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ed fluorescent peptides provide
insights into underexplored and reversible post-
translational modifications

Jordi C. J. Hintzen,a Kamiel D. Beckley,a Emily L. Goldbergb

and George M. Burslem *ac

Internally quenched fluorescent (IQF) peptides offer a powerful, modular platform for studying the

enzymatic dynamics of post-translational modifications (PTMs) on lysine and arginine. Here we report

a versatile IQF system that enables monitoring of PTM installation and removal via proteolytic cleavage

by trypsin. This platform is compatible with both native PTMs and PTM mimetics, including acetylation,

various other acylations, mono-/di-/trimethylation and citrullination across both histone and non-

histone derived peptide substrates. Using synthetically accessible thialysine and thiaarginine analogs, we

developed cysteine conjugation chemistries to access a wide array of PTM mimics, including novel

reagents for lysine lactylation, b-hydroxybutyrylation and methyl-acetylation. Application of the system

revealed distinct substrate preferences and site-specific activities for enzymes such as SIRT3, HDAC2,

HDAC6, KDM3A, KDM4A and PAD4. Notably, the system uncovered enzymatic selectivity for acyl chain

type and methylation state and demonstrated resistance of the emerging PTM methyl-acetyllysine to

erasers. The system was also used to study the recently reported reversibility of acylation modifications

by HDAC2 and 6 and is capable of evaluating enzymatic crosstalk between neighboring post-

translational modifications. Our platform's adaptability and readout simplicity offer a generalizable

chemical biology toolkit for PTM profiling, enzyme characterization, and inhibitor discovery.
Introduction

Post-translational modications (PTMs) introduce an extraor-
dinary level of complexity to the eukaryotic genome, playing
essential roles in regulating protein function, localization, and
stability.1 These modications act as dynamic molecular
switches that ne-tune a broad spectrum of cellular processes,
ranging from gene expression and signal transduction to
protein degradation and immune responses.2–7 Oen these
PTMs are small chemical changes installed on the amino acid
side-chain, such as methylation, acetylation, and phosphoryla-
tion, but can expand to entire proteins being added to a residue
such as in the case of ubiquitination.8 The dysregulation of
PTMs has been implicated in numerous diseases, including
neurodegenerative disorders such as Alzheimer's disease,
cancer, and metabolic syndromes.9–12 PTMs on histone
proteins, the proteins that constitute the nucleosome as the
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most basic unit of DNA compaction, have attracted signicant
attention due to their pivotal role in chromatin remodeling and
regulation of gene expression, collectively giving rise to the eld
of epigenetics.3,13 In the epigenetic context, where different
PTMs oen occur on the same sites of histone tails, and a large
amount of crosstalk exists between PTMs, the post-translational
language becomes extremely complex.14 Despite the critical
importance of these modications, developing tools to study
PTMs in a site-specic and quantitative manner remains
a signicant challenge.

A major limitation in PTM research is the lack of specic
tools, beyond mass spectrometry, to study the installation and
removal of individual PTMs in isolation and in context of nearby
modications. Many techniques and assays lack the specicity
to discriminate between structurally similar modications,
particularly when multiple PTMs can occur on the same amino
acid residue. This complicates the analysis of enzymatic selec-
tivity and kinetics for both the enzymes that install modica-
tions, i.e., writers, and enzymes that remove these
modications, i.e., erasers. Inspired by the previous use of
internally quenched uorescence (IQF) peptides to study
proteases15–21 and uorophore peptide/acyl quencher pairs,22,23

we envisioned using IQF peptides as a versatile platform for
studying PTMs in a site- and modication-specic manner. The
IQF system is generated by preparing peptides bearing
Chem. Sci., 2026, 17, 2317–2331 | 2317
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a quenching dinitrophenyl (Dnp) moiety in close proximity to
a uorescent aminobenzoyl (Abz) moiety, thus providing
a “dark” peptide. Upon cleavage of the peptide by a protease, the
Dnp is spatially removed from the aminobenzoyl moiety,
turning on uorescence (Fig. 1A).16,24 A commonly used pepti-
dase to digest proteins is trypsin, a serine protease with speci-
city for cleaving aer arginine and lysine residues.25

Conveniently, these are also two of the most commonly post-
translationally modied amino acids, with lysine especially
accommodating a wide array of PTMs.26–28 When a PTM is
installed or removed from the cleavage site within the IQF
Fig. 1 (A) Schematic representation of the trypsin cleavage-mediated
removal of PTMs, (B) Thialysine chemistry employed in this study to inst

2318 | Chem. Sci., 2026, 17, 2317–2331
peptide, enzymatic processing is expected to be altered,
enabling direct assessment of the ability of writer and eraser
enzymes to install or remove a modication at this site.

By using a two-step assay, both writers and erasers can be
efficiently studied (Fig. 1A). In the case of writers, the unmod-
ied substrate peptide is rst incubated with the writer of
interest. Aer a set reaction time, trypsin can be introduced into
the mixture. We anticipated that only the portion of the peptide
that remained unmodied will be cleaved, providing quantita-
tive insight into the PTM installation. Conversely, when a post-
translationally modied synthetic peptide is subjected to an
internally quenched fluorescence peptides to study installation and
all mimics of post-translationally modified amino acids.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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eraser enzyme, the amount of cleavage by trypsin, or any other
suitable peptidase, is a direct measure for the amount of PTM
that the eraser enzyme has removed. These assays can therefore
provide valuable insights into substrate preferences and cata-
lytic efficiencies.

A challenge when employing this system is the synthetic
accessibility of post-translationally modied amino acids that
are directly amenable to solid-phase peptide synthesis (SPPS).
While the most common modications, such as lysine meth-
ylation, acetylation, and arginine citrullination, are commer-
cially available, albeit at a much higher cost than unmodied
lysine or arginine, more uncommon modications need to be
made synthetically and are therefore signicantly less acces-
sible for the generation of IQF peptides. To address this limi-
tation, cysteine has been extensively studied as a chemical
handle to install PTM mimics (Fig. 1B).29 Cysteine's thiol func-
tionality provides a unique avenue for chemical derivatization
using site-selective chemistry to generate a wide array of PTM
analogs, including lysine acetylation and methylation. These
bioconjugation reactions most oen use simple and easy-to-use
reagents to install these modications. This allows for conve-
nient and rapid access to various post-translationally modied
synthetic peptides (Fig. 1B). In the context of this study, we aim
to demonstrate the utility of this system through enzymatic
assays with a variety of key writers and erasers involved in
several different PTMs.

Results and discussion
Trypsin cleavage assays

To establish the proof-of-concept for our uorescent turn-on
system, we performed trypsin cleavage assays on a series of
histone H3-containing lysine and arginine residues (Fig. 2A).
The panel of peptides was conveniently synthesized using
standard Fmoc-based SPPS (Tables 1 and S1). Known as two
major sites for post-translational modication of histone H3,
we chose peptides based on the H3K9 and H3K14 sites,3 span-
ning residues 5–12 and 11–16 of histone H3, respectively, and
these sequences were used for all peptides used to study lysine
PTMs. In the case of arginine PTMs, site R8 was chosen as
a known site for PAD4-mediated citrullination.30 Comparing the
cleavage of H3K9, H3K14, and H3R8-containing peptides
revealed notable differences in the amount and rate of trypsin
cleavage, differing signicantly depending on the sequence
surrounding the basic residue (Fig. 2B and S1C). To analyze this
further, lysine at position 14 was replaced by arginine to provide
a more direct comparison between the two residues and here
too, the amount of uorescence signal and rate of cleavage were
different between lysine and arginine, suggesting that both the
nature of the cleaved amide and its surrounding environment
play amajor role in the efficiency of trypsin (Fig. 2B and S1C). To
compare the trypsin cleavage of cysteine-derived mimics of
lysine and arginine, thialysine was installed using 2-bromo-
ethylamine hydrobromide and a thiaarginine mimic was
installed by reacting cysteine with 2-chloroacetimidamide
(CAM), which was synthesized from 2-chloroethanimidoate
hydrochloride in one step (Fig. 3B).31–33 Importantly, thialysine
© 2026 The Author(s). Published by the Royal Society of Chemistry
and thiaarginine mimics were accepted efficiently as substrates
in the assay. Cleavage of the thialysine mimics was found to be
very comparable to the native lysine counterparts, while the
thiaarginine peptide installed at position R8 showed a reduced
amount of trypsin cleavage, it was still measurable and there-
fore viable for further enzymatic studies with PAD4 (Fig. 2C).31

To directly compare whether the observed uorescence signal
correlates well with the amount of lysine peptide present in
a reaction mixture, different ratios of lysine and acetyllysine
containing peptides were subjected to trypsin cleavage and
analyzed both on the plate reader and a mass spectrometer,
where the appearance of the Dnp-containing fragment could
be efficiently tracked (Fig. S1). Importantly, the signals on
both these instruments show a proportional increase that
can be plotted and tted using simple linear regression,
thus validating our use of the plate reader-based assay to eval-
uate enzyme-catalyzed reactions with trypsin cleavage
(Fig. 2D and E).
Analog synthesis

To enable the study of post-translationally modied IQF
peptides, we started with the synthesis of the Fmoc-Lys(lac)-OH
building block, which was recently reported and could be
repeated efficiently (Fig. S2).34 Encouraged by these results,
Fmoc-Lys(bhb)-OH was synthesized in an analogous manner.
Starting from the unprotected b-hydroxybutyric acid, the acid
was rst ethyl protected using sulfuric acid in ethanol and then
followed the same transformations as for the lactyllysine analog
to yield Fmoc-Lys(bhb)-OH in good yields overall. We then used
these building blocks to synthesize the desired lactylated and b-
hydroxybutyrylated peptides, while acetyllysine peptides were
synthesized using commercially available building blocks.
Starting from the tert-butyl protected intermediates from these
syntheses, the vinyl amide reagents required for cysteine
conjugation reactions were conveniently synthesized (Fig. S2).
As was reported for a succinyllysine analog,35 the free acids
could be converted to their respective amides using ethyl
chloroformate and ammonium chloride in excellent yields.
From here, the vinyl group was installed using vinyl iodide to
give the nal vinyl amide products, which could be directly used
to conjugate to cysteine and aer TFA deprotection of the tert-
butyl protection groups yielded the thialysine-derived b-
hydroxybutyrllysine and lactyllysine analogs Kcbhb and Kclac,
respectively, directly on the peptide (Fig. S2).

With the acetylated, b-hydroxybutyrylated and lactylated
lysine and thialysine-derived peptides in hand, we continued
with the synthesis of the rest of the panel of desired substrate
peptides using previously reported conditions to conjugate
to cysteine residues in peptides, while peptides containing
native methylated and methyl-acetylated lysine residues were
synthesized straightforwardly (Fig. 1B, S2 and Table 1).31,32,36

Methylated thialysine variants were generated by cysteine
alkylation using halogenated ethylamine reagents, while ace-
tylthialysine was installed using N-vinylacetamide in a radical
initiated reaction akin to the chemistry employed for Kcbhb
and Kclac.29,36 Conveniently, N-(2-chloroethyl)-N-
Chem. Sci., 2026, 17, 2317–2331 | 2319
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Fig. 2 Trypsinmediated cleavage of histone-derived lysine, thialysine, arginine and thiaarginine Abz/Dnp-substrate peptides. Cleavage reactions
were initiated by addition of 1 mg mL−1 of trypsin and the fluorescence was measured eachminute over 60minutes with readout at a wavelength
of 420 nm, all samples were measured in triplicate. A buffer of 1 M triethylammonium bicarbonate, pH 8.5 was used for all trypsin-mediated
reactions, with peptide concentrations at 100 mM. (A) Schematic representation of the trypsin cleavage reactions, (B) fluorescence differences for
lysine and arginine peptides, (C) fluorescence differences for lysine and arginine containing histone H3-derived peptides and their cysteine-
derived mimics, (D) correlation between fluorescence signal at different ratios of H3K14 and H3K14ac, (E) correlation between mass abundance
at different ratios of H3K14 and H3K14ac.
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methylacetamide could be synthesized by acetylation of 2-N-
methylaminoethyl chloride hydrochloride and directly installed
via cysteine alkylation to generate the desired Kcmeac peptides
(Fig. 1B).
2320 | Chem. Sci., 2026, 17, 2317–2331
Evaluation of lysine acylation by IQF peptides

We started with the deacylase SIRT3 to study its ability to
remove lysine acetylation (Kac), lysine lactylation (Klac), and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of peptides used in this study

Enzyme Peptides Abbreviation

Trypsin Abz-H3(6–12)K(Dnp) H3K9
Abz-H3(10–16)K(Dnp) H3K14
Abz-H3(5–11)K(Dnp) H3R8
Abz-H3(10–16)K(Dnp)K14R H3R14
Abz-H3(6–12)K(Dnp)-Kc9 H3Kc9
Abz-H3(10–16)K(Dnp)-Kc14 H3Kc14
Abz-H3(5–11)K(Dnp)-Rc8 H3Rc8
Abz-aT(37–43)K(Dnp) aTK40

SIRT3/HDAC2 Abz-H3(6–12)K(Dnp)-K9ac H3K9ac
Abz-H3(6–12)K(Dnp)-K9lac H3K9lac
Abz-H3(6–12)K(Dnp)-K9bhb H3K9bhb
Abz-H3(6–12)K(Dnp)-Kc9ac H3Kc9ac
Abz-H3(6–12)K(Dnp)-Kc9lac H3Kc9lac
Abz-H3(6–12)K(Dnp)-Kc9bhb H3Kc9bhb
Abz-H3(10–16)K(Dnp)-K14ac H3K14ac
Abz-H3(10–16)K(Dnp)-K14lac H3K14lac
Abz-H3(10–16)K(Dnp)-K14bhb H3K14bhb
Abz-H3(10–16)K(Dnp)-Kc14ac H3Kc14ac
Abz-H3(10–16)K(Dnp)-Kc14lac H3Kc14lac
Abz-H3(10–16)K(Dnp)-Kc14bhb H3Kc14bhb

HDAC6 Abz-aT(37–43)K(Dnp)-K40ac aTK40ac
Abz-aT(37–43)K(Dnp)-Kc40ac aTKc40ac

KMD3A/4A Abz-H3(6–12)K(Dnp)-K9me1 H3K9me1
Abz-H3(6–12)K(Dnp)-K9me2 H3K9me2
Abz-H3(6–12)K(Dnp)-K9me3 H3K9me3
Abz-H3(6–12)K(Dnp)-Kc9me1 H3Kc9me1
Abz-H3(6–12)K(Dnp)-Kc9me2 H3Kc9me2
Abz-H3(6–12)K(Dnp)-K9me3 H3Kc9me3

Kmeac Abz-H3(6–12)K(Dnp)-K9meac H3K9meac
Abz-H3(6–12)K(Dnp)-Kc9meac H3Kc9meac
Abz-H3(10–16)K(Dnp)-K14meac H3K14meac
Abz-H3(10–16)K(Dnp)-Kc14meac H3K14meac

PAD4 Abz-H3(5–11)K(Dnp) H3R8
Abz-H3(5–11)K(Dnp)-Rc8 H3Rc8

Crosstalk Abz-H3(6–12)K(Dnp)-S10ph H3S10ph
Abz-H3(6–12)K(Dnp)-K9me2S10ph H3K9me2S10ph
Abz-H3(6–12)K(Dnp)-K9me3S10ph H3K9me3S10ph
Abz-H3(6–12)K(Dnp)-K9acS10ph H3K9acS10ph

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

2:
17

:1
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
lysine b-hydroxybutyrylation (Kbhb) based on SIRT3 being
recently reported as a novel deacylase for the understudied Klac
and Kbhb modications at histone sites.37–40 SIRT3 was
expressed recombinantly (Fig. S3), and its deacetylase activity
was experimentally validated by using a p53(378–386)K382ac
substrate peptide, which was readily deacetylated as observed
by LC/MS aer 1 hour under standard conditions (Fig. S4).41 To
assess the ability of SIRT3 to remove acyl modications from
histone peptides, its activity was tested on peptides modied
with Kac, Klac, and Kbhb at the H3K9 and H3K14 sites (Fig. 3A).
SIRT3 efficiently removed Kac and Klac from the K9 position,
but interestingly, it was only able to remove Kac from the K14
site, contrary to reported results (Fig. 3C and D).40 This could be
due to limitations of our experimental system, if, for instance,
efficient removal of lactylation from the H3K14 site by SIRT3
requires a larger portion of its histone substrate to be present,
or if additional factors are needed to ensure efficient delacty-
lation at this site. Moreover, in this assay, SIRT3 was not able to
remove Kbhb from either the K9 or K14 site, suggesting that the
Kbhb substrate is less tolerated by the enzyme compared to Kac
© 2026 The Author(s). Published by the Royal Society of Chemistry
and Klac (Fig. 3C and D).39 We observed similar results with the
thialysine-derived peptides, further adding to the possibility
that H3K9 is the preferred deacylation site for SIRT3 (Fig. 3C
and D). In these experiments, Kcac and Kclac were removed
from the H3K9 site, while at the H3K14 position, even acetylated
thialysine was not a substrate of SIRT3. Although, it was previ-
ously reported that acetylated thialysine is removed by SIRT2 at
the H4K16 site suggesting this is not solely a feature of the
thialysine moiety.36 Lastly, the thialysine-derived mimic of
Kbhb, Kcbhb, was not cleaved from either the H3K9 or H3K14
sites (Fig. 3C and D). These ndings highlight subtle differences
in SIRT3 substrate preference, both in terms of site specicity
and modication type, and showcases the potential of our
system to probe enzyme selectivity site specically.

Next, we performed similar analyses with HDAC2-catalyzed
deacylation as a model enzyme for the Zn2+-dependent histone
deacetylase family (Fig. 3A).42 Delactylation activity was recently
reported for class I HDACs,43 and our laboratories recently
showed that HDAC2 can reversibly catalyze lactylation and b-
hydroxybutyrylation on histone sites under high, but physiolog-
ical, lactate or b-hydroxybutyrate concentrations.44,45 We used our
system to analyze this catalytic behavior in both the writer and
eraser direction for HDAC2 in detail (Fig. 3A and B). Analogous to
the assays with SIRT3, acyl-modied peptides carrying an acetyl,
lactyl and b-hydroxybutyryl modication at positions K9 and K14
were incubated with recombinantly expressed HDAC2 and
subsequently their cleavage by trypsin was measured (Fig. 3E and
F). Interestingly, like SIRT3, HDAC2was able to efficiently remove
the acetyl and lactyl marks from the K9 position, as is evident
from the increased uorescence in these samples but appeared
completely inert towards the K14 site in these assays as well as b-
hydroxybutyrylation at both positions.

Next, the ability of HDAC2 to install acyl modications was
investigated in this system, following recent reports from our
groups and others.44–46 Aer initial incubation with 5 mM acetate,
L-lactate, or b-hydroxybutyrylate with HDAC2 (Fig. 3G), lactylation
appeared to be by far the most efficiently installed modication. It
is important to note that unlike eraser studies, the ability of
a writer enzyme to install amodication is indicated by a complete
loss of uorescence signal and the subsequent inability of trypsin
to cleave at this site. This is seen at both the K9 and K14 sites when
HDAC2 is incubated with lactate. Encouraged by the lactylation
results, we tested increasing concentrations of acetate and b-
hydroxybutyrylate with HDAC2 (Fig. 3H). Within this system, no
signicant acetylation was observed, while on the other hand,
a reduction in uorescence cleavage was observed when increasing
the b-hydroxybutyryate concentration to 100 mM, indicating that
b-hydroxybutyrylation can be catalyzed by HDAC2 in this system,
albeit which much lower efficiency compared to lactylation, veri-
fying the preferences observed in other biochemical and cellular
assays.44,45 We then expanded our evaluation of the HDAC2-
catalyzed acylation modications by incubating HDAC2 with
a variety of short-chain fatty acids at 10 mM (Fig. S5) and 100 mM
(Fig. 3H). Notably, the only modication to show signicant
activity at 10mM in these assays is lactylation, while, excitingly, we
show that HDAC2 can catalyze in vitro generation of propionyla-
tion, crotonylation, 2-hydroxyisobutyrylation and lipoylation at
Chem. Sci., 2026, 17, 2317–2331 | 2321
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Fig. 3 SIRT3 and HDAC2-mediated deacylation and acylation of histone-derived Abz/Dnp substrates detected by fluorescent turn-on by trypsin
cleavage. Cleavage reactions were initiated by addition of 1 mg−1 mL of trypsin and the fluorescence was measured eachminute over 60minutes
with readout at a wavelength of 420 nm, all samples were measured in triplicate. A buffer of 1 mM DTT, 50 mM Tris pH 8.0, 150 mM NaCl and 1
mMMgCl2 was used for all deacylation reactions. SIRT3 was added to a final concentration of 1 mM, HDAC2 was added to a final concentration of
167 nM and the peptides to a final concentration of 10 mM. (A) Schematic representation of the SIRT3/HDAC2-coupled deacylation trypsin
cleavage reactions, (B) schematic representation of the HDAC2-coupled acylation trypsin cleavage reactions, (C) fluorescence differences for
acylation modifications catalyzed by SIRT3 at the H3K9 site, (D) fluorescence differences for acylation modifications catalyzed by SIRT3 at the
H3K14 site, (E) fluorescence differences for deacylation reactions catalyzed by HDAC2 at the H3K9, (F) fluorescence differences for deacylation
reactions catalyzed by HDAC2 at the H3K14 site, (G) fluorescence differences for HDAC2-catalyzed acylation reactions at the H3K9 and H3K14
site, acetate, L-lactate and b-hydroxybutyrate were incubated at a concentration of 5 mM, (H) fluorescence differences for HDAC2-catalyzed
acetylation and b-hydroxybutyrylation at the H3K9 site with increasing concentrations of acetate and b-hydroxybutyrate, (I) fluorescence
differences for HDAC2-catalyzed acylation at the H3K9 site with a panel of acyl modifications at 100 mM.

2322 | Chem. Sci., 2026, 17, 2317–2331 © 2026 The Author(s). Published by the Royal Society of Chemistry
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100 mM of these compounds present (Fig. 3I). While HDAC2-
catalyzed propionylation and crotonylation have already been re-
ported, 2-hydroxyisobutyrylation and lipoylation are exciting new
modications that could potentially be installed by class I HDACs
under physiologically relevant conditions.45,47 We next applied the
system to investigate its potential to discover and benchmark
inhibitors for studied enzymes. In this case, we used the well-
known deacetylase inhibitor SAHA (Voronistat) and incubated it
at different concentrations in the HDAC2-catalyzed K9 deacetyla-
tion reactions (Fig. S6). Gratifyingly, an IC50 of 59.23 nM was
observed, which is well in line with reported IC50 values for this
compound.48

Finally, to extend our study of deacetylases to substrates
beyond histone proteins, HDAC6, a member of the Class IIb
HDACs was identied as an interesting target given it's locali-
zation to the cytosol.49,50 HDAC6 is an important microtubule-
associated deacetylase, removing the acetyl mark from a-
tubulin K40 (aT-K40), where it plays roles in microtubule
associated cellular movement.49,51 Interestingly, HDAC6, like
HDAC2, was reported to have reversible activity, where it is able
to lactylate the aT-K40 site.46 To study the installation and
removal of acyl modications at the aT-K40 site by HDAC6, we
synthesized a set of peptides carrying unmodied lysine, ace-
tyllysine and thiacetyllysine. Like the H3-derived peptides, aT-
K40 showed a measurable uorescence increase when incu-
bated with trypsin (Fig. 2B). The catalytic domain of HDAC6 was
expressed and puried (Fig. S7)52 and we then carried out
trypsin coupled assays analysing the deacetylation of an acety-
lated lysine and thialysine aT-K40 peptide as well as lactylation
of aT-K40 by HDAC6 (Fig. S8). In line with our results for SIRT3,
HDAC6 was able efficiently deacetylate the aT-K40ac peptide,
while the thialysine variant, aT-Kc40ac was inert to the presence
of the enzyme (Fig. S8a). Furthermore, we were able to show that
in our assay context, HDAC6 is able to fully catalyze the lacty-
lation of aT-K40 at 100 mM of L-lactate present, while at 10 mM
moderate lactylation could be observed, corroborating that the
lactylation of HDAC6 can occur at physiologically relevant
concentrations of lactate (Fig. S8b).46
Evaluation of lysine demethylation and arginine citrullination
by IQF peptides

Beyond acylation, we used the lysine demethylases KDM3A and
KDM4A to investigate the ability of trypsin to cleave aer
methylated lysine residues, both in their native and thia-lysine
derived state. We explored the inuence of lysine methylation
state on trypsin cleavage by analyzing histone H3K9 peptides
with mono-, di-, and trimethyl modications (Fig. 4A). As ex-
pected, higher methylation states conferred increased resis-
tance to cleavage, with the trimethyllysine-modied peptide
exhibiting near-complete stability over the course of this
experiment (Fig. 4B).53 Notably, this trend was consistent across
both native methyllysine residues and thialysine-derived
mimics (Fig. 4B), conrming the applicability of methylated
thialysines as trypsin substrates, making them amenable to our
system for studying methylation-dependent proteolysis by
KDMs. Surprisingly, a small amount of cleavage was observed
© 2026 The Author(s). Published by the Royal Society of Chemistry
when the thialysine-derived Kcme3 modication was intro-
duced (Fig. 4B). However, when looking at the progress of the
reaction in real-time, it can clearly be observed that the rate of
cleavage for both the methylated lysine and thialysine peptides
convincingly follows a trend where rate of cleavage is reduced
with increased methylation state (Fig. S9A and B).

To further investigate methylation dynamics, demethylation
assays were performed with KDM3A and KDM4A. KDM3A is
reported to demethylate mono- and dimethyllysine at the H3K9
position, while KDM4A catalyzes the demethylation of di- and
trimethylation at the same site.54 We were able to detect de-
methylation by both KDM3A and KDM4A in this assay (Fig. 4C
and D), as cleavage rates increased upon incubation with the
respective KDMs. Strikingly, the trimethylated reaction
remained completely inert to trypsin cleavage aer incubation
with KDM4A, while for the dimethylated peptide, cleavage was
readily observed (Fig. 4D). These subtle changes suggest that
the demethylation reactions were not complete under our assay
conditions, leading to amixture of methylation states present in
the samples at the point of addition of trypsin. Notably, the
behavior of thialysine-derived methyl mimics differed slightly
(Fig. 4C and D). KDM3A showed a reduced demethylation
activity on the Kcme2 peptide, while KDM4A seemingly shows
a preference for the thialysine-derived peptides, with clear
uorescence cleavage observed when incubated with Kcme3
and an increased uorescence cleavage with Kcme2 (Fig. 4C and
D). Previously it was reported that KDM4A could indeed de-
methylate thialysine at H3K9 all the way down to the un-
methylated state, albeit in the context of full nucleosomes,
suggesting that like SIRT3, additional substrate recognition
might be needed for full enzymatic activity.55 To compare the
demethylation of thialysine and lysine peptides by these de-
methylases in more detail, we measured Michaelis–Menten
kinetics on the KDM3A-catalyzed demethylation of di-
methylated substrates. Due to the sequential reactions KDM3A
can carry out, we carefully ensured that only the reaction from
the dimethyl to the monomethyl state was being evaluated, by
directly comparing to cleavage rates of the authentic mono-
methyl peptides themselves, giving us a handle to calculate the
conversions (Fig. 4E). These kinetics assays resulted in an
observed kcat of 0.19 ± 0.02 and 0.16 ± 0.03 min−1 for the Kme2
and Kcme2 peptides, respectively, while the Kms were found to
be 0.81 ± 0.29 and 2.53 ± 1.61 for Kme2 and Kcme2, respec-
tively. Our calculated kcat/Km values showed an apparent four
times faster demethylation rate for Kme2 compared to Kcme2,
mainly driven by a reduced Km, which indicates a less preferred
mode of binding to the enzyme active site. Our results agree
with prior studies that evaluated Michaelis–Menten kinetics of
thialysine-derived histone peptides when studying lysine
methylases, acetylases and deactelyases.56,57
PAD4 coupled cleavage assays

Next, the impact of PAD4-mediated citrullination of H3R8 was
evaluated on trypsin cleavage (Fig. 4F). Citrullination of the
arginine residue effectively blocked cleavage, demonstrating the
system's ability to detect citrullination events (Fig. 4G).
Chem. Sci., 2026, 17, 2317–2331 | 2323
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Fig. 4 Methylated lysine and thialysine Abz/Dnp substrates detected by fluorescent turn-on by trypsin cleavage and PAD4-mediated citrulli-
nation of histone-derived Abz/Dnp substrates detected by fluorescent turn-on by trypsin cleavage. KDM-catalyzed cleavage reactions were
initiated by addition of 1 mg mL−1 of trypsin to a 100 mM solution of peptide in a buffer of 1 M triethylammonium bicarbonate, pH 8.5 and the
fluorescence was measured each minute over 60 minutes with readout at a wavelength of 420 nm, all samples were measured in triplicate. A
50mMHEPES buffer at pH 7.5 with 100 mM LAA, 10 mM FAS and 10 mM 2-OGwas used for all KDM-catalyzed reactions. KDM3A and KDM4A were
added to a final concentration of 1 mM and the peptides to a final concentration of 10 mM. (A) Schematic representation of the KDM-coupled
demethylase trypsin cleavage reactions, (B) fluorescence differences for methylated lysine and thialysine peptides incubated with trypsin, (C)
fluorescence differences for KDM3A-catalyzed demethylation, (D) fluorescence differences for KDM4A-catalyzed demethylation, (E) Michaelis–
Menten kinetics plots for the KDM3A-catalyzed demethylation of Kme2 and Kcme2 histone peptides, (F) schematic representation of the PAD4-
coupled citrullination trypsin cleavage reactions, (G) fluorescence differences for PAD4-catalyzed citrullination of arginine and thiaarginine
peptides. PAD-4mediated cleavage reactions were initiated by addition of 1 mg mL−1 of trypsin and the fluorescence was measured eachminute
over 60 minutes with readout at a wavelength of 420 nm, all samples were measured in triplicate. A buffer of 50 mM HEPES at pH 8.0 with
300mMNaCl and 1mMDTTwas used for all reactions. PAD4was added to a final concentration of 1 mMand the peptides to a final concentration
of 100 mM.
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However, when we installed the thiaarginine mimic at this site
and incubated with PAD4, trypsin could still effectively cleave
the H3Rc8 peptide, indicating that PAD4 does not accept this
modication as a substrate (Fig. 4G). Likely, the structure is too
chemically different from arginine, since it has one atom less in
its sidechain, lacks a guanidinium nitrogen, and contains
a C–S–C instead of a C–C–C backbone. This provides an inter-
esting opportunity for installation of this arginine mimic in
cases where blocking of protein citrullination could have
a therapeutic effect, for example in the case of amyloid-
b peptides in Alzheimer's disease.58
Investigation of removal of Kmeac by IQF peptides

It was recently discovered that lysine can be methylated and
acetylated at the same site simultaneously (Kmeac),59 while
epigenetic proteins that write, erase or read this modication are
still unknown. Combining our HDAC and KDM assays, we
2324 | Chem. Sci., 2026, 17, 2317–2331
investigated whether the Kmeac PTM can be effectively removed
by either class of enzymes in our model system. Additionally,
convenient cysteine conjugation chemistry was developed to
install the Kmeac modication via thialysine (Fig. 1B). Using our
IQF system and the enzymes studied so far, we sought to identify
whether Kmeac demethylation or deacetylation can be catalyzed
by KDM3A, KDM4A, SIRT3 and HDAC2, respectively. Initially, no
appreciable rise in uorescence was observed for any of the
Kmeac or Kcmeac peptides aer incubation with the enzymes
(Fig. S10A and B). However, even aer potential demethylation by
KDM3A and KDM4A, no uorescence increase would be observed
since acetylated lysine is not cleaved by trypsin. Thus, enzymatic
reactions were subjected to LC-MS analysis, which revealed that
indeed, the Kmeac modication appears inert to this set of
enzymes within this experimental system, verifying that our
approach could be used as a rst pass screen to identify editors of
newly emerging PTMs (Fig. S11A and B).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Studies on the crosstalk of H3S10 phosphorylation on neighboring K9 PTMs. (A) Timecourse of fluorescence increase of a S10 phos-
phorylated versus unphosphorylated H3 peptide, (B) fluorescence differences for HDAC2-catalyzed and SIRT3-catalyzed deacetylation as well as
KDM3A- KDM4A-catalyzed demethylation at the H3K9 site with a and without S10ph present.
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Studying enzymatic crosstalk using IQF peptides

Histone tails are well known to get decorated with a complex
array of PTMs. Among these, many are installed on neigh-
boring residues, and mounting evidence suggests that
signicant crosstalk exists between serine phosphorylation on
one residue and lysine methylation or acetylation on a nearby
residue.60–63 We applied our IQF system to assess whether
phosphorylation at the H3S10 site affects removal of methyl-
ation and acetylation marks on the H3K9 site and synthesized
four peptides containing a phosphorylation at the serine 10
and lysine either unmodied, dimethylated, trimethylated or
acetylated. Initially, we compared the trypsin cleavage of the
H3K9 peptide to the H3K9S10ph peptide and saw that the rate
of cleavage is only marginally affected by introducing phos-
phorylation (Fig. 5A). We then proceeded to incubate the
lysine modied peptides with their respective eraser enzymes.
For the H3K9acS10ph we observed that both in the case of
SIRT3 and HDAC2 incubation, the amount of trypsin cleavage
was higher, indicating that HDAC activity is accelerated when
S10ph is present, while for the H3K9me2S10ph, incubated
with KDM3A, and the H3K9me3S10ph, incubated with
KDM4A, the amount of trypsin cleavage was lower compared
to the non-phosphorylated counterpart (Fig. 5B). These nd-
ings suggest there might be signicant post-translational
crosstalk between the S10 and K9 sites, with phosphoryla-
tion either increasing or decreasing the rates of removal of
different PTMs at K9 and verify the use of IQF peptides to
study PTM crosstalk.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In conclusion, we have developed a robust and adaptable uo-
rescent turn-on system capable of detecting changes in PTMs
through enzymatic cleavage assays. This system provides
a powerful tool for monitoring these PTM states and has been
shown to offer wide applicability across different enzymatic
processes and modication types. Through these investiga-
tions, nuanced differences were revealed in substrate prefer-
ences of key enzymes, such as SIRT3, HDAC2, HDAC6, PAD4,
KDM3A, and KDM4A, providing valuable insights into their
specicities and catalytic behaviors. In addition, new bi-
oconjugation chemistry was developed to install thialysine
mimics of Kmeac, Klac and Kbhb, expanding the repertoire of
accessible PTM analogs. A key strength of this approach lies in
the ease of use of thialysine chemistry, which offers a straight-
forward, cost-effective, and efficient alternative to the synthesis
or purchase of native PTM amino acids. This enables rapid and
exible generation of modied peptides without the need for
extensive synthetic efforts. Additionally, cysteine-derived PTM
mimics are easily accessible on the full protein level as well,
which can be achieved by site-directed mutagenesis to install
a cysteine residue, making PTM studies more accessible.

Our results demonstrated that SIRT3 discriminates between
acyl modications at different histone sites, preferentially
removing Kac and Klac over Kbhb and exhibiting site specicity.
While for HDAC2, it was observed that acetylation and lactyla-
tion could be removed depending on the histone site and lac-
tylation was efficiently catalyzed under high lactate
concentrations. HDAC2 was also shown to catalyze the
Chem. Sci., 2026, 17, 2317–2331 | 2325
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formation of 2-hydroxyisobutyrylated and lipoylated lysine on
a histone substrate, which are novel ndings in vitro that are
currently subject to further validation. Finally, HDAC6 was
shown to efficiently remove an acetyl and install a lactyl mark at
the aT-K40 site using our IQF system.

Similarly, KDM3A and KDM4A displayed distinct demethyl-
ation patterns, which were further elucidated through the use of
thialysine-derived PTM mimics. Provisionally, we have also
shown that Kmeac is inert to demethylation and deacetylation
within this simple experimental system (at least to the enzymes
tested). We could observe that PAD4 can efficiently catalyze
citrullination of arginine, but not of a thiaarginine mimic. The
application of thialysine analogs proved particularly insightful,
as they served as reliable substitutes for native PTMs while
revealing subtle differences in enzyme activity that may not be
apparent with canonical amino acids. Additionally, the system
allowed us analyze PTM crosstalk on neighboring residues on
histone tail peptides, potentially providing important insights
into the interplay between PTMs in an epigenetic context.

Overall, this system not only facilitates the study of individual
PTMs and their effects on enzymatic processing but also provides
a modular platform for expanding into more complex PTM land-
scapes. By employing synthetic peptide substrates with site-
specic modications, we can now systematically dissect the
roles of PTMs in epigenetic regulation and beyond. Furthermore,
the versatility of this system opens the door to extending the
platform to other proteases, enabling the study of PTMs on a wider
variety of amino acids beyond lysine and arginine. This work
establishes a foundation for future studies aiming to unravel the
intricate regulatory networks controlled by PTMs and to develop
targeted inhibitors or probes for PTM-associated enzymes.

Materials and methods
Peptide synthesis and purication

Peptides were synthesized by manual Fmoc solid phase peptide
chemistry on Rink-Amide MBHA resin. The resin underwent
iterative cycles of Fmoc deprotection (20% piperidine in DMF,
30 minutes), amino acid coupling (4 eq. Fmoc AA, 4 eq. HATU in
4% DIPEA in DMF, 1 hour) and washing (3 × DMF) until
completion of the sequences. The N-terminal Abz group was
installed by coupling with 5 eq. Boc-2-Abz-OH, 5 eq. HATU and
10 eq. of DIPEA in DMF for 1 hour. Peptides were cleaved from
the resin in a mixture of TFA : TIPS : H2O at the ratio of 95 : 2.5 :
2 : 5 for 3 hours at room temperature, for peptides containing
a cysteine residue amixture of TFA : TIPS : H2O : EDT at the ratio
of 92.5 : 2.5 : 2.5 : 2.5 was used. The peptides were precipitated
using ice-cold diethyl ether, centrifuged at 4500 rpm at 4 °C for
5 minutes, redissolved in a mixture of MQ-H2O and MeCN and
puried by semi-preparative reverse phase chromatography
eluting with 5 to 95% MeCN in H2O containing over a C18
column. Peaks containing peptides were identied by LC-MS,
pooled, and concentrated in vacuo to yield white or bright
yellow solids. HRMS analyses were conducted on an Agilent
1290 Innity II UHPLC system coupled with an Agilent 6545XT
AdvanceBio LC/Q-TOF system equipped with an Agilent Dual Jet
Stream ESI source.
2326 | Chem. Sci., 2026, 17, 2317–2331
Cysteine conjugation reactions

Cysteine alkylation. Cysteine alkylation reactions were per-
formed in alkylation buffer (4 M GuHCl, 1 M HEPES, pH 7.8,
10 mM L-methionine) at 10 mg mL−1 peptide and allowed to
incubate for 1 hour under reducing conditions by addition of
100 mM DTT (nal concentration) at 37 °C. The alkylation
reagent (50 eq.) was directly dissolved into the reaction mixture
and allowed to react at 50 °C for 2.5 hours aer which an
additional dose of 1 M DTT was added to the reaction mixture
and allowed to proceed for another 2.5 hours. The reactions
were quenched by addition of 25 mL 2-mercaptoethanol and
incubated for 30 minutes at room temperature aer which the
peptides were subjected to purication as described.

Cysteine thiolene chemistry. Thialysine-derived mimics of
acetyl-, lactyl- and b-hydroxybutyryllysine were installed
according to adapted previously published procedures.29,36

Briey, cysteine peptides were dissolved at 10 mg mL−1 in
a 0.2 M acetate buffer pH 4.0 and the vinyl acetamides (50 eq.)
were added followed by addition of 5 mM of the radical initiator
VA-044. The reaction mixture was incubated under a UV lamp at
365 nm for 4 hours aer which the peptides were puried as
described.

SIRT3 expression and purication. SIRT3L-12 was a gi from
John Denu (Addgene plasmid #13736; http://n2t.net/addg-
ene:13 736; RRID:Addgene_13736). The SIRT3 construct was
expressed according to previously published methods.41 Briey,
SIRT3 was expressed in BL21(DE3) E. coli cells in YT medium
supplemented with 100 mg mL−1 ampicillin. Cells were grown at
37 °C in a shaker to an OD600 of 0.6–0.8 before inducing with
0.5 mM isopropyl bD-1-thiogalactopyranoside (IPTG) and
expressing at 37 °C for 16 hours before collecting cells by
centrifugation. Cell pellets were resuspended in 50 mM Tris
buffer pH 8.0 containing 250 mM NaCl, 5 mM imidazole, 1 mM
b-mercaptoethanol and protease inhibitor cocktail. Cells were
lysed by sonication on ice and lysates were cleared by centri-
fugation at 13 000×g for 45 minutes. SIRT3 was further puried
by Ni-NTA column purication, dialyzed into 50mM Tris buffer,
pH 8.0 containing 150 mM NaCl and 1 mM MgCl2 and
concentrated to a 318 mM concentration. The puried protein
was aliquoted before before ash-freezing in liquid nitrogen
and storing at −80 °C for future use.

HDAC6 expression and purication. HDAC6 was expressed
and puried according to previously published methods.52

Briey, HDAC6 zCD2 was expressed in BL21(DE3) E. coli cells in
YT medium supplemented with 50 mg mL−1 kanamycin and
0.02 M glucose. Cells were grown at 37 °C in a shaker to an
OD600 of approximately 0.75 before inducing with 200 mM
isopropyl bD-1-thiogalactopyranoside (IPTG) and 200 mMZnSO4

and expressing at 37 °C for 16 hours before collecting cells by
centrifugation. Cell pellets were resuspended in 50 mM K2HPO4

buffer at pH 8.0 containing 300 mM NaCl, 10 mMMgCl2, 1 mM
TCEP, 0.1 mg mL−1 lysozyme, 50 mg mL−1 DNAse and protease
inhibitor cocktail. Cells were lysed by sonication on ice and
lysates were cleared by centrifugation at 13 000×g for 45
minutes. HDAC6 was further puried by Ni-NTA column puri-
cation, dialyzed with 6 mgmL−1 TEV protease, further puried
© 2026 The Author(s). Published by the Royal Society of Chemistry
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by size exclusion chromatography and nally concentrated to
a 94 mM concentration. The puried protein was aliquoted
before before ash-freezing in liquid nitrogen and storing at
−80 °C for future use.

LC/MS based deacetylase assay. The SIRT3-catalyzed deace-
tylation reaction of the p53-K382ac peptide was performed in
a 100 mL nal volume in 50 mM Tris buffer, pH 8.0 containing
10 mM DTT, 150 mM NaCl and 5 mM MgCl2. 10 mM of peptide
were incubated with 1 mM SIRT3 for 1 hour at 37 °C. The reac-
tion was quenched by addition of 10 mL 10% TFA solution and
subsequently analyzed by LC/MS.
General methods for uorescence turn-on experiments

The cleavage of the Abz/Dnp-substrates was monitored by
measuring the uorescence intensity in a Varioskan LUX
microplate reader at emission and excitation wavelengths of 320
and 420 nm, respectively, each minute over 1 hour. Triplicate
measurements were taken for each data point. The uorescence
data was processed using GraphPad Prism. The data were re-
ported as mean ± SE%.

Trypsin cleavage assays. Trypsin-catalyzed reactions were
performed in a 300 mL nal volume in a buffer of 1 M tri-
ethylammonium bicarbonate, pH 8.5. 100 mM of peptide was
dissolved and transferred to 384 well Corning NBS microplates
(at bottom, no lid, low ange, non-binding surface, non-
sterile, black) and trypsin was added to a nal concentration
of 1 mg mL−1.

SIRT3 coupled cleavage assays. SIRT3-catalyzed reactions
were performed in a 300 mL nal volume in 50 mM Tris buffer,
pH 8.0 containing 10 mM DTT, 150 mM NaCl and 5 mMMgCl2.
10 mM of peptide were incubated with 1 mM SIRT3 for 1 hour at
37 °C. Subsequently, reaction mixtures were transferred to 384
well Corning NBS microplates (at bottom, no lid, low ange,
non-binding surface, non-sterile, black) and trypsin was added
to a nal concentration of 1 mg mL−1.

HDAC2 coupled cleavage assays. Recombinantly expressed
HDAC2 was commercially sourced from Activemotif (Cat. no
31505). HDAC2-catalyzed reactions were performed in a 300 mL
nal volume in 50 mM Tris buffer, pH 8.0 containing 10 mM
DTT, 150 mM NaCl and 5 mM MgCl2. 10 mM of peptide and
appropriate cofactors were incubated with 167 nM HDAC2 for 1
hour at 37 °C. Subsequently, reaction mixtures were transferred
to 384 well Corning NBS microplates (at bottom, no lid, low
ange, non-binding surface, non-sterile, black) and trypsin was
added to a nal concentration of 1 mg mL−1. The cleavage of the
Abz/Dnp-substrate was monitored by measuring the uores-
cence intensity in a Varioskan LUX microplate reader at emis-
sion and excitation wavelengths of 320 and 420 nm,
respectively, each minute over 1 hour. Triplicate measurements
were taken for each data point. The uorescence data was
processed using GraphPad Prism. The data were reported as
mean ± SE%.

HDAC6 coupled cleavage assays. HDAC6-catalyzed reactions
were performed in a 300 mL nal volume in 50 mM HEPES
buffer, pH 7.5 containing 1 mM TCEP, 100 mM KCl and 5 mM
MgCl2. 10 mM of peptide and appropriate concentrations of L-
© 2026 The Author(s). Published by the Royal Society of Chemistry
lactate were incubated with 1 mM HDAC2 for 1 hour at 37 °C.
Subsequently, reaction mixtures were transferred to 384 well
Corning NBS microplates (at bottom, no lid, low ange, non-
binding surface, non-sterile, black) and trypsin was added to
a nal concentration of 1 mg mL−1. The cleavage of the Abz/Dnp-
substrate was monitored by measuring the uorescence inten-
sity in a Varioskan LUX microplate reader at emission and
excitation wavelengths of 320 and 420 nm, respectively, each
minute over 1 hour. Triplicate measurements were taken for
each data point. The uorescence data was processed using
GraphPad Prism. The data were reported as mean ± SE%.

KDM3A/KDM4A coupled cleavage assays. Recombinantly
expressed KDM3A and KDM4A were commercially sourced from
Activemotif (Cat. no 31 456 & 31 457). KDM-catalyzed reactions
were performed in a 300 mL nal volume in 50 mM HEPES
buffer at pH 7.5 with 100 mM LAA, 10 mM FAS, 10 mM 2-OG. 10
mM of peptide were incubated with 1 mM KDM for 1 hour at 37 °
C. Subsequently, reaction mixtures were transferred to 384 well
Corning NBS microplates (at bottom, no lid, low ange, non-
binding surface, non-sterile, black) and trypsin was added to
a nal concentration of 1 mg mL−1. For the kinetics measure-
ments varying concentrations of Kme2 or Kcme2 peptides were
used, and the data were analyzed using nonlinear regression
according to Michaelis–Menten kinetics.

PAD4 coupled cleavage assays. Recombinantly expressed
HDAC2 was commercially sourced from Cayman Chemicals
(Cat. no 10500). PAD4-catalyzed reactions were performed in
a 300 mL nal volume in 50 mM HEPES, pH 8.0, containing
300mM sodium chloride and 1mMDTT. 100 mMof peptide was
incubated with 1 mM PAD4 for 1 hour at 37 °C. Subsequently,
reaction mixtures were transferred to 384 well Corning NBS
microplates (at bottom, no lid, low ange, non-binding
surface, non-sterile, black) and trypsin was added to a nal
concentration of 1 mg mL−1.
Synthetic methods

Ethyl (S)-2-(tert-butoxy)propanoate. Fmoc-Lys(lac)-OH was
synthesized according to previously published procedures.34

Ethyl (S)-2-hydroxypropanoate (1.13 mL, 10 mmol) was di-
ssolved in (Boc)2O (8.04 mL, 3.5 mmol, 3.5 eq.) and Mg(ClO4)2
(230 mg, 1 mmol, 1 eq.) was added to the solution. Aer stirring
for 3 hours at 55 °C, the solution was diluted with EtOAc and
washed with water three times. The organic phase was dried
over MgSO4, ltered and concentrated in vacuo to afford ethyl
(S)-2-(tert-butoxy)propanoate (1.05 g, 6.0 mmol, 60%). 1H NMR
(400 MHz, CDCl3) d 4.18 (qd, J = 7.1, 2.0 Hz, 2H), 4.10 (q, J =
6.9 Hz, 1H), 1.33 (d, J = 6.9 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.20
(s, 9H). 13C NMR (101 MHz, CDCl3) d 175.07, 74.82, 67.53, 60.59,
27.80 (d, J = 13.8 Hz), 20.50, 14.14. MS calcd for C9H18O3Na

+ [M
+ Na]+, 197.1; found 197.1.

(S)-2-(tert-butoxy)propanoic acid. Ethyl (S)-2-(tert-butoxy)
propanoate (527 mg, 3.0 mmol) was dissolved in aqueous 1 M
LiOH and THF (1 : 1, v/v). Aer stirring at room temperature for
16 hours, the solution was further dilute with water and washed
with petroleum ether twice. Then, the mixture was acidied to
pH 2 with 1 M HCl and extracted with DCM three times. The
Chem. Sci., 2026, 17, 2317–2331 | 2327
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organic phase was dried over over MgSO4, ltered and
concentrated in vacuo to afford (S)-2-(tert-butoxy)propanoic acid
(390 mg, 2.7 mmol, 88%). 1H NMR (400 MHz, CDCl3): JH1-60
MS calcd for C7H13O3Na

+ [M + Na]+, 169.1; found 169.0.
Ethyl 3-hydroxybutanoate. 3-hydroxybutanoic acid (500 mg,

4.8 mmol) was dissolved in ethanol and 50 mL concentrated
sulfuric acid was added to the solution. Aer stirring for 1 hour
at room temperature the reaction was concentrated in vacuo to
afford ethyl 3-hydroxybutanoate (607 mg, 4.6 mmol, 95% yield)
which was used without further purication. 1H NMR (400
MHz, CDCl3): d 4.07–3.91 (m, 3H), 2.28 (d, J = 6.4 Hz, 2H), 1.09
(t, J = 7.2 Hz, 3H), 1.05 (d, J = 6.4 Hz, 3H). MS calcd for C6H13O3

[M + H]+, 133.1; found 133.1.
Ethyl 3-(tert-butoxy)butanoate. Ethyl 3-hydroxybutanoate

(470 mg, 3.5 mmol) was dissolved in (Boc)2O (2.87 mL,
12.5 mmol, 3.5 eq.) and Mg(ClO4)2 (78 mg, 0.35 mmol, 0.1 eq.)
was added to the solution. Aer stirring for 3 hours at 55 °C, the
solution was diluted with EtOAc and washed with water three
times. The organic phase was dried over MgSO4, ltered and
concentrated in vacuo. The crude product was puried by ash
column chromatography on silica gel (hexanes/EtOAc, 40 : 60)
to afford ethyl 3-(tert-butoxy)butanoate (450 mg, 2.4 mmol,
68%). 1H NMR (400 MHz, CDCl3) d 4.05–3.86 (m, 2H), 2.32 (dd, J
= 14.5, 6.3 Hz, 1H), 2.17 (dd, J = 14.5, 7.0 Hz, 1H), 1.09 (td, J =
7.0, 3.1 Hz, 3H), 1.06–0.96 (m, 12H). 13C NMR (101 MHz, CDCl3)
d 171.37, 73.44, 64.54, 59.90, 44.10, 28.14, 23.14, 14.01. MS calcd
for C10H21O3

+ [M + H]+, 189.14; found JH1-71.
3-(tert-butoxy)butanoic acid. Ethyl 3-(tert-butoxy)butanoate

(450 mg, 2.4 mmol) was dissolved in aqueous 1 M LiOH and
THF (1 : 1, v/v). Aer stirring at room temperature for 16 hours,
the solution was further dilute with water and washed with
petroleum ether twice. Then, the mixture was acidied to pH 2
with 1 M HCl and extracted with DCM three times. The organic
phase was dried over over MgSO4, ltered and concentrated in
vacuo to afford 3-(tert-butoxy)butanoic acid (289 mg, 1.8 mmol,
75%). 1H NMR (400 MHz, CDCl3) d 4.04 (h, J = 6.1 Hz, 1H), 2.47
(dd, J= 14.9, 5.8 Hz, 1H), 2.36 (dd, J= 14.9, 7.0 Hz, 1H), 1.16 (m,
12H). 13C NMR (101 MHz, CDCl3) d 176.47, 74.30, 64.59, 43.76,
28.15, 23.06. MS calcd for C8H17O3 [M + H]+, 183.1; found 183.0.

Fmoc-Lys(Boc)-OAllyl. Fmoc-Lys(Boc)-OH (2.35 g, 5 mmol)
was dissolved in DMF and H2O (9 : 1, v/v) and 3-bromopropene
(0.47 mL, 5.5 mmol, 1.1 eq.) and Na2CO3 (585 mg, 5.5 mmol)
were added. The reaction was stirred at room temperature for 16
hours aer which the reaction was diluted with water and
extracted with EtOAc three times. The organic phase was
washed with water ve times and dried of MgSO4, ltered and
concentrated in vacuo to afford Fmoc-Lys(Boc)-OAllyl (2.40 g,
4.73 mmol, 95%) which was used without further purication.

Fmoc-Lys(NH2)-OAllyl. Fmoc-Lys(Boc)-OAllyl (2.40 g, 4.73
mmol) was dissolved in DCM and TFA (1 : 1, v/v) and stirred for
2 hours at room temperature and the reaction was directly
concentrated in vacuo. The crude Fmoc-Lys(NH2)-OAllyl (1.93 g,
4.73 mmol, 100% yield) was used without further purication.
MS calcd for C24H29N2O4 [M + H]+, 409.2; found 409.3.

Fmoc-Lys(lac)-OAllyl. Crude Fmoc-Lys(NH2)-OAllyl (408 g,
1.0 mmol), HATU (760 g, 2.0 mmol, 2 eq.) and DIPEA (1.65 mL,
10 mmol, 10 eq.) were dissolved in DMF and (S)-2-(tert-butoxy)
2328 | Chem. Sci., 2026, 17, 2317–2331
propanoic acid (290 mg, 2 mmol, 2 eq.) was added. The reaction
was stirred at room temperature for 2 hours aer which it was
diluted with water and extracted with DCM three times. The
organic phase was washed with water three times, dried over
MgSO4, ltered and concentrated in vacuo. The crude product
was puried by ash column chromatography on silica gel
(hexanes/EtOAc, 30 : 70) to afford Fmoc-Lys(lac)-OAllyl (570 mg,
1.0 mmol, 100%). MS calcd for C31H41N2O6 [M + H]+, 537.3;
found 537.2.

Fmoc-Lys(lac)-OH. Fmoc-Lys(lac)-OAllyl (670 mg, 1.3 mmol)
was dissolved in THF and Pd(PPh3)4 (288 mg, 0.25 mmol, 0.25
eq.) and N-methylaniline (270 mL, 2.5 mmol, 2.5 eq.) were added
to the solution. Aer stirring for 2 hours at room temperature
the reaction mixture was concentrated and redissolved in EtOAc
and washed with 1 M HCl three times. The organic phase was
washed with water three times, dried over MgSO4, ltered and
concentrated in vacuo. The crude product was puried by ash
column chromatography on silica gel (hexanes/EtOAc/Acetic
acid, 30 : 70 : 1) to afford Fmoc-Lys(lac)-OH (540 mg,
1.1 mmol, 87%). 1H NMR (400 MHz, CDCl3) d 7.74 (d, J= 7.5 Hz,
2H), 7.70–7.60 (m, 2H), 7.60–7.52 (m, 1H), 7.50–7.43 (m, 1H),
7.37 (t, J = 7.5 Hz, 2H), 7.28 (td, J = 7.4, 1.3 Hz, 2H), 4.48–4.30
(m, 1H), 4.19 (t, J = 7.1 Hz, 1H), 4.16–4.03 (m, 3H), 3.26 (p, J =
6.8 Hz, 1H), 2.04 (s, 3H), 1.31 (d, J = 6.9 Hz, 2H), 1.25 (t, J =
7.1 Hz, 3H), 1.18 (s, 7H). MS calcd for C28H36N2O6 [M + H]+,
497.3; found 497.3.

Fmoc-Lys(bhb)-OAllyl. Crude Fmoc-Lys(NH2)-OAllyl (367 mg,
0.9 mmol), HATU (684 g, 1.8 mmol, 2 eq.) and DIPEA (1.56 mL,
9 mmol, 10 eq.) were dissolved in DMF and 3-(tert-butoxy)
butanoic acid (289mg, 1.8 mmol, 2 eq.) was added. The reaction
was stirred at room temperature for 2 hours aer which it was
diluted with water and extracted with DCM three times. The
organic phase was washed with water three times, dried over
MgSO4, ltered and concentrated in vacuo. The crude product
was puried by ash column chromatography on silica gel
(hexanes/EtOAc, 30 : 70) to afford Fmoc-Lys(bhb)-OAllyl
(466 mg, 0.8 mmol, 84%). 1H NMR (400 MHz, CDCl3) d 7.66
(d, J = 7.5 Hz, 2H), 7.53 (t, J = 6.6 Hz, 2H), 7.33–7.26 (m, 2H),
7.20 (tt, J= 7.4, 0.9 Hz, 2H), 5.81 (ddt, J= 16.1, 11.0, 5.7 Hz, 1H),
5.23 (dd, J = 17.3, 1.6 Hz, 1H), 5.14 (dd, J = 10.4, 1.1 Hz, 1H),
4.54 (d, J = 5.8 Hz, 2H), 4.13 (t, J = 7.2 Hz, 1H), 4.01 (q, J =
7.1 Hz, 2H), 3.95 (q, J= 6.0 Hz, 1H), 3.25–3.03 (m, 1H), 2.27–2.12
(m, 2H), 1.88–1.60 (m, 1H), 1.53–1.34 (m, 2H), 1.12–1.05 (m,
12H), 0.84–0.70 (m, 4H). 13C NMR (101 MHz, CDCl3) d 162.44,
141.17, 131.57, 127.60, 126.97, 119.85, 118.60, 73.89, 65.72,
64.80, 60.23, 53.84 (d, J = 5.1 Hz), 47.08, 45.71, 38.48, 36.34,
31.27, 28.96 (d, J = 6.9 Hz), 28.27, 22.82 (d, J = 1.8 Hz), 22.62,
22.54, 20.90, 14.06 (d, J = 7.3 Hz). MS calcd for C32H43N2O6 [M +
H]+, 552.3; found 552.3.

Fmoc-Lys(bhb)-OH. Fmoc-Lys(bhb)-OAllyl (314 mg, 0.6
mmol) was dissolved in THF and Pd(PPh3)4 (144mg, 0.15mmol,
0.25 eq.) and N-methylaniline (135 mL, 1.5 mmol, 2.5 eq.) were
added to the solution. Aer stirring for 2 hours at room
temperature the reaction mixture was concentrated and redis-
solved in EtOAc and washed with 1 M HCl three times. The
organic phase was washed with water three times, dried over
MgSO4, ltered and concentrated in vacuo. The crude product
© 2026 The Author(s). Published by the Royal Society of Chemistry
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was puried by ash column chromatography on silica gel
(hexanes/EtOAc/Acetic acid, 30 : 70) to afford Fmoc-Lys(bhb)-OH
(166 mg, 0.3 mmol, 57%). 1H NMR (400 MHz, CDCl3) d 7.74 (d, J
= 7.5 Hz, 2H), 7.49–7.43 (m, 2H), 7.37 (t, J = 7.4 Hz, 1H), 7.31–
7.25 (m, 2H), 4.44–4.29 (m, 1H), 4.19 (t, J= 6.9 Hz, 1H), 4.12 (q, J
= 7.1 Hz, 2H), 4.04 (td, J = 6.3, 4.8 Hz, 1H), 3.39–3.10 (m, 1H),
2.39–2.24 (m, 1H), 1.25 (t, J = 7.1 Hz, 3H), 1.17 (d, J = 6.1 Hz,
12H), 0.88 (t, J = 7.1 Hz, 1H). 13C NMR (101 MHz, CDCl3)
d 172.17, 171.20, 141.26, 132.24 (d, J = 2.9 Hz), 132.19, 132.09,
128.68, 128.55, 127.66, 127.07, 125.18, 119.93, 65.03, 60.41,
47.16 (d, J= 1.8 Hz), 45.39, 39.06, 28.32 (d, J= 2.2 Hz), 22.88 (d, J
= 2.5 Hz), 21.03, 14.19. MS calcd for C29H39N2O6 [M +H]+, 511.3;
found 511.3.

(S)-2-(tert-butoxy)propanamide (mixture of stereoisomers). N-
vinyl acetamides were synthesized according to published
procedures.64 (S)-2-(tert-butoxy)propanoic acid (172 mg, 1.2
mmol) was dissolved in THF and cooled down to 0 °C and ethyl
chloroformate (147 mL, 1.4 mmol, 1.4 eq.) and TEA (491 mL,
3.6 mmol, 3 eq.) were added and the reaction was le stirring
for 30 minutes. Then, a 1 M aqueous NH4Cl (1.8 mL, 1.8 mmol,
1.5 eq.) was added to the reaction mixture and stirred for an
additional 30 minutes at 0 °C. The reaction mixture was diluted
with water and extracted with DCM three times, dried over
MgSO4, ltered and concentrated in vacuo. The crude product
was puried by ash column chromatography on silica gel
(hexanes/EtOAc, 40 : 60) to afford (S)-2-(tert-butoxy)prop-
anamide (160 mg, 1.1 mmol, 94%). 1H NMR (400 MHz, CDCl3)
d 3.93 (q, J= 6.9 Hz, 1H), 1.27 (d, J= 6.9 Hz, 3H), 1.15 (s, 9H). MS
calcd for C7H16NO2 [M + H]+, 146.1; found 146.1.

(S)-2-(tert-butoxy)-N-vinylpropanamide (mixture of stereoiso-
mers). (S)-2-(tert-butoxy)propanamide (172 mg, 1.2 mmol),
Cs2CO3 (384 mg, 1.4 mmol, 1.2 eq.) and CuI (18.6 mg, 0.1 mmol,
0.1 eq.) were dissolved in THF and ushed with nitrogen for 10
minutes. Vinyl iodide (174 mL, 1.2 mmol, 1 eq.) and DMEDA (52
mL mL, 0.6 mmol, 0.5 eq.) were added and the reaction was
stirred under reux for 16 hours. The crude reaction mixture
was ltered through silica gel using EtOAc and concentrated in
vacuo to afford (S)-2-(tert-butoxy)-N-vinylpropanamide (97 mg,
0.6 mmol, 47%) which was used without further purication.
MS calcd for C9H18NO2 [M + H]+, 172.1; found 172.1.

3-(tert-butoxy)butanamide (mixture of stereoisomers). 3-(tert-
butoxy)butanoic acid (78 mg, 0.4 mmol) was dissolved in THF
and cooled down to 0 °C and ethyl chloroformate (65 mL,
0.6 mmol, 1.4 eq.) and TEA (204 mL, 1.2 mmol, 3 eq.) were added
and the reaction was le stirring for 30 minutes. Then, a 1 M
aqueous NH4Cl (735 mL, 0.8 mmol, 1.5 eq.) was added to the
reaction mixture and stirred for an additional 30 minutes at 0 °
C. The reaction mixture was diluted with water and extracted
with DCM three times, dried over MgSO4, ltered and concen-
trated in vacuo. The crude product was puried by ash column
chromatography on silica gel (hexanes/EtOAc, 40 : 60) to afford
3-(tert-butoxy)butanoic acid (64 mg, 0.3 mmol, 83%). 1H NMR
(400 MHz, CDCl3) d 4.32–4.27 (m, 2H), 2.37 (dd, J = 14.4, 4.9 Hz,
1H), 2.28 (ddd, J= 14.4, 5.6, 0.8 Hz, 1H), 1.23 (d, J= 7.1 Hz, 3H),
1.18 (s, 9H). MS calcd for C8H17NO2 [M + H]+, 160.1; found
160.1.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3-(tert-butoxy)-N-vinylbutanamide (mixture of stereoisomers). 3-
(tert-butoxy)butanamide (64 mg, 0.3 mmol), Cs2CO3 (96 mg,
0.4 mmol, 1.2 eq.) and CuI (4.7 mg, 0.03 mmol, 0.1 eq.) were
dissolved in THF and ushed with nitrogen for 10 minutes.
Vinyl iodide (44 mL, 0.3 mmol, 1 eq.) and DMEDA (13 mL,
0.15 mmol, 0.5 eq.) were added and the reaction was stirred
under reux for 16 hours. The crude reaction mixture was
ltered through silica gel using EtOAc and concentrated in
vacuo to afford 3-(tert-butoxy)-N-vinylbutanamide (40 mg,
0.2 mmol, 72%) which was used without further purication.
MS calcd for C10H19NO2 [M + H]+, 186.1; found 186.2.

N-(2-Chloroethyl)-N-methylacetamide. 2-N-Methylaminoethyl
chloride hydrochloride (100 mg, 0.77 mmol) was dissolved in
acetic anhydride and pyridine (1 : 1, v/v) and le stirring at room
temperature for 2 hours. The reaction mixture was diluted with
DCM and concentrated in vacuo by repeated coevaporation with
toluene to afford N-(2-chloroethyl)-N-methylacetamide (140 mg,
0.76 mmol, 99%). MS calcd for C5H12ClNO [M + H]+, 136.1;
found 136.1.

2-Chloroacetimidamide. Using previously published proce-
dures,31 2-chloroethanimidoate hydrochloride (250 mg, 1.9
mmol) was added to a stirring solution of sodium ethoxide
(215 mg, 2.9 mmol, 1.5 eq.) in ethanol under a nitrogen atmo-
sphere and stirred for 3 hours. Then, ammonium chloride
(125 mg, 2.9 mmol, 1.5 eq.) was added in portions over 10
minutes and subsequently stirred for 24 hours. The reaction
mixture was acidied with 4 M HCl in dioxane to pH 2 and
concentrated in vacuo. Next, diethyl ether was added and the
precipitates were ltered and dried to yield 2-chloro-
acetimidamide (91 mg, 1.0 mmol, 53% yield). MS calcd for
C2H6ClN2 [M + H]+, 93.0; found 93.1.
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