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MOLECULAR B IOLOGY

Cryo-EM structure of the human Sirtuin 6–
nucleosome complex
Un Seng Chio1,2,3†, Othman Rechiche1,2†, Alysia R. Bryll4,5†, Jiang Zhu1,2, Erik M. Leith1,2,
Jessica L. Feldman4, Craig L. Peterson4*, Song Tan1,2*, Jean-Paul Armache1,2*

Sirtuin 6 (SIRT6) is a multifaceted protein deacetylase/deacylase and a major target for small-molecule modu-
lators of longevity and cancer. In the context of chromatin, SIRT6 removes acetyl groups from histone H3 in
nucleosomes, but the molecular basis for its nucleosomal substrate preference is unknown. Our cryo–electron
microscopy structure of human SIRT6 in complex with the nucleosome shows that the catalytic domain of SIRT6
pries DNA from the nucleosomal entry-exit site and exposes the histone H3 N-terminal helix, while the SIRT6
zinc-binding domain binds to the histone acidic patch using an arginine anchor. In addition, SIRT6 forms an
inhibitory interaction with the C-terminal tail of histone H2A. The structure provides insights into how SIRT6
can deacetylate both H3 K9 and H3 K56.
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INTRODUCTION
Sirtuins are evolutionarily conservedmetabolic sensor enzymes that
use reduced form of nicotinamide adenine dinucleotide (NAD+) as
a coenzyme (1, 2). A critical role of sirtuins in aging was first sug-
gested by studies of yeast Sir2 (3). In mammals, depletion of the
SIRT6 (sirtuin 6) sirtuin results in shortened life spans, while
SIRT6 overexpression extended life spans (4–7). In addition,
SIRT6 is associated both with tumor suppression and tumorigenesis
in different cancers (8). These aging and cancer-related phenotypes
are linked to the ability of SIRT6 to deacylate substrates such as
tumor necrosis factor–α (9) and to deacetylate histone H3K9ac
and H3K56ac on nucleosomes (10, 11). Histone H3K9ac is a
mark of transcriptionally active promoters (12), and histone H3
K9 acetylation plays an important role in DNA repair and telomere
maintenance. Crystal structures and biochemical studies have ex-
plored how SIRT6 binds a peptide substrate, its NAD+ cofactor,
and allosteric effectors (9, 13–20). However, the molecular basis
for the sequence preference of SIRT6 to deacetylate histone H3 at
positions K9 and K56 (10, 21, 22) is not known. Nor do we under-
stand the structural basis for the preference of SIRT6 to deacetylate
nucleosomes at H3 K9 and K56 over free histones (23). To address
these deficiencies, we have determined the structure of SIRT6 in
complex with its nucleosome substrate. The multivalent interac-
tions between SIRT6 and both histone and DNA components of
the nucleosome provide insights into how SIRT6 can deacetylate
exposed H3 K9 and occluded H3 K56 residues.

RESULTS
SIRT6-nucleosome structure determination
We obtained 2.7- to 3.1-Å-resolution cryo–electron microscopy
(cryo-EM)maps of SIRT6 in complex with a 172–base pair (bp) nu-
cleosome containing a 26-bp DNA extension on one end (Fig. 1 and
figs. S1 and S2). Although our sample was prepared in the presence
of the SNF2h adenosine triphosphatase (ATPase) subunit, which
SIRT6 recruits to sites of DNA damage (24), we do not see
density for SNF2h. This suggests that the ATPase may engage
with either the nucleosome and/or SIRT6 in a transient or flexible
manner. We also do not see density for the intrinsically disordered
C-terminal domain of SIRT6, which was previously reported to
bind nucleosomal DNA (25). This does not exclude the possibility
that dynamic interactions between the SIRT6 C-terminal domain
and nucleosomal DNA were not resolved by single-particle cryo-
EM. Our data also yielded a subset of particles containing two
copies of SIRT6 simultaneously bound to opposite faces of the nu-
cleosome (fig. S2). The density for the SIRT6 bound to the face as-
sociated with the DNA extension appears much stronger relative to
the density for the SIRT6 on the opposite face without extended
DNA, suggesting that the presence of extended DNA stabilizes
the positioning of SIRT6 on the nucleosome.

Overview of SIRT6-nucleosome complex
Our study shows that the SIRT6 deacetylase domain forms multiva-
lent interactions with the nucleosome via the nucleosome acidic
patch, the H3 N-terminal histone tail, the C-terminal H2A tail,
and nucleosomal DNA (Fig. 1). The structure of SIRT6 is very
similar in the absence or presence of the nucleosome except for res-
idues in and around the SIRT6 NAD+ binding loop and separately,
the 10 residues that form the SIRT6-specific extended loop in its
zinc-binding domain (13). The orientation of the SIRT6 zinc-
binding motif with respect to its catalytic Rossman-fold domain
is unchanged upon nucleosome binding. In contrast, the nucleo-
some is partially unwrapped, with DNA displaced from the extend-
ed end of the nucleosome to accommodate SIRT6-DNA
interactions.
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SIRT6-nucleosome acidic patch interaction
Previous biochemical experiments indicate that SIRT6 engages with
a nucleosome through the acidic patch formed by histones H2A and
H2B (25), and hydrogen-deuterium exchange mass spectrometry
experiments suggested that an N-terminal helix of SIRT6 (residues
28 to 43) may participate in nucleosome interactions (25). However,
our structure shows that SIRT6 binds to the acidic patch using the
extended loop (167TVAKARGLRA176) (Fig. 2) in its zinc-binding
domain that is absent in other sirtuins (13). In the previous hydro-
gen-deuterium exchange experiments (25), peptides for zinc-
binding domain were not observed, which likely prevented assess-
ing whether this region interacts with the nucleosome. The zinc-
binding domain can be thought of as a pipe that fills the shallow
ditch formed by the H2A/H2B acidic patch. These contacts are me-
diated by a combination of hydrophilic and van der Waals interac-
tions. Prominent among these interactions is SIRT6 R175, which
makes an arginine anchor interaction with H2A acidic patch resi-
dues E61, D90, and E92. In addition, other SIRT6 basic residues in-
teract with the acidic patch. SIRT6 R172 constitutes a type 1 variant
arginine and interacts with H2A E56 and H2B Q44 and E110, while
SIRT6 R178 acts as an atypical arginine to interact with H2A D90
and E92 following the arginine acidic patch nomenclature proposed
by McGinty and Tan (26). In addition, SIRT6 K170 makes ionic in-
teractions with H2A E64. These contacts are consistent with bio-
chemical data where mutation of H2A residues E61, E64, D90,
and E92 to alanines resulted in weaker SIRT6 binding (25). Mutat-
ing each of these SIRT6 basic side chains (K170, R172, R175, and
R178) to alanine reduced binding to nucleosomes in an electropho-
retic mobility shift assay and, for a subset of mutants analyzed, also
in time-resolved FRET (fluorescence resonance energy transfer)
assays (Fig. 3). The SIRT6(R175) mutant shows the largest effect
with six- to ninefold weaker binding consistent with a critical role
of this residue as an arginine anchor. Furthermore, the
SIRT6(R175A) has little or no H3K9ac nucleosomal deacetylation
activity, corroborating the importance of the R175 arginine
anchor for SIRT6 enzymatic activity (Fig. 4, A and C).

SIRT6-H2A tail interaction
In most nucleosome complex structures, the H2AC-terminal tail is
disordered beyond K118 or K119. In our SIRT6-nucleosome struc-
ture, weak density for approximately 10more residues of the histone
H2AC-terminal tail is visible and tracks upward to interact with the
SIRT6 catalytic domain (Fig. 5A). This interaction was not predict-
ed in previous SIRT6 studies, and to the best of our knowledge, this
is the first example of a chromatin enzyme interacting with the H2A
C-terminal tail. To test the importance of the H2A C-terminal tail
interaction, we reconstituted nucleosomes with histone H2A
lacking the C-terminal tail and tested the ability of SIRT6 to deace-
tylate H3K9ac on these nucleosomes. Intriguingly, we observe in-
creased SIRT6 H3K9ac deacetylation activity on nucleosomes
lacking the H2A C-terminal tail (Fig. 5B). This suggests that the
H2A tail may have an inhibitory role in regulating SIRT6 deacety-
lation activity on the nucleosome.

Our SIRT6-nucleosome sample used for structural determina-
tion lacks NAD+, which is a necessary cofactor for SIRT6 deacety-
lation activity (10). In comparison to crystal structures of SIRT6
bound to adenosine diphosphate (ADP)–ribose (9, 13–20), we
notice that the density for SIRT6 residues 64 to 80 is very weak in
ourmap, although they are resolved in the crystal structures without
nucleosomes (Fig. 5A and fig. S3). This region of SIRT6 contains
residue R65, which makes extensive contacts with the adenosine
ribose and pyrophosphate of ADP-ribose in solved crystal struc-
tures and is important for the activation of SIRT6 for catalysis
(27).The lack of defined density in our map suggests that this
region is flexible in the absence of a bound cofactor and only
becomes stabilized after cofactor binding. Previous biochemical
data showing that R65 mediates a necessary conformational
change for activation support this interpretation (27).

SIRT6-nucleosome DNA interactions
A previous study suggested that the disordered SIRT6 C-terminal
repeat domain (CTD) can bind nucleosomal DNA (25). While we
do not observe the SIRT6 CTD, we find instead that the SIRT6 cat-
alytic domain interacts with nucleosomal DNA. We observe

Fig. 1. Overview of SIRT6 nucleosome structure. (A) The 3.07-Å cryo-EM Coulomb potential density map of structure. (B) Cartoon representation of structure.
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multiple arginine residues within the SIRT6 catalytic domain
(R205, R220, R231, R232, and R248) that contact nucleosomal
DNA near the entry-exit site of the nucleosome. R205, R231, and
R232 contact the DNA phosphate backbone at superhelical location
6 (SHL+6), while R248 binds across the major groove to the oppo-
site DNA strand phosphate backbone at SHL+7 just beyond the nu-
cleosome core (Fig. 6A). The polar residue, N224, in the vicinity
may also have a role in the interaction. These interactions are
made only to the DNA phosphate backbone with no apparent con-
tacts to the nucleotide bases. To determine the contribution of these
residues to SIRT6-nucleosome binding, we generated three sets of
SIRT6 mutants: an R205E/R231E/R232E triple mutant, an R220E/
N224D double mutant, and an R248E point mutant. SIRT6(R248E)
binding to nucleosomes was severely impaired (~12-fold weaker
versus wild type), and the SIRT6 triple and double mutants were
no longer able to bind nucleosomes (Fig. 6B). These results
suggest that the SIRT6 globular domain interactions with nucleoso-
mal DNA play a critical role in stabilizing the SIRT6-nucleosome
complex. We also generated and visualized two new SIRT6-nucle-
osome complexes, containing shorter DNA constructs (147 and 145
bp; figs. S4 and S5). These reconstructions revealed substantially the
reduced quality of SIRT6, thereby further suggesting that DNA-

SIRT6 interactions play an important role in the stabilization of
the complex.

Positioning of H3 substrate residues
We have built H3 residues 3 to 12 into relatively weak density occu-
pying the same peptide substrate binding site in previous SIRT6/
myristoylated H3 peptide crystal structures (9, 15). In our structural
model, the conformation of the H3 tail substrate is similar but not
identical to the SIRT6/myristoylated H3 peptide structures with the
H3 K9 side chain positioned essentially equivalent to the myristoy-
lated H3 K9. The H3 tail substrate is sandwiched between the SIRT6
active site and nucleosomal DNA, allowing the H3 K4 side chain to
fill the DNA minor groove at SHL 6.5 (Fig. 7A). We wondered
whether this H3 K4-DNA interaction and potential interactions
made by H3 residues between K4 and K9 might account for the
H3 K9 histone deacetylase (HDAC) specificity of SIRT6. We there-
fore assayed the HDAC activity of SIRT6 on H3 K9 acetylated nu-
cleosomes also containing H3 mutated at specific tail residues.
Mutating the H3 K4 to glutamic acid slightly decreased the ability
of SIRT6 to deacetylate H3 K9 (Fig. 7B) in nucleosomes. Similar
modest adverse effects on SIRT6H3K9 deacetylation were observed
when the H3 R8 side chain, which might interact with SIRT6, was
removed and when one residue between H3 K4 and K9, Q6, was

Fig. 2. Interactions of SIRT6 zinc-binding domain with nucleosome acidic patch shown in cartoon representation. Side chains of key residues are shown in stick
representation.
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deleted. These results suggest a role of H3 residues 4 to 8 in SIRT6
deacetylation of H3 K9, but further investigation will be needed to
determine what defines the specificity of SIRT6 for H3 K9.

Although we observe H3 K9 in the SIRT6 active site, H3 K56 is
far from SIRT6 active site (Fig. 8). In agreement with previous bio-
chemical results (23), we observe that SIRT6 deacetylates H3K56ac
albeit less efficiently compared to H3K9ac (Fig. 4, B and E versus A
and D). Our structural observation of H3 K56 being distant from
the SIRT6 active site raises the question of how SIRT6 accesses
H3 K56 for deacetylation (discussed further below). We find that
the H3 K56 deacetylation activity of SIRT6 is dependent on the
SIRT6 R175 arginine anchor since the SIRT6(R175A) point
mutant appears to have little or no H3 K56 deacetylase activity

(Fig. 4, B and E). We further note that while a previous study pro-
posed that nucleosomal H3K27ac is also a substrate for SIRT6 (28),
we find that SIRT6 does not deacetylate nucleosomal H3K27ac
(Fig. 4, C and F).

DISCUSSION
We have determined the cryo-EM structure of the SIRT6 HDAC in
complex with the nucleosome. Our structure explains how SIRT6
deacetylates histone H3 K9 in its physiological nucleosome sub-
strate more efficiently than in peptide substrates. We observe that
SIRT6 binds at the nucleosome entry-exit site, using its globular
domain to pry DNA from the histone octamer. This action is facil-
itated by SIRT6’s multivalent interactions with both histone and
DNA components of the nucleosome using its catalytic and zinc-
binding domains, which are rigidly attached to each other. On
one end, SIRT6 uses its zinc-binding domain to dock onto the
histone acidic patch. On the other end, SIRT6’s catalytic domain
binds to nucleosomal DNA at the entry-exit site replacing contacts
otherwise made by the histone H3 N-terminal helix and thus par-
tially exposing this helix. This release also allows the histone H3 N-
terminal tail region to position the target H3 K9 side chain into the
SIRT6 catalytic site while simultaneously inserting the H3 K4 side
chain into the nucleosome DNA minor groove at SHL 6.5. Thus,
SIRT6’s multiple interactions with the nucleosome likely facilitate
productive binding of the H3 tail for catalysis.

The histone dimer acidic patch is a frequent target of chromatin
enzymes and factors with an arginine anchor often used to bind this
nucleosomal patch. SIRT6 uses R175 in the zinc-binding domain as
an arginine anchor to bind to the histone dimer acidic patch, with
the arginine side chain matching the tightly clustered conformation
of arginine anchors in other chromatin complexes (26). The critical
importance of the R175 arginine anchor for SIRT6 function is con-
firmed by the reduction in binding affinity to nucleosomes and ap-
parent complete loss of H3 K9 deacetylase activity. We also find that
mutations of SIRT6 zinc-binding domain basic residues K170,
R172, and R178 adversely affect nucleosome binding, consistent
with their interactions with the histone dimer acidic patch observed
in our cryo-EM structure.

Unlike H3 K9 which resides in the unstructured H3 N-terminal
tail, H3 K56 is located on the H3 N-terminal helix which interacts
with nucleosomal DNA in the absence of SIRT6. It was previously
unclear how SIRT6 would then be able to access the H3 K56 side
chain for catalysis. Our structure shows that SIRT6 prying apart nu-
cleosomal DNA from the histone octamer also exposes the H3 N-
terminal helix (Fig. 8). Conversely, acetylation of H3 K56 increases
unwrapping of entry-exit nucleosomal DNA (29, 30). In our struc-
ture, the alpha carbons of H3 K56 and H3 K9 are 25 Å apart and it is
clear that, in this state, H3 K56 cannot reach the SIRT6 active site.
We propose that the conformational flexibility in the 10-residue in-
sertion of the SIRT6 zinc-finger domain might allow SIRT6 to pivot
as a rigid body about the histone acidic patch to approach the
histone core. This hypothesis is supported by our finding that H3
K56 deacetylation of SIRT6 depends on the R175 arginine anchor
which interacts with the histone acidic patch. This positioning and
the possible unwinding of the H3 N-terminal helix might allow H3
K56 to enter the SIRT6 catalytic site. The additional distortions nec-
essary for this to occur could explain the lower deacetylase activity
on H3 K56 substrates.

Fig. 3. Nucleosome binding of wild-type SIRT6 and SIRT6 containing point
mutations in zinc-binding domain. (A) Quantification of electrophoresis mobility
shift nucleosome binding assay (EMSA) for wild-type (WT) and mutant SIRT6. (B)
Results of time-resolved FRET nucleosome binding assay for wild type and mutant
SIRT6. (C) Dissociation constants for wild-type and mutant SIRT6 determined by
EMSA and time-resolved FRET. NA, not analyzed.
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The H2A C-terminal tail interacts with a SIRT6 short helix ad-
jacent to both the SIRT6NAD+ binding loop (residues 55 to 65) and
the allosteric binding pocket targeted by both activators MDL-801

and quercetin activators and the catechin gallate inhibitor (Fig. 5A).
For this reason and our observation of the inhibitory effect of the
SIRT6-H2A tail interaction, we suspect that this structure

Fig. 4. H3 K9Ac nucleosome deacetylation activity of wild-type SIRT6 and arginine anchor mutant SIRT6(R175A). (A to C) Representative Western blots for the
H3K9ac, H3K56ac, and H3K27ac deacetylation reactions for wild-type SIRT6 shown on top, and H3K9ac and H3K56ac deacetylation reactions for SIRT6(R175) shown at the
bottom. (D to F) Corresponding plots for quantification of SIRT6-nucleosome deacetylation Western blots with SD error bars (n = 3).

Fig. 5. Inhibitory interactions of histone H2A C-terminal tail near SIRT6 allosteric binding pocket. (A) The histone H2A C-terminal binds to SIRT6 proximal to
allosteric activators {MDL-801, modeled from two different structures [Protein Data Bank (PDB) 5Y2F and 6XV1]} and an allosteric inhibitor (catechin gallate, PDB
6QCJ). The modeled product analog, 2′-O-acyl-ADP-ribose, adopts a well-defined conformation in these three SIRT6-allosteric effector structures. The Cα positions of
the H2AC-terminal residues 119 to 128 are shown as yellow spheres. Same color codes as for Fig. 2. (B) Deletion of the H2AC-terminal tail (residues 120 to 130) enhances
SIRT6 nucleosomal H3K9ac deacetylase activity (normalized against histone H2B). Representative Western blot data (top) and plot for histone deacetylase (HDAC) assays
with SD error bars shown (n = 3).
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represents SIRT6 bound to a nucleosome in an inhibited, nonacti-
vated state. Since the unbound structure of SIRT6 is largely un-
changed when activated or inhibited by the allosteric effectors, it
is possible or even likely that activation of SIRT6 will involve local
conformational changes near the catalytic site without major
changes in how SIRT6 binds to the nucleosome via interactions
with the histone acidic patch or nucleosomal DNA. This under-
scores the significance of the SIRT6 allosteric binding pocket as a
target for drug discovery and the importance of using physiological
nucleosome substrates for characterizing the effect of drug candi-
dates on the enzymatic activity of SIRT6.

Our structural and biochemical studies explain how multivalent
interactions of SIRT6 with both histone and DNA components of
the nucleosome enable SIRT6 to deacetylate H3K9ac. Note that the
SIRT6 nucleosome used for our structural studies did not include
NAD+ or a cofactor analog. We suspect this is not a serious limita-
tion since the SIRT6 catalytic domain adopts the same structure in
the presence or absence of cofactor (13, 31). In terms of substrate
specificity, our structure suggested possible mechanistic roles for
specific H3 residue side chains N-terminal to the H3 K9 target
residue. However, the modest effect of mutating these residues on
the H3K9ac deacetylase activity of SIRT6 suggests either a concerted
role for these N-terminal residues or a more complicated explana-
tion for why SIRT6 targets H3 K9 versus other lysines present in the
unstructured H3 tail. The relatively weak density for the H3 tail
peptide also limits our confidence in the quality of the structure
in this particular region. Our SIRT6-nucleosome atomicmodel pro-
vides the structural framework for further studies to understand H3
K9 specificity and remaining issues such how SIRT6 engages H3
K56 for deacetylation and the role of the H2A tail in SIRT6
function.

MATERIALS AND METHODS
Nucleosome preparation
Three DNA constructs centered on the Widom 601 sequence (32)
were used for nucleosome assembly; these constructs consisted of
145 (0-145-0), 147 (1-145-1), and 172 (1-145-26) bp of DNA. Re-
combinant H3 and H4 Xenopus laevis histones and H2A and H2B

human histones were expressed, purified, and reconstituted with
each DNA construct as described previously (33), including anion
exchange purification of the nucleosomes. Acetylated H3 X. laevis
histones expressed in Escherichia coli by amber suppression acetyl
lysine incorporation (29) were prepared in-house or purchased
from the Histone Source (https://histonesource-colostate.
nbsstore.net).

Protein purification
The gene coding for the full-length human SIRT6 (UniProtKB:
Q8N6T7) was cloned into pST50Tr (34) vector with an N-terminal
Gly-Ser-Ser-hexahistidine (His6). Gly-Ser-Ser-(His6)-SIRT6 was
expressed in BL21(DE3) pLysS E. coli cells at 23°C. Bacterial cells
were lysed by sonication, and the crude lysate was centrifuged at
36,000g for 40 min at 4°C. The protein was purified by metal affinity
chromatography (TALON resin, Clontech), the affinity tag was
removed using tobacco etch virus (TEV) protease, and the protein
was further purified by Source S cation-exchange chromatogra-
phy (Cytiva).

His6-tagged human SNF2h was expressed and purified as previ-
ously described with minor modifications (35). Briefly, His6-SNF2h
was expressed in BL21(DE3) Rosetta E. coli cells at 18°C. Cells were
lysed via sonication, and Ni–nitrilotriacetic acid affinity chromatog-
raphy was used to isolate His6-SNF2h from the clarified lysate. TEV
protease was used to remove the His6-tag, and the untagged SNF2h
was passed through a HiTrapQ column (Cytiva) to remove contam-
inating DNA. The protein was then run over a HiLoad Superdex200
column (Cytiva), and pure fractions were pooled, aliquoted, and
stored at −80°C.

Cryo-EM sample preparation
SIRT6 was reconstituted in reconstitution buffer [20 mM HHepes
(pH 7.5), 75 mM NaCl, and 1 mM dithiothreitol (DTT)] at 0.8:1
enzyme:nucleosome ratio with the 145- and 147-bp nucleosomes
and at 2.2:1 ratio with the 172-bp nucleosomes. SNF2h was also in-
cluded in the SIRT6–172-bp nucleosome sample at 1.1-fold excess
over nucleosome.

The SIRT6–147-bp nucleosome sample was cross-linked in re-
constitution buffer with 0.05% glutaraldehyde. The sample was

Fig. 6. The SIRT6 catalytic domain interacts with nucleosomal DNA. (A) Interactions of SIRT6 catalytic domain with nucleosomal DNA showing SIRT6 residues prox-
imal to DNA. Same color code as for Fig. 2. (B) Quantification of electrophoresis mobility shift nucleosomal binding assay for wild-type (WT) and SIRT6 mutated in DNA
binding residues.
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incubated on ice for 10 min and then quenched with 100 mM tris-
HCl (pH 7.5). The SIRT6–145-bp/SIRT6–172-bp nucleosome
samples were first purified using a Superdex 200 column (GE
HealthCare) and then stabilized using the GraFix method (36).
Light buffer [20 mM Hepes (pH 7.5), 75 mM NaCl, 1 mM DTT,
and 10% glycerol] and heavy buffer [20 mM Hepes (pH 7.5), 75
mM NaCl, 1 mM DTT, 40% glycerol, and 0.15% glutaraldehyde]
were used to generate a 10 to 40% glycerol gradient with a 0 to
0.15% glutaraldehyde gradient. Fractions from the gradient were
checked via native polyacrylamide gel electrophoresis (PAGE).
Fractions containing the SIRT6-nucleosome complex were concen-
trated and buffer-exchanged into EM buffer [12.5 mM Hepes (pH
7.5), 60 mM KCl, 1.5% glycerol, and 1 mM DTT for SIRT6–172-bp
nucleosome and 20 mM Hepes (pH 7.5), 75 mM NaCl, and 1 mM
DTT for SIRT6–145-bp nucleosome]. The final concentration of
the SIRT6-nucleosome samples was ~3 μM.

Cryo-EM grids of the complexes were prepared using an estab-
lished procedure (37). Specifically, 3.5 μl of the concentrated sample
was applied to holey carbon Quantifoil 2/2 Cu200 (172-bp sample)
or 1.2/1.3 Cu300 (145/147-bp samples) mesh grids in a FEI Vitrobot
Mark IV maintained at 4°C with 100% humidity. The sample was
blotted for 3.5 s with a blot force of −1 and then plunge-frozen into
liquid ethane.

Cryo-EM data collection
The SIRT6–147-bp nucleosome dataset was collected at the Penn
State Cryo-Electron Microscopy Facility on a Titan Krios operated
at 300 keV and equipped with an FEI Falcon 3 direct electron de-
tector operated in counting mode. Five hundred twenty-four
movies were collected at ×59,000 magnification, which corresponds
to 1.14 Å/pixel, at a defocus range of −0.5 to −2.5 μm with accumu-
lated exposure (~58 e/Å2) divided between 44 frames (table S1).

The SIRT6–145-bp nucleosome dataset was collected at the
Pacific Northwest Cryo-EM Center on a Titan Krios operated at
300 keV and equipped with a Gatan K3 direct electron detector
and an energy filter (20-eV slit). A total of 7730movies were collect-
ed in counting mode at ×81,000 magnification, which corresponds
to 1.059 Å/pixel, at a defocus range of −0.8 to −2.2 μm with accu-
mulated exposure (~50 e/Å2) divided between 44 frames (table S1).

The SIRT6–172-bp nucleosome dataset was collected at the Na-
tional Cancer Institute using a Titan Krios operated at 300 keV and
equipped with a Gatan K3 direct electron detector and an energy
filter (20-eV slit). The data were collected over the course of two
separate sessions at ×81,000 magnification, which corresponds to
1.08 Å/pixel (0.54 Å/pixel in super-resolution mode), at a defocus
range of −1.0 to −2.2 μm with accumulated exposure (~50 e/Å2)
fractionated into 40 super-resolution frames. In total, 11,872
movies were collected over the two sessions (5122 movies in the
first session and 6750 movies in the second session; table S1).

Fig. 7. SIRT6 nucleosomal substrate specificity. (A) Cartoon and stick represen-
tation of SIRT6 binding of H3 tail around substrate residue K9. (B) Point mutations
and deletions of H3 tail residues that interact with SIRT6 adversely affect SIRT6 nu-
cleosomal histone H3K9Ac deacetylase activity. Representative Western blots are
shown to the left and the plot for the HDAC assays is shown to the right with SD
error bars (n = 3).

Fig. 8. Cartoon and stick representation of SIRT6-nucleosome complex shows
that histone H3 K56 is exposed but is at least 25 Å from H3 K9 and the SIRT6
catalytic site. Same color code as for Fig. 2.
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Cryo-EM data processing
The SIRT6–172-bp nucleosome dataset was imported into RELION
v3.1 (38, 39). Using UCSFMotionCor2 v1.4.1 (40) within RELION,
raw movies were motion-corrected, binned twice to 1.08 Å/pixel,
and the resulting dose-weighted micrographs (41) were imported
into cryoSPARC (42). Patch CTF estimation (multi) was used to es-
timate defocus values. A nucleosomemapwas used to generate tem-
plates for template picking of particles; these particles were then
extracted using a 300-pixel box Fourier-binned to 100 pixels (result-
ing in 3.24 Å/pixel). Two-dimensional (2D) classification was per-
formed and classes containing obvious junk were removed. Ab
initio reconstruction was performed with the remaining particles
to generate input classes for heterogeneous refinement. Subse-
quently, a cleaned dataset of nucleosomal particles was subjected
to numerous rounds of 3D classification, yielding a single class
with a strong density for SIRT6. To further the quality of the
complex, 3D classification without alignment in RELION was per-
formed with a mask focused on the globular domain of SIRT6 and
the adjacent DNA. A class with 71,603 particles that represented the
most stable positioning of SIRT6 on the nucleosome visually was
selected. These particles were refined using nonuniform refinement
(43) in cryoSPARC, as well as with RELION and with cisTEM (44).
All reconstructions looked reasonable, but the cisTEM reconstruc-
tion was used for further interpretation.

Subsequently, Bayesian polishing was performed in RELION to
further improve the quality of themap (45). Two rounds of Bayesian
polishing and CTF refinement were performed using 1,007,638 par-
ticles from an earlier 2.83-Å consensus reconstruction. This im-
proved the resolution of the consensus reconstruction to 2.63 Å.
Using these optimized particles, the 71,603-particle subset was
refined to 3.07 Å with the improved quality of SIRT6 (figs. S1 and
S2 and table S1).

The 147-bp dataset containing 524 movies was first motion-cor-
rected using cryoSPARC’s Patch motion correction (multi).
Defocus values were calculated using Patch CTF estimation
(multi), and 398,186 particles were blob-picked using a sphere
with a radius of 120 to 140 Å and extracted in a 256-pixel box.
Five models were generated using ab initio reconstruction, and
the particles were subjected to heterogeneous refinement. One
class was selected on the basis of the presence of SIRT6 and
refined to 4.84 Å using nonuniform refinement. These particles
were then subjected to classification with the best reconstruction
from the previous step seeded three times. One of the resulting
maps exhibited a more stable SIRT6-nucleosome complex and
was subjected to nonuniform refinement that yielded a reconstruc-
tion at 5.0 Å. Using these particles, we re-extracted the subset in a
larger 300-pixel box; this yielded 40,834 particles that we refined the
4.9-Å final resolution using non-uniform refinement (new) (fig. S4
and table S1).

The SIRT6–145-bp nucleosome dataset was processed as de-
scribed for SIRT6–147-bp nucleosome datasets, except for motion
correction—here, we used UCSFMotionCor2 instead. We obtained
two final reconstructions, differing in their SIRT6-interacting DNA:
(i) 3.28-Å reconstruction from 31,802 particles (fig. S5, C to E and I,
and table S1) and (ii) 3.27-Å reconstruction from 34,737 particles
(fig. S5, F to H and J, and table S1).

The final resolutions reported were calculated using Fourier shell
correlation and assessed at the 0.143 cutoff following gold standard
refinement (46). All file format conversions between cryoSPARC

and RELION, as well as particle stack preparation for cisTEM re-
finement, were performed using UCSF pyem v0.5 (47).

Model building and refinement
Protein Data Bank (PDB) 3LZ0 (48) was used as a startingmodel for
the nucleosome, and 3PKI (13) and 7CL0 (19) were used as starting
models for SIRT6. The models were rigid-body fitted into the 3.07-
Å reconstruction using the “fit in map” function in UCSF ChimeraX
(49) and then further optimized in Coot (50).

A combination of 3D Coulomb potential maps from the 172-bp
dataset was used to construct the final model. Using the highest re-
solved 2.63-Å reconstruction in Coot, histones and core DNAwere
optimized and the SIRT6 acidic patch–interacting loop was con-
structed. The 3.07-Å reconstruction was then used to position
and adjust the SIRT6 globular domain, zinc-binding domain,
histone H2A C-terminal tail, histone H3 N-terminal tail, and the
DNA overhang. The final model was refined using phenix.real_spa-
ce_refine (51) with secondary structure, Ramachandran, and
rotamer restraints. Last, the model was validated manually in
Coot and with Molprobity (52) using comprehensive validation
(cryo-EM) in Phenix. Model statistics are reported in table S2.
The model contains H2A(11-120), H2B(27-122), H3(36-134),
H4(19-102), 149-bp DNA, SIRT6(14-293), and one copy of the
H3(3-12) N-terminal tail in the SIRT6 active site.

Electrophoresis mobility shift nucleosome binding assay
Ten-microliter reactions of SIRT6 variants at indicated concentra-
tions were incubated with 100 nM wild-type nucleosome core par-
ticles for 30 min at 30°C in 5× binding buffer [25 mM Hepes (pH
7.3), 150 mM NaCl, 4.5 mM MgCl2, 1 mM DTT, 0.01% Tween 20,
and bovine serum albumin (BSA) (0.1 mg/ml)]. Reactions were
quenched with 2 μl of 50% glycerol and electrophoresed on 4.5%
native PAGE gels at 100 V, 4°C.

Time-resolved FRET nucleosome binding assay
Time-resolved FRET nucleosome binding assays were performed as
described byWesley et al. (53). Acceptor mixtures were prepared by
mixing ULight α-6xHIS acceptor antibody (PerkinElmer) with
6xHIS-tagged SIRT6 variants at a ratio of 1:20 and serially diluting
across 13 concentrations in H75 buffer [20 mM Hepes (pH 7.5), 75
mM NaCl, 5 mM DTT, 5% glycerol, 0.01% NP-40, 0.01% CHAPS,
and BSA (100 μg/ml)]. Two-time donor mixtures were prepared by
mixing 4 nM streptavidin-Eu (PerkinElmer) with or without 2 nM
nucleosomes containing 177 bp of Widom 601 DNA (31 + 145 + 1)
with a 5′ biotin group on the 31-bp extension. Samples were pre-
pared in 384-well plates by mixing 5 μl of 2× donor mixtures with
5 μl of acceptor mixtures at each dilution. Fluorescence signals were
acquired at room temperature in a Victor Nivo multimode fluores-
cent plate reader (PerkinElmer) using an excitation filter at 320 nm
and emission filters at 615 and 665 nm. Emission signals at 615 and
665 nm were measured simultaneously following a 100-μs delay. Kd
(dissociation constant) values were determined from triplicate titra-
tions of each SIRT6 variant and are reported as means ± SEM.

Histone deacetylation assays
Wild-type SIRT6 (500 or 125 nM) and SIRT6(R175A) (200 nM)
were incubated with nucleosomes (125 nM) containing either acet-
ylated H3 K9, H3 K56, or H3 K27, and/or with C-terminally trun-
cated H2A [H2A(2-119)] at 37°C for varying time points in HDAC
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reaction buffer [25 mM Hepes (pH 7.3), 49 mM NaCl, 4.5 mM
MgCl2, and 1 mM DTT]. Reactions were quenched with the addi-
tion of 2× SDS sample buffer, boiled, and then electrophoresed on a
12% SDS-PAGE gel. Proteins on the gel were transferred to a poly-
vinylidene difluoride membrane (Millipore, IPFL 00010), which
was first blocked with 10% milk, and then probed with either
1:10,000 anti-H3K9ac antibody (Active Motif, #39038), 1:1000
anti-H3K56ac antibody (Active Motif, #39133), or 1:3000 anti-
H3K27ac antibody (Active Motif, #39082), and also probed with
1:3000 anti-H2B antibody (Abcam, #64039). Western blots were
quantified using ImageJ (54) or Bio-Rad Image Lab. Control exper-
iments show similar SIRT6 deacetylase activity using nucleosomes
reconstituted fromH3K9ac protein prepared in-house or purchased
from the Histone Source.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.
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