3K36az and therefore leads to a lower deacylation activity. As 

expected, the SIRT7-catalyzed deacylation activity on the nu-H3K36az substrate diminished 

gradually when more salt was present in the reaction solution (Figure 4B). To confirm that 

free DNA does serve as a bridge to bring SIRT7 and a peptide or protein substrate into close 

proximity for improved deacylation activity, we tested the SIRT7-catalyzed deacylation 

activity on a soluble H3K36az-H4 tetramer substrate in the presence of various 

concentrations of free DNA. The result is shown in Figure 4C. Similar to its low activity 

toward H3K36ac, SIRT7 displayed a marginal deacylation activity on the H3K36az-H4 

tetramer when free DNA was absent. However, this activity was significantly enhanced 

when we added 0.4 μM DNA into the reaction solution. When we added more DNA, this 

activity diminished gradually until it was almost totally abolished. This phenomenon is 

similar to what we observed with the nu-H3K36az substrate.

SIRT7 is more active toward acyl-nucleosomes with linker DNAs.

In chromatin, a bridging linker DNA that binds loosely to H1 and transcription factors 

connects two adjoining nucleosomes. To determine whether this linker DNA contributes to 

the binding of SIRT7 to an acyl-nucleosome for active deacylation, we synthesized nu-

H3K18az and nu-H3K36az nucleosomes with different lengths of linker DNAs and used 

them as substrates to test SIRT7-catalyzed deacylation (Figures 5A & 5B). Appending a 
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linker DNA to nu-H3K36az significantly improved SIRT7-catalyzed deacylation (Figure 

5C). A 5 bp linker DNA led to more than 3-fold increase of deacylation activity (Figure 5E). 

Increasing the linker DNA length from 5 bp to 20 bp slightly enhanced SIRT7 deacylation 

activity at H3 K36 but not to a significant level. Although appending the nu-H3K18az 

substrate with a linker DNA also improved SIRT7-catalyzed deacylation at H3 K18, this 

activity increase was much less significant than what we observed for the nu-H3K36ac 

substrate (Figures 5D & 5F). On the contrary, appending a linker DNA to nu-H3K4az, nu-

H3K9az, nu-H3K14az, H3K23az, and H3K27az did not improve their deacylation by SIRT7 

at all (Figure S5).

SIRT7 catalyzes removal of nucleosomal H3K36 acetylation in vitro and in cells.

Our finding that H3K36 is a preferential SIRT7-targeted lysine site for defatty-acylation led 

us to ask if SIRT7 is also catalytically active in removing acetylation at H3K36 both in in 
vitro biochemical assays and in cells. We assumed changing the modification type wouldn’t 

change SIRT7 site-specificity, since the residues surrounding the modified lysine are the 

major contributing factors. We assembled two in vitro nu-H3K36ac nucleosomes using 

147bp 601 DNA with or without a 20 bp linker DNA. We then incubated these two acetyl-

nucleosomes with SIRT7 and subsequently detected acetylation levels of the reaction 

products by Western blotting with an anti-H3K36ac antibody. This analysis revealed that 

SIRT7 deacetylated H3K36 in the context of nucleosomes, and appending a linker DNA 

significantly improved this deacetylation activity (Figure 6A). To test SIRT7 activity on 

other nucleosomal H3 lysine sites, we also reconstituted several other acetyl-nucleosomes 

including nu-H3K4ac, nu-H3K9ac, nu-H3K14ac, nu-H3K18ac, nu-H3K23ac, nu-H3K27ac, 

and nu-H3K56ac (Figure S6) for use as substrates in SIRT7 deacetylation assays. All acetyl-

nucleosomes contained a 20 bp linker DNA for improving SIRT7 activities. Our data 

confirmed that SIRT7 is also catalytically active to deacetylate H3K18 but inert toward all 

other tested lysine acetylation sites, and the deacetylation activity of SIRT7 on H3K18 is 

much weaker than that on H3K36. The relative deacetylation activity of SIRT7 on different 

H3 lysine sites matches exactly the relative deacylation activity on these sites that we 

obtained using AzHeK-containing nucleosomes as substrates. We also used nu-H3K36ac 

and nu-H3K18ac to carry out time-based deacetylation by SIRT7. Our determined results 

showed that AzHeK-containing nucleosomes mimic acetyl-nucleosomes in not only SIRT7-

targeted lysine deacylation sites but also SIRT7-catalyzed deacylation activity (Figure S7). 

To examine the deacetylase activity of SIRT7 on H3K18 and H3K36 in cells, we constructed 

two plasmids, one coding a SIRT7-EGFP fusion gene and the other a SIRT7-EGFP fusion 

gene with a H187Y mutation to inactivate the SIRT7 activity, from a mammalian pEGFP 

vector. Together with the original pEGFP vector, we transiently transfected 293T cells 

separately with all three plasmids. We separated cell lysates from these three transiently 

transfected cells using SDS-PAGE and then analyzed different histone acetylation levels 

using antibodies that recognize acetylation at K9, K14, K23, K27, and K36 of H3, 

respectively. These assays revealed significantly decreased acetylation levels at H3K18 and 

H3K36 in cells with overexpressed SIRT7-EGFP but not in cells transfected with the empty 

control vector or expressing the inactive SIRT7-H187Y-EGFP fusion protein. These data 

demonstrate that SIRT7 is catalytically active in deacetylating both H3K18 and H3K36 in 

cells. Although our in vitro analysis indicates that SIRT7 is four-fold more active to 
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deacetylate H3K36 than H3K18, our cell based assay showed similar acetylation decrease at 

both sites when SIRT7 was transiently expressed (Figure S8). It is likely that numerous 

cellular factors influence the overall effects of SIRT7 over-expression on cellular H3K36 or 

H3K18ac levels, including SIRT7 regulatory factors, acetyltransferase enzymes, or 

compensatory deacetylase enzymes.

SIRT7 is essential for maintaining low H3K36ac levels at nucleolar rDNA sequences and 
select gene promoters.

We next asked if H3K36ac is a physiologic substrate of SIRT7, and if endogenous SIRT7 is 

important for setting baseline levels of H3K36 acetylation. We generated SIRT7-deficient 

cells by shRNA-mediated knockdown strategies, and assayed levels of H3K36ac in whole 

cell extracts by Western analysis (Figure 7A). We observed significantly increased H3K36 

acetylation in the SIRT7-depleted cells. We also examined locus-specific H3K36ac levels at 

promoters of previously described genomic targets of SIRT7 by chromatin 

immunoprecipitation (ChIP).21 In SIRT7-depleted cells, levels of H3K36ac were 

significantly increased at two ribosomal protein gene targets of SIRT7, but not at another 

SIRT7 target, COPS2 (Figure 7B). SIRT7 is known to deacetylate H3K18ac at the RPS20 

and COPS2 promoters21. Our data suggest that SIRT7 loss leads to increased acetylation of 

both H3K36 and H3K18 at the RPS20 promoter, but only affects H3K18 acetylation at the 

COPS2 promoter. These observations imply that the effects of SIRT7 on the two acetylation 

sites depends on other cellular factors. We also confirmed these findings using an 

independent H3K36ac antibody, since antibody reagents for H3K36ac ChIP have not been 

extensively characterized (Figure 7B). SIRT7 is reported to be enriched in nucleoli based on 

immunofluorescence studies. To examine changes in H3K36 acetylation specifically in 

nucleoli, we carried out biochemical fractionation of SIRT7-deficient and control cell 

extracts into nucleolar and nucleoplasmic (non-nucleolar) fractions. Immunoblot analysis 

revealed that both nucleolar and nucleoplasmic levels of H3K36ac are dramatically 

increased in SIRT7-depleted cells compared to control cells (Figure 7C). To further validate 

these findings in cells completely lacking SIRT7, we used CRISPR/Cas9 targeting to 

generate two independent SIRT7-knockout cell lines and a non-targeted control-treated cell 

line. Nucleolar fractionation of the cells confirmed the dramatic increase in H3K36ac levels 

in both nucleoli and nucleoplasm of SIRT7-knockout cells (Figure 7D). Importantly, in the 

control cells, H3K36ac levels (relative to total H3) were much lower in nucleoli than 

nucleoplasm, and this inversely correlated with SIRT7 levels in those nuclear compartments. 

This observation further underscores the physiological relevance of SIRT7 deacetylase 

activity in maintaining low H3K36ac levels in a non-perturbed system, particularly in 

nucleoli. The main DNA components of nucleoli are rDNA genes. To directly assess H3K36 

acetylation changes at rDNA, we analyzed H3K36ac ChIPs from SIRT7-deficient and 

control cells using real-time PCR or unbiased high-throughput sequencing. The ChIP-PCR 

revealed significantly increased H3K36ac occupancy at rDNA sequences (Figure 7E). 

Notably, analysis of the high-throughput sequencing reads from the ChIPs confirmed these 

findings, and showed that the increase in H3K36ac is quite specific to rDNA compared to 

other repetitive regions of the genome, as no significant changes in acetylation were 

observed at repetitive sequence tracts present at over 20 different centromeric and 

pericentromeric regions, or when queried for eight different centromeric and pericentromeric 
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consensus repeat sequences (Figure 7F).54 Finally, this analysis also revealed an intriguing 

and unexpected increase in H3K36ac occupancy at TTAGGG repeats, which are present at 

telomeres. Together, our studies demonstrate that SIRT7 is a novel physiologic H3K36 

deacetylase, and is essential for maintaining low H3K36 acetylation levels at rDNA 

sequences in nucleoli, certain protein-coding genes, and possibly telomeric DNA.

H3K36 acylation leads to a loose nucleosome complex.

H3K36 is located at the entry and exit sites of DNA in the nucleosome dyad, according to 

the crystal structure information.55 Its positively charged side chain amine can interact 

directly with a negatively charged DNA backbone phosphate. This potential electrostatic 

interaction is expected to contribute to a tightly bound nucleosome complex that prevents 

access to H3K36 by enzymes and transcription factors including SIRT7. The disruption of 

this electrostatic interaction by H3K36 acylation will weaken the binding of DNA to the 

nucleosome core, therefore leading to more frequent unwrapping of DNA from core histones 

and consequently more accessibility to enzymes and transcription factors. We think this 

potentially increased unwrapping of DNA from the nucleosome core assists SIRT7-

catalyzed deacetylation at H3K36. This improved unwrapping of DNA from the nucleosome 

core will also lead to more access of DNA by a nuclease (Figure 8A). To test whether 

H3K36 acetylation improves DNA unwrapping, we introduced a Pst1 endonuclease 

restriction site at the entry/exit site of 601 DNA that also contained a 20 bp linker DNA 

beyond the Pst1 restitution site and used this mutant 601 DNA to reconstitute three 

nucleosomes including wild type (nu’) with no histone modification, nu’-H3K18ac, and nu’-

H3K36ac for analyzing effects of acetylation of H3 K18 and H3 K36 on Pst1-catalyzed 

restriction digestion of the wrapping DNA (Figure 8B and Figure S9). We introduced the 

Pst1-cutting site at the entry/exit site in order to maintain the nucleosome integrity after 

Pst1-catalyzed restriction cleavage of the tail linker DNA fragment. Since the digested 

nucleosome has a shorter DNA, it will run faster than the original nucleosome and can be 

easily visualized in a 5% 1× TBE native-PAGE gel after EtBr staining. We included nu’-

H3K18ac in our analysis to see whether acetylation may generally increase DNA 

unwrapping from the nucleosome histone core. As shown in Figure 8C, Pst1 showed higher 

activities to digest DNA in nu’-H3K18ac and nu’-H3K36ac than DNA in nu’ that had no 

histone lysine acetylation. The effect of H3K36 acetylation is much more significant than 

that of H3K18 acetylation (Figure 8D). The loose nucleosome conformation caused by 

H3K36ac could be an explanation why H3K36ac has correlated with activated gene 

transcription56 and higher chromatin remodeling activity of chd1.57 The H3K56 residue is 

located at a histone core region close to the DNA entry-exit site. Published crystal structures 

have shown that it interacts electrostatically and directly with the wrapping DNA.55,58 Its 

acetylation that neutralizes the side chain charge is expected to significantly weaken the 

DNA-core binding and therefore lead to an even more relaxed nucleosome conformation 

than H3K36ac. To confirm this aspect, we assembled nu’-H3K56ac and did a similar Pst1 

digestion analysis. Our results showed that nu’-H3K56ac is more readily digested by Pst1 

than nu’-H3K36ac (Figure 8D), confirming what we expected.
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SIRT7 deacetylates H3K37 in vitro.

A recent report indicated that SIRT7 might also be catalytically active to deacetylate 

H3K37.59 To test this aspect, we expressed H3K37ac and subsequently assembled nu-

H3K37ac. Incubating nu-H3K37ac with SIRT7 followed by Western blotting clearly 

indicated that SIRT7 removed acetylation from H3K37 (Figure 9A). To compare the in vitro 
deacetylation activity of SIRT7 on the three currently known H3 lysine substrates of SIRT7, 

we analyzed time-based SIRT7-catalyzed deacetylation of nu-H3K18ac, nu-H3K36ac, and 

H3K37ac (Figures 9 B–D). Our data indicated that SIRT7’s activity on nu-H3K37ac is 

significantly lower than that on nu-H3K36ac but higher than that on nu-H3K18ac. Notably, 

however, in SIRT7 knockout U2OS cell lines, H3K37ac levels were not significantly altered 

in comparison to control cells (Figure 9E). This observation indicates that SIRT7 does not 

have a physiologic role in maintaining global H3K37 deacetylation in cells. It is possible 

that SIRT7 does deacetylate H3K37 in yet-to-be identified physiologic or genomic settings, 

and this will be an interesting area of future research.

DISCUSSION

For kinetic analysis of histone modifying enzymes, peptide-based substrates are typically 

used, which accounts for straightforward characterization of both substrates and products 

using HPLC, mass spectrometry, and other methods. However, these analytical methods are 

difficult to apply to histone and nucleosome-based substrates. Although Western blot can 

serve as an alternative analytical approach, accurate quantification based on antibody 

detection is relatively difficult. Inspired by the finding that some sirtuins are general 

deacylases that catalytically remove a number of acylation types, we previously 

demonstrated that a long chain terminal olefin-containing fatty acylation on a nucleosomal 

lysine in combination with an olefin-tetrazine cycloaddition reaction to fluorescently label a 

fatty acyl-nucleosome allowed characterization of SIRT6-targeted histone deacylation in the 

nucleosome context.48 However, the reaction used in the SIRT6 study was kinetically slow, 

which required long labeling time. To resolve this problem, we demonstrated the genetic 

encoding of AzHeK in the current study for the synthesis of azide-containing fatty acyl-

nucleosomes that can be quickly labeled with a DBCO-based dye but still serve as substrates 

for SIRT7. Using this new click chemistry-based approach, we expediently characterized 

SIRT7-catalyzed deacylation on multiple acyl-nucleosome substrates. Given that SIRT1, 

SIRT2, SIRT6, and SIRT7 share similar catalytic features40 and some Zn2+-dependent 

HDACs are also active to remove long chain fatty acylation from histone lysines,60,61 this 

newly developed method can potentially serve as an efficient tool to study all these enzymes.

SIRT7 is a demonstrated histone H3K18 deacetylase in cells. However, it doesn’t display 

appreciable activity when assayed on H3K18ac as a free histone H3 protein. Our studies also 

showed no SIRT7 activity with 8 other acetyl-H3 histone substrates. Apparently, SIRT7 is 

inactive toward a stand-alone acetyl-histone substrate. SIRT7 has an isoelectric point (pI) as 

9.8. This high pI makes it highly positively charged at physiological pH. The calculated 

positive net charges determined by Protein Calculator v3.4 at pH 7.4 for SIRT7 are about 24. 

Histone H3 naturally has many lysine and arginine residues, which result in also a high pI 

value as 11.1. At pH 7.4, an acetyl-H3 will have positive net charges about 19. Since both 
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SIRT7 and an acetyl-H3 substrate are highly positively charged at physiological pH, they 

will naturally have strong electrostatic repulsion that prevents their direct binding for 

deacetylation. This explains our in vitro data and also supports the notion that SIRT7 doesn’t 

natively deacetylate free histones in cells. We have also made a similar observation with 

SIRT6, a close homolog of SIRT7. Although SIRT6 actively removes acetylation from 

H3K9 in cells,8 it is inactive toward an H3K9ac substrate in vitro. Like SIRT7, SIRT6 has a 

high pI value as 9.3 that makes it highly positively charged at physiological pH and 

consequently repels the binding of an acetyl-H3 substrate. Although SIRT6 and SIRT7 

naturally repel acetyl-histone substrates, their highly positively charged nature makes them 

easily associate electrostatically with negatively charged DNA in chromatin, consistent with 

their reported functions as chromatin binding enzymes. In a chromatin setting, not only does 

chromosomal DNA neutralize positive charges in both SIRT6 or SIRT7 and an acetyl-

histone substrate for relieving their electrostatic repulsion, but it also serves as a mediator to 

bring SIRT6 or SIRT7 and the acetyl-histone substrate into close proximity for 

deacetylation. As shown here for SIRT7 and previously for SIRT6, putting H3K18ac and 

H3K9ac in a nucleosome context significantly enhanced their deacetylation by SIRT7 and 

SIRT6, respectively. Therefore, both enzymes are nucleosome-dependent deacylases. DNA 

in chromatin also serves to activate SIRT7. A previous report showed that free DNA 

activates SIRT7-catalyzed deacetylation of an acetyl-peptide substrate.33 We re-evaluated 

this potential DNA activating effect using both an acyl-nucleosome substrate and an acyl-

H3-H4 tetramer substrate. Providing free DNA clearly inhibited SIRT7-catalyzed 

deacylation of the acyl-nucleosome substrate. However, adding a small amount of DNA to 

the acyl-H3/H4 tetramer substrate significantly improved its deacylation by SIRT7 at the 

beginning but this improvement was offset when additional DNA was added. These results 

support our conclusion that DNA serves only as a mediator to bring SIRT7 and an acyl-

histone substrate into close proximity for deacylation. Free DNA competes against an acyl-

nucleosome substrate for binding SIRT7 and therefore inhibits SIRT7-catalyzed deacylation 

of the acyl-nucleosome substrate. However, when DNA is provided in a small amount to an 

acyl-H3-H4 tetramer substrate, a single DNA fragment is able to bind both SIRT7 and the 

acyl-H3-H4 tetramer substrate to form a 1:1:1 complex and therefore serves to bring them to 

close proximity for interactions and deacylation. When provided in a large amount, 

additional DNA competes against the formation of a DNA-SIRT7-substrate (1:1:1) complex 

that is required for deacylation and consequently brings down the SIRT7-catalyzed 

deacylation of the acyl-H3-H4 tetramer substrate. The interactions between DNA and SIRT7 

are largely electrostatic in nature. When we provided NaCl that disrupts electrostatic 

interactions, the activity of SIRT7 on an acyl-nucleosome substrate was clearly inhibited. We 

further confirmed the electrostatic nature of DNA-SIRT7 interactions by appending an acyl-

nucleosome substrate with two additional linker DNAs to show an improved deacylation 

activity by SIRT7. These linker DNAs do not directly participate in the nucleosome complex 

formation. Their negative charges are less neutralized like the wrapping DNA. With more 

net negative charges, they were expected to interact more efficiently with SIRT7 than the 

wrapping DNA for improving SIRT7 binding and recognition of the integrated acyl-histone 

substrate in the nucleosome context for deacylation. This was exactly what our results 

showed.

Wang et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2019 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our current SIRT7 study also points out a critical aspect of epigenetic enzymes that might 

have been long ignored in their biochemical analysis. Most histone modifying enzymes 

naturally interact directly or indirectly with chromatin in which the nucleosome is the 

smallest subunit. It is logical to consider that corresponding nucleosome substrates might be 

minimally required to study these enzymes in a setting that properly recapitulates the 

physiologic context of their catalytic activity in cells. However, for convenience reasons, 

many biochemical studies of histone modifying enzymes have been based on peptide 

substrates or free histone proteins. How much the activity of a histone modifying enzyme on 

a peptide or histone substrate deviates from that on a nucleosome or chromatin substrate is a 

significant concern. Many histone modifying enzymes such as GCN5, MLL1–2, Suv39h1–2, 

Suv420h1–2, Dot1L, and KDM4D share highly basic features similar to SIRT6 and SIRT7. 

Thus, their strong interactions with chromatin for improved activities on histones are 

expected. There are also a large number of histone modifying enzymes that have strong 

acidic features. Most Zn2+-dependent HDACs have relatively low pI values. At 

physiological pH, they are highly negatively charged and thus expected to bind tightly to 

histones but resist the association with chromatin. Although peptide substrate-based data 

have indicated strong deacetylation activities for most Zn2+-dependent HDACs,62 it is 

doubtful that these enzymes behave the same on nucleosome or chromatin substrates. Many 

Zn2+-dependent HDACs are part of transcription factor complexes that associate with 

chromatin. It is highly possible they are brought into interactions with their histone 

substrates within chromatin by their associated partners in these complexes to avoid 

electrostatic repulsion with chromatin DNA. As shown in a recent study, an HDAC1 

complex behaves very differently on peptides and nucleosome substrates.63 Supported by 

the SIRT7 study in this work and our previous study with SIRT6, we strongly recommend 

re-characterizing biochemistry of most histone modifying enzymes using related 

nucleosome substrates.

As for SIRT7-targeted H3 lysine deacetylation sites, we have successfully confirmed the 

previously discovered H3 K18 site, but in addition, have uncovered H3K36 and H3K37 as 

surprising new substrate sites. Moreover, SIRT7 is several folds more active in deacylating 

H3K36 than H3K18. We did not observe appreciable activities on other tested H3 lysine 

sites. H3K18 and H3K36 have both low peptide sequence resemblance and low chemical 

environment resemblance. How SIRT7 recognizes these two dissimilar lysine sites for 

deacylation is very intriguing. Interestingly, H3K18 highly resembles H3K9 and H3K27 in 

peptide sequence contexts. All three lysines are in the H3 N-terminal tail with much lower 

structural constraint in comparison to H3K36 that is at the DNA entry/exit site of the 

nucleosome dyad. Our previous study showed that SIRT6 was mainly active in deacylating 

these three H3 lysine sites probably due to their consensual sequence contexts.48 It is quite 

puzzling that SIRT7, a close homolog of SIRT6, deacylates H3K18 but is totally inert toward 

H3K9 and H3K27. Given that H3K36 is at the DNA entry/exit site of the nucleosome dyad, 

unwrapping DNA partially from the nucleosome core will be necessary to leave enough 

space for SIRT7 to bind and deacylate it. How SIRT7 unwraps DNA and then interacts with 

both DNA and H3K36 is perplexing. Before the structure of SIRT7 complexed with an acyl-

nucleosome substrate is finally determined, we hesitate to postulate a theory to explain our 

observation.
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H3K36ac is an active transcription mark that accumulates at transcription start sites.56 It is 

enriched in euchromatin, which is possibly due to its potential weakening of the nucleosome 

complex.64 Our in vitro assembled nu’-H3K36ac did show more DNA unwrapping than the 

nucleosome without any acetylation (Figure 8). When we overexpressed SIRT7 in cells, we 

observed down-regulation of acetylation at both H3K18 and H3K36, confirming H3K36 as a 

cellular deacetylation target of SIRT7. Importantly, we also showed that loss of SIRT7 in 

human cells leads to hyperacetylation of H3K36, which can be detected at the level of whole 

cell extracts, isolated nucleoli, and select SIRT7 target promoters. These findings 

demonstrate that endogenous SIRT7 has an essential function in determining the physiologic 

levels of this acetylation mark. A previous study revealed that providing nicotinamide, a 

sirtuin inhibitor, to cells leads to significant acetylation level increases at H3K36.65 Our 

study implies that this effect is highly likely due to the inhibition of SIRT7.

Our biochemical fractionation and ChIP studies also reveal the pivotal role of SIRT7 in 

maintaining low H3K36ac levels at rDNA in nucleoli. SIRT7 has two distinct functions at 

rDNA sequences, which exist in either active or silent chromatin states. At active rDNA, 

where SIRT7 was previously linked to rDNA transcriptional activation, SIRT7-dependent 

removal of H3K36ac might allow for maintenance of H3K36me3, which is associated with 

transcription elongation.22 By contrast, at silent rDNA regions, H3K36 deacetylation by 

SIRT7 might have a novel function in contributing to SIRT7 effects on heterochromatin 

maintenance and prevention of rDNA instability.23 Intriguingly, we also detected increased 

levels of TTAGGG repeats in the ChIP-seq reads from SIRT7-knockdown cells compared to 

controls, suggesting a potential function of SIRT7 deacetylase activity on H3K36 at 

telomeres. However, we have not previously detected SIRT7 at telomeres, and additional 

studies will be important to evaluate this possibility. Finally, SIRT7 is recruited to DNA 

DSBs where it contributes to DNA damage responses.31 An intriguing possibility is that 

SIRT7-dependent deacetylation of H3K36 at DSBs might clear the way for generation of 

H3K36me3, a critical mediator of DNA damage signaling.

CONCLUSION

In summary, we have genetically encoded AzHeK in E. coli for the in vitro synthesis of 

acyl-nucleosomes that contained an azide functionality and successfully used these 

recombinant acyl-nucleosomes in conjunction with the strain-promoted azide-alkyne 

cycloaddition reaction for acyl-nucleosome labeling to study SIRT7, an epigenetic histone 

modifier. Our data indicated that SIRT7 is a highly active histone H3 K36 deacylase and this 

activity is chromatin-dependent. We further showed that SIRT7 interactions with chromatin 

DNA are electrostatic in nature and SIRT7 is catalytically active to remove acetylation of H3 

K36 in cells. H3K36ac natively leads to a weakened nucleosome structure that might 

contribute to euchromatin formation and active transcription. Our data suggest several novel 

non-mutually exclusive models in which removal of H3K36ac by SIRT7 in distinct settings 

may contribute to rDNA heterochromatin silencing and stability, active transcriptional 

elongation, or DNA damage repair.
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Figure 1. 
A click chemistry-based approach to profile SIRT7-targeted chromatin lysine deacylation 

sites. AzHeK that structurally resembles DeK is site-specifically incorporated into a histone 

that is further assembled in vitro with other histones and 601 DNA into an acyl-nucleosome. 

This acyl-nucleosome can be labeled fluorescently with a strained alkyne dye and 

subsequently visualized in a 1× TBE native-PAGE gel. When SIRT7 is catalytically active to 

remove fatty acylation from the incorporated AzHeK to recover lysine, incubating the 

assembled acyl-nucleosome with SIRT7 will remove the fatty acylation and therefore afford 

a deacylated nucleosome that cannot be labeled fluorescently and then visualized in a gel.
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Figure 2. 
The genetic incorporation of AzHeK. (A) A diagram to illustrate the fluorescent labeling of 

a genetically incorporated AzHeK in a protein with MB488-DBCO, a strained alkyne dye 

from Click Chemistry Tools LLC. (B) The selective incorporation of AzHeK into ubiquitin 

at its K48 position to afford UbK48az. We transformed BL21(DE3) cells with plasmid 

pEVOL-OcKRS coding OcKRS and tRNACUA
Pyl  and plasmid pETDuet-UbK48Am coding a 

ubiquitin gene with an amber mutation at the K48 coding position and then grew the 

transformed cells in 2YT media with or without 1 mM AzHeK. (C) The selective labeling of 

UbK48az with MB488-DBCO. Reaction conditions: we incubated UbK48az with 100 μM 

DBCO-MB488 for 1 h before doing the in-gel fluorescence analysis. (D) The MALDI-TOF 

MS spectrum of UbK48az. The calculated molecular weight is 9540.7 Da.
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Figure 3. 
SIRT7 actively removes acylation from H3 K18 and H3 K36 in the nucleosome context. (A) 

SDS-PAGE analysis of eight purified AzHeK-containing H3 proteins. (B) Acyl-nucleosomes 

that we assembled from eight acyl-H3 proteins, H2A, H2B, H4, and 601 DNA (147 bp). Nu-

H3K4az denotes an acyl-nucleosome assembled from H3K4az. All other acyl-nucleosomes 

are named in the same way. Mononucleosomes are typically shown around the 500 bp DNA 

position in an EtBr-stained 5% 1× TBE native-PAGE gel. (C) SIRT7 catalyzed deacylation 

activities on eight acyl-nucleosome substrates. Reaction conditions: we incubated 1 μM 

acyl-nucleosome with 0.5 μM SIRT7, 0.5 mM BME and 1 mM NAD+ at 37 °C for 2 h 

before we quenched the reaction by the addition of 20 mM nicotinamide. We then labeled 

the resulted acyl-nucleosome substrate with 100 μM MB488-DBCO for 1 h and analyzed it 

fluorescently in an 8% 1× TBE native-PAGE gel. The top panel shows the MB488-DBCO-

based fluorescent imaging and the bottom panel shows the EtBr-stained DNA from the same 

gel. (D) Quantified deacylation levels at eight H3 lysine sites. We repeated experiments 

show in C thrice and calculated the deacylation level at each site by subtracting average 

MB488-DBCO-based fluorescence intensity of SIRT7-treated samples from that of 

untreated controls.
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Figure 4. 
Effects of DNA and salt on SIRT7-catalyzed deacylation. (A) Free DNA inhibits SIRT7-

catalyzed nucleosome deacylation. Reaction conditions: we incubated 1 μM nu-H3K36az 

with 0.1 μM SIRT7, a varied concentration of 147 bp DNA, 1 mM NAD+ and 0.5 mM BME 

at 37 °C for 3 h before we labeled the solution with 100 μM MB488-DBCO and analyzed 

the acyl-nucleosome substrate fluorescently in a 1× TBE native-PAGE gel. The top panel is 

MB488-DBCO-based imaging that indicates relative acylation levels and the bottom panel is 

EtBr-based imaging that confirms the nucleosome integrity. (B) Salt inhibits SIRT7-

catalyzed nucleosome deacylation. Conditions were as same as in A except we replaced free 

DNA with NaCl. (C) Free DNA has a binary role on SIRT7-catalyzed deacylation of the 

H3K36az-H4 tetramer substrate. Reaction conditions: we incubated 2 μM H3K36az-H4 

tetramer with 1 μM SIRT7, a varied concentration of 147 bp DNA, 0.5 mM BME, and 1 mM 

NAD+ at 37 °C for 2 h before we labeled the solution with 100 μM MB488-DBCO and 

analyzed the tetramer substrate fluorescently in a SDS-PAGE gel.
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Figure 5. 
A linker DNA on an acyl-nucleosome substrate improves SIRT7-catalyzed deacylation. (A) 

A diagram to illustrate how a linker DNA affiliates the binding of SIRT7 to an acyl-

nucleosome substrate. (B) The in vitro assembly of nu-H3K18az and nu-H3K36az with 

different lengths of linker DNAs. The gel showed the EtBr-stained nucleosomes. (C) The 

catalytic removal of acylation from nu-H3K36az substrates that contained different lengths 

of linker DNAs. Reaction conditions: we incubated a 1 μM H3K36az nucleosome with 0.1 

μM SIRT7, 1 mM NAD+ and 0.5 mM BME at 37 °C for various times before we quenched 

the reaction by adding 20 mM nicotinamide, labeled the solution with 100 μM MB488-

DBCO for 1 h, and then analyzed the nucleosome substrate fluorescently by 8% 1× TBE 

native-PAGE gel. (D) The catalytic removal of acylation from nu-H3K18az substrates that 

contained different lengths of linker DNAs. Reaction conditions were as same as for nu-

H3K36az substrates except higher amount of SIRT7 (0.3 μM) was used. (E-F) Quantified 
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deacylation percentage vs time for two acyl-nucleosome substrates. Reactions shown in C 
and D were repeated thrice. Deacylation was calculated and averaged by subtracting 

MB488-DBCO-based fluorescence intensity at different time points from that at 0 min.
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Figure 6. 
SIRT7 catalyzes deacetylation at H3 K18 and H3 K36 in cells. (A) SIRT7 activities on a 

number of in vitro assembled acetyl-nucleosomes. Reaction conditions: we incubated an 

acetyl-nucleosome (1 μM) with or without 0.3 μM SIRT7 for 2 h before we analyzed the 

reaction by SDS-PAGE and then probed the acetylation level and H3 by anti-H3K36ac 

antibody and an anti-H3 antibody, respectively. We tested both a nu-H3K36ac nucleosome 

without a linker DNA and the one with a 20 bp linker DNA. All other acetyl-nucleosomes 

contained a 20 bp linker DNA. (B) Acetylation levels detected by Western blotting at K9, 

K14, K18, K23, K27, and K36 of histone H3 in SIRT7-transfected cells with respect to those 

in control cells that expressed just EGFP or an inactive SIRT7 mutant. Signals were probed 

by site-specific Kac antibodies.
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Figure 7. 
SIRT7 is a physiologic nucleolar and nucleoplasmic H3K36 deacetylase. (A) Immunoblot 

showing increased H3K36ac levels in whole cell lysates from SIRT7 knock-down (KD) 

U2OS cells compared to control cells. (B) ChIP-PCR showing increased H3K36ac levels at 

promoters of SIRT7 target genes RPS20 and MRPS18b, but not COPS2, in SIRT7 KD 

versus control U2OS cells. Two independent H3K36ac antibodies (Ab 1 and 2) were used. 

Data show the average of three technical replicates +/− SEM, and are representative of 2–4 

biological replicates. Statistical significance was calculated performing Student’s t-test. (C) 

Immunoblot of nucleolar fractionation showing increased levels of H3K36ac in SIRT7 KD 

cells versus control cells. β-Tubulin, p84, and FBL or UBF are shown as marker controls for 

cytoplasmic, nucleoplasmic, and nucleolar fractions, respectively. (D) Immunoblot of 

nucleolar fractionation of SIRT7 knockout versus control U2OS cells. (E) ChIP-PCR 

showing increased levels of H3K36ac at 18S rDNA sequences in SIRT7 KD cells. Data 
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show the average of three biological replicates +/− SEM. Statistical significance was 

calculated performing Student’s t-test. (F) ChIP-seq enrichment analysis of H3K36ac at 

repetitive sequences in SIRT7 KD versus control U2OS cells. Bar plot of log10(p-value) 

shows statistically significant enrichment of H3K36ac in SIRT7-KD cells at rDNA (18S, 

28S) and telomeric (TTAGGG) repeats, but not at repetitive sequences from 20 specific 

centromeres (CT), 6 specific pericentromeres (PCT), or 4 centromeric and 4 pericentric 

consensus sequences. P-values were calculated performing Chi-squared test.
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Figure 8. 
Lysine acetylation at H3 K36 improves DNA unwrapping from the nucleosome core. (A) A 

diagram to illustrate how H3K36ac increases DNA unwrapping from the nucleosome core 

and subsequent Pst1 access to an embedded Pst1 restriction site. (B) The in vitro assembly 

of three nucleosomes, nu’, nu’-H3K18ac, nu’-H3K36ac, and nu’-H3K56ac from 

corresponding histones and a mutant 601 DNA that had a Pst1 restriction site and a linker 

DNA. The gel shows EtBr-stained nucleosomes. (C) Pst1 digestion progress of four 

nucleosomes versus time. Reaction conditions: we incubated a 0.49 μM nucleosome with 2 

U/uL Pst1 at 37 °C for various times before the reaction was stopped and the solution was 

analyzed by 5% 1× TBE native-PAGE. The gel was stained by EtBr. The top band in a lane 

shows the nucleosome with the linker DNA and the bottom band represents the one with the 

linker DNA removed. (D) The calculated ratio of digested nucleosome to undigested 

nucleosome vs time. We calculated and averaged the ratios based on integrated fluorescence 

intensities of original and digested nucleosome bands in gels.
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Figure 9. 
SIRT7 deacetylates H3K37ac in vitro. (A) In vitro deacetylation of nu-H3K37ac by SIRT7. 

Reaction conditions: nu-H3K37ac (1 μM) was incubated with or without 0.3 μM SIRT7 for 

2 h, and then analyzed by SDS-PAGE and Western blot. (B-D) Time-based deacetylation of 

nu-H3K37ac, nu-H3K36ac, and nu-H3K18ac by SIRT7. Reaction conditions: 1 μM acetyl-

nucleosomes were incubated with 0.1 μM SIRT7, 1 mM NAD+ and 0.5 mM BME at 37 °C 

for various times followed by reaction quenching in 20 mM nicotinamide, and acetylation 

levels were analyzed by Western blot. Reactions were repeated thrice and average 

acetylation levels at different times are presented in the bottom panel diagram. (E) 

Immunoblot of nucleoplasmic and nucleolar fractions from control and SIRT7 knockout cell 

lines. Data showed global increase in H3K36ac but not H3K18ac or H3K37ac levels. p84 

and FBL are shown as marker controls for nucleoplasmic and nucleolar fractions, 

respectively.
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