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Abstract

A range of acyl-lysine (acyl-Lys) modifications on histones and other proteins have been mapped 

over the past decade but for most, their functional and structural significance remains poorly 

characterized. One limitation in the study of acyl-Lys containing proteins is the challenge of 

producing them or their mimics in site-specifically modified forms. We describe a cysteine 

alkylation-based method to install hydrazide mimics of acyl-Lys post-translational modifications 

(PTMs) on proteins. We have applied this method to install mimics of acetyl-Lys, 2-
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hydroxyisobutyryl-Lys, and ubiquityl-Lys that could be recognized selectively by relevant acyl-

Lys modification antibodies. The acyl-Lys modified histone H3 proteins were reconstituted into 

nucleosomes to study nucleosome dynamics and stability as a function of modification type and 

site. We also installed a ubiquityl-Lys mimic in histone H2B and generated a diubiquitin analog, 

both of which could be cleaved by deubiquitinating enzymes. Nucleosomes containing the H2B 

ubiquityl-Lys mimic were used to study the SAGA deubiquitinating module’s molecular 

recognition. These results suggest that acyl-Lys mimics offer a relatively simple and promising 

strategy to study the role of acyl-Lys modifications in the function, structure, and regulation of 

proteins and protein complexes.

Graphical Abstract

INTRODUCTION

Lysine sidechain modifications on histones were discovered about 50 years ago.1a Since 

then, these reversible covalent marks have been shown to be important for the regulation of 

genome processing including gene expression and DNA repair.1 The last decade has seen the 

discovery of a plethora of novel post-translational modifications (PTMs) involving the 

acylation of the lysine sidechain (acyl-Lys).2 Thousands of lysine acetylation and 

ubiquitylation sites have been mapped and increasing numbers of novel acyl-Lys 

modifications such as 2-hydroxyisobutyrylation (hib) have been identified (Figure 1A).3 The 

biological functions of the vast majority of these lysine modifications, however, have 

remained elusive. To determine the functions of such acyl-Lys PTMs, it is important to have 

proteins containing stoichiometric and site-specific modifications or faithful mimics. 

Standard site-directed mutagenesis has been used to investigate the roles of specific acetyl-

Lys modifications by introducing glutamine as a mimic, but the results can be difficult to 

interpret.4

Several elegant strategies have been developed for installing acyl-Lys modifications and 

their mimics into proteins, including total chemical synthesis,5 chemical ligation strategies,6 

nonsense suppression mutagenesis,7 and cysteine (Cys) modifications8a,9,10 but the technical 

complexity, scope, or yields have so far limited their applications. Total chemical synthesis 

of proteins containing ubiquitylation and acetylation has been shown to be effective for 

small proteins11 but because of technical challenges, this method is out of reach for most 

biochemistry labs. Expressed protein ligation and related semisynthetic methods have been 

used to introduce acetyl-6c,12 and ubiquityl-Lys13 modifications into proteins, but these 

methods have typically been employed to install modifications at the termini of a protein of 

interest.14 The use of nonsense codon suppression to incorporate acyl-Lys has shown 

promise, but has largely been used in prokaryotic expression systems, the yields can be 
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variable, and enzymatic deacylation during isolation is a concern.7c The unique reactivity of 

the Cys sulfhydryl group in a protein has been harnessed before to install good mimics of 

methyl-arginine,15a methyl-lysine,10b,15b and acyl-lysine8a,9,10 (Figure 1B) modifications. 

The key step in the mimic installation in these methods is either a chemoselective alkylation 

of the thiol8a,15 or a thiol–ene reaction9,10 of the Cys side-chain, where the latter also 

includes a variation of Cys to dehydroalanine conversion followed by thiol–ene reaction 

with a modification bearing thiol.10b Thus, all these mimics contain a sulfur atom instead of 

the methylene, but that minor difference has not proven detrimental to the mimicry.

Ubiquitylation, a PTM that results in an appendage of 8.5 kDa, can be regarded as an 

especially challenging target among acyl-Lys modifications. Cys modification methods,10,13 

disulfide linkage,16 azide-alkyne cycloaddition,17 total chemical synthesis,5a–c and nonsense 

suppression mutagenesis followed by traceless ligation18 have all been shown to have utility 

in the production of ubiquityl-protein conjugates. Perhaps because of either technically 

challenging chemical manipulations in some cases or the significant departure from the 

native structures in others, however, these strategies have not yet been widely adopted. As 

there are tens of thousands of acyl-Lys sites that have been mapped, simple and efficient 

methods are needed to more rapidly interrogate the impact of these PTMs.

Here we investigate a new Cys modification strategy that can install hydrazide analogs of 

acyl-Lys mimics. We show that this relatively simple semisynthetic method can be used to 

install small modifications into proteins such as an acetyl-Lys mimic, as well as larger 

modifications such as a ubiquityl-Lys (Figure 1C). We examine the recognition of these 

acyl-Lys mimics using antibodies and their macromolecular effects regarding nucleosome 

dynamics and recognition by deubiquitinases (DUBs) and describe these studies below.

EXPERIMENTAL METHODS

Acid hydrazides

Acetohydrazide was purchased from Sigma-Aldrich. 2-Hydroxy-isobutyric acid 

hydrazide19a and ubiquitin hydrazide19b have been reported previously and our method of 

preparation is delineated in the Supporting Information.

Expression and purification of histones

Protocols for bacterial overexpression and purification of H3-K56C, H3-K122C (these 

K→C mutants are derived from human H3.1 harboring C96S, G102A, and C110A 

mutations), H2B-K120C, H2B-K116A,K120C (these mutants originated from truncated, 

aa4–125, Xenopus laevis H2B-1.1) and other core histones are detailed in the Supporting 

Information.

Installation of hydrazide mimics into histones and ubiquitin

Lyophilized powder of H3-K56C or K122C (10 mg, final concentration: ~1.0 mM) was 

dissolved in 100 mM HEPES (added from 1 M stock, pH 8.0) containing 50 mM reducing 

agent, tris(2-carboxyethyl)phosphine (TCEP; added from 0.5 M stock, pH 7.0) and 4.5 M 

guanidinium hydrochloride. Chloroacetaldehyde (50% w/v soln.; final concentration: 15 
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mM) was then added and stirred vigorously at room temperature for 30–45 min. The 

reaction mixture was transferred to a 15 mL centrifugal filter-unit (Amicon Ultra-15, 3 kDa 

cutoff, MilliporeSigma) and filled to the brim with dH2 O and spun at 4,000 rpm until the 

volume was reduced to about 3 mL. This operation was repeated twice by filling the filter 

unit with acetate buffer (1 M AcOH + 1 M NaOAc, pH 4.5). At this stage the filter unit was 

filled with acetate buffer containing acyl-hydrazide (20 mM in the case of acetohydrazide 

and 2-hydroxyisobutyrohydrazide, and 10 mM for ubiquitin hydrazide [Ub-Hz]) and the 

procedure was repeated. The final volume of about 1 mL was then transferred to a 5 mL tube 

and supplemented with 15 mM acyl-hydrazide (this is not needed in the case of Ub-Hz, 

because, it is retained during Amicon ultrafiltration) and the mixture was vigorously stirred 

at room temperature for 14–18 h. The final step in this three-step protocol is the reduction of 

hydrazone to hydrazide which is achieved by adding sodium cyanoborohydride (final 

concentration: 50 mM) in 4 M urea and stirring vigorously at room temperature for 2 h. This 

reaction mixture can be directly injected (if not ready for HPLC right away, the sample 

should be rid of urea by Amicon ultrafiltration) onto a PROTO 300 C18 column on HPLC 

(4.6×250 mm, 53, 300 Å; Higgins Analytical) and eluted with acetonitrile/H2 O (gradient 

ramp of 25% to 85% acetonitrile over 40 min) containing 0.05% trifluoroacetic acid (TFA). 

The HPLC fractions were examined by ESI-MS, purified fractions containing desired 

protein species were pooled, concentrated and lyophilized to obtain the desired histone-PTM 

mimics as powders and stored at -80 °C. It should be noted that we installed ubiquitin 

hydrazide mimics on H2B-K120C, H2B-K116A,K120C, and ubiquitin-K48C (makes K48-

diubiqutin mimic) using the procedure described above. Starting from 10 mg of histone, 

yields of pure histone PTM mimics ranged between 2–6 mg.

Note: Henceforth, we will use shorthand designations for acyl-Lys mimics. For example, 

H3-Kc56ac will stand for histone H3 bearing acetyl-Lys hydrazide mimic at position 56, 

where the mimic descended from Cys.

H3-Kc56ac

Average Mass (Mav), calculated: 15,313.8; measured, ESI-MS: 15,315.5 ± 4.6.

H3-Kc56hib

Mav, calculated: 15,357.9; measured, MALDI-TOF: 15,357.5, ESI-MS: 15,359.5 ± 3.0.

H3-Kc56ub

Mav, calculated: 23,810.5; measured, ESI-MS: 23,814.5 ± 4.7.

H3-Kc122ac

Mav, calculated: 15,313.8; measured, ESI-MS: 15,316.4 ± 4.1.

H3-Kc122hib

Mav, calculated: 15,357.9; measured, MALDI-TOF: 15,356.6, ESI-MS: 15,357.2 ± 3.8.
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H3-Kc122ub

Mav, calculated: 23,810.5; measured, ESI-MS: 23,813.5 ± 3.9.

H2B-Kc120ub

Mav, calculated: 22,065.5; measured, ESI-MS: 22,067.5 ± 3.1.

H2B-K116A,Kc120ub

Mav, calculated: 22,008.4; measured, ESI-MS: 22,012.5 ± 4.2

Kc48-diUbiquitin

Mav, calculated: 17,128.6; measured, MALDI-TOF: 17,132.4.

Immunoblotting, nucleosome reconstitutions, and subsequent assays including 
deubiquitination

These experiments were conducted according to known methods and are described in the 

Supporting Information.

RESULTS AND DISCUSSION

Synthetic approach to acyl-Lys mimic incorporation

The goal of this work was to generate acyl-Lys mimics in a chemically simple way that 

would be compatible with recapitulating at least some of the properties of acyl-Lys 

modifications. In this regard, we set our sights on thioether-containing acyl-hydrazide 

mimics of acyl-Lys (Figure 1C, 6). Such acyl-Lys mimics substitute a sulfur atom for the -

methylene in the Lys side chain and contain an additional nitrogen atom in the connection 

between the e-amino group and the carbonyl. Prior studies on Lys thioether 

derivatives8a,9,10b and on hydrazide8b analogs (Figure 1B) indicated that such functionality 

could preserve at least some of the structural and biochemical features of the corresponding 

acyl-Lys.

The general synthetic approach toward these acyl-Lys analogs pursued here involves a three-

step chemical sequence starting with a Cys-containing peptide (model peptide reaction 

detailed in Supporting Information) or protein: thiol alkylation with chloroacetaldehyde 

followed by reaction with the corresponding acyl-hydrazide and then sodium 

cyanoborohydride reduction (Figure 1C). During optimization of chloroacetaldehyde 

alkylation of cysteines on model peptides and proteins, we observed that the presence of up 

to 50 mM TCEP is tolerated and necessary to drive the reaction to completion. TCEP can 

theoretically undergo alkylation20 to deplete chloroacetaldehyde but the near complete 

modification of the cysteine sulfhydryl group suggests that this side reaction is 

inconsequential under our reaction conditions. We performed these reactions on histones and 

ubiquitin engineered to have a single Cys at the Lys modification site of interest. Moving 

from peptides to histones and ubiquitin, the use of 4.5 M guanidine hydrochloride as 

chaotrope was found to be beneficial in the alkylation step. However, the chaotrope impeded 
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the hydrazone formation, and we found acetate buffer at pH 4.5 to be conducive to this 

process, and hence a buffer exchange was incorporated at this step.

It should be noted that hydrazone formation is likely a slower and reversible step (requires 

~14 hours to reach near completion). This would explain that after cyanoborohydride 

reduction besides the desired PTM mimic we do observe as a minor side product, separable 

on HPLC, hydroxyethyl modified proteins presumably resulting from aldehyde to alcohol 

reduction (Figure 1C, 7). This approach was used to incorporate acetyl, 2-

hydroxyisobutyryl, and ubiquityl mimics into proteins. In general, the three-step process 

proceeds to ~50–70% conversion and final modified protein products are purified by 

reversed-phase chromatography and structural confirmation performed using mass 

spectrometry (Figure 2)

Effects of acyl-Lys on nucleosome dynamics and stability

Given the frequency and diversity of histone Lys modifications and their potential 

importance in influencing nucleosome dynamics, we decided to investigate the effects of 

acyl-Lys mimics in the context of histones. We incorporated three acyl-Lys mimics for 

acetyl (ac), hydroxyisobutyryl (hib), and ubiquityl (ub) at sites of histone modifications that 

were identified in proteomics studies.1–3 The sites studied here in histone H3 include H3-

K56 (ac, hib, and ub) and H3-K122 (ac, hib, and ub). These sites were chosen in part 

because they occur in the globular region of histone H3, where they are in proximity to the 

DNA and therefore may be more likely to affect nucleosome stability or dynamics. H3-K56 

and H3-K122 acetylation have been shown previously to influence nucleosome biophysical 

properties.21

As one test of whether the acyl-Lys mimics recapitulated properties of native acyl-Lys 

modifications, we used Western blotting to test whether antibodies specific for particular 

acyl-Lys modifications would recognize the acyl-Lys mimics. As shown in Figure 3, the 

hydrazide mimics installed on histone H3 (H3-Kc56ac, hib, and ub) were selectively 

recognized by commercial antibodies that correspond to the appropriate acyl-Lys 

modification. These results are consistent with the designed structural similarity between the 

acyl-Lys mimics and the genuine modifications.

One potential consequence of acyl-Lys modifications in the context of histones is that they 

may loosen nucleosome structure. Indeed, prior work on acetylation of histone H3 on Lys56, 

a modification seen in DNA damage in yeast, has shown that this modification can enhance 

nucleosome DNA unwrapping in the entry/exit region of the nucleosome.5d We therefore 

proceeded to compare the effects of the various histone H3 modifications on nucleosome 

DNA unwrapping. We assembled nucleosomes containing a LexA protein binding site in a 

Widom 601 DNA nucleosome positioning sequence (LexA site bp 8–27) that also included 

Cy3 and Cy5 fluorescent tags at DNA bp 1 and histone H2A-K119C, respectively (Figure 

4A and 4C). Cy3 is a FRET donor to Cy5, so when LexA binds to its canonical site in the 

nucleosome, it traps the nucleosome in a partially unwrapped state increasing the Cy3–Cy5 

distance and decreasing the FRET signal. The affinity of LexA for these nucleosomes can 

therefore be measured by monitoring the FRET change (Figure 5A).
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It had previously been shown that H3-K56 acetylation induces a ~3-fold enhanced affinity 

for LexA in this assay, correlating with enhanced nucleosome DNA unwrapping with this 

PTM.5d Here we show that the acetyl-Lys hydrazide mimic at the H3-K56 position increases 

LexA affinity by 2-fold, closely agreeing with the effect of the natural acetyl-Lys.5d In 

contrast to the effects of H3-K56 acetyl-Lys mimic, H3-K122 modification by the acetyl-Lys 

mimic had essentially no influence on nucleosome DNA unwrapping (Supplementary Figure 

11). These results are consistent with the expectation that H3 PTMs distal from the 

nucleosome entry/exit sites do not enhance unwrapping and that the chemical manipulation 

of H3 per se is not a source of non-specific effects. Moreover, the H3-K56hib and H3-K56ub 

hydrazide mimics increased LexA binding by 12-fold and 6-fold, respectively (Figure 5B). 

These findings suggest that both the hydroxyisobutyrylation and ubiquitylation of H3-K56 

show a heightened ability to enhance nucleosome DNA unwrapping, perhaps because of 

their larger size as compared to acetylation. That the significantly bigger ubiquitylation does 

not perturb unwrapping more than hydroxyisobutyrylation indicates that PTM size per se is 

not the only factor to influence nucleosome DNA unwrapping at the histone H3-K56 

position. Rather, a combination of polarity, hydrogen bonding, and other atomic features are 

apparently important in mediating the effects of H3-K56 modifications on nucleosome DNA 

unwrapping.

We also explored the effects of H3-K122 acyl-Lys mimics on nucleosome stability. For these 

studies, FRET of the intact nucleosome was assessed using DNA labeled with Cy3 at bp 58 

and histone H4 tagged at the 21 position (V21C) with Cy5 which can report on the 

nucleosome dyad symmetry axis. This dyad region shows dense histone-DNA interactions 

and acetylation of H3-K122 can enhance remodeling by SWI/SNF.23 Here we found that 

incorporation of the acetyl, hydroxyisobutyryl and ubiquityl hydrazide-Lys modifications 

each showed similar destabilizing effects of the nucleosome as a function of increasing salt 

concentration (Figure 6A). Corroborating these findings, the rate of nucleosome 

denaturation was faster at a fixed ionic strength (Figure 6B). These results suggest that acyl 

modification of the natural Lys side chain at H3-K122, regardless of bulk of the substitution, 

is sufficient to destabilize nucleosomes in this region (Figure 6C).

Ubiquityl-Hydrazide Lys mimics as deubiquitinase substrates

The molecular recognition of ubiquityl hydrazide analogs was probed with three purified 

deubiquitinase (DUB) enzymes: yeast Ubp10, yeast Ubp8, and human OTUB1. Ubp10 and 

Ubp8 have been implicated in the removal of ubiquitin from Lys123 in histone H2B24 

whereas OTUB1 is reported to cleave K48-linked polyubiquitin25 and stabilize the 

transcription factor FOXM1.

Ubp8 functions as part of a DUB module in the yeast SAGA complex which is a multi-

protein complex comprising the proteins, Ubp8, Sgf11, Sus1, and Sgf73.26 An X-ray crystal 

structure has revealed the architecture of the complex formed by the DUB module with a 

ubiquitinated nucleosome.27 Like many DUBs, Ubp10, Ubp8, and OTUB1 are Cys 

hydrolase enzymes in which the active Cys serves as a nucleophile that attacks the 

isopeptide (amide) carbonyl carbon of the ubiquitin attached to a Lys sidechain in protein 
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substrates. Subsequent hydrolysis of the Cys-Ub thioester affords free ubiquitin and 

regenerates the unmodified DUB catalyst.

For the initial experiments, we prepared the corresponding diubiquitin substrates linked at 

the Lys48 position in ubiquitin via the Cys modification strategy described above. The 

ability of Ubp10, Ubp8/SAGA DUB module, and OTUB1 to cleave the diubiquitin 

hydrazide analogs was compared with cleavage of K48-linked diubiquitin containing a 

native linkage. In these experiments, we used fixed reaction times and diubiquitin protein 

substrate along with various concentrations of DUB. The reaction conditions were based on 

the specific reactivity of the particular DUB with natural K48-linked diubiquitin. We found 

that the diubiquitin hydrazide analog was readily cleaved by each of the three DUBs 

analyzed, suggesting that the diubiquitin hydrazides were recognized in an enzymatically 

relevant way by the enzymes. Interestingly, Ubp10 cleaved the diubiquitin hydrazide 

substrate about 10-fold more efficiently than the natural diubiquitin substrate (Figure 7A) 

and the Ubp8 SAGA DUB module processed diubiquitin hydrazide about 3-fold more 

efficiently than natural diubiquitin (Figure 7B). By contrast, OTUB1 cleaved diubiquitin 

hydrazide about 3-fold less efficiently than natural diubiquitin substrate (Figure 7C).

These results indicate that, for these three DUBs, the hydrazide mimic is well-recognized by 

the enzymes in terms of binding and catalysis. However, there appear to be unique features 

for each of the enzymes that influence the precise rate of processing. Since cleavage rates on 

the hydrazide mimic were higher for the two USP class DUBs, Ubp8 and Ubp10, and lower 

for OTUB1, a member of the OTU class of DUBs, it is possible that unique features near the 

active site influence reactivity of the hydrazide mimic. We speculate that the increased 

cleavage observed with Ubp10 and Ubp8 on the diubiquitin hydrazide substrate relative to 

the natural substrate may be because of the lower pKa of the hydrazine leaving group 

relative to an amine leaving group, although further mechanistic studies will be needed to 

evaluate this.

We next explored the well-established Ubp8/SAGA DUB module's enzymatic function by 

analyzing the H2B-K120-ubiquitylated (H2B-monoUb at K123 in yeast is equivalent to 

K120 in Xenopus laevis or human) hydrazide nucleosome substrate. Prior elucidation of the 

Ubp8/SAGA DUB module's structural interactions with an H2B K120-ubiquitylated 

nucleosome used a histone H2B that contained a K116A mutation that was introduced to 

simplify H2B-K120Ub synthesis.27 It was formally possible that Lys116 might influence 

Ubp8/SAGA DUB module recognition of the K120-ubiquitylated nucleosome substrate, 

which was not investigated previously. We therefore prepared two forms of Lys120-ubiquitin 

hydrazide histone, H2B containing either Lys116 or Ala116 and then incorporated these 

modified H2Bs into nucleosomes. Reaction of these modified nucleosomes with Ubp8/

SAGA DUB module showed that both substrates were rapidly processed with approximately 

equal rates (Figure 8). Overall, these studies suggest that Lys116 in ubiquitylated H2B does 

not make critical contacts for Ubp8/SAGA DUB module binding and turnover.
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CONCLUSION

Here we have developed a new approach to installing acyl-Lys mimics at specific sites in 

proteins by Cys modification. The chemical steps are relatively simple to execute and can 

readily be performed on histones and ubiquitin. Like other Cys alkylation approaches, it is 

necessary to replace natural Cys in a protein of interest to avoid non-targeted mutations. 

Although we have thus far applied this method to relatively small proteins that can be 

denatured and refolded, the lack of a requirement for organic solvent suggests that it should 

be possible to adapt this method to a wide range of larger proteins of interest without the 

need for denaturation.

The sulfur for methylene substitution and the extra nitrogen in the acyl-Lys mimics used 

here seem to be tolerated in antibody recognition and in the case of ubiquitin, DUB 

processing. The latter feature might make them particularly useful mechanistic tools for the 

study of DUB substrate selectivity and structural interactions. As with all mimics, there will 

undoubtedly be cases where the differences of these mimics from the natural functionalities 

will alter biochemical behaviors. Nevertheless, we expect that the chemical ease for 

generating these mimics will allow them to be investigated in a range of settings to explore 

the structure and function of acyl-Lys protein modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Lysine sidechain modifications. (A) Naturally occurring acyl-Lys PTMs. (B) Previously 

reported acetyl-Lys mimics.9a,8a,8b (C) Three-step protocol presented in this manuscript to 

install acyl-Lys mimics into proteins.
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Figure 2. 
Representative characterization data for hydrazide mimics (data shown for H3-Kc56hib, 

remainder of the hydrazide mimics are in Supplementary Figures). (A) HPLC trace, peak ‘a’ 

corresponds to H3-Kc56hib and after ESI-MS analysis ‘b’ was attributed to the minor side 

product 7, shown in Fig. 1C. (B) ESI-MS of HPLC fractions corresponding to peak ‘a’. (C) 

Deconvolution of ESI-MS spectra shown in Fig. 2B above. Reported here are the Average 

Masses (Mav).
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Figure 3. 
Selective antibody recognition of hydrazide mimics. (A) Antibody against H3-K56ac (WB: 

immunoblot; CB: Colloidal Blue visualization of the loading control). (B) Pan 2-

hydroxyisobutyryl-Lys antibody. (C) Ubiquitin antibody. H3-unmod refers to the unmodified 

human H3.1 harboring C96S, G102A, and C110A mutations. Full gels of loading controls 

stained with Colloidal Blue corresponding to Figure 3A–C are shown in Supplementary 

Figure 10A–C, respectively. Pan-2-hydroxyisobutyryl-Lys antibody recognizes the 

modification in H3 better at Kc122 than at Kc56, and that same observation was made in 

each replicate.
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Figure 4. 
Native PAGE of reconstituted nucleosomes bearing hydrazide mimics (NCP stands for 

nucleosome core particle). Two types of nucleosomes we prepared to study their dynamics: 

NCPL with LexA target sequence in the dsDNA and standard NCP which does not include 

LexA dsDNA. (A) Nucleosomes with H3-Kc56 modifications. (B) Nucleosomes containing 

H3-Kc122 modifications. (C and D) Structures of NCPs (PDB ID:22 1KX5), depicting the 

location of fluorophores and PTM mimics. Both copies of H3 are rendered in blue. 

Locations of Cy3 (green), Cy5 (red), and PTM mimics are in shown as ‘spheres’. (C) 

Nucleosomes used in the LexA binding studies show LexA target sequence (yellow ‘sticks’), 

H3-K56 (orange), and H3-K122 (magenta). (D) NCPs used in salt titrations and kinetics 

show H3-K122 residues in orange. H3-unmod (as described in Figure 3 legend above) was 

used to assemble both NCPL(unmod) and NCP(unmod) in Figures 4A and 4B, respectively. 

Also, these NCPs were loaded on every third lane to help reveal the gel shifts due to PTMs. 

This observation has been noted in previous reports (see Fig. 3c–d in reference 5d or Fig. 2A 

in reference 21c).
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Figure 5. 
Effect of H3-K56 acyl modifications on nucleosome dynamics. (A) Titration of LexA 

against unmodified (comprising H3-unmod) and modified nucleosomes bearing hydrazide 

mimics on H3-K56. (B) Tabulation of S½ values (concentration at which half of the 

nucleosomes are bound by LexA) and relative DNA accessibilities of nucleosomes for LexA 

binding with different H3-K56 acyl mimics. *Prior data on natural acyl-Lys5d; **previous5d 

S½ was normalized relative to the current S½ of NCPL(unmod).
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Figure 6. 
Effect of H3-K122 modifications on nucleosome stability. (A) Normalized FRET response 

due to a titration of NaCl in presence of nucleosomes with and without acyl-Lys mimics at 

H3-K122. (B) Decay of FRET acceptor response through donor excitation on nucleosomes 

with and without acyl-Lys modifications at H3-K122 at a fixed concentration of salt (1,125 

mM). (C) Tabulation of results from salt titration and kinetics.
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Figure 7. 
Deubiquitinase reactions of (A) Ubp10, (B) Ubp8/SAGA DUB module, and (C) hOTUB1 

with natural and hydrazide mimic versions of K48-diubiquitin.
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Figure 8. 
Deubiquitination of nucleosomes bearing H2B-Kc120ub and H2B-K116A-Kc120ub by 

Ubp8/SAGA DUB module.
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