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1. Supplementary Tables
Table S1. Results of the crotonylation sites identified by Cr-alkyne and quantitative proteomics unveiling

crotonylation sites regulated by HDACs using Cr-alkyne.
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2. Supporting information figures
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Figure S1. Detection of histone lysine crotonylation by Cr-alkyne. (A) Concentration and (B) time
dependent protein labeling by Cr-alkyne (5 mM) in live cells. (C) Acetic acid (10X), crotonic acid (10X) and
palmitic acid (10X) as competitor to Cr-alkyne (5 mM). (D) Proteome labelling by Cr-alkyne (5 mM) in MCF-
7, LX2 and Raw264.7 cells.
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Figure S2. Reagents and masses used for chemoproteomic analysis of crotonylation sites by Cr-
alkyne. (A) Structure of the acid cleavable azido-DADPS-biotin. (B) Structure of Cr-alkyne-labeled lysine

residue (§3-2) following click reaction and acid cleavage to form (S3-3).
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Figure S3. Detailed comparison with reported known acetylation and lactylation sites (A) and

potential Kaca-alkyne modification at H2BKS (B).
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Figure S4. Quantitative analysis using dimethyl labeling to determine the percentage of metabolic
crotonylation. (A) Experimental scheme; (B, C, D) Diagram illustrating the pattern of metabolic modification

rates of Cr-alkyne of H2AZ1-K115, H2B-K85 and NCL-K124.
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Figure S5. Validation of crotonylation peptides by coelution with synthetic standards. (A) Synthesis of
standard peptides. Detailed procedure and confirmations of the final product by HPLC and MS were shown
in “Procedures for solid-phase peptide synthesis”. (B) Workflow of the coelution experiment with endogenous

modified peptides (blue) extracted from crotonate-treated HEK293T cells and isotopically labeled synthetic

crotonylated peptide standards (red).
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Figure S6. In-gel fluorescence results of Cr-alkyne-labeled histones of HEK293T cells with HDAC1/3
perturbation. (A) HDAC1/3 knockdown ; (B) HDAC1/3 over expression. HEK293T cells were labeled with 5

mM Cr-alkyne for additional 8 h. Cells were then lysed to separate the core histones for click reactions with
azide-rho and in-gel fluorescence analysis.
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Figure S7. Kinetic study for HDAC1 to decronylated two substrates: Ac-Lys(Cr)-AMC and Ac-Lys(Cr-

alkyne)-AMC. Michaels-Menten plots are shown with Kcat and Km calculated.
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Figure S8. Quantitative chemoproteomics unveils crotonylation sites regulated by HDAC3. (A)
Proteomes from HDAC3 knock down, over expression and untreated cells were treated by the Cr-alkyne
probe and then subjected to the rdTOP-ABPP procedures. (B) Perturbed of Cr-alkyne-labeled lysine based
on quantified rdTOP-ABPP ratios repeated in three groups. (C) Volcano plot of the rdTOP-ABPP ratios for
Cr-alkyne-labeled lysine quantified in the WT HEK293T cells as compared to that in HDAC3 knock down
cells. Highlighted in red are Cr-alkyne-labeled lysines with significantly suppressed reactivity during HDAC3
knock down. (D) Volcano plot of the rdTOP-ABPP ratios for Cr-alkyne-labeled lysine quantified in the WT
HEK293T cells as compared to that in HDAC3 overexpression cells. Highlighted in red are Cr-alkyne-labeled

lysines with significantly up-regulated during HDAC3 overexpression.
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3. General methods and materials
3.1 General Information

All reactions were carried out under an argon atmosphere with dry solvents under anhydrous conditions,
unless otherwise noted. Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise stated. Solvents for chromatography were used as supplied by Merck
chemicals. Reactions were monitored by thin layer chromatography (TLC) carried out on 0.2 mm Merck gel
plates (60F-254) using UV light as visualizing agent and aqueous ammonium cerium nitrate/ammonium
molybdate as developing agent. Merck silica gel (60, particle size 0.040—0.063mm) was used for flash column
chromatography. NMR spectra were recorded on Bruker AM 400 MHz. The spectra were calibrated by using
residual undeuterated solvents (for 'TH NMR) and deuterated solvents (for '3C NMR) as internal references:
chloroform (64 = 7.26 ppm) and CDCl; (6¢c = 77.16 ppm). The following abbreviations are used to designate
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, quint = quintet, br = broad. High-
resolution mass spectra (HR-FT-MS) were recorded on Bruker FT-ICR-MS. Azido-rhodamine, azido-biotin
and Azido-DADPS-biotin was purchased from Click Chemistry Tools. Oligonucleotide primers and gene
fragments were synthesized by Tsingke. Plasmid DNA isolation was carried out with the Plasmid Mini Kit
(Omega). Polyethylenimine (PEI) was purchased from Polysciences. Protease inhibitor cocktail was
purchased from Roche (cOmplete ULTRA mini Tablets, EDTA-free). In-gel fluorescence and western blotting
analyses were recorded on a Chemidoc MP imaging system (Biorad). Confocal fluorescence imaging was

performed with a Nikon A1R confocal fluorescence microscope.

3.2 Synthesis of probes

Synthesis of compound 1
0

1. DMP, DCM
A

Ph O

2.
Ph gy
P.
Ph/ \)J\OCH3 1

The 4-pentyn-1-ol (2.0 g, 24 mmol) was dissolved in DCM (2 mL), and Dess-Martin periodinane (20 g,
48 mmol) was added at room temperature for 30 min, and then Methyl (triphenylphosphoranylidene) acetate
(7.9 g, 24 mmol) was added and reacted for 2 hours. The mixture was quenched with saturated aq. solution
of NaHCOj; and extracted with EtOAc (3 x 300 mL). The combined organic layers were washed with brine,
dried over Na,SOy,, filtered and concentrated under vacuum. The residue was purified by a flash column
chromatography on silica gel (CH,Cl,: EtOAc=10:1) to produce compound 1 as colorless oil (2.6 g, yield 80
%)."H NMR (400 MHz, Chloroform-d) d 6.98 (dt, J = 15.7, 6.6 Hz, 1H), 5.96 — 5.84 (m, 1H), 2.48 — 2.40 (m,
2H), 2.38 — 2.33 (m, 2H), 2.03 (t, J = 2.6 Hz, 1H). 3C NMR (101 MHz, CDCl;) d 166.61, 146.56, 122.04,
82.55, 69.47, 51.40, 30.93, 17.32. HR-FT-MS (m/z): [M + H]+ calcd for CgH430, 153.0910, found 153.0910.

Synthesis of compound 2

1. DMP, DCM

OH o
///\/\/ o w
2 ph. u OCH,
Px
PH OCHs 2

The 5-hexyn-1-ol (2.0 g, 18 mmol) was dissolved in DCM (2 mL), and Dess-Martin periodinane (18 g, 36
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mmol) was added at room temperature for 30 min, and then Methyl (triphenylphosphoranylidene) acetate (6.8
g, 18 mmol) was added and reacted for 2 hours. The mixture was quenched with saturated aq. solution of
NaHCOj3; and extracted with EtOAc (3 x 300 mL). The combined organic layers were washed with brine, dried
over Na,SO,, filtered and concentrated under vacuum. The residue was purified by a flash column
chromatography on silica gel (CH,Cl,: EtOAc=10:1) to produce compound 2 as colorless oil (2.6 g, yield 84
%). '"H NMR (400 MHz, Chloroform-d) & 6.95 (dt, J = 15.6, 7.0 Hz, 1H), 5.87 (dt, J = 15.6, 1.6 Hz, 1H), 2.34
(qd, J=7.2, 1.5 Hz, 2H), 2.23 (td, J = 7.0, 2.7 Hz, 2H), 1.99 (t, J = 2.6 Hz, 1H), 1.70 (p, J = 7.2 Hz, 2H). '3C
NMR (101 MHz, CDCl3) & 166.90, 148.14, 121.64, 83.43, 69.04, 51.41, 30.91, 26.67, 17.81. HR-FT-MS (m/z):
[M + H]+ calcd for CgH110, 139.0753, found 139.0753.

Synthesis of compound 3

o 0
3. NaOH, CH30H:H,0=1:1
_ N OCH M
= 3 & OH
1 3

The compound 1 (1.4 g, 10 mmol) was dissolved in methanol/H,O (3 mL, 1:1) and added NaOH (1.0 g,
50 mmol) at room temperature. The mixture was quenched with 1M HCI and extracted with EtOAc (3 x 300
mL). The combined organic layers were washed with brine, dried over Na,SQ,, filtered and concentrated
under vacuum. The residue was purified by a flash column chromatography on silica gel (CH,Cl,: EtOAc=3:1)
to produce compound 3 as white solid (1.0 g, yield 81 %). '"H NMR (400 Hz, Chloroform-d) & 12.19 (s, 1H),
7.11 (dt, J = 15.7, 6.7 Hz, 1H), 5.91 (d, J = 15.7 Hz, 1H), 2.47 (qd, J = 6.7, 3.2 Hz, 2H), 2.41 — 2.35 (m, 2H),
2.02 (t, J = 2.6 Hz, 1H). '3C NMR (101 MHz, CDCI3) 6 171.95, 149.34, 121.91, 82.45, 69.62, 31.06, 17.28.
HR-FT-MS (m/z): [M - H] calcd for C;H;0, 123.0452, found 123.0452.

Synthesis of compound 4
o}

w 3. NaOH, CH30H:H,0=1:1
OCHj,

2

OH

4
) 4
o

The compound 2 (1.52 g, 10 mmol) was dissolved in methanol/H,O (3 mL, 1:1) and added NaOH (1.0 g,
50 mmol) at room temperature. The mixture was quenched with 1M HCI and extracted with EtOAc (3 x 300
mL). The combined organic layers were washed with brine, dried over Na,SO,, filtered and concentrated
under vacuum. The residue was purified by a flash column chromatography on silica gel (CH,Cl,: EtOAc=3:1)
to produce compound 4 as white solid (1.2 g, yield 87 %). '"H NMR (400 MHz, Chloroform-d) & 11.87 (s, 1H),
7.08 (dt, J=15.6, 7.0 Hz, 1H), 5.87 (dt, J = 15.6, 1.6 Hz, 1H), 2.38 (qd, J= 7.1, 1.5 Hz, 2H), 2.24 (d, J= 7.0,
2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H), 1.71 (p, J = 7.2 Hz, 2H). "3C NMR (101 MHz, CDCl3) 5 172.09, 150.97,
121.42, 83.37, 69.16, 31.04, 26.54, 17.88. HR-FT-MS (m/z): [M - HJ] calcd for CgHgO, 137.0608, found
137.0609.

Preparation of Cr-alkyne and Cr-alkyne-1

3 or 4 were transferred to EP tube and add aqueous solution of NaHCOg; (1 eq.). The mixture was filtered
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by 0.45 ym membrane, frozen by liquid nitrogen, and lyophilized to obtain white powdered Cr-alkyne or Cr-
alkyne-1.
3.3 Procedures for solid-phase peptide synthesis
Deprotection

Peptide resin was treated with piperidine/DMF (20:80, v/v) for 2 times, and washed with DMF (x 3), DCM
(x 3) and DMF (x 3).
Isotope lysine coupling

Isotope labeled Fmoc-Lys(Mtt)-OH (1.2 equiv), HATU (1.2 equiv) were dissolved in 4 mL of DMF, to which
DIEA (2.4 equiv) was added. The amino acid was preactivated for 1 min, then the solution was added to the
resin. After agitated for 2 h, the resin was washed with DMF (x 3), DCM (x 3) and DMF (x 3).
Automated solid-phase peptide synthesis

Automated peptide synthesis was performed on a CEM peptide synthesizer (Liberty Blue). Peptides were
synthesized following the general protocol using DMF as solvent, deblock for 2 min in piperidine/DMF (20/80,
v/v), couple for 5 min using excess amino acids (4 equiv) and DIC/Oxyma (1:1, 4 equiv) as coupling reagents.
The needed °N-Fmoc or ®N-Boc-protected amino acids from Novabiochem, GL Biochem or CS Bio were
employed in SPPS.
Preparation and characterization of isotopic (K*) crotonyl-peptides

NH;-ATIAGGGVIPHIHKerSLIGK*-COOH :
(peptide 1)

Peptide 1 was prepared according to Procedure 3.3 using the Fmoc-Wang resin (0.42 mmol/g, 0.05 mmol)
and other standard *N-Fmoc or ®N-Boc amino acids. After global deprotection using TFA, the crude peptide
was dissolved in 15 mL of CH3CN/H,O/AcOH (20/75/5, viviv) and further purified using RP-HPLC. The
fractions were collected and lyophilized to provide peptide 1 (5.3 mg, 25.5 %) as a fluffy white solid.

Peptide 1
P
\

l' . [M+3Hp*

Figure S9. HPLC (left) and MS (right) analysis of peptide 1

51 [MedHE-

NH2-GKerVGRPTASK*-COOH  peptide 2)

Peptide 2 was prepared according to Procedure 3.3 using the Fmoc-Wang resin (0.42 mmol/g, 0.05 mmol)
and other standard “N-Fmoc or ®N-Boc amino acids. After global deprotection using TFA, the crude peptide
was dissolved in 15 mL of CH3CN/H,O/AcOH (20/75/5, viviv) and further purified using RP-HPLC. The
fractions were collected and lyophilized to provide peptide 2 (5.1 mg, 30.1 %) as a fluffy white solid.

Peptide 2
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Figure S10. HPLC (left) and MS (right) analysis of peptide 2.
3.4 Structure of Ac-Lys(cr)-AMC and Ac-Lys(cr-alkyne)-AMC.
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Figure S11. Structure and mass of Ac-Lys(cr)-AMC (top) and Ac-Lys(cr-alkyne)-AMC (bottom).
4. Materials and Methods
4.1 Cell culture
HEK293T, MCF-7, LX2 and Raw264.7 were obtained from ATCC and maintained in DMEM (Thermo
Fisher Scientific) supplemented with 10% (vol/vol) dialyzed FBS (Thermo Fisher Scientific), 100 U/mL
penicillin, and 100 mg/mL streptomycin in a humidified atmosphere at 37°C with 5% CO.. For transfection,

cells were grown on cell culture dishes or plates to 70% confluence and transfected with indicated plasmids
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using PEI (Polysciences) at a ~2.5:1 ratio of transfection reagent/DNA in Opti-MEM media (ThermoFisher)
for about 18-24 h.

4.2 Plasmids and cloning

Total RNAs were extracted following the instructions of Eastep Super Total RNA Extraction (LS1040,
Promega). The reverse transcription were adapted from protocols of RevertAid First Strand cDNA Synthesis
Kit (#cat: K1622, Thermo Fisher Scientific). Full-length encoding proteins of interest (HMGB1, YWHAE,
TMPO, HDAC1, HDAC3) were from cDNAs and cloned into the pCMV-FLAG vector.

4.3 Metabolic labeling in mammalian cells with Cr-alkyne and Cr-alkyne-1

Bioorthogonal probes (Cr-alkyne and Cr-alkyne-1) were dissolved in PBS to make the 1 M stock solutions.
For metabolic labeling of cellular proteins, cells were incubated with the probes at desired concentrations in
DMEM supplemented with 10% FBS for indicated time periods at 37 °C. Generally, Cr-alkyne was incubated
with cells at 5 mM for 8 h, unless otherwise indicated. For cellular competition experiments, sodium crotonate
was dissolved in PBS to make the 10 M stock solution. Cells were pre-treated with sodium crotonate at
indicated concentrations for 8 h, and then co-incubated with the probes and sodium crotonate at indicated
concentrations in DMEM supplemented with 10% FBS for 8 h. Probe-labeled cells were harvested, washed
with cold PBS, and flash-frozen in liquid nitrogen before stored at -80 °C.
4.4 CuAAC click reaction and in-gel fluorescence analysis

To take 100 pL of cell lysates (2 mg/mL) and then reacted with 11 uL freshly prepared reagents containing
azido-rhodamine (1 pL, 20 mM stock in DMSO), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP, 2 uL,
50 mM freshly prepared stock in ddH,0), tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine (TBTA, 6 uL, 10
mM stock solution in DMSO/t-butanol), and CuSO, (2 uL, 50 mM freshly prepared stock solution in ddH,0)
for 1 h at room temperature in the dark. The click reactions were terminated by Methanol chloroform
precipitation, and then centrifuged at 20,000g for 15 min at 4 °C to obtain the proteins. The protein pellets
were washed with ice-cold methanol twice and air-dried. The resulting protein pellets were resuspended with
35 pL of SDS lysis buffer (4% SDS, 150 mM NaCl, 50 mM triethanolamine, pH 7.4), and diluted with 12.5 pL
5X SDS-loading buffer (40% glycerol, 200 mM Tris-HCI pH 6.8, 8% SDS, 0.4% bromophenol blue) and 2.5
pL 2-mercaptoethanol. The resulting samples were heated for 5 min at 95 °C before loaded onto 10 % PAGE
gels for SDS-PAGE separation. Generally, 30 ug of protein per gel lane is loaded for in-gel fluorescence
visualization. For in-gel fluorescence, gels were scanned on a ChemiDoc MP Imager (BioRad) with the
rhodamine filter. After in-gel fluorescence scanning, gels were stained with Coomassie Brilliant Blue staining
reagent.
4.5 Fluorescence imaging

HEK293T cells were cultured on sterilized coverslips and incubated with Cr-alkyne (5 mM, 1 M stock
solution in PBS) in culture medium. The same volume of PBS was used as the vehicle control. After 12 h of
labeling at 37 °C, the cells were washed once with warmed PBS, fixed with 4% formaldehyde in PBS for 10
min at room temperature, and then washed twice with ice-cold PBS. Cells were permeabilized with 0.3%
Triton X-100 in PBS for 10 min at room temperature, blocked with 3% BSA in PBS for 30min at room
temperature, and washed with PBS (3 x 3 min with gentle agitation). The cells were then treated with a freshly
premixed click reaction cocktail (50 uM azido-rhodamine, 1 mM TCEP, 100 uM TBTA, and 1 mM CuSQy,) in
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PBST (0.1% Tween-20 in PBS) for 1 h at room temperature. After gentle washes three times with 1% Tween-
20 in PBS, cells were then stained with Hoechst 33342 (Beyotime, cat#C1029) and imaged on a Nikon A1R
confocal fluorescence microscope. For Hoechst channel, the 405 nm laser was used as the excitation, and
emission was collected between 425 nm to 475 nm. For rhodamine channel, the 561 nm laser was used as
the excitation, and emission was collected between 570 nm to 620 nm.
4.6 Histone extraction

For extraction of core histones, a standard acid-extraction protocol was adapted. The nuclear pellets were
resuspended in 0.4 N H,SO,4 and shaked overnight on a rotator at 4 °C. The nuclear debris was pelleted by
centrifugation at 16000g for 10 min at 4 °C. The supernatant containing core histones was collected and then
precipitated with MeOH at —80 °C overnight. Precipitated histone proteins were centrifuged at 16000g for 10
min at 4 °C and washed twice with ice-cold MeOH. Protein pellets were air-dried at room temperature and
resuspended in ddH,0O. Protein concentrations were generally determined by the BCA assay (Pierce).
4.7 RNAi Experiments

30 nM of HDAC1 siRNA , HDAC3 siRNA was transfected into HEK293T cell lines with Lipofectamine 2000
Transfection Reagent (Thermo Scientific), according to the manufacturer’s instructions. Corresponding
concentrations of control siRNA were used as negative controls. Following transfection, cells were then
maintained in a humidified 37°C incubator with 5% CO, for another 48 h.
4.8 Pull-down and immunoprecipitation

For pull-down experiments, HEK293T cells were transfected with plasmids expressing FLAG-tagged
proteins of interest for 18-24 h, metabolically labeled with Cr-alkyne (5 mM) for another 8 h, and harvested.
Cell lysates were prepared in SDS lysis buffer (1% SDS, 150 mM NaCl, 50 mM HEPES, pH 7.4, supplemented
with benzonase) with brief vortexing. Cell lysates (2 mg protein) were incubated with freshly prepared click
reaction cocktail containing 100 uM azido-biotin, 1 mM TCEP, 100 uM TBTA, and 1 mM CuSOQO, at 37 °C for
1 h in the dark. After protein precipitation and resuspension as described above, the biotinylated proteins
were incubated with streptavidin agarose beads (ThermoFisher) at room temperature on a rotator for 2 h. The
beads were washed six times with 1 mL of 1% SDS lysis buffer and the proteins were eluted with SDS-PAGE
sample loading buffer (~30 pL) containing 70% SDS buffer (4% SDS, 150 mM NaCl, 50 mM triethanolamine,
pH 7.4), 20% 5X SDS loadingbuffer, and 5% 2-mercaptoethanol after heating at 95 °C for 5 min. The
supernatant (20 pyL per gel lane) was separated by SDS-PAGE for Western blotting analysis. For
immunoprecipitation experiments, HEK293T cells were transfected with plasmids expressing FLAG-tagged
proteins of interest for 18-24 h and harvested. The cells were lysed with RIPA buffer (1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris, pH 7.4, supplemented with EDTA-free protease
inhibitor cocktail) with vigorous vortexing. The resulting cell lysates were centrifuged at 16,000g for 10 min at
4 °C to remove cellular debris. Protein concentrations were determined by the BCA assay. Equal amounts of
cell lysates (~1 mg) were incubated with anti-FLAG agarose beads (ThermoFisher) on a rotator at 4 °C
overnight. The beads were washed six times with 1 mL of chilled 1% Triton X-100 buffer and then
resuspended in SDS-PAGE sample loading buffer (~30 pL) with heating at 95 °C for 5 min. The supernatant
(20 pL per gel lane) was separated by SDS-PAGE for Western blotting analysis.

4.9 Immunoaffinity enrichment using anti-crotonyllysine antibody
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Immunoaffinity enrichment was performed by using agarose-conjugated anti-crotonyllysine antibody (PTM
BioLab Co. Ltd., China). Briefly, the tryptic histone peptides were desalted and resolubilized in NETN buffer
(50 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP40). The peptides were incubated with 20 uL
antibody-immobilized beads at 4 °C for 6 h with gentle rotation. The beads were washed three times with
NETN buffer, twice with ETN buffer (50 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA) and once with
water. The bound peptides were eluted from the beads by washing three times with 50 uL of 0.5%
trifluoroacetic acid. Eluates were combined and dried in a SpeedVac. The resulting peptides were cleaned in
C18 tips prior to LC-MS/MS analysis.

4.10 Western blotting

Gels were transferred to PVDF membranes using Bio-Rad Trans-Blot Turbo Transfer System. The
membranes were blocked with PBST (0.05% Tween-20 in PBS) containing 5% nonfat milk for 30 min at room
temperature and then incubated with primary antibodies at 4 °C overnight. Membranes were washed with
PBST three times, incubated with appropriate secondary antibodies, and developed using Bio-Rad Clarity
Western ECL substrate. Membranes were imaged with a ChemiDoc MP Imager (Bio-Rad). Anti-FLAG-HRP
conjugate was purchased from proteintech for anti-FLAG blots. Pan anti-crotonyllysine antibody (PTM-501)
and site-specific anti-crotonyllysine antibody H4K8cr (PTM-0522RM), H2BK20cr (PTM-0534) were
purchased from PTM Biolabs for anti-crotonyl blots. Goat anti-rabbit and anti-mouse HRP secondary
antibodies were purchased from proteintech.

4.11 Chemoproteomic profiling of crotonated proteins

HEK293T cells were treated with 5 mM Cr-alkyne for 8 h. Cells were harvested, lysed and centrifuged at
20,000g for 10 min to remove cellular debris. Protein concentrations were determined by the BCA assay
(Pierce). The cell lysates (2 mg protein) were then clicked with acid cleavable azido-DADPS-biotin (Click
Chemistry Tools, cat#1330) in the presence of TCEP, TBTA, and CuSO, as described above. Methanol
precipitated and washed protein pellets were again resuspended in 4% SDS buffer. Protein concentrations
were determined and equal amounts of each protein sample were diluted by volume with 50 mM
triethanolamine buffer to 1% SDS (~1.6 mg/mL protein). Then pre-washed streptavidin agarose beads (~50
pL slurry; ThermoFisher) were added to each sample. The protein and beads mixtures were incubated at
room temperature on a rotator for 4 h. The beads were then washed 3 times with PBS and then 3 times with
ddH,0O and transferred into spin-columns (ThermoFisher). The beads were then added with 6 M urea and
then incubated with 10 mM DTT for 0.5 h, followed by treatment with 20 mM iodoacetamide for another 0.5 h
in the dark. After that, the beads were washed with PBS and digested with 0.5 pg of trypsin in ABC buffer at
37 °C overnight. The beads were again washed 6 times with PBS and ddH,O. Finally, the beads were
resuspended with 2 % formic acid in ddH,O (200 pL) to cleave the DADPS linker. The elution was repeated
twice and the supernatants were pooled and dried by SpeedVac for LC-MS/MS analysis.

4.12 Detection of the Cr-alkyne metabolic modification rate in histones.

Two groups were set up: one group of HEK293T cells were treated with probe and another group of
HEK293T cells were without probe treatment. Histones were extracted from both groups, and SP3 beads
were used to exchange the buffer to TBTA. The samples were then digested overnight with trypsin (37°C, 16-
17 h). The resulting peptides were labeled with dimethyl tags (light formaldehyde for the probe-treated group

and heavy formaldehyde for the control group). After desalting, the samples were analyzed on the Orbitrap
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Eclipse™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific) for identification. Search of peptides was
performed by using FragPipe GUI v16.0 with MSFragger1 (version 3.3), Philosopher2 (version 4.0.0), and
lonQuant3 (version 1.7.5). Precursor mass tolerance was set as 0-500 ppm. Missed cleavages were allowed
up to 2. Peptide length was set 6 to 50, and peptide mass range was set 500 to 5000. Cysteine
carboxyamidomethylation (+57.02146 Da) was set as fixed modification. 15.9949 Da is set as variable
modification on methionine. For the search of quantitative data, the dimethylation fixation of lysine residues
and N-terminal amino groups were set as light (+ 28.0313 Da), heavy (+ 34.06312) respectively. Peptides
were required to achieve a peptide false-positive rate below 1%.
4.13 Quantitative proteomics unveiling crotonylation sites regulated by HDACs

HDAC1 knock down cells, HDAC1 overexpressing cells, and HEK293T cells were treated with 5 mM Cr-
alkyne for 8 h. Cells were harvested, lysed and centrifuged at 20,000g for 10 min to remove cellular debris.
Protein concentrations were determined by the BCA assay (Pierce). The whole lysates were undergoing
clicked with azido-DADPS-biotin, enrichment with streptavidin and on-bead trypsin digestion as mentioned
above. The probe-adducted peptides from the knock down, over expression and untreated cells were
isotopically labeled by light (HCHO, NaBH3CN), medium (DCDO, NaBH3;CN) and heavy (D'3CDO, NaBD5;CN)
dimethylation regents according to rdTOP-ABPP procedures. Finally, to combine the beads of light, medium
and heavy groups and then to resuspended it with 2 % formic acid in ddH,O (200 pL) to cleave the DADPS
linker. The elution was repeated twice and the supernatants were pooled and dried by SpeedVac for LC-
MS/MS analysis. For HDAC3 group, the sample preparation process is similar to that of HDAC1 mentioned
above.
4.14 LC-MS/MS analysis

LC-MS/MS was performed on a Q-Exactive plus Orbitrap mass spectrometer (Thermo Fisher Scientific)
coupled with Ultimate 3000 LC system. Mobile phase A was 0.1% formic acid in H,O, and mobile phase B
was 0.1% formic acid, 80% acetonitrile in H,O. Flow rate was 3 pL/min for loading and 0.3 pL/min for eluting.
Under the positive-ion mode, full-scan mass spectra were acquired over the m/z range from 350 to 1800 using
the Orbitrap mass analyzer with mass resolution of 70000. MS/MS fragmentation is performed in a data-
dependent mode, of which 20 most intense ions are selected for MS/MS analysis a resolution of 17500 using
collision mode of HCD. Other important mass parameters: isolation window, 1.6 m/z units; default charge, 2+;
normalized collision energy, 28%; maximum IT, 100 ms; dynamic exclusion, 20.0 s.
4.15 Fluorogenic Michaelis-Menten assays

Kinetic parameters were determined through rate experiments using Ac-Lys(Cr)-AMC and Ac-Lys(Cr-

alkyne)-AMC substrates in Tris buffer (10 mM Tris, 150 mM NaCl, 10% glycine, pH=8.0). Various
concentrations of substrates were incubated with 200 nM HDAC1 and 50 ug/mL trypsin. The in situ release
of fluorophore was monitored using a FLUOstar Omega microplate reader (excitation: 355 nm, emission: 450
nm) by measuring fluorescence at 1 minute intervals for 30 minutes at 25°C. Initial conversion rates were
determined for each substrate concentration, and the data were fitted to the Michaelis-Menten equation to
determine Km and Kcat values.
4.16 Data analysis

Closed search of probe modified sites was performed by using FragPipe GUI v16.0 with MSFragger’

(version 3.3), Philosopher? (version 4.0.0), and lonQuant? (version 1.7.5). Precursor mass tolerance was set
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as 0-500 ppm. Missed cleavages were allowed up to 2. Peptide length was set 6 to 50, and peptide mass
range was set 500 to 5000. Cysteine carboxyamidomethylation (+57.02146 Da) was set as fixed modification.
249.1477 Da was set as variable modification on lysine. 15.9949 Da is set as variable modification on
methionine. For the search of quantitative data, the dimethylation fixation of lysine residues and N-terminal
amino groups were set as light (+ 28.0313 Da), Medium (+ 32.0564) and heavy (+ 36.0757) respectively.
Peptides were required to achieve a peptide false-positive rate below 1%.
4.17 Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the iProX*® partner repository with the dataset identifier
PXD053632. The data that support the findings of this study are available from the corresponding authors on

reasonable request.
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5. MS/MS analysis of representative Cr-alkyne-modified peptides in this study.
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Figure $12. MS/MS analysis of a representative Cr-alkyne-modified peptide from P53. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K372 residue of P53. (B)

Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified P53 peptide shown in (A).
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Figure S13. MS/MS analysis of a representative Cr-alkyne-modified peptide from SETLP. (A) The
MS/MS peptide spectrum showing the identification of Cr-alkyne modification on the K199 residue of SETLP.
(B) Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified SETLP peptide shown in
(A).
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Figure S14. MS/MS analysis of a representative Cr-alkyne-modified peptide from WIZ. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K1448 residue of WIZ. (B)
Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified WIZ peptide shown in (A).
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Figure S15. MS/MS analysis of a representative Cr-alkyne-modified peptide from PI2R. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K342 residue of PI2R. (B)

Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified PI2R peptide shown in (A).
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Figure $16. MS/MS analysis of a representative Cr-alkyne-modified peptide from ZN735. (A) The
MS/MS peptide spectrum showing the identification of Cr-alkyne modification on the K391 residue of ZN735.
(B) Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified ZN735 peptide shown in
(A).
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Figure S17. MS/MS analysis of a representative Cr-alkyne-modified peptide from UBE2T. (A) The
MS/MS peptide spectrum showing the identification of Cr-alkyne modification on the K180 residue of UBE2T.
(B) Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified UBE2T peptide shown in
(A).
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Figure S18. MS/MS analysis of a new Cr-alkyne-modified peptide at H1-K177. (A) The MS/MS peptide
spectrum showing the identification of Cr-alkyne modification on the K177 residue of H1. (B) Summary of the

assigned MS/MS fragment ion peaks of the Cr-alkyne modified H1 peptide shown in (A).

S27



Y V:

NH2-A Q ! KiTD G{K—COOH
bz

Int (%) bs
100
75
50 £ Ys
25 | y :
y ' Y
; b,
0 | | | » miz
0 100 200 300 400 500 600 700 800 900 1,000
B
b b++ y y++
1 A 7
2 200.1029678 Q 6
3 K 824.4988369 5
4 705.4405938 K 696.4038739 4
5 820.4675368 D 319.1612109 3
6 G 204.1342679 2
7 K 147.1128042 1

Figure $19. MS/MS analysis of a new Cr-alkyne-modified peptide at H2B-K24. (A) The MS/MS peptide
spectrum showing the identification of Cr-alkyne modification on the K24 residue of H2B. (B) Summary of the
assigned MS/MS fragment ion peaks of the Cr-alkyne modified H2B peptide shown in (A).
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Figure $20. MS/MS analysis of a new Cr-alkyne-modified peptide at H2AX-K5. (A) The MS/MS peptide

spectrum showing the identification of Cr-alkyne modification on the K5 residue of H2AX. (B) Summary of the

assigned MS/MS fragment ion peaks of the Cr-alkyne modified H2AX peptide shown in (A).
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Figure S21. MS/MS analysis of a new Cr-alkyne-modified peptide at H2AX-K9. (A) The MS/MS peptide
spectrum showing the identification of Cr-alkyne modification on the K9 residue of H2AX. (B) Summary of the
assigned MS/MS fragment ion peaks of the Cr-alkyne modified H2AX peptide shown in (A).
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Figure S22. MS/MS analysis of a new Cr-alkyne-modified peptide at H2AZ1-K7. (A) The MS/MS peptide

spectrum showing the identification of Cr-alkyne modification on the K7 residue of H2AZ1. (B) Summary of

the assigned MS/MS fragment ion peaks of the Cr-alkyne modified H2AZ1 peptide shown in (A).
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Figure S23. MS/MS analysis of a new Cr-alkyne-modified peptide at H2AZ1-K115. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K115 residue of H2AZ1. (B)
Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified H2AZ1 peptide shown in (A).
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Figure S24. MS/MS analysis of a new Cr-alkyne-modified peptide at H2AZ1-K120. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K120 residue of H2AZ1. (B)
Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified H2AZ1 peptide shown in (A).
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Figure S$25. MS/MS analysis of a new Cr-alkyne-modified peptide at EEF1A1-K457. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K457 residue of EEF1A1. (B)
Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified EEF1A1 peptide shown in
(A).
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Figure S26. MS/MS analysis of a new Cr-alkyne-modified peptide at NUCKS1-K188. (A) The MS/MS
peptide spectrum showing the identification of Cr-alkyne modification on the K188 residue of NUCKS1. (B)
Summary of the assigned MS/MS fragment ion peaks of the Cr-alkyne modified NUCKS1 peptide shown in
(A).
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6. Characterization of the compounds
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Figure S27. 'TH NMR (400 MHz) spectrum of compound 1 in CDCls.
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Figure $28.13C NMR (101 MHz) spectrum of compound 1 in CDCls.
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Peking University Mass Spectrometry Sample Analysis Report

Analysis Info
Analysis Name FTMS-23120152_Pos_20231215_000003.d Acquisition Date 12/18/2023 11:04:10 AM
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Figure S29. HR-FT-MS spectrum of compound 1.
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Figure S30. 'TH NMR (400 MHz) spectrum of compound 2 in CDCls.
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Figure $31.13C NMR (101 MHz) spectrum of compound 2 in CDCls.
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Peking University Mass Spectrometry Sample Analysis Report
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Figure S32. HR-FT-MS spectrum of compound 2.
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Figure S33. 'TH NMR (400 MHz) spectrum of compound 3 in CDCls.

€LL—

10

S
Q
Q
Le— 3]
=)
T
=)
o
=)
©
969 — =
=
7’28 —
&)
S ~
= &
a
S —
=
[a\]
Y4
Q
=)
<
©
I =}
— o o =
LLL OHN
S
0]
=)

AN

200

'10

Figure S34."3C NMR (101 MHz) spectrum of compound 3 in CDCls.
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Peking University Mass Spectrometry Sample Analysis Report
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Figure S$35. HR-FT-MS spectrum of compound 3.
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Figure S36. '"H NMR (400 MHz) spectrum of compound 4 in CDCls.
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Figure S37."3C NMR (101 MHz) spectrum of compound 4 in CDCls.
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Peking University Mass Spectrometry Sample Analysis Report
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Figure S38. HR-FT-MS spectrum of compound 4.
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