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es for detecting deacylase and
demethylase activity towards post-translationally-
modified lysine residues†

Yuichiro Hori, ab Miyako Nishiura,a Tomomi Tao,a Reisuke Baba,a Steven D. Bull c

and Kazuya Kikuchi *abd

Reversible enzymatic post-translational modification of the 3-amino groups of lysine residues (e.g. N-

acylation reactions) plays an important role in regulating the cellular activities of numerous proteins. This

study describes how enzyme catalyzed N-deprotection of lysine residues of non-fluorescent peptide-

coumarin probes can be used to generate N-deprotected peptides that undergo spontaneous O- to N-

ester transfer reactions (uncatalyzed) to generate a highly fluorescent N-carbamoyl peptide. This enables

detection of enzyme catalyzed N-deacetylation, N-demalonylation, N-desuccinylation and N-

demethylation reactions activities towards the N-modified lysine residues of these probes using simple

‘turn on’ fluorescent assays.
Introduction

Posttranslational modication (PTM) of the 3-amino groups of
lysine residues in proteins is an important epigenetic mecha-
nism that is used to control a wide range of biological
phenomena.1–3 For example, enzyme catalyzed acetylation and
methylation reactions of lysine groups of histones are known to
be important for the regulation of gene expression and main-
taining cell homeostasis.1 Covalent modication of selected
lysine side chains in histones leads to chromatin being
remodeled, resulting in transcription levels being activated and
associated gene expression levels being modulated.1 The 3-
amino groups of protein lysine residues are modied using
other types of acyl donor, including their conversion into N-
succinyl, N-malonyl-, N-glutaryl-, N-crotonyl-, N-propionyl-, N-
butyryl- and N-2-hydroxyisobutyryl-lysine derivatives.2,3 These
PTMs are not only used to reversibly functionalize the lysine
residues of histone proteins, but are also present in cytosolic
and mitochondrial proteins that play important roles in
controlling gene regulation and metabolic pathways.2,3

However, the mechanisms and specicity proles of many of
the lysine N-modication enzymes responsible for these type of
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PTMs remain unexplored in many cases.4 Similarly, the effect of
many of these lysine N-modication reactions on protein
structure and function and their biological signicance still
needs to be more fully explored.4–7

The availability of simple analytical methods to detect
enzyme catalyzed N-functionalization and/or N-deprotection
reactions of lysine residues in proteins would be very useful to
explore how these type of PTMs affect cellular processes.
Previous studies have explored the activity of lysine N-
modication enzymes using radioisotope,8 high-performance
liquid chromatography (HPLC),8 mass spectrometry,8,9

enzyme-coupled assays8–12 and antibody-based methods.9,13

However, these approaches oen employ complicatedmultistep
procedures, require multiple enzymatic reactions, are time-
consuming or lack high-throughput capabilities. Therefore,
the availability of simple turn ‘on’ uorescent assays that could
be used to detect different types of enzyme catalyzed lysine N-
modication activities would be very useful for exploring the
biological consequences of lysine PTM.

We have previously described the development of uoro-
genic probes to detect lysine deacetylase (Sirt1) activity using
a simple one-pot additive-free uorescence turn ‘on’
protocol.14–16 Non-uorescent probe P-N(H)Ac [previously re-
ported as LN1(Ac)],16 that contains a histone H3 (8–13) recog-
nition peptide domain, an N-acetyl-lysine residue and an N-
terminus linked coumarin fragment was prepared as
a histone deacetylase substrate (Fig. 1). The 7-hydroxy group of
the coumarin fragment of P-N(H)Ac is protected as a carbonate
ester which results in its uorescence being ‘turned off’.
Histone deacetylase catalyzed hydrolysis of P-N(H)Ac results in
N-deacetylation to afford the deprotected lysine residue of P-
NH2. The free 3-amino group of P-NH2 then undergoes
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Enzyme mediated deacetylation of P-N(H)Ac, demalonylation
of P-N(H)Mal and desuccinylation of P-N(H)Suc affords P-NH2 that
undergoes an intramolecular O- to N-ester transfer reaction to afford
the fluorescent N-carbamoyl transfer peptide P-N(H)CO2Bu.
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spontaneous intramolecular attack at the carbonyl group of its
carbonic ester moiety,16 which results in an intramolecular O- to
N-ester transfer reaction. The resultant transfer peptide P-N(H)
CO2Bu contains a more stable N-carbamoyl-lysine residue and
a highly uorescent 7-hydroxycoumarin fragment. Therefore,
histone deacetylase activity towards P-N(H)Ac probe can be
visualized using a simple ‘turn-on’ uorescence assay that
detects the appearance of the uorescent transfer peptide P-
N(H)CO2Bu as a rearranged product of the enzyme catalyzed
hydrolysis reaction of P-N(H)Ac.

Other groups subsequently reported different probes for the
uorescent detection of lysine deacetylase activity using reac-
tions that are based on imine formation,17,18 nucleophilic
aromatic substitution reactions to generate changes in a probe
uorescence response,19 or self-immolative intramolecular
cyclization reactions.20 Förster resonance energy transfer (FRET)
based probes that contain quencher and uorophore fragments
attached to the 3-lysine side chain of non-natural substrates
have also been described. These probes rely on enzymatic
cleavage of either their quencher or uorophore fragments to
produce a uorescence reponse.21,22 For example, the N-decro-
tonylase activity of HDAC3 has been detected using a chemical
probe containing an N-crotonyl-lysine group, however these
activity levels were 16 times lower than HDAC3 mediated N-
deacetylation activity levels towards an N-acetyl-lysine probe
analogue.18 However, no ‘turn on’ uorescent probes for
detecting enzymatic N-deprotection reactions (e.g. N-demethy-
lation) towards other types of N-derivatized lysine residues (e.g.
3-N-dimethylated-lysine residues) have been reported to date.
Consequently, we now describe how the uorescent assay that
we previously developed to detect lysine deacetylase activity has
been adapted to develop new 2nd-generation probes for the
uorescent “turn-on” detection of enzyme catalyzed N-
© 2021 The Author(s). Published by the Royal Society of Chemistry
desuccinylase, N-demalonylase and N-demethylase activities
towards N-modied lysine residues that are present in peptide
substrates.
Results and discussion
Enzyme activatable uorogenic probes for detecting lysine N-
demalonylase and N-desuccinylase activities

Sirt5 is a lysine deacylase that employs NAD+ as a cofactor to
catalyze the reversible malonylation/succinylation of the 3-
amino groups of selected lysine residues in proteins.23,24 Sirt5
has previously been shown to demonstrate good activity for
deacylation of N-malonyl and N-succinyl lysine residues of
proteins that are known to regulate metabolism in mitochon-
dria,25,26 as well as for deacylating proteins involved in neuro-
degeneration pathways.27 Therefore, it was decided that
development of a uorogenic assay to detect Sirt5 activity would
be a good demonstration of the potential of using our enzyme
catalyzed N-deprotection/transesterication uorescence
strategy to develop new probes to image other types of deacylase
activity.

Target peptides P-N(H)Mal and P-N(H)Suc were designed as
potential enzyme activatable uorogenic probes for detecting
Sirt5 mediated demalonylase and desuccinylase activities,
respectively (Fig. 1). It was reasoned that enzymatic hydrolysis
of the N-acyl fragments of both probes would result in forma-
tion of P-NH2 whose free amino group would then undergo
intramolecular rearrangement to afford P-N(H)CO2Bu, thus
resulting in a ‘turn on’ of uorescence. The non-uorogenic
coumarin–peptides P-N(H)Mal and P-N(H)Suc were prepared
using standard solid-phase synthesis employing N-Fmoc pro-
tected a-amino acids and standard peptide coupling agents (see
ESI “Materials and methods”, Scheme S1†). High-performance
liquid chromatography (HPLC) analyses revealed that incuba-
tion of Sirt5 with P-N(H)Mal and P-N(H)Suc in HEPES buffer
(pH 8.0) resulted in enzyme catalyzed hydrolysis of their N-acyl
groups to afford P-NH2 (non-uorescent), with intramolecular
transesterication then affording the rearranged uorescent
transfer peptide P-N(H)CO2Bu. Therefore, incubation of P-N(H)
Mal (peak at �15 min) with Sirt5 resulted in its complete
consumption aer 15 min to afford a 1 : 7 mixture of P-NH2

(peak at �9.5 min) and the rearranged N-carbamoyl peptide P-
N(H)CO2Bu (peak at �12 min), with all of the P-NH2 fully
rearranged aer 30 min (Fig. 2a). Sirt5 hydrolyzed P-N(H)Suc
(peak at �14 min) even more quickly, with all the probe
consumed aer 5 min and P-NH2 fully rearranged into P-N(H)
CO2Bu aer 20 min (Fig. 2b). Switching from UV to uorescence
detection conrmed that the peak for the rearranged peptide P-
N(H)CO2Bu at �12 min was highly uorescent (Fig. 2c and d).
The identity of P-NH2 and P-N(H)CO2Bu were conrmed
through ESI-MS analysis which gave accurate mass values for
the HPLC peak fractions eluting at �9.5 and �12 min, respec-
tively (Fig. S1†). MALDI-TOF/TOF-MS analysis of the peak at
�12 min also conrmed that O- to N-ester transfer from the
coumarin fragment of P-NH2 to the lysine residue of P-N(H)
CO2Bu had occurred (Fig. S2†).
Chem. Sci., 2021, 12, 2498–2503 | 2499
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Fig. 2 HPLC analyses of P-N(H)Mal and P-N(H)Suc reacted with Sirt5
(100 nM) in HEPES buffer (pH 8.0) over time. UV absorption HPLC
traces of: (a) P-N(H)Mal (5 mM); and (b) P-N(H)Suc (5 mM). Fluorescence
HPLC traces of: (c) P-N(H)Mal (5 mM); and (d) P-N(H)Suc (5 mM). The
peaks labelled with an asterisk in HPLC traces (a and b) are from DTT
present in the reaction buffer.
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Fluorescence measurements were then carried out to
monitor Sirt5 activity towards the P-N(H)Mal and P-N(H)Suc
probes over time (Fig. 3). Both probes showed a large increase in
uorescence intensity when they were incubated with Sirt5,
with negligible increases in uorescence intensity observed
when heat denatured Sirt5 or no Sirt5 was present. Kinetic
parameters for Sirt5 towards both probes were determined
using a modied Michaelis–Menten equation that allowed for
the fact that uorescence is generated via a two-step process
Fig. 3 Fluorescence detection of Sirt5 (100 nM) activity towards P-
N(H)Mal and P-N(H)Suc in HEPES buffer (pH 8.0). Fluorescense
intensities of (a) P-N(H)Mal (5 mM) and (b) P-N(H)Suc (5 mM) were
recorded in the presence of Sirt5; heat-denatured Sirt5 (100 nM); and
no Sirt5. Excitation and emission wavelengths were 371 and 466 nm,
respectively.

2500 | Chem. Sci., 2021, 12, 2498–2503
that proceeds via an enzyme catalyzed deacylation step followed
by an uncatalyzed rearrangement reaction (Fig. S3, S4, Tables S1
and S2†). Sirt5 exhibited a kcat/Km value of 1.3 � 105 M�1 s�1

towards P-N(H)Suc and a kcat/Km value of 6.5 � 104 M�1 s�1

towards P-N(H)Mal, meaning that the hydrolytic activity of Sirt5
towards P-N(H)Suc is 2-fold greater than for P-N(H)Mal.
Nevertheless, both of these new probes were sufficiently active
to enable rapid uorescent detection of Sirt5 demalonylase and
desuccinylase activities using a uorogenic assay that takes
<30 min to complete.

The cross reactivities of the P-N(H)Mal and P-N(H)Suc
probes towards other deacylases were investigated by reacting
them with Sirtuins (Sirt1, Sirt3 and Sirt6) and Zn(II)-dependent
deacetylases (HDAC1, HDAC2, HDAC3, HDAC6 and HDAC11)
(Fig. S5†). These results revealed that only Sirt5 enhanced the
uorescence intensities of these probes, thus demonstrating
that they are highly selective for Sirt5. The probes contain
carbonate ester groups that could potentially be hydrolyzed by
cellular esterase activities, leading to undesirable increases in
background uorescence intensity levels. However, we found
that their uorescence intensities did not increase in the pres-
ence of carboxylesterases 1 or 2 (CES1 or CES2) that is expressed
in human cells,28 thus demonstrating that their carbonate ester
bonds are resistant to CES mediated hydrolysis (Fig. S6†).
Incubation of the P-N(H)Mal and P-N(H)Suc probes with cell
lysates from HeLa cells containing exogenously added Sirt5
resulted in a 2-fold increase in uorescence intensity when
compared to probe containing cell lysates without Sirt5. This
demonstrates that the probes can be used for the uorescence
detection of Sirt5 deacylase activities in complex cellular
mixtures using a simple assay that can potentially be adapted
for high-throughput analysis (Fig. S7†).
An enzyme activatable uorogenic probe for detecting lysine
N-demethylase activity

Development of uorescent assays to detect demethylase
activities towards N-dimethylated lysine residues (R–N+(H)Me2
/ RN+(H2)Me) are challenging, because the 3-amino group
remains positively charged throughout the course of the N-
demethylase reaction. N-methyl groups are also less sterically
demanding than N-acyl groups and so it is more difficult to
selectively recognize a dimethylated amino group. Furthermore,
lysine N-demethylases are known to exhibit much stricter
specicity proles for N-methyl-lysine containing peptide
sequences that they recognise,29–32 as compared to lysine
deacetylases that generally exhibiting a more relaxed specicity
prole.33–35 A promising uorescence displacement assay has
previously been developed to detect demethylase activity
towards peptide probes that contain trimethylated lysine resi-
dues (R–N+(Me)3).36 However, this N-demethylase sensor is not
particularly sensitive, because it employs a uorescence ‘turn
off’ mechanism that only produces a relatively small reduction
in uorescent intensity (�20%).

Jumonji domain-containing 2 (JMJD2) demethylase was
chosen as a target enzyme to develop a uorescent ‘turn on’
probe to detect lysine demethylase activity. This enzyme
© 2021 The Author(s). Published by the Royal Society of Chemistry
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employs a Fe(II)- and 2-oxoglutarate (2-OG)-dependent deoxy-
genation mechanism to catalyze N-demethylation of the tertiary
amine (H3K9-NMe2) and quaternary ammonium (H3K9-N+Me3)
residues of histone H3 lysine 9, respectively.37 This type of
JMJD2 demethylase is known to be involved in controlling
cellular differentiation and cancer development and so is
a potentially attractive target for developing anticancer
therapies.38,39

A non-uorescent di-N-methylated peptide probe (P-NMe2)
was designed that contained a peptide sequence H3(7–16)
known to be recognized by JMJD2E demethylase,40 a lysine-9
residue containing an 3-NMe2 group and a C-terminal linked
O-butyroyl protected 7-hydroxycoumarin fragment (Fig. 4). It
was anticipated that JMJD2E demethylase would oxidatively
deprotect one of the N-methyl groups of P-NMe2 (non-
uorescent) to produce the secondary amine group of P-
NHMe. The secondary amino group of P-NHMe (non-
uorescent) would then undergo a spontaneous O / N intra-
molecular transesterication reaction to afford P-N(Me)CO2Bu,
thus resulting in the uorescence of its deprotected coumarin
fragment being ‘turned on’.

The peptides P-NHMe and P-NMe2 were prepared using
Fmoc solid-phase synthesis, with both of the peptides con-
taining a glutamine residue at their C-termini for ease of
synthesis and N-acetyl-Lys14 residues to prevent any competing
intramolecular transesterication reactions from occurring
Fig. 4 JMJD2 mediated demethylation of P-NMe2 affords P-NHMe
that undergoes an intramolecular O- to N-ester transfer reaction to
afford the fluorescent N-carbamoyl transfer peptide P-(N(Me)CO2Bu.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Scheme S2†). The ability of P-NHMe to undergo the desired
spontaneous O- to N-transesterication reaction was investi-
gated by dissolving it in aqueous HEPES buffer (pH 8.0) (no
demethylase) and analyzing the resultant solution using HPLC
(Fig. 5) and mass spectrometry. HPLC analysis revealed that the
peak for P-NHMe at �23 min was consumed aer 3 h, with the
new uorescent peak that appeared at �26 min corresponding
to the O / N rearranged P-N(Me)CO2Bu conrmed by ESI-MS
and MALDI-TOF/TOF-MS analysis (Fig. S8 and S9†). Incuba-
tion of P-NMe2 under the same conditions did not produce
a uorescent peak for P-N(Me)CO2Bu, however a small uo-
rescent peak was detected at �14 min, with an accurate mass
value corresponding to a coumarin containing peptide frag-
ment whose carbonate ester had been hydrolyzed (Fig. S10†).

Incubation of the non-uorescent probe P-NMe2 (peak at
�23 min) with JMJD2E demethylase (5 mM) in HEPES buffer
resulted in its complete oxidative N-demethylation to afford P-
N(Me)CO2Bu aer 3 h (Fig. 6). ESI-MS analysis of the peak
fraction eluting at �23 min aer 15 min revealed that it was
a coeluting mixture of P-NMe2 and P-NHMe (Fig. S11†). ESI and
MALDI-TOF/TOF-MS analyses of the uorescent peak that
appeared at �26 min revealed an accurate mass value corre-
sponding to P-N(Me)CO2Bu, thus indicating that trans-
esterication of the monomethylated lysine had occurred
(Fig. S12 and S13†). A relatively high concentration of JMJD2E
demethylase (5 mM) was required to catalyze the N-demethyla-
tion reaction of P-NMe2, which is consistent with previous
reports that elevated levels of this demethylase are necessary to
effectively catalyze N-demethylation reactions of lysine resi-
dues.41 Fluorescence measurements were then carried out to
monitor JMJD2E demethylase activity towards the P-NMe2
probe over time (Fig. 7). Unfortunately, the carbonate ester
bond of the P-NMe2 probe proved to be more labile than for the
corresponding N-acyl probes, which produces free 7-hydrox-
ycoumarin that results in a greater increase in uncatalyzed
background uorescence intensity over time. However, expo-
sure of the P-NMe2 probe to JMJD2E demethylase (10 mM)
Fig. 5 HPLC analyses of the transesterification reaction of P-NHMe in
HEPES buffer (pH 8.0) using: (a) UV detection; and (b) fluorescence
detection. The peak labelled by an asterisk in the HPLC traces origi-
nates from DTT that is present in the buffer.

Chem. Sci., 2021, 12, 2498–2503 | 2501
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Fig. 6 HPLC analyses of JMJD2E demethylase (5 mM) catalyzed N-
demethylation reaction of P-NMe2 (5 mM) in HEPES buffer (pH 8.0)
using: (a) UV detection; (b) fluorescence detection. The peak labelled
as *1 is a coumarin containing peptide formed from background
hydrolysis of the carbonate fragment of P-NMe2. The non-fluorescent
peak labelled as *2 is DTT that is present as a component of the
reaction buffer.

Fig. 7 Fluorescence detection of JMJD2E demethylase activity using
P-NMe2 as a probe. Graphs show fluorescence increases produced
when P-NMe2 (5 mM) is incubated with (a) JMJD2E demethylase (10
mM); (b) heat-denatured JMJD2E (5 mM); or (c) no enzyme in HEPES
buffer (pH 8.0).
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resulted in a signicant increase in the rate of uorescence
enhancement, with an 9.4 : 1 ratio of uorescent intensities in
the presence/absence of demethylase observed aer 5 minutes
(Fig. 7). This result demonstrates that the rate of increase in
uorescence intensity when the P-NMe2 probe is incubated
with JMJD2E is sufficient to enable the N-demethylase activity to
be rapidly detected using this uorescent assay system.

The lower demethylase activity of JMJD2E towards P-NMe2
resulted in initial attempts to use this probe to uorescently
detect JMJD2E activity in cell lysates proving unsuccessful. This
was because addition of P-NMe2 to cell lysate (no JMJDE2)
produced a signicant background uorescence over the 1 h
time period required to carry out the JMJD2E assay (Fig. S14†).
We reasoned that this increase in background uorescence
could have been being caused by the action of cellular esterases
catalyzing unwanted hydrolysis of the probe's carbonate ester
bond to produce a uorescent cleavage product. Indeed,
2502 | Chem. Sci., 2021, 12, 2498–2503
although the uorescence intensity of P-NMe2 did not increase
when incubated with CES1, a 2.8-fold increase in uorescence
intensity was observed when it was treated with CES2 for 1 h
(Fig. S15†). Alternatively, we also considered that the back-
ground cellular uorescence might be caused by biological
nucleophiles (e.g. glutathione) reacting with the carbonate ester
bond of P-NMe2 to release a uorescent cleavage product.
Consequently, N-ethylmaleimide (NEM) was incorporated into
the cell lysate assays as a sacricial conjugate acceptor that
would react rapidly with any endogenous thiol nucleophiles
that were present. This resulted in a 75% suppression of the
background uorescence of cell lysate containing P-NMe2
probe (no JMJD2E) aer 1 h incubation. This meant that exog-
enous addition of JMJD2E to cell lysate containing P-NMe2 and
NEM now resulted in a 2.4-fold increase in uorescence inten-
sity. Therefore, modifying the cell lysate assay to include NEM
as a thiol scavenger enables P-NMe2 to be used to uorescently
detect JMJD2E demethylase activity in complex cellular extracts
for the rst time.
Conclusions

This study describes the development of uorogenic probes for
detection of enzymatic demalonylation, desuccinylation and
demethylation activities towards peptide probes that contain
modied N-acyl or N-dimethylated lysine residues, respectively.
Enzymatic N-deprotection of lysine residues of these non-
uorescent probes produce peptides whose 3-amino groups
undergo O- to N-ester migration reactions to produce peptides
containing uorescent 7-hydroxycoumarin fragments. This
study demonstrates that this intramolecular transesterication
strategy is potentially applicable for the uorescent detection of
enzyme activities towards different types of N-modied lysine
groups present in different PTM peptide sequences. We believe
that the probes and principle developed in this study will
promote future researches regarding posttranslational lysine
modication of proteins. Importantly, this study demonstrates
that this detection strategy will be highly versatile and appli-
cable to different peptide probes with other lysine modication.
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