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Abstract

As a member of a highly conserved family of NAD+-dependent histone deacetylases, Sirt6 is a key 

regulator of mammalian genome stability, metabolism, and life span. Previous studies indicated 

that Sirt6 is hardwired to remove histone acetylation at H3K9 and H3K56. However, how Sirt6 

recognizes its nucleosome substrates has been elusive due to the difficulty of accessing 

homogenous acetyl-nucleosomes and the low activity of Sirt6 toward peptide substrates. Based on 

the fact that Sirt6 has an enhanced activity to remove long chain fatty acylation from lysine, we 

developed an approach to recombinantly synthesize histone H3 with a fatty acylated lysine, Nε-(7-

octenoyl)-lysine (OcK), installed at a number of lysine sites and used these acyl-H3 proteins to 

assemble acyl-nucleosomes as active Sirt6 substrates. A chemical biology approach that visualizes 

OcK in nucleosomes and therefore allows directly sensitizes Sirt6 activities on its acyl-nucleosome 

substrates was also formulated. By combining these two approaches, we showed that Sirt6 actively 

removes acylation from H3K9, H3K18, and H3K27, has relatively low activities toward H3K4 and 

K3K23, but sluggishly removes acylation at H3K14, H3K36, H3K56, and H3K79. Overexpressing 

Sirt6 in 293T cells led to downregulated acetylation at H3K18 and K3K27, confirmed these two 

novel Sirt6-targeted nucleosome lysine sites in cells. Given that downregulation of H3K18 

acetylation is correlated with poor prognosis of several cancer types and H3K27 acetylation 

antagonizes repressive gene regulation by di- and trimethylation at H3K27, our current study 

implies that Sirt6 may serve as a target for cancer intervention and regulatory pathway 

investigation in cells.

Introduction

As a founding member of NAD+-dependent histone deacetylases or sirtuins, Saccharomyces 
cerevisiae Sir2 removes lysine acetylation from histones H3 and H4 and subsequently 

impacts genome stability, gene silencing, and yeast lifespan.1, 2 There are seven Sir2 

homologs in mammalian cells, Sirt1-7.3 Among mammalian sirtuins, Sirt1, Sirt6, and Sirt7 
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are primarily localized in the nucleus.4 Their functions have long been considered to remove 

lysine acetylation from chromatin. However, unlike Sirt1 that displays high deacetylation 

activities toward acetyl-peptide substrates, both Sirt6 and Sirt7 only sluggishly remove 

acetylation from acetyl-peptide substrates.5, 6 A recent discovery that Sirt6 has enhanced 

activities toward fatty acyl-peptide substrates and directly regulates lysine myristoylation of 

tumor necrosis factor alpha (TNF-α) has led to speculation that Sirt6 serves primarily to 

remove lysine fatty acylation instead of conventional lysine acetylation.7, 8 However, both 

knock-down/out and overexpressing Sirt6 in cells have shown clear acetylation pattern 

changes at H3K9 and H3K56, indicating deacetylation activities of Sirt6 at these two 

sites.9-11 The discrepancy between weak in vitro activities of Sirt6 on acetyl-peptide 

substrates and robust deacetylation of H3K9 and H3K56 by Sirt6 in cells may be due to 

additional cellular factors that contribute to Sirt6 activation but were missing in the in vitro 
analysis. Indeed, a recent report by Cohen et al. showed higher deacetylation activities of 

Sirt6 on nucleosomes assembled from bulk chicken histones than bulk chicken histones 

themselves, implying that the nucleosome structure may contribute to Sirt6 activity.12 

However, the molecular details of this activation are complicated by the high heterogeneity 

of the bulk chicken histones used in this study, which contained multiple histone isoforms 

and many modification types and their combinations. To understand how Sirt6 recognizes its 

acetyl-lysine substrates on the nucleosome level and how precisely the nucleosome structure 

activates Sirt6 at molecular details, homogenous acetyl-nucleosome substrates are required. 

However, this has been hampered due to the formidable difficulty of their synthesis using 

traditional methods.13, 14 Despite the remaining doubts of Sirt6 biochemistry, mounting 

evidence has proven the critical functions of Sirt6 in metabolism, inflammation, and genome 

stability.15 Transgenic mice overexpressing Sirt6 have low LDL cholesterol and triglyceride 

levels, reduced body fat, improved glucose tolerance, and a long lifespan. However, Sirt6-

deficient mice show a markedly degenerative phenotype and have a short lifespan, 

hypoglycemia, and defects in DNA repair.16 Given its role in regulating glycolysis, loss of 

Sirt6 leads to tumor formation independent of oncogene activation.16 This tumor-

suppressing role is also supported by the fact that Sirt6 is downregulated in several human 

cancers including pancreatic and colorectal cancers.17, 18 However, other studies also 

suggest oncogenic effects of Sirt6. Expression of Sirt6 has been associated with poor 

prognosis and chemosensitivity in patients with non-small cell lung, breast, prostate, and 

skin cancers.19-22 Sirt6 also plays a role in inflammatory pathways, exerting anti-

inflammatory effects at the transcriptional level and in bone metabolism, culminating in low-

turnover osteopenia in Sirt6-deficient mice.23

It is obvious that Sirt6 plays a number of roles in cells, in strong contrast to the very few 

deacetylation targets that have been identified so far. Recently we demonstrated that both 

Sirt1 and Sirt2 do not have sequence preferentiality when they target nucleosomal lysines for 

their deacetylation.24 Due to its high structural similarity with Sirt1 and Sirt2, Sirt6's 

selective targeting of certain histone sites is of a surprise. There are many lysines in the four 

histones whose sequence contexts resemble H3K9 and H3K56. Potentially those are Sirt6-

targeted deacetylation sites but they have not yet tested. As for H3K56, it is located at the 

nucleosome core region. Unlike H3K9, which is at the H3 N-terminal tail and flexible when 

binding Sirt6, the surrounding residues of H3K56 have rigid structures. Sirt6 recognition of 
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H3K56 must be dramatically different from that of H3K9. This aspect needs to be addressed 

using nucleosome substrates that have acetylation site-specifically installed at H3K9 and 

H3K56, respectively. In the current study, we showed that Sirt6-targeted nucleosomal 

deacylation sites can be swiftly screened and studied using nucleosome substrates site-

specifically modified with a fatty acyl-lysine that can be covalently and fluorescently labeled 

by a dye.

Results

A chemical biology approach to screen Sirt6-targeted nucleosomal deacylation sites

To search histone H3 lysines that can be targeted by Sirt6 for deacetylation, we initiated our 

study using recombinant mono-acetylated H3 (acetyl-H3) proteins as potential Sirt6 

substrates. The synthesis of acetyl-H3 proteins was achieved using an evolved 

Methanosarcina mazei pyrrolysyl-tRNA synthetase (AcKRS) that selectively charges its 

cognate tRNAPyl with Nε-acetyl-lysine (AcK or Kac) for the delivery of AcK at an amber 

mutation site in histone H3 in Escherichia coli.25, 26 Using this approach, nine acetyl-H3 

proteins with AcK installed at K4, K9, K14, K18, K23, K27, K36, K56, and K79 

(H3K4-79ac) were synthesized and purified to homogeneity (Supplementary Figure 1). For a 

comparative study, activities of three sirtuin enzymes, Sirt1, Sirt2, and Sirt6 on these acetyl-

H3 substrates were analyzed. The acetyl-H3 proteins (6.4 μM) were solubilized in buffer 

containing 0.5 M arginine and incubated with a sirtuin enzyme (0.4 μM) for 12 h followed 

by Western blot analysis of relative acetylation level changes (Supplementary Figure 2). We 

noticed strong Sirt1- and Sirt2-catalyzed deacetylation for most acetyl-H3 proteins. In 

striking contrast, there was no significant Sirt6-catalyzed deacetylation for the acetyl-H3 

proteins. Weak deacetylation activity of Sirt6 toward peptide substrates has been well 

documented. Here we show that using acetyl-H3 proteins as substrates doesn't significantly 

improve Sirt6's deacetylation activity. Since not every specific acetylation has a 

commercially available antibody for its detection, the pan-Kac antibody from PTM Biolabs 

was used in our study. We noticed that this antibody has varied recognition abilities toward 

different acetylation sites and it recognizes acetylation at H3K36 weakly. This feature has 

been commonly observed for a pan antibody.

Inspired by the observation made by Lin, Denu, and their coworkers that Sirt6 has enhanced 

deacylation activities toward peptide substrates containing a long chain fatty acyl-lysine and 

the observation by Cohen et al. that the nucleosome structure may activate Sirt6,7, 8, 12 we 

sought to synthesize acyl-H3 proteins with a long chain fatty acyl-lysine and use them to 

assemble corresponding acyl-nucleosomes as active substrates for screening Sirt6-targeted 

nucleosomal deacylation sites, though long chain fatty acylation on histones is artificial. To 

analyze Sirt6-catalyzed deacylation on these acyl-nucleosome substrates, they could be 

directly transferred to membranes for Western blot analysis with corresponding fatty acyl-

lysine detecting antibodies. It is critical for us to directly analyze deacylation levels on acyl-

nucleosome substrates instead of on acyl-H3 proteins because the dissolution of acyl-

nucleosomes during assays to acyl-H3 proteins or their tetramers with H4 will jeopardize 

our analysis and provide misleading results about what sites are targeted by Sirt6 at the 

nucleosome level. Unfortunately, no commercial antibodies for lysine fatty acylation 
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detection are available. An alternative analytical approach is to use mass spectrometry (MS). 

However, doing MS analysis on intact nucleosomes is very challenging. To overcome this 

analytical obstacle, we designed a chemical biology approach as illustrated in Figure 1. 

Previously we have shown that a tetrazine undergoes inverse electron-demand Diels-Alder 

reaction readily with an aliphatic (non-strained) terminal olefin under physiological 

conditions and at ambient temperature. This reaction is bioorthogonal and has been applied 

to label proteins containing a terminal olefin in live cells.27 Given the high structural 

similarity between an aliphatic terminal olefin and an ethyl group, changing the ethyl group 

at the end of the fatty acyl chain of an acyl-lysine to an olefin is not expected to significantly 

alter Sirt6 deacylation activity toward this fatty acyl-lysine in the nucleosome context. 

However, the alkene handle will allow for direct labeling of the corresponding acyl-

nucleosome with a fluorogenic tetrazine dye, followed by native PAGE analysis. The acyl-

nucleosome in a native PAGE gel can also be stained with ethidium bromide (EtBr) to 

confirm its nucleosomal state. If Sirt6 is active toward this acyl-nucleosome for its 

deacylation, the resulting non-modified nucleosome cannot be labeled with a tetrazine dye 

but is still visible after staining with EtBr. Therefore by comparing tetrazine-based 

fluorescent intensities of the original acyl-nucleosome and its Sirt6-treated counterpart, Sirt6 

deacylation activity toward this acyl-nucleosome can be obtained. In the following section, 

we will describe how we applied this approach to fish out Sirt6-targeted H3 lysine sites at 

the nucleosome level.

The genetic incorporation of Nε-(7-octenoyl)-lysine (OcK)

In order to genetically incorporate a terminal olefin-containing fatty acyl-lysine into H3, we 

exploited the amber suppression-based noncanonical amino acid mutagenesis approach 

similarly as in the synthesis of acetyl-H3 proteins. Denu et al. showed that Sirt6 has an 

enhanced deacylation activity toward lysine with a fatty acyl chain length of 8-14 carbons.7 

Based on this observation, we synthesized two terminal olefin-containing fatty acyl-lysines, 

OcK (or Koc) (Figure 2A) and Nε-(9-decenoyl)-lysine (DeK). OcK can be dissolved in 

water up to 2 mM; however, DeK is barely soluble. We did not synthesize any acyl-lysine 

with a chain length long than 10 carbons given its insoluble tendency in water. Since we 

typically use 1 mM noncanonical amino acid for expressing noncanonical amino acid-

containing proteins, OcK is a viable choice. For its incorporation, mutant M. mazei 
pyrrolysyl-tRNA synthetases that selectively charge tRNAPyl with OcK were first identified 

from a pyrrolysyl-tRNA synthetase gene library in which codons for four active site 

residues, Y306, L309, C348, and Y384, of pyrrolysyl-tRNA synthetase were randomized. A 

widely adopted and double-sieved selection protocol was applied for the selection.28, 29 The 

mutant, together with OcK and tRNAPyl, that displays the best amber suppression efficiency 

in E. coli has mutations as L309A/C348S and is coined as OcKRS. A plasmid pEVOL-

OcKRS that contains genes encoding OcKRS and tRNAPyl was then constructed. Together 

with another plasmid pETDuet-UbK48Am that contains a gene encoding ubiquitin with an 

amber mutation at K48 and a C-terminal 6×His tag, was used to transform E. coli 
BL21(DE3) cells. Growing the transformed cells in LB supplemented with 1 mM OcK 

afforded the expression of full-length ubiquitin Ub-K48oc to a level of 15 mg L-1. In the 

absence of OcK, there was only a minimal amount of full-length ubiquitin expressed, 

confirming that OcKRS is specific for OcK (Figure 2C). The purified Ub-K48oc was 
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analyzed by electrospray ionization-MS that gave a molecular weight of 9511.5 Da, agreeing 

well with the theoretical molecular weight at 9511.7 Da (Figure 3D, Supplementary Figure 

4). To examine whether OcK in Ub-K48oc can be selectively labeled with a fluorogenic 

tetrazine, a previously synthesized tetrazine dye FITC-TZ (Figure 2B) was employed. After 

incubation with 100 μM FITC-TZ for 2 h, Ub-K48oc exhibited strong fluorescence in a 

SDS-PAGE gel, which was in striking contrast to the absence of fluorescence for wild type 

ubiquitin, confirming selective labeling of OcK in a protein by a tetrazine dye (Figure 2E).

Sirt6 activities on OcK-containing H3-H4 (oc-H3-H4) tetramers

We next proceeded to synthesize mono-acylated H3 (oc-H3) proteins with OcK incorporated 

at K4, K9, K14, K18, K23, K27, K36, K56, and K79, respectively. E. coli BL21(DE3) cells 

transformed with pEVOL-OcKRS and a pETDuet-H3 vector coding H3 with an amber 

mutation at a designated site were grown in 2YT supplemented with 1 mM OcK to produce 

an Oc-H3 protein. For OcK incorporation at K4-56 of H3 (H3K4-56oc), an N-terminal 

6×His tag followed by a TEV protease digestion site was introduced for affinity purification 

with Ni-NTA resins and subsequent digestion by TEV protease to afford intact oc-H3 

proteins. For OcK incorporation at K79 of H3 (H3K79oc), a truncation product with 

translation terminated at K79 predominated and therefore a C-terminal 6×His tag was 

introduced for easy separation of the full-length H3K79oc from its truncation product. 

Although we cannot remove the C-terminal 6×His tag from H3K79oc without leaving a scar, 

this C-terminal 6×His tag is not expected to affect assembling H3K79oc into either a 

tetramer with H4 or a nucleosome given that the H3 C-terminus is not directly involved in 

interactions with DNA and other histones. All nine oc-H3 proteins were expressed and 

purified to homogeneity (Figure 3A). They were then assembled together with H4 to form 

oc-H3-H4 tetramers (Figure 3B and Supplementary Figure 5). Activities of Sirt6 on these 

tetramers were then analyzed. We tested Sirt6 activities on oc-H3-H4 tetramers instead of 

oc-H3 proteins themselves due to a concern that the 0.5 M arginine that is required to 

solubilize H3 may affect Sirt6 function. After incubating 0.4 μM Sirt6 with an oc-H3-H4 

tetramer (0.8 μM) for 3 h, the treated tetramer was labeled with FITC-TZ, analyzed by SDS-

PAGE, and then fluorescently imaged. The original tetramer without Sirt6 treatment was 

labeled and analyzed by SDS-PAGE in parallel as a control. As shown in Figure 3C, there is 

no significant fluorescent intensity difference on H3 between Sirt6-treated and untreated 

samples for all tetramers except the tetramer assembled from H3K9oc. H3K9oc does show 

weaker fluorescence than its untreated counterpart, indicating that Sirt6 targets this site for 

deacylation although the activity is still weak.

Sirt6 activities on OcK-containing nucleosome (oc-nucleosome) substrates

We next moved on to assemble oc-nucleosomes from oc-H3 proteins and used them as 

substrates for Sirt6 in order to test our hypothesis that the nucleosome structure will activate 

Sirt6, revealing a clearer picture of Sirt6-targeted H3 sites. Following a standardized 

protocol developed by Luger et al.,30 we integrated all 9 oc-H3 proteins into their 

corresponding oc-nucleosomes (Supplementary Figure 6). A wild type nucleosome 

assembled from an unmodified H3 protein was also made as a control. Deacylation activities 

of Sirt6 on these oc-nucleosome substrates were then analyzed by incubating an oc-

nucleosome (0.66 μM) with 0.33 μM Sirt6 for 3 h, followed by labeling with FITC-TZ and 
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native PAGE analysis. FITC-TZ-labeled original oc-nucleosomes were analyzed in parallel 

(Figure 4). FITC fluorescence was imaged, the gels were stained with EtBr, and then EtBr 

fluorescence was imaged. As expected, for all 9 assembled oc-nucleosomes, incubation with 

Sirt6 did not cause their dissemblance. All oc-nucleosomes with and without treatment with 

Sirt6 and the control nucleosome showed strong EtBr-stained DNA bands around 500 bp, 

agreeing well with what the literature has reported about the migration of a 

mononucleosome in a native PAGE gel.30 All nucleosomes have two EtBr-stained bands, 

indicating one major and one minor nucleosome conformer, as previously observed.30 

However, after incubation with Sirt6, H3K4oc-, H3K9oc-, H3K18oc-, H3K23oc-, and 

H3K27oc-nucleosomes displayed much lower FITC-labeling fluorescence than their original 

counterparts. H3K9oc- and H3K18oc-nucleosomes showed almost no FITC labeling after 

their reactions with Sirt6, indicating close to total removal of the fatty acyl group. However, 

H3K36oc-, H3K56oc-, and H3K79oc-nucleosomes that were exposed to Sirt6 showed no 

obvious FITC labeling difference from the original untreated nucleosomes. Thus, it is 

apparent that Sirt6 can target H3K4, H3K9, H3K18, H3K23, and H3K27 for their 

deacylation and that the nucleosome core structure significantly improves Sirt6's catalytic 

activities at these sites. In our in vitro setup, H3K56 is obviously not a preferential 

deacylation site for Sirt6.

Sirt6-targeted lysine sites

To compare catalytic deacylation activities of Sirt6 on the five detected H3 sites, we also 

carried out a time-based analysis. H3K4oc-, H3K9oc-, H3K18oc-, H3K23oc-, and 

H3K27oc-nucleosomes were incubated with Sirt6. Sirt6-catalyzed deacylation was stopped 

through addition of nicotinamide (10 mM) at different times and oc-nucleosome substrates 

were labeled with FITC-TZ, followed by native PAGE analysis. Their FITC-labeling 

intensities were then integrated and plotted for comparison. As shown in Figure 5A, Sirt6 

has similar catalytic efficiencies in removing fatty acylation from H3K9 and H3K18. After 

H3K9oc- and H3K18oc-nucleosomes (0.66 μM) reacted with 0.33 μM Sirt6 for 2 h, the fatty 

acyl group was quantitatively removed from the two nucleosomes. The deacylation activity 

of Sirt6 on H3K27 is slightly lower, but still comparable to H3K9 and H3K18. Residual 

fatty acylation was observed on the H3K27oc-nucleosome (0.66 μM) after incubation with 

Sirt6 (0.33 μM) for 2 h. For the two sites at H3K4 and H3K23, Sirt6 displays similar 

deacylation activities although Sirt6 activities on these two sites are much weaker than on 

H3K9, H3K18, and H3K27. After H3K4oc- and H3K23oc-nucleosomes (0.66 μM) reacted 

with 0.33 μM Sirt6 for 2 h, a significant amount of these two nucleosomes were still fatty 

acylated. This time-based assay allows us to divide Sirt6-targeted H3 lysine sites into two 

groups with the first group including H3K9, H3K18, and H3K27 and the second group 

including H3K4 and H3K23. Sirt6 preferentially targets the first group for deacylation but is 

also catalytically active toward the second group.

Sirt6 catalyzes deacetylation at H3K9, H3K18 and H3K27 in cells

With knowing that H3K9, H3K18, and H3K27 are preferential Sirt6-targeted sites for 

deacylation of fatty acids, we next move on to demonstrate that Sirt6 also catalyzes 

deacetylation at these three sites in an in vitro biochemistry setup and in cells. Three 

corresponding acetyl-nucleosomes were assembled from H3K9ac, H3K18ac, and H3K27ac, 
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respectively, together with H2A, H2B, H4, and 601 DNA (Figure 6A and Supplementary 

Figure 6). These acetyl-nucleosomes (0.66 μM) were then reacted with 0.33 μM Sirt6 for 3 

h, followed by native PAGE analysis, EtBr staining, and the transfer to a membrane for 

probing with a pan anti-Kac antibody (Figure 6B). In the EtBr stained gel, parallel samples 

that were incubated with and without Sirt6 showed similar intensities, indicating that Sirt6 

did not dissemble any acetyl-nucleosome substrate. In the Western blot analysis, the pan 

anti-Kac antibody showed very different detection abilities toward three acetylation sites. 

Although all three original acetyl-nucleosomes were detected by the pan anti-Kac antibody, 

signals for H3K9ac- and H3K27ac-nucleosomes were much stronger than that for H3K18ac-

nucleosome. This observation supports the use of our chemical biology approach that results 

in almost equal detection levels for nucleosomes incorporated with OcK. Notwithstanding 

different detection abilities of the pan anti-Kac antibody toward three acetylation sites, all 

three acetyl-nucleosome samples that reacted with Sirt6 displayed much decreased 

acetylation levels in comparison to their original acetylated counterparts. For H3K9ac- and 

H3K18ac-nucleosomes, no signal was detected, indicating total removal of acetylation; For 

H3K27ac-nucleosome, there was residual acetylation after its reaction with Sirt6 but much 

weaker than acetylation of the original nucleosome. For comparison, acetyl-nucleosomes 

were also assembled from H3K14ac, H3K23ac, and H3K79ac and used as substrates to react 

with Sirt6 in a same setup. As expected, there were no significant acetylation changes for all 

three acetyl-nucleosomes after their reactions with Sirt6 (Figure 6B). To demonstrate that 

Sirt6 targets H3K9, H3K18 and H3K27 for deacetylation in cells, a Sirt6-coding pEGFP 

vector was constructed and transiently transfected into 293T cells for overexpressing Sirt6. 

Cell lysates from Sirt6-transfected and control cells were then separated and probed by 

specific antibodies raised for H3K9ac, H3K18ac, H3K27ac, and H3K23ac. As shown in 

Figure 6C, Sirt6-transfected cells have much weaker acetylation at H3K9, H3K18, and 

H3K27 than control cells. This result confirms that all three sites are indeed targeted by Sirt6 

for deacetylation in cells. However, the acetylation level change for H3K23 in Sirt6-

transfected cells was minimal.

Discussion

As a chromatin-associated protein and a NAD+-dependent sirtuin enzyme, Sirt6 has long 

been recognized as a histone deacetylase but with puzzlingly low activities toward peptide 

substrates. We show in this report that Sirt6 has close to undetectable deacetylation activities 

toward all 9 tested monomeric acetyl-H3 substrates. Although it was recently discovered that 

Sirt6 has enhanced activity toward a peptide lysine with long chain fatty acylation, our 

efforts to make oc-H3 proteins and fold them to corresponding oc-H3-H4 tetramers did not 

yield active substrates for Sirt6 either. However, deacylation activities of Sirt6 toward several 

H3 lysines were immensely improved when corresponding acetyl- or oc-H3 proteins were 

assembled into their nucleosomal forms. Although the focus of our current study is to 

identify Sirt6-targeted H3 lysines for deacetylation, our results raise an interesting question 

as to what are the real substrates of Sirt6 in cells? Are they free histones or their 

nucleosomal forms? In fact, in active transcribed gene regions where Sirt6 is primarily 

found, chromatin is in a dynamic process of assembly and disassembly.31, 32 Sirt6 has the 

chance to interact with both free histones and nucleosomes. Our results imply that 
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nucleosomes are the real substrates of Sirt6 but do not rule out that Sirt6, as part of a large 

protein complex, catalyzes efficient deacetylation of free histones. As a matter of fact, a lot 

of histone epigenetic modifiers are found in large multi-subunit complexes that contain 

various histone or DNA recognition domains, though nothing has been reported in the 

context of Sirt6.33, 34 Another interesting question raised by the current study is how the 

nucleosome structure activates Sirt6. Sirt6 has a highly positively charged C-terminus. Chua 

et al. showed that the cleavage of this C-terminus from Sirt6 does not deactivate the enzyme 

but abolishes its binding to chromatin.35 One explanation of this observation is that the C-

terminus is involved in nonspecific electronic interactions with negatively charged DNA for 

recruiting Sirt6 to chromatin. However, DNA may also neutralize the positively charged C-

terminus and therefore allows Sirt6 to interact with positively charged histone tails for 

deacetylation. This aspect needs to be explored further. Another important feature of Sirt6, 

revealed in this study, is the preferential sequence contexts around its targeted lysines. 

Unlike Sirt1, Sirt2, and Sirt3 that are more or less universal deacetylases,5, 36 Sirt6 prefers to 

deacetylate certain lysine sites. This selective targeting feature of Sirt6 needs to be further 

explored.

Besides revealing important biochemical features of Sirt6, the current study also has strong 

biological implications. Reports have indicated that Sirt6 is frequently recruited to relevant 

gene promoters and represses gene transcription via removing acetylation at H3K9 and 

H3K56.37-40 Our results show that H3K18 and H3K27 are targeted by Sirt6 as well for 

deacetylation. H3K18ac and H3K27ac are associated with active gene expression.41 

Targeting these two sites for deacetylation is expected to reinforce the transcriptional 

repression role of Sirt6. Functional redundancy of histone acetylation on chromatin 

regulation has been observed. For example, a single mutation of an N-terminal H3 lysine to 

a glycine has little repression effect on gene expression in yeast. However, simultaneous 

mutations of all N-terminal lysines to glycine significantly reduces yeast gene expression.42 

Thus, it is reasonable to assume that Sirt6 removes acetylation from multiple lysines to 

fulfill a strong gene transcription suppression role. By removing acetylation from H3K9, 

H3K18, and H3K27, Sirt6 may also regulate functions of proteins that recognize acetylation 

at these three lysines. One bromodomain YEATS recognizes acetylation at H3K9, H3K18, 

and H3K27 with similar binding affinities.43 It is highly possible that Sirt6 regulates 

functions of YEATS-containing proteins such as AF9 and ENL by modulating acetylation at 

H3K9, H3K18, and H3K27. Di- and trimethylation at H3K27 (H3K27me2/3) has long been 

known for shutting down transcription.44 H3K27me3 is an important mark for inactivated X 

chromosome. H3K27ac is associated with active transcription and is apparently antagonistic 

to the repression of gene transcription by H3K27me2/3.45 Sirt6 may serve as an important 

mediator to switch H3K27 between these two antagonistic states.

In cancer biology, H3K18ac is an important prognostic mark. Downregulation of H3K18ac 

has been found correlated with poor prognosis of pancreatic adenocarcinoma and low grade 

prostate cancer.21, 46 Patients with high H3K18ac show low resurgence of prostate cancer 

after treatment.47 Incidentally overexpression of Sirt6 is observed in prostate cancer cell line 

PC-3 and inhibition of Sirt6 leads to apoptosis of PC-3.21 Our study provides the missing 

link between downregulation of H3K18ac and high expression of Sirt6 in PC-3. It is highly 
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possible that Sirt6 changes prostate cancer development through its deacetylation of H3K18 

and Sirt6 itself can be a potential anti-cancer drug target.

Previous studies showed that Sirt6 catalyzes deacetylation at H3K56 on purified H3 and 

Sirt6 knockout mouse tissue had enhanced H3K56ac. Our results detected sluggish removal 

of long chain fatty acylation from H3K56 by Sirt6. According to current nucleosomal 

structures, H3K56 directly interacts with the wrapping DNA. In this nucleosomal format we 

have also adopted in our study, H3K56 is blocked from access by Sirt6. However, in cells 

Sirt6 may involve additional cellular factors for direct deacetylation of H3K56 on free H3 or 

positioning of DNA wrapping could be different and expose H3K56 for deacetylation.48 It is 

also possible that H3K56-targeting histone acetyltransferases/deacetylases are regulated by 

Sirt6 in cells.

In summary, we have developed a chemical biology approach and used it to successfully 

reveal several Sirt6-targeted deacetylation sites in histone H3. Our study indicates that Sirt6 

preferentially targets acetyl-nucleosomes for deacetylation and is selective for particular 

nucleosomal lysine sites. Two novel Sirt6-targeted deacetylation sites H3K18 and H3K27 

were confirmed in cells. Our study offers critical information for revaluating Sirt6's 

functional importance and rebuilding Sirt6's connection with other epigenetic players.

Methods

The synthesis of OcK, selection of OcKRS, expression of acetyl- and Oc-H3 proteins, 

assembly of acetyl- and oc-nucleosomes, and Sirt6-catalyzed deacylation on H3 proteins and 

nucleosomes are provided in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Probing Sirt6-targeted lysine deacylation sites in nucleosome using a chemical antibody 
approach
A terminal olefin-containing fatty acyl-lysine is site-specifically installed in a histone that is 

assembled into a nucleosome as an active Sirt6 substrate. A tetrazine probe can selectively 

react with the olefin in the installed fatty acyl-lysine to label the nucleosome. If Sirt6 can 

targets this particular fatty acylation site in nucleosome for its removal, incubating the 

assembled nucleosome with Sirt6 will remove the fatty acylation and therefore affords an 

unmodified nucleosome that can not be labeled with the tetrazine probe.
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Figure 2. The genetic incorporation of OcK
(A) Structures of AcK and OcK. (B) A diagram to illustrate fluorescent labeling of Ub-

K48oc by a fluorogenic tetrazine dye, FITC-TZ. (C) The selective incorporation of OcK into 

ubiquitin at its K48 position. BL21(DE3) cells transformed with plasmid pEVOL-OcKRS 

coding OcKRS and tRNAPyl and plasmid pETDuet-UbK48Am coding ubiquitin with an 

amber mutation at K48 were grown in LB with or without 1 mM OcK. (D) The 

Deconvoluted ESI-MS spectrum of Ub-K48oc (calculated molecular weight: 9511.7 Da). 

(E) The selective labeling of Ub-K48oc by FITC-TZ. Proteins were incubated with 100 μM 

FITC-TZ for 2 h before they were analyzed by SDS-PAGE. The top panel shows the FITC-

based fluorescent image of the gel and the bottom panel shows the same gel after it was 

stained with Coomassie Blue.

Wang et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2017 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Sirt6 activities on oc-H3-H4 tetramers
(A) SDS-PAGE analysis of 9 purified oc- H3 proteins. (B) The H3-H4 tetramer structure. 

(C) Sirt6 activities on 9 oc-H3-H4 tetramers. A tetramer (0.8 μM) was incubated with or 

without 0.4 μM Sirt6 for 3 h before it was labeled with 200 μM FITC-TZ for 3 h and then 

analyzed by SDS-PAGE.
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Figure 4. Sirt6 activities on oc-nucleosomes
The image in the top left corner shows the structure of a nucleosome. For all gel images, the 

top panel shows the FITC-based fluorescent imaging and the bottom panel shows the EtBr-

stained DNA from the same gel.
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Figure 5. A time-based Sirt6 activity analysis
Relative catalytic activities of Sirt6 on five oc-nucleosome substrates. An oc-nucleosome 

substrate (0.66 μM) was incubated with 0.33 μM Sirt6. The reaction was stopped at 0.5, 1, 

and 2 h and oc-nucleosome samples at these different times were labeled with FITC-TZ and 

analyzed in a native PAGE gel together with the original oc- nucleosome (0 h). Top panels 

show FITC-based images, middle panels show same gels based on EtBr staining, and bottom 

panels show relative integrated FITC-based fluorescent intensities at different reaction times. 

All reactions were repeated three times.
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Figure 6. Sirt6 catalyzes deacetylation at H3K9, H3K18, and H3K27
(A) The incorporation of AcK into a nucleosome. (B) Sirt6 activities on H3K9ac-, 

H3K18ac-, H3K27ac, H3K14ac, H3K23ac, and H3K79ac-nucleosomes. Acetyl-

nucleosomes (0.66 μM) were incubated with or without 0.33 μM Sirt6 for 3 h before they 

was analyzed by a native PAGE gel. The top panel shows the EtBr stained native PAGE gel 

and the bottom panel shows the pan anti-Kac antibody detected acetylation levels. (C) 

Acetylation levels at H3K9, H3K18, H3K27, and H3K23 in Sirt6-transfected and control 

cells. (D) Quantified acetylation level decrease at H3K9, H3K18, H3K27, and H23 in Sirt6-

transfected cells with respect to control cells.
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