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ABSTRACT: Dynamically controlling the post-translational modification of the ε-amino groups of lysine residues is critical for
regulating many cellular events. Increasing studies have revealed that many important diseases, including cancer and neurological
disorders, are associated with the malfunction of lysine deacylases and demethylases. Developing fluorescent probes that are capable
of detecting lysine deacylase and demethylase activity is highly useful for interrogating their roles in epigenetic regulation and
diseases. Due to the distinct substrate recognition of these epigenetic eraser enzymes, designing a universal strategy for detecting
their activity poses substantial difficulty. Moreover, designing activity-based probes for differentiating their demethylation states is
even more challenging and still remains largely unexplored. Herein, we report a universal strategy to construct probes that can detect
the enzymatic activity of epigenetic “erasers” through NBD-based long-distance intramolecular reactions. The probes can be easily
prepared by installing the O-NBD group at the C-terminal residue of specific peptide substrates by click chemistry. Based on this
strategy, detecting the activity of lysine deacetylase, desuccinylase, or demethylase with superior sensitivity and selectivity has been
successfully achieved through single-step probe development. Furthermore, the demethylase probe based on this strategy is capable
of distinguishing different demethylation states by both absorption and fluorescence lifetime readout. We envision that these newly
developed probes will provide powerful tools to facilitate drug discovery in epigenetics in the future.
KEYWORDS: fluorogenic probe, post-translational modification, deacylase, desuccinylase, demethylase

Post-translational modifications (PTMs) of the ε-amino
group of lysine residues in proteins play diverse roles in

the regulation of multiple biological processes in living cells.
To date, a variety of lysine PTMs have been discovered, and
many of them have been identified to play crucial roles in
regulating cellular processes.1,2 For example, lysine acetylation
(Kac) is a key PTM involved in DNA replication and repair,
and gene transcription.3−6 Lysine succinylation (Ksucc) is
known to modulate diverse metabolic pathways in mitochon-
dria.7,8 A variety of diseases, including cancer and cardiovas-
cular diseases, are associated with Ksucc dysregulation.9−11

Lysine crotonylation (Kcro) is found to be highly enriched in
the regions of active promoters and enhancers.12 Recently,
lysine lactylation has been identified as a new histone PTM
linked to inflammation and cancer.13 Unlike lysine acetylation,

which is usually related to gene activation, lysine methylation
can either activate or repress the genes depending on the sites
and the states of methylation in histones.14−16 Lysine
methylation is closely involved in transcriptional regulation,
heterochromatin assembly, and cell cycle progression.17 In
view of the fact that dynamic changes in histone acylation and
methylation affect a variety of cellular functions, comprehen-
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sive characterization of their regulators (writers, erasers, and
readers) is essential. It will help to fulfill the compelling need
to deeply understand epigenetic regulation and its effects on
disease progression.18−21

Histone deacetylases (HDACs) are epigenetic erasers that
remove the acetyl groups from lysine residues in histones and
nonhistone proteins.22 Emerging evidence revealed that
HDACs are capable of erasing various lysine acylations
through enzymatic catalysis. For example, Sirt3 is found to
erase lysine crotonylation.23 Sirt5 has been identified as
demalonylase/desuccinylase to erase malonylation/succinyla-
tion from lysine residues to regulate cellular metabolism.24

Very recently, HDACs 1, 2, and 3 were identified as
delactylases in HeLa cells.25 Meanwhile, dysfunction of
HDAC activity is frequently found in cancer and neurological
diseases, making HDACs appealing drug targets for treating
these pathologies.26−28 Lysine methylation, on the other hand,
is erased by the catalysis of lysine demethylases (KDMs).18,29

For example, Jumonji C (JmjC) lysine demethylases are
Fe(II)-dependent hydroxylases that catalyze the oxidative
demethylation of methyl lysine residues in proteins.30

Dysregulation of KDMs is associated with developmental
disorders and various cancers.31 As a result, KDMs have
become the hot target for drug development.32 Developing
robust analytical methods to detect the enzymatic activity of
lysine deacylases and demethylases will be beneficial to
understand how these epigenetic erasers affect cellular
activities.
To date, a number of methods for detecting HDAC and

KDM activities have been developed, such as high-perform-
ance liquid chromatography (HPLC),33 mass spectrometry
(MS),34 radioisotope methods,35 and antibody-based meth-
ods.36 However, these approaches have various drawbacks such
as the need for expensive instruments, complicated exper-
imental procedures, or multistep reactions. The fluorescence-

based method has emerged as a popular strategy to detect
enzymatic activities due to its properties of facileness, high
sensitivity, and high throughput. Therefore, researchers have
shown strong interest in developing fluorescent probes to
measure HDAC and KDM activities. For example, Schwien-
horst et al. developed a coumarin-based substrate for
fluorescence monitoring of HDAC activity.37 This method,
however, requires two steps involving trypsin digestion to
produce fluorescence readout. Buccella and co-workers used
intramolecular imine formation between a coumarin aldehyde
and lysine residue to modulate fluorescence emission change
to detect deacetylase and decrotonylase activity.38,39 It was
noted that the fluorescence turn-on fold was not high,
potentially affecting the probe’s sensitivity. Very recently,
Kikuchi and co-workers successfully developed a series of novel
fluorescent probes to measure lysine desuccinylase/demalony-
lase/demethylase activity based on the intramolecular reaction
of 7-hydroxycoumarin and lysine residue.40,41 However, this
method requires installing 7-hydroxycoumarin at the N-
terminus and the C-terminus of the peptide fragment,
consequently increasing the complexity of probe design and
the difficulty of synthesis. Due to the importance of HDACs
and KDMs in diseases and the limited number of fluorescent
probes to detect them, there has been an urgent need to
develop new generations of fluorescent probes to measure their
activity and delineate their complex roles in biology.
Our group has previously developed a series of fluorescent

probes to detect various lysine deacylase activities. To
construct these probes, a fluorescence switching group O-
NBD group (NBD: nitrobenzoxadiazole) was incorporated
into different lysine PTMs such as Kac, Klip, or Kcr residues
with the PEG chain.42−44 Using the O-NBD group offers some
advantages: (1) the O-NBD moiety displays low fluorescence
intensity, whereas the N-NBD group shows hyperfluorescence.
Upon deacylation by HDACs, the released amine group

Scheme 1. (A) Previous Work of NBD-Based Probes for Detecting Lysine Deacetylase, Delipoylase, and Decrotonylase (B)
Universal Strategy for Designing Peptide-Based Fluorogenic Probes to Detect Deacetylase, Desuccinylase, and Demethylase
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undergoes an intramolecular reaction with the O-NBD moiety,
producing N-NBD with bright fluorescence. (2) The small size
of the fluorophore minimizes the influence of target enzyme
recognition and binding. (3) The NBD unit is not released and
stays on the peptide. By integrating the photo-cross-linking
strategy, we were able to develop dual-function probes for
fluorescence labeling and enzyme detection simultaneously.43

However, the previous design of NBD-based probes is limited
to using short PEG linkers between lysine PTMs and
fluorophore (Scheme 1A). This limitation hinders the
development of probes for detecting enzymes with distinct
substrate specificity because the activities of most epigenetic
eraser enzymes rely on the recognition of long and diverse
peptide sequences flanking the modified lysine site. For
example, the previous version of our probes could not
efficiently recognize Sirt3 and HDAC3/NCOR2, which are
known erasers of Kac. A plausible reason is the lack of an
appropriate peptide recognition sequence, which hinders the
enzyme recognition process.
To tackle this problem, we herein introduce a long and

diverse peptide sequence into our previous NBD-based
platform by leveraging click chemistry. Our work revealed
that with the long and diverse amino acid spacers between the
lysine and the O-NBD group, the intramolecular reaction
could still occur efficiently. Based on this principle, we
designed a panel of NBD-based peptide probes for detecting
deacetylase, desuccinylase, and demethylase activities by
introducing the O-NBD group at the C-terminal of the
peptides through click chemistry.45 Altering the length and
sequences of different peptide substrates allows detection of
diverse enzymes including deacetylase, desuccinylase, and
demethylase (Scheme 1B). This is a universal strategy and a
facile method to construct peptide-based fluorogenic probes
for detecting various epigenetic erasers. Apart from its
potential to develop dual-function probes, our strategy also
allows discrimination of different demethylation states for the
first time based on absorption and lifetime readout.

■ EXPERIMENTAL SECTION
Materials and Instruments. All commercial materials were

purchased from GL Biochem, Sigma-Aldrich, TCI, and J&K. The
organic reaction was monitored using UV-based thin-layer chroma-
tography (TLC). Bruker NMR spectrometers (300 and 400 MHz)
were used to obtain 1H and 13C NMR spectra, respectively. An ESI
mass spectrometer (SCIEX API) was utilized to acquire mass spectra.
HPLC data were recorded on a Waters HPLC system equipped with
an ultraviolet−visible (UV−vis) detector and a C18 reverse column.
UV−vis absorption and fluorescence analysis were conducted using a
Molecular Devices SpectraMax ID5 Microplate Reader. Fluorescence
lifetime measurements were acquired on an Edinburgh FLS980
Spectrofluorometer. HDAC3/NCOR2 was purchased from Abcam.
Recombinant Sirt1/2/3/5/6/7/JMJD2E was expressed and purified
according to the previously reported methods.24,41 KDM4DL
(JMJD2E) plasmid was a gift from Nicola Burgess-Brown (RRID:
Addgene_38990).
Enzymatic Reaction. Pac-NBD or Psucc-NBD was incubated

with sirtuins and the cofactor NAD+ in HEPES buffer (pH = 8.0, 20
mM HEPES) for the indicated period at 37 °C. Pme-NBD was
incubated with JMJD2E enzyme for the specified time at 37 °C in
HEPES buffer (pH = 8.0, 20 mM HEPES, 100 μM ammonium
iron(II) sulfate, 500 μM 2-oxoglutaric acid, 2 mM ascorbate acid).
After the enzyme and probes were incubated at 37 °C, the reactions
were quenched with acetonitrile (containing 0.2% TFA) for RP-
HPLC and ESI-MS analyses.

Measurement of Absorption and Fluorescence Spectra of
Probes. The reaction was set to a total reaction volume of 200 μL.
The absorbance spectra were collected in the range of 300 to 600 nm.
The fluorescence spectra of enzymatic reactions using Pac-NBD or
Psucc-NBD were collected from 520 to 700 nm using an excitation at
480 nm. On the other hand, the enzymatic reaction of Pme-NBD was
measured between 535 and 850 nm using an excitation wavelength of
495 nm.
Determination of the First-Order Rate Constant k. The

fluorescence data shown in Figures 3C,D, 4G, and S5D, S6D, S7D,
S8D, and S11D were fitted to a first-order reaction equation to
determine the first-order rate constant, k.

=normalized fluorescence intensity 1 e kt (1)

Kinetic Study with Psucc-NBD Probe. Psucc-NBD (2.5, 5, 7.5,
10, 15, 20, 25, and 30 μM) was incubated with Sirt5 (0.1 μM) and
NAD+ (500 μM) in HEPES buffer at 37 °C. After the probe was
mixed with the enzyme, the fluorescence intensities of the probe were
monitored every 10 s (λex = 480 nm; λem = 545 nm). The kcat and Km
values for enzymatic reactions were determined by a modified
Michaelis−Menten equation.41kz is the rate constant of the intra-
molecular reaction of the model probe PRM-5 (Figure S8D). B values
at different probe concentrations were derived using eq 2 (Table S1).
Subsequently, these data were fitted to derive kcat and Km values using
eq 3 (Figure S4A).

= + + [ ]F F F F A Bt A( )( e )/ Xt
k t

0 max 0 0
z (2)

= [ ] [ ]
+ [ ]

B
k
K

E X
X

cat 0

m (3)

where, Ft: observed fluorescence intensity; F0: initial fluorescence
intensity; Fmax: maximum fluorescence intensity; A: constant; [X]0:
total concentration of the probe; kz is 0.0015 s−1, which is the rate
constant of intramolecular reaction of the model peptide; [E]0:
concentration of enzyme; [X]: concentration of the probe; kcat:
turnover number; and Km: Michaelis constant.
Kinetic Study with Psucc Peptide. Purified Sirt5 (0.1 μM) with

NAD+ (500 μM) was incubated at 37 °C for 20 min with increasing
concentrations of Psucc peptide (0−250 μM) in HEPES buffer to
determine the values of kinetic parameters. The reactions were
quenched by adding 250 μL of acetonitrile containing 0.2% TFA and
analyzed by HPLC with a gradient of 5−50% B (CH3CN) over 25
min. The peak area at 200 nm was utilized to quantify the generated
desuccinylated product. The values of kcat and Km were obtained
through curve-fitting with the Michaelis−Menten equation.
Inhibition Assay. Increasing concentrations (0, 1, 10, 20, 40, 60,

80, 100, 150, and 300 μM) of the corresponding inhibitor (Tenovin-6
or suramin sodium) were first added to enzymes (Sirt2 or Sirt5) in
HEPES buffer containing NAD+ and incubated at 37 °C for 30 min.
Pac-NBD or Psucc-NBD were then added and incubated for 1 h.
Subsequently, the fluorescence of the reaction samples was measured.
The percentage of the total activity of enzymes (Sirt2 or Sirt5) was
calculated from the fluorescence intensity of samples at 545 nm
relative to the positive control (without Tenovin-6 or suramin
sodium). The IC50 values were calculated on GraphPad Prism 9
software.
Fluorescence Lifetime Measurement. Fluorescence lifetime

spectra were acquired on an FLS980 fluorescence spectrometer using
an EPL-485 nm laser as the excitation source. Enzymatic reaction
solutions of Pme-NBD probe (5 μM) reacted with low (0.8 μM) and
high (10 μM) concentrations of JMJD2E were recorded after
incubation at 37 °C for 2 h in HEPES buffer (pH = 8.0, 20 mM
HEPES, 100 μM ammonium iron(II) sulfate, 500 μM 2-oxoglutaric
acid, 2 mM ascorbate acid) at an excitation wavelength of 485 nm.
Fluorescence lifetime values of NBD-N(Me)2 (5 μM) and NBD-
NHMe (5 μM) in HEPES buffer were recorded at an excitation
wavelength of 485 nm. Fluorescence lifetime curves of NBD-N(Me)2
(5 μM) and NBD-NHMe (5 μM) were obtained after being treated
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with BSA (10 μM) for 2 h at 37 °C. The decay curves were fitted to
an exponential equation.

■ RESULTS AND DISCUSSION
Design and Synthesis of Pac-NBD and Psucc-NBD.We

first set out to design new generations of fluorogenic probes to
detect lysine deacetylase and desuccinylase activities. To
design a lysine deacetylase probe, the H3K9Ac sequence was
chosen in our study as acetylation of H3K9 is known to be
positively associated with gene expression.46 As shown in
Figure 1A, the O-NBD group was installed at the C-terminus
of the H3K9Ac peptide through click chemistry to construct
the deacetylase probe Pac-NBD. Using this probe as a model,
we were able to examine whether the O-NBD group could
efficiently react with the lysine residue after enzymatic
deacetylation through a long-distance intramolecular reaction.
On the other hand, lysine succinylation is another prevalent
PTM that shows intriguing biological functions.47 To detect
the lysine desuccinylase activity, we designed Psucc-NBD, in
which an H3K9Succ peptide was linked to the O-NBD group
through click chemistry. Interestingly, H3K9 is also known to
undergo succinylation and is a good substrate for Sirt5 (Figure
1A).24 Such a probe will be useful to delineate the roles of
lysine desuccinylase in cancers.

Reaction Mechanism Study of Pac-NBD and Psucc-
NBD. After synthesizing Pac-NBD and Psucc-NBD by
standard Fmoc solid-phase peptide synthesis (SPPS) and
click chemistry (Schemes S2 and S3), the probes were purified
by semipreparative HPLC and verified by LC-MS. We then
moved on to the detailed study of the reaction mechanism of
the probes with an enzyme. Pac-NBD and Psucc-NBD were
incubated with their respective enzymes Sirt1 and Sirt5 in
HEPES buffer in the presence of NAD+, and the enzymatic
reaction was monitored by HPLC. As shown in Figure 1B,C,
the peaks of Pac-NBD and Psucc-NBD disappeared and new
peaks appeared at 13.48 and 13.40 min, respectively, signifying
the formation of new reaction products through enzymatic
catalysis. Moreover, the colors of these two enzymatic
reactions turned from colorless to yellow and showed strong
green fluorescence, implying the formation of N-NBD
fluorescent product (Figure 1B,C). Furthermore, the eluted
fractions from HPLC analysis after the enzymatic reaction
showed the mass peaks of the deacylated + substituted reaction
products. The result agrees well with our previous
experimental findings. Specifically, an expected 42.0 Da mass
value shift was observed for Pac-NBD, and a 100.0 Da mass
shift was observed for the Psucc-NBD probe (Figure 1D,E).
These data together evidently demonstrated that peptide-based
fluorogenic probes Pac-NBD and Psucc-NBD can be

Figure 1. (A) Reaction mechanism of Pac-NBD and Psucc-NBD to detect enzymatic deacetylation and desuccinylation process. (B) HPLC
analysis of the Pac-NBD probe with recombinant Sirt1 enzymatic reaction for 2 h in HEPES buffer containing 0.5 mM NAD+. The inset in panel
(B) shows the photographs of colorimetric and fluorescence changes of Pac-NBD solution before and after reaction with Sirt1. (C) HPLC analysis
of the Psucc-NBD probe with recombinant Sirt5 enzymatic reaction for 2 h in HEPES buffer containing 0.5 mM NAD+. The inset in panel (C)
shows the photographs of colorimetric and fluorescence changes of Psucc-NBD solution before and after enzymatic reaction with Sirt5. (D) Mass
analysis of Pac-NBD before and after enzymatic reaction. Left peak: 13.48 min peak after enzymatic reaction. Right peak: 14.27 min peak before
enzymatic reaction. (E) Mass analysis of Psucc-NBD before and after enzymatic reaction. Left peak: 13.40 min peak after enzymatic reaction. Right
peak: 14.22 min peak before enzymatic reaction.
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efficiently recognized by the known Kac “eraser” Sirt1 and
Ksucc “eraser” Sirt5, respectively. Gratifyingly, the long-
distance intramolecular reactions between the O-NBD and
−NH2 groups in lysine residue occurred, despite the fact that
there are three different amino acid residues between the Kacyl
and O-NBD groups.
Enzymatic Assay with Pac-NBD and Psucc-NBD. We

next performed detailed absorption and emission experiments
of Pac-NBD and Psucc-NBD with their corresponding
enzymes. First, an absorption peak could be found at 380
nm in Pac-NBD and Psucc-NBD. This absorption peak
belongs to the O-NBD group. After the enzymatic reaction, a
significant absorption peak at 480 nm appeared, indicating the
successful formation of N-NBD (Figure 2A,C). Remarkably,
strong turn-on fluorescence could be observed after the
reaction of Pac-NBD with Sirt1(>100-fold) and Psucc-NBD
with Sirt5 (>70-fold). In stark contrast, samples with probes
only, probes with denatured enzymes, and probes without
enzymes or NAD+ displayed weak fluorescence or no
fluorescence under 480 nm excitation wavelength (Figure
2B,D). HPLC analysis of the stability of Pac-NBD and Psucc-
NBD showed that these probes were stable after prolonged
incubation (>3 h) under physiological conditions (HEPES
buffer, pH 8.0) (Figures S1A and S2A). In addition, the
absorbance and fluorescence spectra also showed that the
signals were almost the same after 3 h in HEPES buffer (pH
8.0) (Figures S1B,C and S2B,C), proving that the fluorescence
signal originated from the enzyme-catalyzed reactions rather
than environmental factors.
Selectivity Studies. We moved on to conduct selectivity

studies of Pac-NBD and Psucc-NBD with various enzymes.
Specifically, Sirt1, Sirt2, Sirt3, Sirt5, Sirt6, Sirt7, and HDAC3/
NCOR2 were chosen for Pac-NBD, and Sirt1, Sirt2, Sirt3,
Sirt5, Sirt6, and Sirt7 were selected for Psucc-NBD. Compared

with our previously developed probe HT1/HT2, in which the
O-NBD group is linked to Kac through a PEG linker, the
newly developed Pac-NBD is capable of not only sensing Sirt1
and Sirt2 but also detecting Sirt3 and HDAC3/NCOR2
activities with good response. On the other hand, no obvious
activity was observed for Sirt5, Sirt6, and Sirt7 (Figure 3A).
This phenomenon is consistent with the reported literature
that H3K9Ac is a good substrate of deacetylases Sirt1, Sirt2,
Sirt3, and HDAC3/NCOR2.24 The result also underscores the
importance of introducing an appropriate peptide sequence
into the probe to improve the binding affinity of the enzyme
and probe. In the case of Psucc-NBD, a better selectivity was
observed. The fluorescence intensity of the probe increased
only in the presence of Sirt5. No fluorescence increase was
observed in the presence of other sirtuins, demonstrating that
Psucc-NBD is highly selective toward Sirt5 (Figure 3B).
Furthermore, we tested the selectivity of Pac-NBD and Psucc-
NBD against other potential interferences, such as butylamine,
cysteine, GSH, and BSA. The results showed that fluorescence
enhancement was negligible with the above interferences,
demonstrating the exquisite selectivity of our probes (Figure
S3).
Kinetic and Inhibition Tests. Encouraged by the above

results, we further examined the kinetics of the enzymatic
reaction of Pac-NBD and Psucc-NBD by fluorescence
analysis. The solution of probe Pac-NBD (Figure 3C) and
Psucc-NBD (Figure 3D) displayed very weak fluorescence
intensity initially. However, the fluorescence intensity
increased rapidly and plateaued in 1 h. In contrast, no obvious
fluorescence increase was observed in the absence of Sirt1/
Sirt5. By fitting the fluorescence data to an exponential
equation, the overall reaction rate (koval) of the fluorescent
product generated through both enzyme catalysis and
intramolecular nucleophilic reaction was determined to be

Figure 2. (A) Absorption spectra of the Pac-NBD probe (10 μM) before and after reaction with recombinant Sirt1 (0.1 μM) containing 100 μM
NAD+ for 2 h. (B) Fluorescence assay of the Pac-NBD probe (10 μM) with Sirt1 (0.1 μM) under various conditions (λex = 480 nm). (C)
Absorption spectra of the Psucc-NBD probe (10 μM) before and after enzymatic reaction with recombinant Sirt5 (0.1 μM) in 20 mM HEPES
buffer (pH 8.0) containing 100 μM NAD+ for 2 h. (D) Fluorescence assay of the Psucc-NBD probe (10 μM) with Sirt5 (0.1 μM) under various
conditions (λex = 480 nm).
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0.033 min−1 for Sirt1 and 0.025 min−1 for Sirt5. Moreover,
enzyme kinetic parameters for the catalysis reaction of Sirt5
toward Psucc-NBD were determined using a modified
Michaelis−Menten equation.41 The turnover number (kcat)
and Michaelis constant (Km) of Psucc-NBD toward Sirt5 were
calculated to be 0.122 s−1 and 11.7 μM, respectively, using the
fluorescence method (Tables S1 and S2, and Figure S4A).
These kinetic parameters were very similar to that of a natural
Psucc peptide substrate using the HPLC assay (Figure S4B).
The results showed that introducing the O-NBD group at the
C-terminal of the peptide causes little change in kinetic
parameters (Table S2). It also indicated that NBD-based
peptide probes can become a practical tool for detecting
HDAC activity. Furthermore, Pac-NBD and Psucc-NBD were
investigated for their ability to evaluate the inhibition potency
of sirtuin inhibitors. Tenovin-6 and Suramin sodium, two well-
known inhibitors of Sirt2 and Sirt5, were chosen. Different
concentrations (0, 1, 10, 20, 40, 60, 80, 100, 150, and 300 μM)
of inhibitors were incubated with the enzymes (Sirt2 or Sirt5)

for 30 min. Pac-NBD or Psucc-NBD were then added and
incubated for one hour. The fluorescence intensity of the
reaction solution was measured, and the data were fitted into
the equation to derive the IC50 values of Tenovin-6 and
Suramin, which were determined to be 18.66 μM (Figures 3E)
and 24.10 μM, respectively (Figure 3F). These IC50 values are
close to the reported values, indicating that Pac-NBD and
Psucc-NBD can serve as invaluable tools to detect the
enzymatic activity of HDACs and related drug discovery
development.43,44,48,49 Taken together, all results consistently
demonstrated that single-step probes Pac-NBD and Psucc-
NBD are robust chemical tools for detecting lysine deacetylase
and desuccinylase activities.
Model Studies with PRM. To evaluate the effect of the

linker length on the intramolecular substitution reaction
between the lysine and O-NBD, three model probes PRM-1,
PRM-2, and PRM-3 were synthesized following Scheme S5.
Subsequently, fluorescence signal changes were closely
monitored when these probes were incubated with HEPES

Figure 3. (A) Fluorescence detection of Pac-NBD (10 μM) with different HDACs (enzyme concentration: 0.1 μM, λex = 480 nm; λem = 545 nm)
at 37 °C for 1 h. (B) Fluorescence detection of Psucc-NBD (10 μM) with different sirtuins (enzyme concentration: 0.1 μM, λex = 480 nm; λem =
545 nm) at 37 °C for 1 h. (C) Time-dependent fluorescence measurements of Pac-NBD (10 μM) in the presence (red) and absence (blue) of
Sirt1 (λex = 480 nm; λem = 545 nm). (D) Time-dependent fluorescence measurements of Psucc-NBD (10 μM) in the presence (red) and absence
(blue) of Sirt5 (λex = 480 nm; λem = 545 nm). (E) The dose−response inhibition curve of Sirt2 deacetylation activity by Tenovin-6 using Pac-NBD
(10 μM). (F) The dose−response inhibition curve of Sirt5 desuccinylation activity by suramin sodium using Psucc-NBD (10 μM). Values of the Y
axis correspond to the average enzyme activity of three independent experiments.
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buffer (pH = 8.0). By fitting the fluorescence data to an
exponential equation, the first-order rate constant (k) of PRM-
1, PRM-2, and PRM-3 was determined to be 0.046, 0.034, and
0.033 min−1, respectively (Figures S5D, S6D, and S7D). It was
noticed that PRM-1 with a one amino acid spacer showed
slightly better intramolecular substitution reaction kinetic
(0.046 min−1) than those with longer spacers. Furthermore,
PRM-2 with a three amino acid spacer and PRM-3 with a
seven amino acid spacer showed very similar reaction kinetics.
Spacer elongation did not cause a significant decrease in the
reaction kinetics (Table S3, and Figures S5−S7). Subse-
quently, PRM-5 containing the same distance between lysine
and NBD but different sequences with PRM-2 was also
synthesized to explore the effect of the peptide sequence on
the reaction rate of the probe (Scheme S6). Interestingly,
PRM-5, which contains the H3K9(5−12) peptide sequence,
showed slightly better kinetics than PRM-2, indicating that
peptide sequence may affect the reaction rate of intramolecular
substitution to some extent (Table S3, and Figures S6 and S8).
In summary, the intramolecular substitution reaction of O-

NBD shows rapid kinetics and is suitable to design probes for
long-distance (at least seven amino acid spacer) peptide
substrates with various sequences. This intramolecular
substitution reaction shows broad applicability in probe design.
Design and Synthesis of Pme-NBD. Lysine methylation,

which is heavily involved in epigenetic chromatin modifica-
tions, is one of the most important lysine PTMs. Apart from
establishing different chromatin states, the methylation of
histone tails promotes gene silencing and activation.
Developing a lysine demethylase probe is therefore crucial
for deciphering the functions of demethylases as well as
facilitating future drug discovery in epigenetics.50 However,
lysine demethylases exhibit much stricter peptide sequence
specificity than lysine deacylases do, posing a significant
challenge for the development of demethylase probes.51−53

Preliminary Study of the O-NBD Group with
Monomethylated, Dimethylated, and Trimethylated
Lysines. To verify whether the NBD-based platform can be
used for detecting demethylase activity, we first examined the
reactivity of the O-NBD group and tri-, di-, and mono-

Figure 4. (A) Schematic representation of a long-distance intramolecular reaction to detect JMJD2E enzymatic reaction using a single-step
fluorescent probe. The peptide sequence used is the histone H3K9Me2 peptide (amino acids 5−16). The 14th position of the acetylated lysine is
marked with an asterisk. (B) HPLC analysis of the enzymatic reaction of the Pme-NBD probe (15 μM) with recombinant JMJD2E (3 μM) in
HEPES buffer containing 200 μM Fe2+, 1 mM 2-OG, and 2 mM ascorbate acid at 37 °C for 3 h. The retention time of the peaks marked with
asterisks 1 and 2 is 15.57 and 15.17 min, respectively. (C) Mass spectrum of peak 1 in LC analysis. (D) The mass spectrum of peak 2 in LC
analysis. (E) Absorption spectra of the Pme-NBD probe (5 μM) before and after enzymatic reaction with JMJD2E (0.8 μM) for 3 h. (F) The
fluorescence assay of the Pme-NBD probe (5 μM) with or without JMJD2E (0.8 μM) under various conditions (λex = 495 nm). (G) Time-
dependent fluorescence measurements of Pme-NBD (5 μM) in the presence (red) and absence (blue) of JMJD2E (λex = 495 nm; λem = 550 nm).
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methylated amines through absorption and fluorescence
studies. As shown in Figure S9A, the O-NBD group itself
has an absorption peak at 380 nm. After adding high
concentrations of monomethylated lysine, a new peak at
around 495 nm was detected. Compared with Lys-NH-NBD, it
showed a red shift of absorption wavelength. In addition, the
fluorescence intensity of the reaction with monomethylated
lysine increased over time when excited at 495 nm (Figure
S9B). These phenomena suggest that monomethylated lysine
could react with O-NBD to form the fluorescent reaction
product. In contrast, trimethylated or dimethylated lysine and
O-NBD reaction did not show obvious changes in absorbance
and fluorescence after 24 h of incubation (Figure S10). These
results reveal the different reactivities of monomethylated,
dimethylated, and trimethylated lysine toward O-NBD and
suggest high feasibility of our approach for demethylase probe
development. The model probe PRM-4, which contains a
seven amino acid distance spacer between monomethylated
lysine and the O-NBD group, was next synthesized to
investigate the kinetic of the intramolecular substitution
reaction (Scheme S5). As shown in Figure S11, after adjusting
pH to 8.0, HPLC produced a new peak, and the absorption
peak shifted to 495 nm rapidly, which is the characteristic peak
of monomethylated lysine and O-NBD reaction. At pH 8.0,
significant fluorescence enhancement could be observed and
the first-order rate constant (k) was determined to be 0.26
min−1 by fitting the fluorescence data to an exponential
equation. In contrast, the fluorescence intensity did not show
an obvious change under pH 2.0. All of the experiments
indicated that the NBD-based peptide probes, in addition to
detecting HDAC activity, have high potential applicability for
detecting demethylases.
Due to the stringent substrate specificity of lysine

demethylase, we opted to incorporate histone H3K9Me2 (5−
16) peptide sequence containing dimethylated lysine into our
probe design.54 Notably, a long amino acid spacer is inserted
between dimethylated lysine and O-NBD fluorophore to
achieve high binding affinity of the target enzyme and the

probe. We hypothesize that the dimethylated lysine will be
converted to monomethylated lysine by demethylase. Sub-
sequently, the monomethylated lysine will undergo long-
distance intramolecular exchange spontaneously with the O-
NBD group and turn on the fluorescence (Figure 4A).
Enzymatic Assay with Pme-NBD. Pme-NBD was

synthesized by Fmoc chemistry combined with click chemistry,
as previously described (Scheme S4). The probe was purified
by semipreparative HPLC and then characterized by LC-MS.
After obtaining the probe, we first performed HPLC analysis of
enzymatic reaction of Pme-NBD and JMJD2E. The enzymatic
reaction was incubated in 20 mM HEPES buffer (pH 8.0) at
37 °C for 3 h. As expected, the peak corresponding to Pme-
NBD decreased after adding JMJD2E. Instead, a new peak with
a retention time of 15.17 min appeared (Figure 4B). Further,
MS analysis of this new peak displayed the expected 14.0 Da
shift compared with the MS peak of Pme-NBD itself. These
results together indicate that JMJD2E can recognize and
catalyze the demethylation of Pme-NBD. Notably, the
expected demethylated/exchanged product was generated
(Figure 4C,D). Despite the fact that the spacer contains
seven different amino acids, long-distance intramolecular
reactions still occurred between the O-NBD group and the
monomethylated lysine.
Next, we carried out detailed absorption and fluorescence

study with Pme-NBD and JMJD2E. Briefly, Pme-NBD and
JMJD2E were incubated in a solution (HEPES, pH 8.0)
containing 100 μM Fe2+, 500 μM 2-OG, and 2 mM ascorbate
acid at 37 °C. The solution initially exhibited an absorption
peak at 380 nm. After 3 hours of enzymatic reaction with
JMJD2E, a new absorption peak was detected at 495 nm,
which is the characteristic peak of Lys-N(Me)-NBD (Figure
4E). Subsequently, fluorescence measurements were carried
out (Figure 4F). After JMJD2E and cofactor Fe2+ were added,
significant fluorescence enhancement could be observed. The
fluorescence turn-on fold was 23-fold at an emission
wavelength of 550 nm. In stark contrast, probes only, probes
with denatured enzymes, and probes without enzymes or Fe2+

Figure 5. (A) Schematic illustration of discriminating demethylation states using the Pme-NBD probe. (B) Absorption spectra and (C)
fluorescence lifetime of the Pme-NBD probe (5 μM) after enzymatic reaction with low (0.8 μM) and high (10 μM) concentrations of JMJD2E.
Absorption spectra (D) and fluorescence lifetime (E) of synthetic small molecule NBD-amine analogues (NBD-N(Me)2 and NBD-NHMe).
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displayed weak fluorescence or no fluorescence (Figure 4F).
Further, the time-dependent fluorescence test revealed that the
fluorescence intensity of Pme-NBD and JMJD2E increased
gradually with an increasing incubation time (Figure 4G). The
overall reaction rate (koval) of the fluorescent product was
calculated to be 0.018 min−1. The inhibition study with a
JMJD2E inhibitor IOX1 showed that the fluorescence intensity
of the reaction of Pme-NBD and JMJD2E was greatly
suppressed in the presence of the inhibitor (Figure 4F).
Furthermore, HPLC, absorbance, and fluorescence studies all
showed that Pme-NBD exhibited excellent stability (Figure
S12). These data unambiguously proved that Pme-NBD can
serve as a useful tool to detect demethylase activity and the
above fluorescence turn-on is attributed to enzyme activity
rather than environmental factors.
Discriminating Demethylation States with Pme-NBD.

Developing activity-based probes for distinguishing the
demethylation states of KDMs presents a significant challenge
in the field of PTMs. Different methylation states could have
different effects on gene expression and transcription.55,56 We
next proceeded to evaluate the potential of Pme-NBD to
discriminate demethylation states (Figure 5A). Interestingly,
we found that high concentrations of JMJD2E could result in
the removal of two methyl groups from the dimethylated Pme
peptide substrate, which is also confirmed by ESI-MS (Figure
S13), while it removes a single methyl group at low
concentrations.57 This finding suggests that demethylation
states can be controlled using different concentrations of
JMJD2E. To distinguish demethylation states, we treated Pme-
NBD with different concentrations of JMJD2E and then
measured the absorption spectra. As shown in Figure 5B, when
treated with low concentrations of enzyme, Pme-NBD showed
an absorption peak at 495 nm, signifying single removal of the
methyl group and the formation of Lys-N(Me)-NBD in the
peptide. On the other hand, Pme-NBD treated with high
concentrations of JMJD2E showed an absorption peak at 480
nm and the loss of the two-methyl group in the Pme-NBD
probe was observed in mass analysis after demethylation,
suggesting complete removal of methyl groups and formation
of Lys-NH-NBD in the peptide (Figures 5B and S14). In
addition, the fluorescence lifetime of the two reaction products
was also measured accordingly (Figure 5C). Results showed
that Lys-N(Me)-NBD peptide possessed a shorter fluorescence
lifetime (τ = 0.91 ns) compared with Lys-NH-NBD peptide (τ
= 1.40 ns). The difference in absorption and fluorescence
lifetime was further confirmed by studying the photophysical
properties of two small molecule NBD analogues, NBD-
NHMe and NBD-N(Me)2. The two small molecules exhibited
similar absorption properties and fluorescence lifetime to their
counterparts Lys-NH-NBD and Lys-N(Me)-NBD peptide
products (Figure 5D,E). Furthermore, there was negligible
fluorescence labeling of the enzyme after incubating Pme-
NBD and JMJD2E, ruling out the interference of proximity
labeling with the enzyme (Figure S15). Incubation of NBD
analogues with BSA has no effect on the absorption and
fluorescence lifetime, indicating no disturbance of the signals
caused by nonspecific protein binding (Figures S16 and S17).
These experimental data strongly demonstrated that Pme-
NBD is capable of discriminating the demethylation states of
demethylase in an activity-based manner.

■ CONCLUSIONS
In summary, we discovered that long-distance intramolecular
reactions can occur efficiently with long amino acid spacers
between the O-NBD group and unmodified lysine residue
under mild aqueous conditions. On this basis, we have
developed a new and universal NBD-based platform that can
be conveniently used for reporting HDAC and KDM activities.
Specifically, we have designed and constructed three activity-
based fluorescent peptide probes (Pac-NBD, Psucc-NBD, and
Pme-NBD) to detect enzymatic activities of deacetylase,
desuccinylase, and demethylase with high sensitivity and
selectivity. By a simple process of mix−react−read, the probes
are capable of monitoring the activity of HDACs or JMJD2E in
real time. These probes can be used to assess the inhibitors of
the corresponding enzymes in a high-throughput manner.
Notably, the demethylase probe successfully discriminated the
demethylation states under different enzyme concentrations in
an activity-based manner. Furthermore, our NBD-based
platform can be readily extended to study the enzymatic
activity of epigenetic erasers that remove other novel lysine
PTMs such as lysine lactylation, lysine isonicotinylation,
etc.13,58 This will help to further elucidate their biological
roles. We anticipate that our newly developed probes will
provide powerful tools to efficiently analyze various lysine
deacylases and demethylases activity and accelerate epigenetic
drug development in the future.
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