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ABSTRACT: We describe a new method to produce histone H2B by semisynthesis with an engineered sortase transpeptidase. N-
Terminal tail site-specifically modified acetylated, lactylated, and β-hydroxybutyrylated histone H2Bs were incorporated into
nucleosomes and investigated as substrates of histone deacetylase (HDAC) complexes and sirtuins. A wide range of rates and site-
specificities were observed by these enzyme forms suggesting distinct biological roles in regulating chromatin structure and
epigenetics.

The writing, erasing, and reading of post-translational
modifications (PTMs) on histone tails are critical for

regulating chromatin structure and gene expression in healthy
and disease states.1 Chromatin is comprised of nucleosomes,
octameric assemblies of pairs of histones H2A, H2B, H3, and
H4 wrapped by ∼146 base pairs of double-stranded DNA.2

Extensive efforts to analyze the functions and enzymatic
regulation of PTMs on histones H33−5 and H46−8 tails in the
context of nucleosomes have benefited from site-specific
incorporation of PTMs from chemical biology approaches.9−11

By comparison, histone H2B N-terminal PTMs have been
understudied.12 Recent work, however, has revealed highly
dynamic Lys acetylation (Kac) sites on the tail of histone H2B
upon acute inhibition of p300/CBP.13 H2BK11ac and K12ac,
in particular, are among sites with the shortest cellular half-lives
(<15 min), while H2BK20ac has a relatively longer cellular
half-life (∼30 min) after p300/CBP inhibition. However, the
deacetylases responsible for regulating these sites are unknown.
By contrast, H2BK46ac, part of the histone H2B core region,
appears unaffected by p300/CBP inhibition.13 Histones have
also been shown to undergo metabolic state-dependent Lys
acylation including lactylation (Klac)14 and β-hydroxybutyr-
ylation (Kbhb)15 on human and mouse chromatin, particularly
in disease models,16 although with unclear function and
enzymatic regulation.17

There are two major types of Lys deacylases in mammalian
cells, Zn metallohydrolase enzymes known as HDACs, and
NAD-dependent deacylases known as the sirtuins.18 HDACs
like HDAC1 have been identified in a variety of multiprotein
complexes including CoREST,19 MiDAC,20 HMMR (NuRD
deacetylase module bound to MBD2),21 Sin3A,22 MIER,23 and
RERE.24 Each complex is thought to have distinct biological
functions, although differences in deacylase activity and site-
specificity are uncertain. Understanding the mechanisms of
HDAC and sirtuin substrate recognition depends on access to
homogeneously acylated protein and nucleosome substrates.

Here, we report the scarless semisynthesis of site-specifically
modified, full-length histone H2B with an engineered sortase,
and the use of these synthetic substrates in unraveling HDAC1
complex and sirtuin selectivity toward acylated nucleosome
substrates (Figure 1a,b).
Standard sortase A recognizes the peptide motif LPXTG,

where X is any amino acid, and catalyzes transamidation of the
LPXT fragment onto an N-terminal G displacing the C-
terminal G in the recognition motif.25 Prior efforts have
employed an engineered variant of sortase, F40,26 to generate
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Figure 1. H2B acylations and HDAC complexes. (a) Nucleosome
depicting histone H2B acylations and acylation sites, as well as the W4
recognition sequence. (b) HDAC1 complexes studied here.
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semisynthetic histone H3 by acting on the motif A29PATG33.
Histone H2B contains a similar sequence, H49PDTG53, and we
therefore sought a sortase variant that could accommodate a
His residue in the first position. Using site-directed muta-
genesis, we generated four new sortase mutants (W1−W4)
designed to enhance catalysis and/or alter substrate selectivity.
We tested these with a simplified H2B peptide containing the
HPDTG sequence as a model substrate (Figure S2G), and
identified W4 as the most active in cleaving the model
substrate (Figure S1, Figure S26, Table S1). We then explored
W4 as a catalyst for semisynthesis of X. laevis full-length
histone H2B.27,28 Building on prior work in sortase semisyn-
thesis, we prepared a synthetic N-terminal H2B (aa4−52)
peptide (N-H2B) with a depsipeptide (ester) linkage between
Thr52 and glycolic acid. Prior studies on histone H3 have
revealed the depsipeptide linkage can increase the yield of the
desired full-length protein.29 With minimal optimization, it was
observed that W4 sortase can ligate N-H2B peptide and
heterologously expressed C-H2B (aa53−125) (using the
corresponding human aa numbering) with ∼40% yield,
affording the full-length histone H2B (Figure 2a,b, Figure S3).

Using W4 sortase and the appropriate N-terminally modified
peptides, we generated six semisynthetic histone H2Bs
including H2BK11ac, H2BK12ac, H2BK20ac, H2B46ac,
H2BK11lac, and H2BK11bhb (Figure S4). With H2BK11lac
and H2BK11bhb substrates,30 we sought to uncover deacylases
for these unusual modifications. These semisynthetic H2B
histone proteins were purified by RP-HPLC and validated by
intact protein mass spectrometry (Figure S3, Figure S5). Each
of the modified semisynthetic histones was readily incorpo-
rated into histone octamers, and subsequently into nucleo-
somes with 146 bp 601 Widom dsDNA (Figure 2c).31

The modified nucleosomes were assayed with six HDAC1
complexes: CoREST, MiDAC, HMMR, Sin3A, MIER, and
RERE as well as free HDAC1,32 and four purified sirtuins:
Sirt1, Sirt2, Sirt3, and Sirt5 (Figure S6).33,34 For comparison,
each enzyme/complex was assayed with free semisynthetic
modified histone H2B protein. As previously described,32

Western blot time course assays with the relevant commercial
site-selective acetyl-Lys or acyl-Lys antibodies (Figure S7)
were employed (Figure 3). Dilute, free histone H2B appeared
to aggregate, particularly under the sirtuin assay conditions, as
a function of time so we adjusted the measurement period to
short windows to mitigate this complication (Figure S9). We
have previously studied the deacetylation kinetics of related

complexes using H3K9ac and K14ac nucleosome substrates, as
well as free H3K9ac protein, which we have assayed again here
to assess consistency with prior studies (Figures S10−16,
Figures S20−23). The rates, calculated as velocity/enzyme
concentration (V/[E]), are derived from exponential decay
curves and shown in Tables S2 and S3, and as heat maps
(Figure 4a,b). We have previously characterized the NuRD

deacetylase module and find that the HMMR complex displays
similar deacetylase activity with H3K9ac nucleosome substrate
(Figure S13A).32

There were several notable findings. As reported previously
with acetylated H3 nucleosome substrates,32 a wide range of
velocities were observed among the HDAC1 complexes with
acyl-H2B nucleosome substrates. Striking variation was
observed in HDAC1 complexes, with a greater than 2000-
fold difference between MiDAC (V/[E] = 2.4 min−1) and
Sin3A (V/[E] < 0.001 min−1) H2BK11ac deacetylation rates.
Free HDAC1 was inactive toward any of the H2B nucleosome
substrates, consistent with previous observations of acetylated
H3 nucleosomes.32 Sirtuins showed a narrower dynamic range
on modified H2B nucleosome substrates, showing a maximum

Figure 2. H2B semisynthesis. (a) Scheme for W4 sortase-catalyzed
H2B semisynthesis. (b) SDS-PAGE for H2B proteins with Coomassie
staining. (c) Native TBE gel for H2B nucleosomes.

Figure 3. Typical western-blot results for MiDAC assay on H2B
nucleosomes installed with (a) H2BK11ac, (b) H2BK11lac, and (c)
H2BK11bhb. (d) Exponential decay curve-fitting.

Figure 4. Heatmap for V/[E] (min−1) of HDAC1 complexes and
sirtuins assays with (a) acylated H3 and H2B nucleosomes, (b)
acylated free H3 and H2B proteins. Bar graph of V/[E] (min−1) on
nucleosome and histone free protein for (c) CoREST, (d) MiDAC. A
part of the data for H3K14ac, H3K18ac, H3K23ac, and H3K27ac for
both complexes are incorporated from our previous report.32
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rate with Sirt2 and H2BK20ac substrate (V/[E] = 0.015
min−1).
Most of the HDAC1 complexes, CoREST, HMMR, MIER,

and RERE, deacetylate H3K9ac nucleosomes faster than any
acetylated H2B nucleosomes. Sirt2 and Sirt3 were the only two
sirtuins with detectable activity on nucleosomes and showed
similar rates with H3K9ac nucleosomes and H2B acetylated
nucleosomes. MiDAC was the only complex found to
preferentially deacetylate an H2B site, with ∼2-fold greater
activity toward H2BK11ac nucleosome over H3K9ac nucleo-
some (Figure 4d, Table S2).
In general, nucleosomal H2BK20ac and H2BK46ac were

more slowly removed than H2BK11ac and H2BK12ac by both
HDAC1 complexes and sirtuins. This observation in
nucleosomes is consistent with the proximity of H2BK20 to
the DNA backbone, and the position of H2BK46 between α-
helices 1 and 2 of the H2B globular domain. This general
deacetylase selectivity (H2BK11ac,K12ac > K20ac > K46ac) is
consistent with observed cellular acetylation half-lives follow-
ing p300/CBP inhibition. It is therefore plausible that these
enzymes/complexes are principal drivers of cellular deacetyla-
tion of p300/CBP histone H2B acetylation sites. In a striking
example of site selectivity, the MiDAC complex was found to
deacetylate the H2BK11ac nucleosome about 1000-fold faster
than the H2BK20ac nucleosome (V/[E] = 0.0022 min−1 for
H2BK20ac) whereas, for the CoREST and RERE complexes,
these rate differences are only ∼2-fold when comparing these
two sites.
H2B deacetylation rates were generally slower for

nucleosomal substrates than for free histone substrates
(Table S2, Table S3) both with HDAC1 complexes and
sirtuins (typical examples are CoREST and Sirt3). These
results are consistent with deacetylation of modified histone
H3 substrates.32 Basic histone tails in nucleosomes favorably
interact with the acidic phosphate backbone of DNA; thus, it is
possible that the faster deacetylation of free histone tails is
related to their greater flexibility and accessibility.35 In an
exception to this trend, MiDAC preferentially processed
nucleosomal H2BK11ac (V/[E] = 2.4 min−1) and
H2BK12ac (V/[E] = 0.84 min−1) over the free histone
forms (V/[E] = 0.099 min−1 and 0.030 min−1 for H2BK11ac
and H2BK12ac respectively). This may be due to the high
affinity of MiDAC for nucleosomes.20

HDAC1 complexes have previously been shown to exhibit
little selectivity among H3K9ac, K14ac, K18ac, K23ac, and
K27ac free histone substrates.32 By contrast, both HDAC1
complexes and sirtuins exhibited considerable site selectivity
among free H2B acetylation sites. Moreover, some selectivities
diverge from nucleosomal substrate selectivities. Free HDAC1
and the HDAC1 complexes examined here prefer H2BK11ac
and K12ac over H2BK20ac and K46ac in free histone H2B
proteins. As a dramatic example, the CoREST complex
deacetylated H2BK11ac (V/[E] = 3.6 min−1) and
H2BK12ac (V/[E] = 4.3 min−1) ∼50-fold faster than
H2BK20ac (V/[E] = 0.073 min−1) and H2BK46ac (V/[E] =
0.083 min−1) (Figure 4c). The sirtuins, however, preferentially
deacetylate H2BK20ac relative to the three other sites. This
was best exemplified by Sirt2, which deacetylated H2BK20ac
(V/[E] = 1.5 min−1) ∼25-fold faster than H2BK11ac (V/[E]
= 0.059 min−1). The range of H2B deacetylation rates reported
here is broader than previously observed for H3 substrates,
suggesting more intricate molecular recognition of the H2B N-
terminal tail by these enzymes. Notably, the MIER complex,

characterized here for the first time, shows a greater than 100-
fold higher rate of deacetylation of H3K9ac protein (V/[E] =
28 min−1) compared to any H2B acetylation site (Figure S17).
Furthermore, deacetylation of H3K9ac protein by the MIER
complex is over 10-fold faster than any other HDAC1 complex
(the second fastest CoREST V/[E] = 2.1 min−1) (Table S3).
Consecutive pairs of Lys residues (11−12, 15−16, 20−21,

and 23−24) are a distinctive feature of the H2B tail, made
more interesting by the observation that all are known to be
acylated. Prior characterization of H3 deacetylation revealed a
significant role for consecutive Arg-Lys (RK) sequences in
directing HDAC1 complex activity. Switching the 8th and 13th
residue of nucleosomal H3 (H3K9acR8G and H3K14acG13R)
inverted the site selectivity of the CoREST complex, but had
little effect on the MiDAC complex.32 These observations
prompted the question of whether the Lys-Lys (KK) sequence
would be similarly discriminatory. HDAC1 complexes and
sirtuins showed diverse selectivities for H2BK11ac and K12ac,
supporting the role of the amino acid sequence around an
acetylation influencing selectivity. Thus, we integrated prior32

and current deacetylase kinetic data to visualize trends in
amino acid composition surrounding deacetylation sites
(Figure S24, Figure S25). We see the preference of HDAC
complexes for positively charged R or K flanking the modified
K. HDAC complexes further favored small (A, P) or flexible
(S, G) residues in the three positions on either side of the
modified Lys, with at least one hydrogen bond donor (S, T). A
preference for small and or flexible residues could facilitate
interaction with HDAC complexes in which folded scaffold
domains crowd the active site.21

As the local sequence influences molecular recognition of
the acylated lysine, so too does the structure of the acylation
itself. The rates of deacylation of H2BK11lac and H2BK11bhb
were in all cases slower with both nucleosome and histone
substrates than the corresponding rates of H2BK11ac removal
by both HDAC1 complexes and sirtuins. With nucleosome
substrates, only MiDAC and RERE measurably removed either
of these acyl-Lys modifications.
MiDAC removed both Klac and Kbhb, whereas RERE was

only active against Klac. For free histone H2B substrates, Klac
and/or Kbhb deacylase activities were observed with CoREST,
MIER, and Sirt1.17 To confirm the enzymatic nature of these
reactions, the CoREST complex assays were repeated in the
presence of the HDAC inhibitor SAHA,36 which abolished the
deacylase activities (Figure S18). Taken together, the slow
deacylation of Klac and/or Kbhb by the HDAC1 complexes
and sirtuins suggest that these acyl-Lys groups are nonprimary
targets of the HDAC1 complexes or sirtuins. However,
lactylation and β-hydroxybutyrylation of Lys residues in
proteins, whether enzymatic or nonenzymatic,37 also appear
to be very slow such that the attachment and removal kinetics
appear commensurate.
In summary, we have described a new approach for the

semisynthesis of scarless histone H2B using an engineered
sortase enzyme. It expands the versatility of sortases in
chemical biology38 and protein engineering.39 This approach
allows for the facile incorporation of a range of chemical
modifications from the N-terminus to the core region of H2B.
With the semisynthetic acyl H2B nucleosomes, we have
identified the MiDAC and CoREST complexes as the most
robust deacetylases, and detected activity across a range of
other HDAC1 complexes and sirtuins. Diverse site selectivities
and magnitudes of the deacetylase activity were observed
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among the complexes and sirtuins with nucleosomal and free
histone H2B substrates. The remarkable variation in HDAC1
complex activity, despite sharing an identical catalytic core
polypeptide, HDAC1, highlights the importance of the other
subunits in controlling deacetylase activities and molecular
recognition. This is consistent with putative specific biological
roles of different deacetylases and their complexes in different
cellular functions and states. We have also found that Klac and
Kbhb modifications in histone H2B are susceptible to
enzymatic cleavage, albeit at moderate rates. Overall, we
believe that these findings provide a framework for elucidating
how specific modifications of histone H2B may influence gene
regulation and cellular behaviors.
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1. Design and expression of sortase mutants 
Sortase mutants were derived from S. aureus sortase A (Srt A). The previously reported enhanced sortase 
pentamutant (eSrt)1, F40 sortase mutant2, and calcium-independent sortase mutations (7M3, and 7Y4) were 
used as starting points. The substrate recognition loop targeted in the development of F40 sortase was found 
to alter sorting motif preference from LPXTG to APXTG, and thus was further mutated in an attempt to 
enhance recognition of the sequence HPXTG. DNA encoding S. aureus Srt A (60-206) (from Dirk 
Schwarzer lab) was cloned into pET21 vector (Ampicillin resistant). Subsequent mutations were 
accomplished by sequential rounds of quick-change site directed mutagenesis. The PCR products were 
purified by PCR cleanup kit (Zymo), treated with DpnI (New England Biolabs), and transformed into DH5α 
E. coli. Single colonies were picked and grown over night in 5 mL of Luria Bertani media supplemented 
with ampicillin (100 μg / mL), then pelleted (5 minutes, 4500 rcf, 4 ˚C). Plasmids were obtained from cell 
pellets by mini-prep (Plasmid Miniprep Classic, Zymo) and Sanger sequenced. 
 
F40 amino acid sequence (mutations distinguishing F40 from Srt A are underlined) 
MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAGHTFIDR
PNYQFTNLKAAKMGSMVYFKVGNETRKYKMTSIRDVKPQDVGMHLAEKGKDKQLTLITCDDY
NEKTGVWEKRKIFVATEVKLEHHHHHH 
 
W1 amino acid sequence (mutations distinguishing F40 from Srt A are underlined, mutations from eSrt 
are italicized, mutations from 7M are bolded) 
MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATSEQLNRGVSFAKENQSLDDQNISIAGHTFID
RPNYQFTNLKAAKMGSMVYFKVGNETRKYKMTSIRNVKPQDVGMHLAEKGKDKQLTLITCDD
YNEETGVWETRKIFVATEVKLEHHHHHH 
 
W2 amino acid sequence (mutations distinguishing F40 from Srt A are underlined, mutations from eSrt 
are italicized, mutations from 7M are bolded, Gly176 is deleted) 
MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATSEQLNRGVSFAKENQSLDDQNISIAGHTFID
RPNYQFTNLKAAKMGSMVYFKVGNETRKYKMTSIRNVKPQDVMHLAEKGKDKQLTLITCDDY
NEETGVWETRKIFVATEVKLEHHHHHH 
 
W3 amino acid sequence (mutations distinguishing F40 from Srt A are underlined, mutations from eSrt 
are italicized, mutations from 7M are bolded, Val166Ile) 
MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATSEQLNRGVSFAKENQSLDDQNISIAGHTFID
RPNYQFTNLKAAKMGSMVYFKVGNETRKYKMTSIRNVKPQDIGMHLAEKGKDKQLTLITCDDY
NEETGVWETRKIFVATEVKLEHHHHHH 
 
W4 amino acid sequence (mutations distinguishing F40 from Srt A are underlined, mutations from eSrt 
are italicized, mutations from 7Y are bolded)  



MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATSEQLNRGVSFAKENQSLDDQNISIAGHTFIG
RPNYQFTNLKAAKMGSMVYFKVGNETRKYKMTSIRNVKPQDVGMHLAEKGKDKQLTLITCDD
LNRETGVWETRKIFVATEVKLEHHHHHH 
 
All constructs were transformed into BL21-CodonPlus (DE3) RIPL E. coli strain. Protein expression began 
with inoculation of 50 mL of Luria Bertani (LB) media supplemented with 100 mg/L ampicillin with 
scrapings from a frozen cell stock. The 50 mL culture was grown overnight (12-16 hr) at 37 ̊ C with constant 
shaking (200 rpm). Subsequently 1 L LB cultures with 100 mg/L ampicillin were inoculated with 10 mL 
of small-scale culture and grown at 37 ̊ C, 200 rpm to an OD600 of 0.3-0.5, then brought down in temperature 
to 30 ˚C. At an OD600 of 0.5-0.6 overexpression was induced with the addition of IPTG to 0.3 mM. Cells 
were grown for a further 3 hr at 30 ˚C, 200 rpm. Cultures were pelleted by centrifugation at 5,000 × g, 4 
˚C, and the supernatant removed. Cell pellets were either stored at -80 ˚C, or immediately processed. Cell 
pellets were resuspended in 5 pellet volumes ice cold lysis buffer (20 mM Tris, pH 7.5, 0.1% Triton X-100) 
and lysed by three passages through a french pressure cell. Cell pellets stored at -80 C are notably more 
difficult to lyse in this fashion, as they become viscous upon thawing. Lysates were clarified by 
centrifugation at 13,000 x g, 4 ˚C, and lysate supernatants were applied to Ni-NTA resin (2.5 mL resin bed 
volume / 1 L culture) pre-equilibrated with cold lysis buffer. Column binding was achieved by passing 
supernatant over the resin bed twice by gravity at a moderate drip rate. The resin bed was washed with 10 
column volumes of lysis buffer, followed by 20 volumes of wash buffer (20 mM Tris, pH 7.5, 500 mM 
NaCl), and 10 volumes of lysis buffer supplemented with 5% elution buffer (20 mM Tris, pH 7.5, 400 mM 
imidazole). Protein was eluted in five fractions of elution buffer, each of 2 column volumes. Elution 
fractions were checked by SDS-PAGE (15%) and pooled for dialysis. Generally, all 5 fractions were of 
sufficient purity for pooling. Purified protein was dialyzed three times against 40 volumes of 50 mM Tris, 
pH 7.5, 150 mM NaCl, 5 mM CaCl2 at 4 ˚C. This protein was then concentrated by spin concentrator 
(Amicon, 10 kDa MWCO, 4,500 rpm, 4 ˚C) to a final concentration of 1-3 mM by the absorbance at 280 
nm measured by nanodrop (Thales).  

2. Evaluation of sortase activity with a model peptide 
The H2B model peptide KQVHPDTGGK(ivDde) (0.1 mM) and GGGRG (1 mM) (Figure S2G,H) were 
combined with buffer (20 mM PIPES, pH 7.0, 1 mM DTT) in 500 μL Eppendorf tubes. The reaction was 
initiated by the addition of sortase (0.1 mM), or, in the case of initial timepoints 10 % trifluoroacetic acid 
(to a final concentration of 1 %) followed by sortase. Reactions were run for 24 hr in a 37 ˚C incubator to 
avoid changes in volume arising from evaporation within the Eppendorf tube. At 24 hr reactions were 
quenched by the addition of 10 % trifluoroacetic acid (to a final concentration of 1 %). Substrate conversion 
was assessed by HPLC with C18 analytic column (Agilent, Eclipse XDB-C18, 4.6×250 mm) using area 
under the curve at 214 nm (Star Chromatography Workstation 6, Varian). Peptide species were confirmed 
by ESI-MS (Q Exactive Orbitrap, Thermo). A species corresponding to the substrate peptide, 
KQVHPDTGG(ivDde), -18 Da was observed over the course of the reaction, and attributed to reversible 
intramolecular imine formation. This species was observed to decrease over the course of the reaction along 
with the starting material. For the purposes of calculating consumption of the peptide starting material the 
area under the curve for both the peak of the anticipated mass, and the -18 Da peak were used. All 
measurements were made in at least triplicate (Figure S1, Table S1).  

3. Synthesis of depsipeptide Fmoc-Thr(OtBu)-glycolic acid (TOG) 
The synthesis of depsipeptide Fmoc-Thr(OtBu)-glycolic acid was carried out as previously reported in a 
two-step manner.5 For the first step, Fmoc-Thr(tBu)-OH (40 g, 100 mmol) was dissolved in 150 mL 
tetrahydrofuran (THF) together with phase-transfer catalyst tetra-n-butylammonium iodide (TBAI, 
Sigma8221520100) (5 g). After the addition of benzyl 2-bromoactate (Sigma-Aldrich245631-250G) (1.5 
eq, 24 mL, 150 mmol), the coupling was initiated by the addition of N,N-Diisopropylethylamine (DIPEA) 
(1.1 eq, 19 mL, 110 mmol). The reaction mixture was stirred at room temperature and monitored by thin-
layer chromatography (TLC) (hexane:ethyl acetate=5:1). After reaction completion (ca. 6 h), the THF was 



then removed by rotovap, and the reaction mixture was extracted three times with 300 mL water/ethyl 
acetate (EtOAc). The organic layer was combined, washed with water and brine, then dried with anhydrous 
calcium chloride. The crude product was concentrated and applied to silica gel column chromatography 
with a linear gradient from 10 % EtOAc/hexane to 40 % EtOAc/hexane over 30 min. The final product 
(~55 g, yield ~98 %) as a light yellow powder was confirmed by 1HNMR: 8-7.5 ppm (13 H, m), 5.7 ppm 
(1H, d), 5.2 ppm (2H, s), 4.8-4.7 ppm (2H, t), 4.4 ppm (3H, m), 4.3 ppm (2H, m), 1.3 ppm (12H, m). 

 
 
For the second step, the product from the previous step (5.4 g, 10 mmol) was dissolved in a de-gassed 
solvent mixture of THF/water (v/v 3:1). A catalytic amount of palladium on carbon (Pd/C, Alfa 
Aesar45924-06) (10-20 %, 540 mg) was added slowly and carefully, followed by repeated degassing. The 
mixture in a round-bottomed flask was connected to a hydrogen balloon, inserted into rubber septum with 
a with a long needle. After purging for 1 min, the system was sealed and stirred at room temperature and 
monitored by TLC (hexane:EtOAc=5:1 to show starting material followed by dichloromethane 
(DCM)/methanol=9:1 to show product). After reaction completion (ca. 8 h), the THF was largely first 
removed by rotavap, and the mostly dried reaction mixture was extracted three times with 50 mL 
water/EtOAc. The organic layer was combined, washed with water and brine, then dried over anhydrous 
sodium sulfate. The crude product was concentrated and applied to silica gel column chromatography. Pure 
DCM could elute reaction byproducts, while an isocratic 10% methanol/DCM was used to elute the final 
product TOG as a white to light yellow powder (~1.2 g, yield ~30 %) confirmed by 1HNMR: 8-7.5 ppm 
(8H, m), 5.6 ppm (1H, d), 5.0-4.7 ppm (2H, t), 4.4 ppm (3H, m), 4.3 ppm (2H, m), 1.3 ppm (12H, m).  

 

4. Synthesis of acetylated N-H2B (aa4-52) TOG peptide 
All the acetylated histone H2B peptides (aa4–52) TOG with site-specific lysine acetylation (Kac) 
(H2BK11ac, H2BK12ac, H2BK20ac, and H2BK46ac) were synthesized by Fmoc-SPPS with Rink Amide 
AM resin (EMD Millipore). Syntheses were performed using a Prelude automated peptide synthesizer 
(Gyros Protein Technologies) using the following deprotection & coupling cycle for a 0.2 mmol scale 
synthesis: 5 mL of 20% piperidine in DMF was added to the reaction vessel and mixed for 10 min, the 
vessel was drained, and a second identical deprotection followed; 4 mL of DMF was added to the reaction 
vessel and mixed for 30 sec, the vessel was drained, and five more washes followed alternating solvent 
delivery from the top and bottom of the reaction vessel; 0.8 mmol (4 eq) Fmoc-amino acid in 4 mL DMF, 
and 0.75 mmol (3.75 eq) HATU and 1.6 mmol (8 eq) N-methylmorpholine (NMM) in 4 mL DMF were 
sequentially added to the reaction vessel and mixed for 90 min, followed one wash with 4 mL DMF (as 
before), and a second identical coupling. After the coupling of the first Gly, the second amino acid coupled 
in each case was the depsipeptide TOG, which was hand coupled overnight with 0.4 mmol (2 eq) TOG, 
0.36 mmol (1.8 eq) HATU, and 0.8 mmol (4 eq) DIPEA. After all the coupling steps and deprotection steps, 
the resin was sequentially washed with DMF and dichloromethane (DCM), then dried under vacuum. 
Cleavage of the peptide from the resin and removal of the side chain protecting groups was accomplished 
by addition of Reagent B (5 % water, 5 % phenol, 2.5 % triisopropyl silane (TIPS), 87.5 % trifluoroacetic 
acid (TFA)) to dried resin, followed by 2.5 hr of end-over-end rotating at room temperature was applied to 
cleave the peptide from the resin and to remove the side chain protecting groups. The crude peptide was 
concentrated by drying under a stream of dry nitrogen and precipitated with the addition of cold diethyl 



ether. The precipitated peptide suspension was centrifuged for 5 min at 3,500 × g, 4 ˚C, and the supernatant 
was carefully removed. The pellet was washed two more times with cold diethyl ether, removing the 
supernatant each time, and then dried under nitrogen gas flow for 2 hr. The dry crude peptide was dissolved 
in 10 % acetonitrile (CH3CN)-water mixture with 0.05 % TFA, and purified by reverse-phase HPLC over 
a C8 semi-prep column (Varian Dynamax Microsorb 100, 250×21.4mm), with a linear gradient from 25 % 
CH3CN/0.05 % TFA to 55 % CH3CN/0.05 % TFA over 30 min, at a flow rate of 10 mL/min. Pure fractions 
were determined by MALDI-TOF MS (Dana Farber Cancer Institute Molecular Biology Core Facilities, 
4800 MALDI TOF/TOF, Applied Biosystems/MDS Sciex), combined, frozen and lyophilized to powders 
(Figure S2A-D). 
Sequence: AKSAPAP-KKGSKKAVTK-TQKKDGKKRR-KTRKESYAIY-VYKVLKQVHP-D-TOG-G;  
H2BK11ac (4-52) TOG [M + H]+ calculated as m/z 5729.7, observed at m/z 5730.4;  
H2BK12ac (4-52) TOG [M + H]+ calculated as m/z 5729.7, observed at m/z 5728.9; 
H2BK20ac (4-52) TOG [M + H]+ calculated as m/z 5729.7, observed at m/z 5730.7; 
H2BK46ac (4-52) TOG [M + H]+ calculated as m/z 5729.7, observed at m/z 5728.6. 

5. Synthesis of acylated N-H2B (aa4-52) TOG peptide 
The synthesis of H2BK11alloc (aa4-52) TOG was carried out using the general protocol described above. 
Alloc deprotection was performed as previously  by Pd(PPh3)4 as reported6 (L)-lactic acid (Sigma L1750-
10G) or (R)-β-hydroxybutyric acid (Aldrich 54920-1G-F) was conducted manually: carboxylic acid (10 eq) 
was mixed together with HBTU (9 eq) and DIPEA (20 eq) in 5 mL DMF, and applied to the resin for a 90 
min, followed by a second identical coupling. The peptides were then cleaved, purified and characterized 
as described above (Figure S2E,F). 
H2BK11lac (4-52) TOG [M + H]+ calculated as m/z 5760.7, observed at m/z 5760.9;  
H2BK11bhb (4-52) TOG [M + H]+ calculated as m/z 5774.7, observed at m/z 5778.6;  

6. Synthesis of H2B model peptides 
The synthesis and purification of GGGRG was carried out with a similar protocol as described above, 
starting from Rink Amide AM resin (EMD Millipore). The crude peptide dissolved in water with 0.05 % 
TFA and purified by RP-HPLC using a C18 preparative column with integral polar functionality (ACE-
126-1520, 150 x 21.2 mm, Advance Chromatography Technologies LTD) and an isocratic solvent 
composition (water with 0.05 % TFA). The synthesis and purification of KQVHPDTGGK(ivDde) was 
carried out using the general protocol described above, starting from Fmoc-Lys(ivDde)-Wang resin (Nova 
Biochem, # 856186) (Figure S2G,H). 
GGGRG [M + H]+ calculated as m/z 402.4, observe at m/z 402.0; 
KQVHPDTGGK(ivDde) [M + H]+ calculated as m/z 1273.2, observed at m/z 1272.7.  

7. Cloning C-H2B (53-125) plasmid 
Residues 4-52 were excised from a plasmid encoding Xenopus laevis histone H2B (pET-H2B) by 
polymerase chain reaction (PCR) with PfuUltra II Fusion HS DNA polymerase in PfuUltra buffer (Agilent 
600670) and the following primers: 
H2B4-52Del-F: 5’-TTA AGA AGG AGA TAT ATA TGG GCA TCT CGT CCA AGG CCA T-3’ 
H2B4-52Del-R: 5’- ATG GCC TTG GAC GAG ATG CCC ATA TAT ATC TCC TTC TTA A-3’ 
 Template plasmid was digested with DpnI (New England Biolabs #R0176L) in CutSmart buffer (10×, New 
England Biolabs) for 3 hr at 37 ˚C. The DNA product pET-C-H2B (53-125) was purified by PCR cleanup 
kit (Zymo #11-301C), and transformed into competent DH5α E. coli, followed by plating on LB agar plates 
supplemented with ampicillin (100 μg/mL). Single colonies were selected, grown, and sequenced as 
described above. 

8. Expression of histone H2A, H2B, H4, and histone C-H2B 
Wild type (WT) Xenopus laevis core histones H2A, H2B, H3, and H47, together with H3 (aa34-135, with 
the first Met cleaved by E. coli) (gH3) and H2B (aa53-125, with the first Met cleaved by E. coli) (C-H2B) 



were expressed and purified as previously reported8. Both H3 and gH3 constructs carry a C110A mutation, 
which is widely used in both nucleosome chemical biology9 and nucleosome structural studies10. The pET-
C-H2B plasmid described above was used to transform E. coli Rosetta (DE3) pLysS, and plated on LB agar 
plates supplemented with ampicillin (100 μg/mL). After growing overnight (12-16 h) at 37 ˚C, a single 
colony was picked to inoculate 1 L LB media supplemented with 100 mg/L ampicillin. The culture was 
grown at 37 ˚C while shaking at 200 rpm until the OD600 was 0.6. Expression of C-H2B was induced with 
0.5 mM IPTG at 37 ˚C for 2 hr. Cells were harvested by centrifugation at 4,000 rpm for 15 min and 
supernatant was removed. The cell pellet was resuspended in histone lysis buffer (50 mM Tris-HCl at pH 
7.5, 100 mM NaCl, 1 mM EDTA, 5 mM 2-mercaptoethanol (BME), 0.2 mM phenylmethylsulfonyl fluoride 
(PMSF) with 1% Triton X-100). Resuspended cells were lysed by three passages through a french press 
cell disrupter at ~1,000 psi. Lysed cells were centrifuged for 40 min at 15,000 g, 4 ˚C, and the supernatant 
was discarded. The pellet (inclusion bodies) was then washed by resuspending and vortexing five times 
with histone wash buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 1 mM EDTA). After the removal of 
all the supernatants, the pellets were dissolved in ion exchange (IEX) buffer A (7 M urea, 10 mM Tris pH 
7.8, 1 mM EDTA, and 5 mM BME), with vortexing and sonication to assist the solubilization as much as 
possible. After centrifuging for 30 min at 20,000 g, 4 ˚C, the supernatant was diluted 1:1 with IEX buffer 
A, and then loaded onto a tandem Q-SP column (5 mL HiTrap Q HP and 5 mL HiTrap SP HP, GE 
healthcare). IEX buffer A containing 100 mM NaCl was used to equilibrate and wash both Q-SP column. 
After the removal of Q column, a gradient wash and elution of SP column with IEX buffer A containing 
100 mM - 500 mM NaCl was carried out by manual mixing of IEX buffer A and IEX buffer B (7 M urea, 
10 mM Tris pH 7.8, 1 mM EDTA, 1 M NaCl and 5 mM BME). All fractions containing C-H2B was 
combined after analyzing each fraction by Coomassie stained SDS-PAGE. The pooled C-H2B solution was 
concentrated by Amicon centrifugal concentrator (3.5 K MWCO, EMD Miniport), then purified by reverse-
phase HPLC with a C8 semi-prep column (Varian Dynamax Microsorb 100, 250×21.4 mm). A linear 
gradient from 30 % CH3CN/0.05 % TFA to 50 % CH3CN/0.05 % TFA over 30 min at a flow rate of 10 
mL/min was used for C-H2B purification to reach a final > 95 % purity by Coomassie stained SDS-PAGE. 
The combined solution was then lyophilized to dryness and stored at -80 ˚C until usage. 

9. W4 sortase-catalyzed histone H2B semisynthesis 
W4 sortase-catalyzed H2B semisynthesis followed a similar protocol as reported for F40 sortase catalyzed 
H3 semisynthesis8. The modified histone N-terminal peptide H2B 4-52 TOG was made into 5 mM stock 
solution, and C-H2B (aa53-125) was made into 1 mM stock solution. Both solutions were centrifuged to 
remove precipitate if necessary. Small scale (20 μL) W4 sortase-catalyzed reaction tests were carried out 
with increased amount of N-H2B peptide or W4 sortase for condition optimization (Figure S3). With the 
optimized condition, large scale (~5 mL) W4 sortase-catalyzed H2B semisynthesis was then carried out as 
below. To a sortase reaction buffer (20 mM PIPES at pH 7.5, 1 mM DTT, without the addition of 5 mM 
CaCl2), H2B aa4-52 TOG (~1 mM) and C-H2B (~0.1 mM) were added and mixed. The ligation reaction 
was then initiated by the addition of W4 sortase (~500 mM) and was incubated at 37 ˚C for 12 hr. The 
reaction produces substantial precipitate, which contains most of the H2B product, C-H2B with some W4 
sortase, and could be isolated by centrifugation. The precipitate was dissolved in 1 mL IEX buffer A (7 M 
urea, 10 mM Tris at pH 7.8, 1 mM EDTA and 5 mM BME) and combined with the reaction supernatant. 
The combined solution was purified by reverse-phase HPLC with a C8 semi-prep column (Varian Dynamax 
Microsorb 100, 250×21.4mm), with a linear gradient from 25 % CH3CN/0.05 % TFA to 55 % CH3CN/0.05 % 
TFA over 30 min at a flow rate of 10 mL/min. Semi-preparative RP-HPLC removed most of the W4 sortase 
and N-H2B, however, the fractions of FL-H2B product still contain some C-H2B (Figure S4). These 
product fractions were carefully pooled and lyophilized until dry. The semi-pure dry powder was dissolved 
in 10 % CH3CN/ 0.05% TFA in H2O/0.05 % TFA, and repurified by reverse-phase HPLC with a C18 
analytic column (Agilent, Eclipse XDB-C18, 4.6×250 mm), using a linear gradient from 30 % CH3CN/0.05 % 
TFA to 50 % CH3CN/0.05 % TFA over 30 min at a flow rate of 1 mL/min. The fractions were characterized 
by MALDI-TOF MS and pooled, then lyophilized to powder and stored at -80 ˚C. Purity of all 
semisynthesized histone H2B proteins was checked by RP-HPLC with A C18 analytic column (Agilent, 



Eclipse XDB-C18, 4.6×250 mm) with a linear gradient from 5 % CH3CN/0.05 % TFA to 95 % CH3CN/0.05 % 
TFA over 30 min at a flow rate of 1 mL/min, and SDS-PAGE (Figure 2D). WT-H2B, C-H2B, H2BK11ac, 
H2BK12ac, H2BK11lac, and H2BK11bhb were further characterized by MALDI-TOF (Dana Farber 
Cancer Institute Molecular Biology Core Facilities, 4800 MALDI TOF/TOF, Applied Biosystems/MDS 
Sciex), while H2BK20ac and H2BK46ac were characterized by ESI-MS (LTQ Orbitrap, Thermo Q 
Exactive) (Figure S5). 
WT-H2B: [M + H]+ calculated as m/z 13494.7, observed as m/z 13493.2; 
C-H2B (gH2B): [M + H]+ calculated as m/z 7940.1, observed as m/z 7939.5; 
H2BK11ac: [M + H]+ calculated as m/z 13536.7, observed as m/z 13541.2;  
H2BK12ac: [M + H]+ calculated as m/z 13536.7, observed as m/z 13538.6;  
H2BK20ac: [M + H]+ calculated as m/z 13536.7, deconvolution as m/z 13537.8; 
H2BK46ac: [M + H]+ calculated as m/z 13536.7, deconvolution as m/z 13537.9; 
H2BK11lac: [M + H]+ calculated as m/z 13568.7, observed as m/z 13571.7; 
H2BK11bhb: [M + H]+ calculated as m/z 13582.7, observed as m/z 13582.8; 

10. Octamer refolding and nucleosome reconstitution 
In vitro octamer refolding and nucleosome assembly were carried out as previously reported.11 Briefly, all 
four histone proteins (H2A, H2B, H3 and H4) were dissolved with gentle pipetting in unfolding buffer (7 
M guanidine, 20 mM Tris-HCl at pH 7.5 and 10 mM DTT) for more than 30 min, but less than 3 hr, and 
quantified by reading A280. Octamer preparations containing H3K9ac or H3K14ac were mixed in a 1.2 : 
1.2 : 1 : 1.1 ratio of H2A:H2B:H3ac:H4, making the final protein concentration was ~1 mg/mL. Octamer 
preparations containing acylated H2B were in a 1.1 : 1 : 0.9 : 0.9 ratio of H2A:H2Bac:H3:H4, making the 
final protein concentration was ~1 mg/mL. The solution was then dialyzed (10 kDa molecular weight cutoff 
(MWCO) cassette, Slide-a-lyzer) against high salt octamer refolding buffer (20 mM Tris at pH 7.5, 2.0 M 
NaCl, 1 mM EDTA and 5 mM BME) three times at 4 ˚C. Crude octamers were concentrated (10 kDa 
MWCO, Amicon Ultra 0.5 mL, EMD Millipore) at 4 ˚C and purified by size exclusion FPLC 
(AKTApurifier, GE Healthcare) using a Superdex 200 10/300 GL column (GE Healthcare) with octamer 
refolding buffer as the mobile phase. Preparation of 146 bp Widom 601 DNA was from the restriction 
digestion of a specially designed DNA plasmid from E. coli as previously reported methods used for 
nucleosome reassembly.8 Purified octamer was mixed with Widom 601 DNA in 1:1 molar ratio in high salt 
(RB high) buffer (10 mM Tris at pH 7.5, 2.0 M KCl, 1 mM EDTA and 1 mM DTT) with a final 
concentration of 6 μM DNA. A Minipuls two channel peristaltic pump (Gilson) was used to continuously 
add low salt (RB low) buffer (10 mM Tris at pH 7.5, 250 mM KCl, 1 mM EDTA and 1 mM DTT) to the 
dialysis chamber, while simultaneously removing buffer from the chamber. The crude nucleosomes were 
purified by HPLC (Waters, 1525 binary pump, 2489 UV-Vis detector) with a TEKgel DEAE-5PW ion 
exchange column (TOSOH Bioscience, #83W-00096C) to remove free DNA. Mobile phase buffers were 
A TES250 (10 mM Tris 7.5, 250 mM KCl, 0.5 mM EDTA) and B TES600 (10 mM Tris 7.5, 600 mM KCl, 
0.5 mM EDTA). The purification gradient was 0 % B wash for 4 min, followed by a linear gradient from 
25 % to 75 % B over 30 min at 1 mL/ min flow rate. The fractions containing nucleosome products were 
immediately diluted with TCS Buffer (20 mM Tris at pH 7.5 and 1 mM DTT, no EDTA), then concentrated 
(10 kDa MWCO Amicon Ultra 4 mL, EMD Millipore) at 4 ˚C, and dialyzed three times against TCS buffer. 
Dialyzed nucleosomes were concentrated to 1-5 mM (Amicon Ultra 4 mL, 10 kDa MWCO, EMD 
Millipore), and the final nucleosome products were analyzed by native 4-20 % TBE gels (Novex™, Thermo 
Fisher Scientific EC62252BOX) under 120-125 Volts for 40-50 min. All the nucleosome products were 
over 95 % purity (free 146 bp DNA band had fluoresces 2.5-fold more brightly than the nucleosome DNA 
band in this setting)12 (Figure 2E). 

11. Expression and purification of HDAC complexes 
The expression and purification of most HDAC complexes were performed as described previously.8 For 
each complex, two to four plasmids corresponding to the different components of the HDAC complex were 
co-transfected into HEK293F cells. After the cell lysis by sonication, each complex was purified by FLAG 



tag immunoaffinity chromatography and then cleaved from the resin by TEV protease. The mixture was 
purified further using gel filtration on either a Superdex 200 Increase 10/ 300 GL column (MiDAC, RERE, 
MIER1) or a Superose 6 10/300 GL column (CoREST, NuRD/HMMR, Sin3A) for further purification. The 
purified complexes were finally concentrated to 1–5 mM and analyzed by SDS-PAGE stained with 
Coomassie to confirm purity (>80 %). The complexes were stored at -80˚C until further use after the 
addition of final glycerol concentration to 10 % (Figure S6A). 
Flag tagged CoREST1 (aa83–482), HDAC1 (FL aa1–482), and LSD1 (aa1–852) for the CoREST complex;  
Flag tagged MTA1 (FL aa1–715), HDAC1 (FL aa1–482), RBBP4 (FL aa1–425), and MBD2 (aa145-411) 
for the HMMR complex;  
Flag tagged Sin3A (aa461-1273), HDAC1 (FL aa1–482), RBBP4 (FL aa1–425), Sap30L (FL aa1-183) for 
the Sin3A complex;  
Flag tagged MIDEAS (aa628-887), HDAC1 (FL aa1–482), DNTTIP1 (FL aa1–329) for the MiDAC 
complex; 
Flag tagged MIER1 (FL aa1-512), HDAC1 (FL aa1-482) for the MIER1 complex; 
Flag tagged RERE (aa1-565), HDAC1 (FL aa1-482) for the RERE complex. 

12. Analysis of HDAC deacylation of acylated H2B & H3 nucleosomes and histones 
For all the deacetylation assays by HDAC complexes, each of the semisynthetic free histone proteins 
(H3K9ac, H2BK11ac, H2BK12ac, H2BK20ac, H2B46ac, H2BK11lac, and H2BK11bhb) (final 1.0 μM) or 
the corresponding nucleosomes (H3K9ac, H3K14ac, H2BK11ac, H2BK12ac, H2BK20ac, H2B46ac, 
H2BK11lac, and H2BK11bhb) (final 100 nM) were mixed with a HDAC reaction buffer (50 mM HEPES 
at pH 7.5, 100 mM KCl, 0.2 mg/mL BSA, and 100 μM inositol hexaphosphate (IP6)13). The reaction solution 
was kept on ice until the addition of different HDAC1 complexes at different final enzyme concentrations, 
and then incubated at 37 ˚C. The complexes include CoREST, HMMR, Sin3A, MiDAC, MIER, and RERE, 
as well as free HDAC1 enzyme (BPS Bioscience). At different time points, multiple reaction samples were 
taken. In a typical sample, 8 μL aliquots of the reaction were first taken and quenched with gel loading 
buffer (4 μL 40 mM EDTA, 4 μL 4 x Laemmli sample buffer). Each sample would then be boiled for 3-5 
min at 95 ˚C and then resolved on a 4-20 % gradient SDS-PAGE gel (TGXTM, Bio-Rad, 4561096) at 180 
Volts for ~20 min. Gels were transferred to nitrocellulose membrane (Transfer Stack, Invitrogen, IB301031) 
for western blot analysis (WB) by iBlot (Invitrogen) (P3, 5.0 min). Site-specific antibodies for acetylated 
H3 and acylated H2B, such as for anti-H3K9ac, anti-H3K14ac, anti-H2BK11ac (Invitrogen, #PA5-112479), 
anti-H2BK12ac (ActiveMotif, #39669), anti-H2BK20ac (Revmab Biosciences #31-1113-00), anti-
H2BK46ac (ActiveMotif, #39571), anti-H2BK11lac (provided by the Yingming Zhao lab from PTM Bio, 
Inc. (Chicago, IL)), and anti-H2BK11bhb (provided by the Yingming Zhao lab from PTM Bio, Inc. 
(Chicago, IL)) were used to blot the membrane. At the same time, anti-H3 or anti-H2B (Abcam, #ab134211, 
or Abcam, #ab52484) was used to visualize total H3 or H2B, respectively. The affinities and specificities 
of the primary H2B antibodies were tested and validated (Figure S7), while the specificities of the primary 
antibodies anti-H3K9ac and anti-H3K14ac have been confirmed previously8. After secondary antibody 
Anti-Rabbit IgG, HRP linked antibody (Cell signaling #7074S) blotting, the membranes were treated with 
the ECL substrate (Bio-Rad), and visualized by the G:BOX mini gel imager (Syngene). The bands were 
then quantified by ImageJ, and all intensity values were fit to a single-phase exponential decay curve with 
constrain Y0=1, Plateau=0 (GraphPad Prism Nine). Each plotted point represents at least 2 replicates 
(Figure S10-16). The kinetic parameter V/[E] was calculated using GraphPad Prism Nine. Heatmap 
visualization of all calculated V/[E] values were plotted with GraphPad Prism Nine (Figure 4AB). 
Normalized V/[E] were calculated for histone assays (V/[E] divided by a factor of 5) given that each 
nucleosome contains two H3 molecules and the final histone protein substrate (1.0 μM) is ten times more 
than nucleosome substrate (100 nM) (Table S2-3). The remaining nucleosome samples after HDAC1 
complex assay were analyzed by native 4-20 % TBE gels in comparison with the samples before assay to 
confirm the stability of nucleosome throughout the assay (Figure S8A). 



13. SAHA inhibition assay of CoREST on H2BK11lac and H2BK11bhb proteins 
To verify that the removal of H2BK11lac and H2BK11bhb was enzymatic, we carried out the deacetylation 
assays on H2B proteins using the CoREST complex with or without the HDAC inhibitor SAHA 
(Vorinostat). SAHA (Sigma, SML0061-5MG) was dissolved in 0.25 % DMSO in water to 1 mM. Pure 
water containing 0.25 % DMSO was used as a vehicle control. 100 μM SAHA was added to the HDAC 
reaction buffer containing 1.2 μM of CoREST complex and was incubated for 15 min at room temperature, 
before incubating for another 2 min on ice. The deacetylation reaction was initiated with the addition of 
H2BK11lac or H2BK11bhb protein to a final concentration of 1.0 μM. The final reaction mixture contained 
10 μM SAHA, 1.0 μM H2B protein, 120 nM CoREST, and 0.0025 % DMSO, while the vehicle control 
contains 1.0 μM H2B protein, 120 nM CoREST, and 0.0025 % DMSO. After thorough mixing, the reactions 
were incubated at 37 ˚C, before processing as described above (Figure S18). 

14. Comparison of NuRD and HMMR deacetylation kinetics on H3K9ac nucleosome  
We previously characterized deacetylation of H3 by the NuRD complex (HDAC1, MTA1, and RBBP4/7). 
In order to compare the data collected here with the expanded HMMR complex (HDAC1, MTA1, RBBP4/7, 
and MBD2), we carried out parallel assays on H3K9ac nucleosomes using HMMR and NuRD.8 Assays 
were conducted as described in the general HDAC assay protocol, and all data was analyzed as described 
above (Figure S13A). 

15. Fluor de Lys assay on commercial HDAC1 
HDAC1 (1-482(end)-His-FLAG) in complex with Hsp70 (BPS Bioscience, #50051) (Figure S6A) was 
purchased with Fluorogenic HDAC Assay Kit (BPS Bioscience, #50031), and its activity was confirmed 
with the Fluor de Lys assay. HDAC1 was first mixed with HDAC reaction buffer to a 300 nM stock 
solution, while the HDAC peptide substrate 3 (BPS Bioscience) was diluted with sirtuin reaction buffer to 
a 500 nM stock solution. To a black 96-well plate (MicroWellTM, Thermo, #267342), a final concentration 
of 50 nM peptide substrate was mixed with a concentration gradient of HDAC1 (0, 1 nM, 2 nM, 4 nM, 8 
nM, 16 nM) within separate wells, while a well only containing HDAC reaction buffer was used as the 
negative control. After being covered with aluminum foil, the plate was incubated for 30 min at 37 ˚C, 
followed by the addition of HDAC Assay Developer (2×, BPS Bioscience, #50030). After well-mixed, 
the plate was incubated for 15 min at room temperature. The samples were read by microtiter-plate 
reading fluorimeter (BioTek Cytation 5) with 365 nm excitation and 450 nm emission. The data were 
exported and plotted in linear fitting after subtracting the negative control (GraphPad Prism Nine), with 2 
replicates for each data point (Figure S19A). 

16. Cloning, expression, and purification of sirtuins 
The expression and purification of human sirtuins14 generally followed the reported protocol15,16. The 
purified sirtuins were concentrated to 3–20 mM and analyzed by SDS-PAGE stained with Coomassie to 
confirm purity (> 90 %). The aliquots were stored at -80˚C until further use after the addition of final 
glycerol concentration to 10 % (Figure S6AB). 
Removed N-terminal His-Sumo tag Sirt2: (aa56-356); 
N-terminal non-cleavable 6xHis Sirt3: (aa101-399); 
Sirt5-Flag tagged: (FL, aa1-310). 

17. Fluor de lys assay on commercial Sirt1 
Sirt1 (GST-aa193-741) was purchased with the Fluorogenic Sirt1 Assay Kit (BPS Bioscience, #50081), 
and its activity was confirmed with the Fluor de Lys assay. Sirt1 was first mixed with a sirtuin reaction 
buffer (50 mM HEPES at pH 7.5, 1 mM DTT, 0.2 mg/mL BSA, and 1 mM NAD+ )14 to give a 900 nM 
stock solution, while the sirtuin peptide substrate (BPS Bioscience) was diluted with sirtuin reaction buffer 
to give a 500 nM stock solution. To a black 96-well plate (MicroWellTM, Thermo, #267342), a final 
concentration of 50 nM peptide substrate was mixed with a concentration gradient of Sirt1 (0, 10 nM, 30 
nM, 90 nM) in separate wells, while a well only containing sirtuin reaction buffer was used as the negative 



control. The plate was covered with aluminum foil, and incubated for 30 min at 37 ˚C, followed by the 
addition of sirtuin developer (2×, BPS Bioscience). After thorough mixing, the plate was incubated for 15 
min at room temperature. The samples were read by microtiter-plate reading fluorimeter (BioTek Cytation 
5) with 365 nm excitation and 450 nm emission. The data were exported and plotted in linear fitting after 
subtracting the negative control (GraphPad Prism Nine), with 2 replicates for each data point (Figure S19B). 

18. Analysis of sirtuin deacylation of acylated H2B & H3 nucleosomes and histones 
The general setup and processing of all the deacetylation assays by sirtuins were similar to the HDAC 
complex assays described above. The nucleosome or histone substrates was mixed with the sirtuin reaction 
buffer (50 mM HEPES at pH 7.5, 1 mM DTT, 0.2 mg/mL BSA, and NAD+ 1 mM)14, and the deacylation 
reactions were initiated with the addition of Sirt1, Sirt2, Sirt3, and Sirt5 to different final concentrations 
(Figure S20-23). A decrease in total H2B was observed in each assay with free histone H2B protein, thus 
all intensity values were normalized according to the corresponding anti-H2B intensity value. Normalized 
data was fit to a single-phase exponential decay curve software with constrain Y0=1, Plateau=0 (GraphPad 
Prism Nine) (Table S2-3). The remaining nucleosome samples after sirtuin assay were analyzed by native 
4-20 % TBE gels in comparison with the samples before assay to confirm the stability of nucleosome 
throughout the assay (Figure S8B). 

19. WT-H2B and WT-H3 assay with different concentration of sirtuins 
We hypothesize that the protein loss during assays with the sirtuins was due to the aggregation of histone 
protein, which was in a thermodynamically unstable state. To rule out that the observed decrease in total 
H2B protein during sirtuin assays was due to the addition of sirtuin, or as an antibody issue, we carried out 
an aggregation test with WT-H2B and WT-H3 with a concentration gradient of sirtuin. In this assay, Sirt2 
was specifically used due to its robust activity on both H2Bac nucleosomes and free histone H2Bac proteins. 
WT-H2B (final 1.0 μM) or WT-H3 (final 1.0 μM) was mixed with the sirtuin reaction buffer, followed by 
the addition of a concentration gradient of Sirt2 (0, 30 nM, 120 nM). The reaction solutions were incubated 
at 37 ˚C, and aliquots were removed at multiple subsequent time points. Western blotting was as described 
above. Samples were further characterized by SDS-PAGE gel (4-20 % TGXTM, Bio-Rad, 4561096) stained 
by Colloidal Blue Staining (Invitrogen, #LC6025) (Figure S9). 

20. Enzyme concentration-dependent assay for HDAC1 complexes and sirtuins 
For the MIER complex, an enzyme concentration-dependent assay was carried out for both H3K9ac 
nucleosomes and free protein. For nucleosome deacetylation assays, two different final concentrations of 
the MIER complex (120 nM, 30 nM) were mixed with H3K9ac nucleosomes (Figure S17A) and H2BK11ac 
nucleosomes (data not shown, due to undetectable activity at 30 nM enzyme). The velocity showed a non-
linear relationship with enzyme concentration (leveling off at high MIER complex concentration), thus the 
V/[E] from the 30 nM group was decided to be more accurate. For histone deacetylation assays, seven 
different final concentrations of MIER (120 nM, 60 nM, 30 nM, 10 nM, 5 nM, 1 nM, 0.2 nM) were mixed 
with free histone H3K9ac protein (Figure S17B). The velocity also showed a non-linear relationship with 
the enzyme concentration (leveling off at high MIER complex concentration), thus the V/[E] from the 0.2 
nM group was decided to be most accurate. Several other enzyme concentration-dependent assays were 
also carried out: MiDAC (120 nM, 30 nM) with H2BK11lac nucleosome (Figure S12F); MiDAC (120 nM, 
30 nM) with H2BK11bhb nucleosome (Figure S12G); RERE (120 nM, 30 nM) with H3K9ac nucleosome 
(Figure S16A); Sirt2 (60 nM, 30 nM) with H3K9ac nucleosome (Figure S21A); Sirt1 (20 nM, 5 nM) on 
free histone H3K9ac protein (Figure S20A). In each of these cases, the velocity measurements generally 
showed a linear relationship with enzyme concentration. 

21. Complex-specific rate-weighted ranking of local sequences 
The rates of individual HDAC complexes were normalized to the lowest measured rate, which was set to a 
value of 1. All normalized values were then rounded to the nearest integer. Each deacetylation site was 
defined by the five amino acids preceding, and 5 amino acids following the target lysine. These acetylation 



sites were FASTA formatted and compiled into a list. The number of times that a site appears in the list 
was determined by the normalized integer value of the rate a complex exhibited toward that site. The 
WebLogo tool17 (http://weblogo.berkeley.edu/logo.cgi) for consensus sequence visualization was used to 
convert FASTA lists into plots illustrating rate-weighted amino acid frequency surrounding an acetylation 
site (Figure S24, Figure S25). 
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22. Figure S1. Representative RP-HPLC chromatogram of model peptide conversion. 
Chromatogram from 0 hr reaction time (top), and 24 hr reaction time (bottom). Peaks corresponding to the 
transpeptidation product KQVHPDTGGGRG, and starting materials KQVHPDTGGK(ivDde) and 
KQVHPDTGGK(ivDde) - 18 Da are indicated. 
 
  



23. Table S1. Activity of sortase mutants on a model peptide substrate.  
Decrease in the area under the curve (214 nm) of the substrate peptide, KQVHPDTGGK(ivDde), over 24 
hr reaction time (n ≥3, ± standard deviation).  
 

Sortase mutant Decrease in substrate 

F40 (n = 3) 3.9% ± 3.4% 

W1 (n = 3) 0% 

W2 (n = 3) 5.2% ± 2.8% 

W3 (n = 4) 4.9% ± 2.1% 

W4 (n = 4) 41% ± 11% 
 
  



 

24. Figure S2. All MS for N-H2B peptides and model peptides. 
MALDI-TOF for (A) H2BK11ac aa4-52 TOG peptide; (B) H2BK12ac aa4-52 TOG peptide; (C) 
H2BK20ac aa4-52 TOG peptide; (D) H2BK46ac aa4-52 TOG peptide; (E) H2BK11lac aa4-52 TOG 
peptide; (F) H2BK11bhb aa4-52 TOG peptide; (G) H2B 47-56 K56ivDde peptide; (H) ESI-MS for 
GGGRG peptide, also confirmed by H1NMR (data not shown). 
  



 

 

25. Figure S3. Condition optimization of W4 sortase-catalyzed histone H2B semisynthesis 
Small scale (20 μl) W4 sortase-catalyzed reaction tests were carried out with 4 different conditions in a 
sortase reaction buffer at 37 ˚C for 12 hr, and then analyzed by SDS-PAGE (H2BK12ac as example). W4 
sortase, Full-length histone H2B product (FL-H2B), substrates N-H2B aa4-52 TOG, and C-H2B (aa53-135) 
are indicated, while W4 sortase, FL Wild-Type histone H2B product (FL-WT-H2B), substrates N-H2B 
aa4-52 TOG, and C-H2B (aa53-135) are used as controls. Condition 4 was chosen to setup large scale (~5 
mL) W4 sortase-catalyzed H2B semisynthesis.  
Condition 0: W4 sortase (~500 μM), N-H2B aa4-52 TOG (0 mM), and C-H2B (~0.1 mM);  
Condition 1: W4 sortase (~160 μM), N-H2B aa4-52 TOG (~0.3 mM), and C-H2B (~0.1 mM);  
Condition 2: W4 sortase (~160 μM), N-H2B aa4-52 TOG (~1 mM), and C-H2B (~0.1 mM);  
Condition 3: W4 sortase (~500 μM), N-H2B aa4-52 TOG (~0.3 mM), and C-H2B (~0.1 mM);  
Condition 4: W4 sortase (~500 μM), N-H2B aa4-52 TOG (~1 mM), and C-H2B (~0.1 mM). 
 
  



 

26. Figure S4. Representative semi-prep HPLC chromatography for W4 sortase-catalyzed H2B 
synthesis 

The reaction mixture (H2BK12ac as example) was purified by reverse-phase HPLC with a C8 semi-prep 
column with a linear gradient from 25 % CH3CN/0.05 % TFA to 55 % CH3CN/0.05 % TFA over 30 min 
at a flow rate of 10 mL/min. Semi-preparative RP-HPLC removed most of the W4 sortase and N-H2B, 
however, the fractions of full-length (FL) H2B product still contained some C-H2B. Overall FL-H2B 
synthesis provided ~40 % yield (based on C-H2B substrate concentration). 
  



 

27. Figure S5. All analytic HPLC chromatography and MALDI-TOF for full-length H2B 
(A) H2BK11ac aa4-125 histone protein; (B) H2BK12ac aa4-125 histone protein; (E) H2BK11lac aa4-125 
histone protein; (F) H2BK11bhb aa4-125 histone protein; (G) WT-H2B aa4-125 histone protein; (H) C-
H2B (gH2B) aa53-125 protein; Analytic HPLC chromatography and ESI-MS for (C) H2BK20ac aa4-125 
histone protein; (D) H2BK46ac aa4-125 histone protein. 
  



 

28. Figure S6. SDS-PAGE for All HDAC1 complexes and sirtuins  
(A) HDAC1 in the different complexes is shown within the pink rectangle. The scaffold proteins are labeled 
in red, and the third components of each complex are labeled in white. The major impurity bands of each 
HDAC complexes are labeled as *. Each sirtuin is labeled in cyan. (B) Domain architectures for Sirt1, 2, 3, 
and 5. 
  



 

29. Figure S7. Antibody affinity and specificity tests  
(A) SDS-PAGE for free histone H2BK11ac protein, free histone H2BK12ac protein, free histone WT-
H2B protein, H2BK11ac nucleosome, H2BK12ac nucleosome, by Coomassie staining, or transferred to 
membrane followed by blotting with anti-H2BK11ac, and with anti-H2BK12ac; (B) SDS-PAGE for free 
histone WT-H2B protein, free histone H3K9ac protein, free histone H2BK20ac protein, free histone 
H2BK46ac protein, by Coomassie staining, or transferred to membrane followed by blotting with anti-
H2BK20ac, and with anti-H2BK46ac; (C) SDS-PAGE for free histone H2BK11ac protein, free histone 
H2BK11lac protein, free histone H2BK11bhb protein, by Coomassie staining, or transferred to membrane 
followed by blotting with anti-H2BK11ac, anti-H2BK11lac, anti-H2BK11bhb, and anti-H2B. 
  



 

30. Figure S8 Representative TBE gel for nucleosomes before and after treatment with an HDAC 
complex (Sin3A) or sirtuin (Sirt2) 

(A) H2BK11lac and H2BK11bhb nucleosomes before and after 120 nM Sin3A assay; (B) H3K9ac, 
H2BK11lac and H2BK11bhb nucleosomes before and after 120 nM Sirt2 assay. 
  



 

31. Fig. S9. WT-H2B and WT-H3 protein aggregation test in sirtuin reaction buffer 
(A) WB and curve-fitting of WT-H2B (final 1.0 μM) mixed with a concentration gradient of Sirt2 (0, 30 
nM, 120 nM) in the sirtuin reaction buffer; (B) SDS-PAGE with colloidal staining and curve-fitting of 
WT-H2B (final 1.0 μM) mixed with a concentration gradient of Sirt2 (0, 30 nM, 120 nM) in the sirtuin 
reaction buffer; (C) WB and curve-fitting of WT-H3 (final 1.0 μM) mixed with a concentration gradient 
of Sirt2 (0, 30 nM, 120 nM) in the sirtuin reaction buffer; (D) SDS-PAGE with colloidal staining and 
curve-fitting of WT-H3 (final 1.0 μM) mixed with a concentration gradient of Sirt2 (0, 30 nM, 120 nM) 
in the sirtuin reaction buffer. 
  



 

32. Figure S10. WB and curve fitting for deacylation by free HDAC1 
(A) H2BK11ac (n = 4 for nucleosome assay; n = 4 for free histone protein assay); (B) H2BK12ac (n = 4 
for nucleosome assay; n = 3 for free histone protein assay), (C) H2BK20ac (n = 4 for nucleosome assay; n 
= 4 for free histone protein assay), (D) H2BK46ac (n = 3 for nucleosome assay; n = 3 for free histone 
protein assay). (E) H2BK11lac (n = 4 for nucleosome assay; n = 3 for free histone protein assay); (F) 
H2BK11bhb (n = 2 for nucleosome assay; n = 4 for free histone protein assay); (G) Curve fitting for 
nucleosome kinetics with 60 nM HDAC1 labeled in the graph; (H) Curve fitting for histone kinetics with 
5, or 300 nM HDAC1 labeled in the graph. 
  



 

33. Figure S11. WB and curve fitting for deacylation by the CoREST complex 
(A) H3K9ac (n = 2 for nucleosome assay); (B) H2BK11ac (n = 4 for nucleosome assay; n = 3 for free 
histone protein assay); (C) H2BK12ac (n = 4 for nucleosome assay; n = 4 for free histone protein assay), 
(D) H2BK20ac (n = 5 for nucleosome assay; n = 4 for free histone protein assay), (E) H2BK46ac (n = 5 for 
nucleosome assay; n = 3 for free histone protein assay). (F) H2BK11lac (n = 2 for nucleosome assay; n = 
2 for free histone protein assay); (G) H2BK11bhb (n = 2 for nucleosome assay; n = 2 for free histone protein 
assay); (H) Curve fitting for nucleosome kinetics with 30, 40, or 60 nM CoREST labeled in the graph; (I) 
Curve fitting for histone kinetics with 1, 30, or 120 nM CoREST labeled in the graph.  



 

34. Figure S12. WB and curve fitting for deacylation by the MiDAC complex 
(A) H3K9ac (n = 2 for nucleosome assay); (B) H2BK11ac (n = 2 for nucleosome assay; n = 3 for free 
histone protein assay); (C) H2BK12ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay), 
(D) H2BK20ac (n = 2 for nucleosome assay; n = 3 for free histone protein assay), (E) H2BK46ac (n = 2 for 
nucleosome assay; n = 2 for free histone protein assay). (F) H2BK11lac (n = 2 for nucleosome assay with 
30 nM MiDAC & n = 3 with 120 nM MiDAC; n = 4 for free histone protein assay); (G) H2BK11bhb (n = 
3 for nucleosome assay with 30 nM MiDAC & n = 2 with 120 nM MiDAC; n = 4 for free histone protein 
assay); (H) Curve fitting for nucleosome kinetics with 2, 5, or 120 nM MiDAC labeled in the graph; (I) 
Curve fitting for histone kinetics with 120 nM MiDAC labeled in the graph.  



 

35. Figure S13. WB and curve fitting for deacylation by the HMMR complex 
(A) H3K9ac (n = 4 for nucleosome assay with 80 nM HMMR (NuRD bound to MBD2) & n = 2 for 
nucleosome assay with 80 nM NuRD); (B) H2BK11ac (n = 6 for nucleosome assay; n = 4 for free histone 
protein assay); (C) H2BK12ac (n = 6 for nucleosome assay; n = 2 for free histone protein assay), (D) 
H2BK20ac (n = 4 for nucleosome assay; n = 4 for free histone protein assay), (E) H2BK46ac (n = 4 for 
nucleosome assay; n = 3 for free histone protein assay). (F) H2BK11lac (n = 2 for nucleosome assay; n = 
4 for free histone protein assay); (G) H2BK11bhb (n = 2 for nucleosome assay; n = 4 for free histone protein 
assay); (H) Curve fitting for nucleosome kinetics with 60 or 120 nM HMMR labeled in the graph; (I) Curve 
fitting for histone kinetics with 5 or 120 nM HMMR labeled in the graph.  



 

36. Figure S14. WB and curve fitting for deacylation by the Sin3A complex 
(A) H3K9ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay with 20 nM Sin3A & n = 2 
with 80 nM Sin3A); (B) H3K14ac (n = 2 for nucleosome assay); (C) H2BK11ac (n = 2 for nucleosome 
assay; n = 2 for free histone protein assay); (D) H2BK12ac (n = 2 for nucleosome assay; n = 2 for free 
histone protein assay), (E) H2BK20ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay), 
(F) H2BK46ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay). (G) H2BK11lac (n = 2 
for nucleosome assay; n = 2 for free histone protein assay); (H) H2BK11bhb (n = 3 for nucleosome assay; 
n = 2 for free histone protein assay); (I) Curve fitting for nucleosome kinetics with 80, or 120 nM Sin3A 
labeled in the graph; (J) Curve fitting for histone kinetics with 20, 40, 80, or 120 nM Sin3A labeled in the 
graph.  



 

37. Figure S15. WB and curve fitting for deacylation by the MIER complex 
(A) H3K14ac (n = 3 for nucleosome assay); (B) H2BK11ac (n = 4 for nucleosome assay; n = 3 for free 
histone protein assay); (C) H2BK12ac (n = 4 for nucleosome assay; n = 4 for free histone protein assay), 
(D) H2BK20ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay), (E) H2BK46ac (n = 2 for 
nucleosome assay; n = 2 for free histone protein assay). (F) H2BK11lac (n = 2 for nucleosome assay; n = 
3 for free histone protein assay); (G) H2BK11bhb (n = 2 for nucleosome assay; n = 5 for free histone protein 
assay); (H) Curve fitting for nucleosome kinetics with 30, or 120 nM MIER labeled in the graph; (I) Curve 
fitting for histone kinetics with 0.2, 30, or 120 nM MIER labeled in the graph.  



 

38. Figure S16. WB and curve fitting for deacylation by the RERE complex 
(A) H3K9ac (n = 2 for nucleosome assay with 30 nM RERE & n = 3 with 120 nM RERE; n = 2 for free 
histone protein assay); (B) H3K14ac (n = 2 for nucleosome assay); (C) H2BK11ac (n = 2 for nucleosome 
assay; n = 4 for free histone protein assay); (D) H2BK12ac (n = 2 for nucleosome assay; n = 2 for free 
histone protein assay), (E) H2BK20ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay), 
(F) H2BK46ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay). (G) H2BK11lac (n = 3 
for nucleosome assay; n = 2 for free histone protein assay); (H) H2BK11bhb (n = 2 for nucleosome assay; 
n = 5 for free histone protein assay); (I) Curve fitting for nucleosome kinetics with 30, or 120 nM RERE 
labeled in the graph; (J) Curve fitting for histone kinetics with 120 nM RERE labeled in the graph.  



 

39. Figure S17. Enzyme concentration-dependent assay for MIER 
(A) H3K9ac nucleosome (n = 5 with 120 nM MIER & n = 3 with 30 nM MIER) (B) H3K9ac protein (n = 
2 with 120 nM MIER, n = 3 with 60 nM MIER, n = 3 with 30 nM MIER, n = 2 with 10 nM MIER, n = 2 
with 5 nM MIER, n = 2 with 1 nM MIER, & n = 2 with 0.2 nM MIER).  



 

40. Figure S18. SAHA inhibition assay for CoREST on H2BK11lac and H2BK11bhb 
(A) WB of the CoREST deacylation assay on H2BK11lac protein with or without 10 μM SAHA; (B) Curve-
fitting of the CoREST deacylation assay on H2BK11lac protein with or without 10 μM SAHA; (C) WB of 
the CoREST deacylation assay on H2BK11bhb protein with or without 10 μM SAHA; (D) Curve-fitting of 
the CoREST deacylation assay on H2BK11bhb protein with or without 10 μM SAHA; (E) Table for V/[E]. 
  



 

41. Figure S19. Fluor de lys assay for HDAC1 and sirtuin 1 
(A) Fluor de lys assay for a gradient of commercial HDAC1 (0, 1 nM, 2 nM, 4 nM, 8 nM, 16 nM) was 
carried out with fluorescence HDAC1 assay kit; (B) Fluor de lys assay for a gradient of commercial Sirt1 
(0, 10 nM, 30 nM, 90 nM) was carried out with fluorescence sirtuin assay kit. 
  



 

42. Figure S20. WB and curve fitting for deacylation by sirtuin 1 
(A) H3K9ac (n = 4 for nucleosome assay; n = 2 for free histone protein assay with 5 nM Sirt1 & n = 2 with 
20 nM Sirt1); (B) H3K14ac (n = 2 for nucleosome assay); (C) H2BK11ac (n = 2 for nucleosome assay; n 
= 2 for free histone protein assay); (D) H2BK12ac (n = 2 for nucleosome assay; n = 4 for free histone 
protein assay), (E) H2BK20ac (n = 2 for nucleosome assay; n = 3 for free histone protein assay), (F) 
H2BK46ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay). (G) H2BK11lac (n = 3 for 
nucleosome assay; n = 2 for free histone protein assay); (H) H2BK11bhb (n = 2 for nucleosome assay; n = 
2 for free histone protein assay); (I) Curve fitting for nucleosome kinetics with 60, or 120 nM Sirt1 labeled 
in the graph; (J) Curve fitting for histone kinetics with 5, 10, 20, or 240 nM Sirt1 labeled in the graph.  



 

43. Figure S21. WB and curve fitting for deacylation by sirtuin 2 
(A) H3K9ac (n = 3 for nucleosome assay with 30 nM Sirt2 & n = 3 with 60 nM Sirt2; n = 2 for free histone 
protein assay); (B) H3K14ac (n = 4 for nucleosome assay); (C) H2BK11ac (n = 4 for nucleosome assay; n 
= 2 for free histone protein assay); (D) H2BK12ac (n = 2 for nucleosome assay; n = 2 for free histone 
protein assay), (E) H2BK20ac (n = 3 for nucleosome assay; n = 2 for free histone protein assay), (F) 
H2BK46ac (n = 4 for nucleosome assay; n = 2 for free histone protein assay). (G) H2BK11lac (n = 2 for 
nucleosome assay; n = 2 for free histone protein assay); (H) H2BK11bhb (n = 2 for nucleosome assay; n = 
2 for free histone protein assay); (I) Curve fitting for nucleosome kinetics with 30, or 120 nM Sirt2 labeled 
in the graph; (J) Curve fitting for histone kinetics with 10, 40, 60, 80, or 120 nM Sirt2 labeled in the graph.  



 

44. Figure S22. WB and curve fitting for deacylation by sirtuin 3 
(A) H3K9ac (n = 4 for nucleosome assay; n = 2 for free histone protein assay); (B) H3K14ac (n = 2 for 
nucleosome assay); (C) H2BK11ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay); (D) 
H2BK12ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay), (E) H2BK20ac (n = 3 for 
nucleosome assay; n = 2 for free histone protein assay), (F) H2BK46ac (n = 3 for nucleosome assay; n = 2 
for free histone protein assay). (G) H2BK11lac (n = 3 for nucleosome assay; n = 3 for free histone protein 
assay); (H) H2BK11bhb (n = 2 for nucleosome assay; n = 4 for free histone protein assay); (I) Curve fitting 
for nucleosome kinetics with 60, or 120 nM Sirt3 labeled in the graph; (J) Curve fitting for histone kinetics 
with 4, 10, 30, or 120 nM Sirt3 labeled in the graph.  



 

45. Figure S23. WB and curve fitting for deacylation by sirtuin 5 
(A) H3K9ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay); (B) H3K14ac (n = 2 for 
nucleosome assay); (C) H2BK11ac (n = 3 for nucleosome assay; n = 2 for free histone protein assay); (D) 
H2BK12ac (n = 2 for nucleosome assay; n = 2 for free histone protein assay), (E) H2BK20ac (n = 2 for 
nucleosome assay; n = 2 for free histone protein assay), (F) H2BK46ac (n = 4 for nucleosome assay; n = 2 
for free histone protein assay). (G) H2BK11lac (n = 4 for nucleosome assay; n = 2 for free histone protein 
assay); (H) H2BK11bhb (n = 2 for nucleosome assay; n = 2 for free histone protein assay); (I) Curve fitting 
for nucleosome kinetics with or 120 nM Sirt5 labeled in the graph; (J) Curve fitting for histone kinetics 
with 120 nM Sirt5 labeled in the graph.  



46. Table S2. V/[E] of all HDAC1 complexes and sirtuins on H2B and H3 nucleosomes 

 
 
All data are rounded to two significant figures. * indicates data reported previously.8 < 0.001 reflects 
undetectable deacetylation.  



47. Table S3. Normalized V/[E] of all HDAC1 complexes and sirtuins on H2B and H3 free proteins 

 
 
All data are rounded to two significant figures. * indicates data reported previously.8 < 0.02 reflects 
undetectable deacetylation. Normalized V/[E] were calculated (V/[E] divided by a factor of 5) given that 
each nucleosome contains two H3 molecules and the final histone protein substrate (1.0 μM) is ten times 
more than nucleosome substrate (100 nM). 
  



 

48. Figure S24. Rate-weighted sequence features of HDAC complex target sites 
(A) CoREST on nucleosome; (B) CoREST on protein. (C) MiDAC on nucleosome; (D) MiDAC on protein. 
(E) HMMR on nucleosome; (F) HMMR on protein. (G) Sin3A on nucleosome; (H) Sin3A on protein. (I) 
MIER on nucleosome; (J) MIER on protein. (K) RERE on nucleosome; (L) RERE on protein. (M) HDAC1 
on nucleosome; (N) HDAC1 on protein; (O) unweighted amino acid frequencies surrounding the 
acetylation sites studied with HDAC and its complexes.   



 

49. Figure S25. Rate-weighted sequence features of sirtuin target sites 
(A) Sirt1 on nucleosome; (B) Sirt1 on protein. (C) Sirt2 on nucleosome; (D) Sirt2 on protein. (E) Sirt3 on 
nucleosome; (F) Sirt3 on protein. (G) Sirt5 on nucleosome; (H) Sirt5 on protein; (I) unweighted amino 
acid frequencies surrounding the acetylation sites studied with Sirtuins. 
  



 

50. Figure S26. W4 sortase mutation sites 
An existing solution structure (PDBID: 2KID) of sortase A18 (grey) in complex with a substrate analogue 
(blue) was used to model W4 mutations. Amino acid substitutions (pink) were introduced using PyMol.19 
The mutant structure, excluding the substrate analogue, was refined using GalaxyRefine2.20 
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