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Abstract Sirtuins (SIRTs) are nicotinamide adenine dinucleotide (NADþ)-dependent histone deacety-
lases with diverse physiological functions. A variety of small molecules have been developed to interro-

gate the physiological function of SIRTs. Therefore, it is desirable to establish efficient and convenient

assays to screen SIRTs modulators. In this study, we designed a series of fluorescent nonapeptide probes

derived from substrates of SIRT1eSIRT3. Fluorescence increment of these probes is based on

SIRT-mediated removal of the acyl side chain with fluorophore, which makes this system free of

lysine-recognizing protease. Comparing the reaction of these fluorescent nonapeptide substrates with

SIRT1eSIRT3 and SIRT6, it was confirmed that this assessment system was the most suitable for SIRT2

activity detection. Thus, SIRT2 was used to modify substrates by truncating the amino acids or lysine side

chain of nonapeptide. Finally, two specific and efficient fluorescent probes for SIRT2, ne-D9 and ne-K4a,

were developed. Evaluation of the results revealed that ne-K4a based assay was more suitable for mod-

ulators screening in vitro, while the other specific substrate ne-D9 was stable in cell lysate and could

detect the activity of SIRT2 in the same. In summary, this study presents a novel strategy for detecting

SIRT2 activity in vitro and in cell lysate.

ª 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1 Principle of the one-step-based assay. The initial fluo-

rescence of the substrate would be suppressed by the quenching res-

idue. After reacting with SIRTs and NADþ, fluorescently labeled acyl

residues could be recognized and transferred from lysine side chain to

ADP-ribose leading to a fluorescence increase. (Q: Quencher, F:

Fluorophore, ADPr: ADP ribose).
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1. Introduction

Sirtuins (SIRTs), NADþ-dependent histone deacetylases, are
mammalian orthologues of yeast silent information regular 2. There
are seven isoforms (SIRT1eSIRT7) of the SIRTs protein family
and the subcellular locations of these isoforms were different1,2.
The SIRT1, SIRT6 and SIRT7 are largely reported to reside in the
nucleus. SIRT2 primarily resides in the cytoplasm while
SIRT3eSIRT5 were found in the mitochondria. Besides their
different subcellular localization, SIRTs also greatly differ in cat-
alytic activity. SIRTs were characterized as histone deacetylase
from the very beginning. Research and development revealed that
SIRTs were discovered to have the ability to deacylate the lysine
residues from a plenty of non-histone protein. Among the seven
isoforms, only SIRT1eSIRT3 are verified as the robust deacetylase.
Yet they are not restricted to deacetylation as SIRT1eSIRT3 are
also defatty-acylases, especially exhibited potent activity to remove
long chain acyl groups (e.g., C8eC16)3. The other isotype en-
zymes, they perform weak deacetylase activity but are able to
remove relatively acylated lysine side chain. For instance, SIRT5
exhibits the better capacity to demalonylate, desuccinylate and
deglutarylate lysine residues than deacetylate lysine4,5. SIRT4
prefers delipoyl and debiotinyl lysine side chains6. Recently, it was
found that SIRT4 could remove methylglutaryl group, hydrox-
ymethylglutaryl (HMG) group and 3-methylglutaconyl group from
the modificated lysine residues7. Further, Bao et al.8 found that
SIRT5 could regulate HMGylation in cells. SIRT6 can remove long
acyl chains9 while SIRT7 was reported to be a desuccinylase10.

Through regulating the acylation condition of widespread pro-
teins in vivo, SIRT enzymes possess extensive physiological func-
tions, including stress responses, metabolic control, stabilization of
genomic DNA and aging11. Therefore, SIRTs are considered as
attractive therapeutic targets for plenty of diseases, such as obesity,
cardiovascular diseases, diabetes, cancer and neurodegenerative
diseases12. SIRT1 and SIRT3 were reported as therapeutic targets
for breast and oral cancer13. SIRT2 inhibitors impair hepatic glucose
uptake, which enables SIRT2 to be a new therapeutic target for type
2 diabetes14. SIRT6 activator is considered as a potential approach
for the treatment of hepatocellular carcinoma15. Therefore, variety
of SIRT modulators were developed and explored to further inter-
rogate the physiological function of SIRTs and drug discovery. At
the same time, diverse methodologies for activity assessment of
SIRT enzymes were established for discovery and characterization
of these modulators. In vitromethods for assessing SIRTmodulators
include the use of radioisotope-labeled histone16, high-performance
liquid chromatography (HPLC)17 and fluorometric assay18. Both
radioisotope-based method and HPLC assay require complex sam-
ple handling, which constrains their utilization and makes them
inconvenient in high-throughput screening. Due to the convenience
and efficiency, fluorescence probe has been broadly applied in
detecting the activity of SIRTs and high-throughput screening of
SIRTs modulators19. However, most of these fluorometric assays
work based on a two-step principle, which needs trypsin to digest the
C-terminal lysine residual. During the first step, SIRTs deacetylate
the fluorescent peptide. While in the second step the C-terminal
lysine residual of deacetylated peptide is detected and digested by
trypsin. There are two strategies based on the two-step principle: one
uses a fluorescent group 7-amino-4-methylcoumarin (AMC), which
fluoresces in a free state; the other uses fluorescence resonance
energy transfer (FRET) principle, which connects a donor dye and
an accepter dye to the ends of peptide19. The lysine side chain of the
fluorescent probe is not restricted to acetyl group. For instance, the
fluorogenic succinyl and myristoyl peptides were used to detect the
activity of SIRT5 and SIRT6, respectively20,21. The introduction of
trypsin may increase false-positive or false-negative signals when
the detected molecules affect the activity of trypsin, limiting the
measurement range of the assay22. This two-step assay is usually
discontinuous, which impedes the enzymatic kinetics research.

Based on the discovery that SIRT6 is an efficient long-chain
defatty acylase of tumor necrosis factor a (TNF-a)9. Schuster
et al.23 designed a one-step SIRT assay. They synthesized a non-
apeptide substrate from TNF-a and joined the fluorophore to lysine
side chains directly, which was different from the former two-step
design where the fluorophore and quenching groups replaced the
peptide terminal parts. The principle of one-step assay is shown in
Fig. 1, whereby the initial fluorescence of the substrate is sup-
pressed by the quenching residue. After incubating with SIRTs
which possess large hydrophobic pockets to establish the fatty acyl
groups17 and NADþ, fluorescently labeled acyl residues could be
recognized and transferred from lysine side chain to ADP-ribose
leading to a fluorescence increase. In this study, the one-step
assay was further explored with a target on SIRT1eSIRT3 for
their similar protein structure and excellent ability to recognize
fatty acyl groups. Variant fluorescent probes were designed to
establish the influence of the different peptides, the length of lysine
side chain and the amount of amino acid residues on this technique.
By comparing these fluorescent peptides with four reported long-
chain defatty acylases SIRT1eSIRT3 and SIRT6, this work
revealed two convenient and specific SIRT2 fluorescent peptides,
ne-K4a and ne-D9, which could continuously detect SIRT2 activity
without using trypsin. Also, by comparing the two specific probes,
it was confirmed that ne-K4a was more suitable for high
throughput screening of SIRT2 modulators in vitro, while the other
specific fluorescent peptide ne-D9 was verified to be stable in cell
lysis and could be hydrolyzed by overexpressed SIRT2 in cell lysis,
extending its application in cellular systems. In conclusion, the
one-step assay for SIRT2 activity we established provides a novel
strategy for screening SIRT2 modulators in vitro and detecting the
activity of SIRT2 in cell lysis.

2. Materials and methods

2.1. Design and synthesis of fluorescent peptides

All fluorescent substrates were designed in our laboratory, and
synthesized by a commissioned company GL Biochem (Shanghai,
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China). The synthesized peptides were analyzed by mass spectra
and HPLC with the purity of above 90%.

2.2. Expression and purification of recombinant SIRT1, SIRT2,
SIRT3, and SIRT6

The expression and purification of recombinant human SIRT1
(full-length, aa 1e556), SIRT2 (full-length, aa 1e389), SIRT2 (aa
34e356), SIRT3 (aa 101e399)24 and SIRT6 (aa 13e308)25 were
determined based on the previous studies and further analyzed in
this study.

The fragments of human SIRT1, SIRT2, SIRT3, and SIRT6
were cloned from HEK293A cDNA libraries and inserted into the
bacterial expression vectors pET28a(þ) (EMD Biosciences,
Darmstadt, Germany) by PCR-amplified and confirmed by
sequencing. His-tagged SIRT1 and SIRT3 were overexpressed in E.
coli BL21 (DE3) (Weidi Biotechnology, Shanghai, China). His-
tagged SIRT2 and SIRT6 were transformed into E. coli
BL21 (DE3) Condon Plus and E. coli Rosseta (DE3) (Weidi
Biotechnology), respectively. E. coli expressing pET28a(þ)/
SIRT1eSIRT3 and pET28a(þ)/SIRT6 were cultured with shaking
at 37 �C until OD600z0.6, 0.5 mmol/L of isopropyl-D-
thiogalactopyranoside was added and cells were cultured at 16 �C
for 20 h. For recombinant proteins purification, nickel magnetic
beads for His-tag proteins (Bimake, Houston, TX, USA) were used
to bind these extracellular-expressed proteins in binding buffer
(20 mmol/L sodium phosphate, 500 mmol/L NaCl, 5 mmol/L
imidazole, pH 8.0). The unspecific proteins were eliminated using a
washing buffer (20 mmol/L sodium phosphate, 500 mmol/L NaCl,
40e80 mmol/L imidazole, pH 8.0). Finally, the proteins of interest
were eluted by eluting buffer (20 mmol/L sodium phosphate,
500 mmol/L NaCl, 500 mmol/L imidazole, pH 8.0). After
concentrating and dialyzing, the required proteins were obtained
and stored in 20% glycerol at �80 �C. The purity and molecular
weight of these proteins were analyzed by SDS-PAGE. The amount
of target proteins for assay development were calculated based on
the purity. Protein concentration was analyzed using the BCA
protein assay kit (Thermo Fisher, Waltham, MA, USA).

2.3. Enzymatic reaction and fluorescence detection on 384-well
microplate

The continuous fluorescent reaction proceeded in white 384-well
assay plate (CORNING, NY, USA) and was performed on the
FlexStation3 (Molecular Devices, Silicon Valley, CA, USA) at
excitation of 305 nm and emission of 416 nm. After adding assay
buffer 1 (50 mmol/L HEPES, 100 mmol/L KCl, 0.001% Tween-20,
0.05 mg/mL BSA, 200 mmol/L TCEP, pH 7.4 for SIRT2) or assay
buffer 2 (50 mmol/L Tris-HCl, 1 mmol/L MgCl2, 137 mmol/L
NaCl, 2.7 mmol/L KCl, pH 8.0 for SIRT1, SIRT3 and SIRT6),
NADþ, peptides and SIRTs successively (total volume 50 mL), the
white 384-well assay plate was preincubated in a shaker for 5 min
at 37 �C and 1200�g. The fluorescent intensity was recorded at
37 �C for 30 min.

2.4. Calibration lines

1 mmol/L of NADþ, peptides with gradient concentration
(0e20 mmol/L) and 2 mmol/L of SIRT2 were successively added
in assay buffer 1, followed by preincubation for 5 min at 37 �C,
1200�g. The 384-well assay plate was put in the FlexStation 3
microplate reader to monitor the incremental fluorescent signals
until all the fluorescent signals was no longer increasing (about
2 h), which means peptide substrates completely turnover. The
linear regression of the final fluorescent signals against peptide
concentration was drawn by GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA 92037 USA).

2.5. Determination of kinetic parameters

0.3 mmol/L of SIRT2 or 0.4 mmol/L of SIRT3 was mixed with
fluorescent probes (0.375e24 mmol/L) and 1 mmol/L of NADþ

fafter cobnce in assay buffer 1 for SIRT2 or assay buffer 2 for
SIRT3. After preincubation for 5 min at 37 �C, 1200�g, the
fluorescent intensity was recorded at 37 �C for 5e15 min. Cali-
bration lines were using to convert the fluorescent signal to
product concentration. The initial velocity (mmol/L∙s) of enzy-
matic reaction was plotted against peptides concentration. Km and
Kcat were acquired by GraphPad Prism 6.

2.6. Fluorescence spectroscopy of SIRT2 special fluorescent
probes

The assay of lacking NADþ or SIRT2 for the whole system
(including NADþ, SIRT2 and fluorescent) was performed at 37 �C
for 2 h. The fluorescence spectra were measured at emission
wavelength from 380 nm to 580 nm with excitation wavelength of
305 nm using the FlexStation 3 (Molecular Devices) microplate
reader.

2.7. Evaluation of SIRT2 inhibitors by ne-D9 and ne-K4a

The activities of SIRT2 against ne-D9 or ne-K4a were evaluated in
buffer 1 under different concentration of AGK2 (MCE, Monmouth,
NJ, USA) or SirReal2 (MCE). 0.3 mmol/L of SIRT2 was incubated
with 20 mmol/L of ne-D9 or 20 mmol/L of ne-K4a, 1 mmol/L of
NADþ and inhibitor (AGK2 or SirReal2: 0, 0.2, 1, 6, 30, 100 and
500 mmol/L) in assay buffer 1. Reaction condition and detection
methods were the same as enzymatic reaction and fluorescence
detection on 384-well microplate in Section 2.3. The IC50 value of
SIRT2 inhibitors were calculated by Graphpad Prism 6.

2.8. Cell culture and transfection

HeLa and HEK293A were cultured in DMEM (Thermo Fisher)
supplemented with 10% (v/v) fetal bovine serum (Thermo
Fisher) and 10 U/mL of penicillinestreptomycin (Thermo
Fisher) at 37 �C in a humidified 5% CO2 incubator. The
plasmids pcDNA3.1(þ)-myc-SIRT1, pcDNA3.1(þ)-flag-SIRT3,
pcDNA3.1(þ)-SIRT5,and pcDNA3.1(þ)-flag-SIRT6 were pur-
chased from Addgene. p3�FLAG-CMV-10-SIRT7 was provided
by Dr. Baohua Liu (Department of Biochemistry and Molecular
Biology, Shenzhen University Health Science Center, China)26.
The plasmid pcDNA3.1(þ)-his-SIRT2 and pEGFP-N3-SIRT4
were constructed by our laboratory. For transient protein
expression, cells were split in 12-well plates and transfected
with each plasmid for 24 h using Lipofetamine3000 (Thermo
Fisher).

2.9. Western blotting

Cell lysis was obtained through RIPA lysis buffer (Beyotime,
Shanghai, China) supplemented with protease inhibitor (Thermo
Fisher). After protein denaturation, 20 mg of cell protein was
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separated by SDS-PAGE and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). The following primary anti-
bodies were obtained for immunoblotting: anti-SIRT1 (Santa Cruz
Biotechnology, Dallas, TX, USA), anti-SIRT2 (ABclonal, Wuhan,
China), anti-SIRT3 (Cell Signaling Technology, Danvers, MA,
USA), anti-GFP (Santa Cruz Biotechnology, Dallas, Texas, USA),
anti-SIRT5 (Abcam, Cambridge, UK), anti-SIRT6 (Cell Signaling
Technology), anti-FLAG (Cell Signaling Technology), anti-
GAPDH (Proteintech, Rosemont, IL, USA). After using HRP-
conjugated secondary antibodies (Thermo Fisher), immunoblot
images were obtained by ImageQuat LAS 4000 mini (GE, Fair-
field, Sweden).

2.10. Detection of the activity of SIRT2 in cell lysates

After transfecting plasmid, HEK293A and HeLa cells in 12-well
plates were rinsed with PBS for three times, then RIPA lysis buffer
(Beyotime) supplemented with protease inhibitor (Thermo Fisher)
was added to lyse cells. After scraped off the 12-well plates, the
lysed cells were centrifuged by Heraeus Fresco 17 (Thermo
Fisher) at 11,200�g for 15 min at 4 �C. The supernatant was
collected and the protein concentration of supernatant was deter-
mined by BCA protein assay kit (Thermo Fisher). After collecting
proteins of lysed cells, 45 mg of supernatant was added to the
solutions which included 20 mmol/L of fluorescent substrates and
1 mmol/L of NADþ in assay buffer 2. Reaction condition and
detection method were the same as enzymatic reaction and fluo-
rescent detection on 384-well microplate in Section 2.3.

2.11. Z factor, signal-to-noise ratio (S/N), coefficient of
variation (CV) analysis

It was determined through the measurement of fluorescence
increment velocity at 0% and 100% activity (nZ48). The calcu-
lation of Z factor, S/N, CV was according to Eqs. (1)e(3):

Z
0
Z 1e[(3$SD100%þ3$SD0%)/jmean100%emean0%j] (1)

S/N Z (Mean100%eMean0%)/SD0% (2)

CV Z SD100%/Mean100%�100% (3)
2.12. Data analysis and Statistics

All results are expressed as means�standard deviation (SD) of at
least three independent experiments. The data analysis and sta-
tistics were obtained using Graphpad Prism 6. Comparison among
various was identified by one-way analysis of variance (ANOVA)
test. Values of P<0.05 were considered to be statistically
significant.
3. Results and Discussion

3.1. Initial fluorescent nonapeptide probes design and
evaluation

Based on previous reports and the accurate conditions, expression
and purification protocols of SIRT1eSIRT3 and SIRT6 were
established, which can be used to stably obtain these enzymes
with higher purity for use in subsequent experiments (Supporting
Information Fig. S1A). The amount of target proteins were
calculated based on the purity. The fragmented SIRT2 (aa
34e356) has been reported to have the same activity as full-
length SIRT224. In addition, the protein yield of full-length
SIRT2 is far lower than that of the fragmented SIRT2 (aa
34e356). Thus, fragmented SIRT2 is used as SIRT2 in most
assays if not stated.

Early studies revealed that SIRTs were insensitive to the sub-
strate amino acid sequence27. However, based on the discovery
that SIRTs could interact with not only acetyl lysine but also
acetyl lysine, it was found that the peptide sequence had a greater
influence on removal of acyl groups of lysine28. Prompted by
recent work by Schuster et al.23, it was envisioned that changing
the peptide context could provide the desired specific and more
sensitive one-step-based fluorescent probe for detecting SIRT ac-
tivity and screening their inhibitors or agonists. Based on the
common substrates of SIRT1eSIRT3, we designed five fluores-
cent nonapeptide probes including ne-H9 (Histone H36e14), on-H9
(Histone H36e14), ne-P9 (P53379e397), ne-K9 (Ku70558e566) and
ne-D9 (dihydrolipoyl transacetylase, DLAT255e263). Ne-T9
(TNFa6e14) was also synthesized according to the method
described by Schuster et al. as a positive control (Fig. 2A). The
fluorescent assay is based on FRET-principle in which a small
fluorophore 2-aminobenzoylamides is attached to the terminal of
lysine side chain and the quencher moiety 3-nitrotyrosine replaces
the amino acid in þ1 or þ2 position of lysine29. Initial evaluation
of the interaction of these new designed fluorescent substrates
interacting with SIRT1, full-length SIRT2, SIRT3, and SIRT6 was
carried out through examining the of fluorescence increments in
30 min (Fig. 2B). It was obviously shown that at the same con-
centration, the fluorescent increment velocities of these fluores-
cent peptides were much higher after incubating with SIRT2 and
SIRT3 than incubating with SIRT1 and SIRT6. These results
signified that the one-step-based method was more adapted to
SIRT2 and SIRT3 regardless of the alteration of fluorescent pep-
tide context. Interestingly, it was found that the fluorescent probe
ne-D9 was specific to SIRT2. The peptide sequence of ne-D9 was
from DLAT, which is a SIRT4-mediated substrate in vivo6.
Moreover, DLAT256e259 is found to be specific for SIRT2 in a
two-step principle assay in vitro3. The results of the current study
indicated that a segment of DLAT was also specific for SIRT2 in
one-step method.

3.2. Enzymatic reactions and kinetics evaluation

For exact evaluation of the five nonapeptide substrates with
SIRT1eSIRT3 and SIRT6, the fluorescent variation of the five
peptides was detected under at appropriate enzyme concentrations
of SIRT1eSIRT3 and SIRT6. Through the initial evaluation, it was
obvious that SIRT2 and SIRT3 performed satisfactorily in cleaving
most nonapeptide fluorescent substrates. Considering the linear
increase in fluorescence in 30 min and the observation of obvious
fluorescence increment, we used 20 mmol/L of control substrate
ne-T9 reacted with gradient concentration of SIRT1eSIRT3 and
SIRT6 to establish the appropriate enzyme concentration
(Fig. S1B). Finally, the concentrations of SIRT1, SIRT2 and
SIRT3 which could react with 20 mmol/L of peptides were found
to be 1, 0.3 and 0.4 mmol/L, respectively. However, when the
concentration of SIRT6 was up to 4 mmol/L, the fluorescent
increment velocity was still not saturated. Considering the loading
volume, 2 mmol/L of SIRT6 was used in the one-step system.
Under the suitable concentration, it was possible to estimate these



Figure 2 The initial assessment of newly designed fluorescent nonapeptide substrates. (A) The structures of reference nonapeptide substrate ne-

T9 and five new designed nonapetide substrates, ne-H9, on-H9, ne-P9, ne-K9, and ne-D9. (Qu: Quencher, Fl: Fluorophore) (B) Fluorescence

enhancement velocity due to the fluorescence increment of variant fluorescent nonapeptide substrates reacting with SIRT1, full-length SIRT2,

SIRT3, and SIRT6 for 30 min. Enzymatic reactions were performed with 40 mmol/L of fluorescent nonapeptide substrate (ne-T9, ne-H9, on-H9,

ne-P9, ne-K9, or ne-D9), 1 mmol/L of NADþ, and 0.5 mmol/L enzyme (SIRT1, full-length SIRT2, SIRT3, or SIRT6) in assay buffer at 37 �C. Data
are presented as mean�SD, nZ3.
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different sequence probes using the four SIRT isoforms (Fig. 3).
Ne-H9 caused the highest conversion of SIRT1 and it was
evidently better than the control substrate ne-T9. Due to the
excellent ability to cleave fluorescent labeled acyl residue, SIRT2
seemed to convert each substrate well and only ne-K9 showed a
statistically significant difference in comparison with ne-T9.
Although SIRT3 performed well in this assay method using ne-
T9, the fluorescence enhancement of newly designed substrates
were not higher than that of ne-T9. For SIRT6, there was a big
difference in most of newly designed substrates as compared with
ne-T9. The substrate on-H9 was the best nonapeptide for SIRT6
while ne-H9, ne-K9, and ne-D9 could not be well hydrolyzed by
SIRT6. Overall comparison showed that SIRT2 was insensitive to
the variant peptide sequence contexts whereas SIRT6 was signif-
icantly affected by the sequence of amino acid substrates. This
phenomenon was consistent with the hypothesis that the deacy-
lation would be greatly dependent on peptide sequence contexts
in vitro if the acyl group of lysine has a weak affinity with SIRT28.
It was found that the fluorescence increment of ne-D9 was not
observed with SIRT1, SIRT3 and SIRT6 even under the appro-
priate concentration, which reconfirmed that ne-D9 sequence had a
specific efficient effect on SIRT2.

As a major step in development of continuous assay, the kinetic
parameters in enzymatic reactions of SIRT2 and SIRT3 were then
determined. The applicability of MichaeliseMenten equation re-
quires that the enzyme concentration is much lower than substrate
concentration, which means that SIRT1 and SIRT6 were not
appropriate for kinetic analysis. The calibration curves of the
fluorescent intensity against different concentrations of these
fluorescent probes were established through complete conversion
assays, which were performed by incubating excessive SIRT2
with fluorescent probes at gradient concentrations (Supporting
Information Fig. S2). The Kcat/Km values of each fluorescent
nonapeptide probes were basically consistent with the results of
fluorescence increment velocity (Table 1, Supporting Information
Figs. S3 and S4). From the above, we considered this one-step-
based assay as the most adaptive application on SIRT2 and a
specific fluorescent probe ne-D9 for SIRT2 was found. Comparing
the fluorescent increment velocity and Kcat/Km values, ne-K9 was
considered the optimum substrate of SIRT2 among the five fluo-
rescent nonapeptide probes and the structure of ne-K9 was
modified for further research.
3.3. Development of the optimum substrate for SIRT2

Ne-K9 was modified from the length of lysine side chain and the
number of amino acid in the peptide. Considering that SIRT2 is a
robust deacetylase, ne-K9-S was designed, of which the lysine
side chain was short. Referring to most of tetrapeptide substrates
in commercial SIRTs assay kits, ne-K9 substrate was truncated
nonapeptide to two tetrapeptide substrates, ne-K4a and ne-K4b
(Fig. 4A). However, no fluorescence increments of ne-K9-S were
observed with any SIRTs, which was probably because SIRTs
could not hydrolyze aromatic carboxylates30. For the truncated
tetrapeptide substrates, ne-K4a and ne-K4b, it was unpredictable
that SIRT1 and SIRT3 obviously declined in ability to deacylate
ne-K4a and ne-K4b, whereas the opposite results were obtained
for SIRT6. The fluorescence enhancement velocity of ne-K4a with
SIRT2 did not have significant variation compared with ne-K9 but
the fluorescence enhancement velocity of ne-K4b was obviously
lower than that of ne-K9. All SIRT1eSIRT3 had better fluorescent
increments with ne-K4a than ne-K4b. However, ne-K4b was more
adapted to SIRT6 compared with ne-K4a and only SIRT6 showed
an improved hydrolysis ability to ne-K4a and ne-K4b contrasting
to ne-K9 (Fig. 4B). Given the results of substrates selectivity for
SIRT1eSIRT3 and SIRT6, it was inferred that: (1) the new
truncating substrate ne-K4a might be a specific and efficient
fluorescent probe for SIRT2. The specificity of ne-K4a was
confirmed by comparing the fluorescent increment velocity of ne-
K4a after reacting with SIRT1eSIRT3 and SIRT6 at the same
concentration, respectively (Fig. 4C). (2) the number of amino
acids of fluorescent peptide is likely to affect the deacylation of
SIRTs in vitro.

3.4. Comparison and further study of the two SIRT2 specific
substrates

In this study, two SIRT2 specific substrates, ne-D9 and ne-K4a,
were discovered. Both ne-D9 and ne-K4a had negligible fluores-
cence at excitation wavelength of 305 nm without enzyme or
NADþ. An intense emission peak was observed when SIRT2,
NADþ and peptides were added simultaneously (Supporting In-
formation Fig. S5). In terms of kinetic parameters, the Kcat/Km

values reflected a slightly lower affinity between ne-K4a and
SIRT2 than that between ne-D9 and SIRT2 (Table 1 and



Figure 3 Evaluation of fluorescent nonapeptide substrates at appropriate enzyme concentration. Fluorescence enhancement velocity of

20 mmol/L fluorescent nonapeptide substrate (ne-T9, ne-H9, on-H9, ne-P9, ne-K9, or ne-D9) incubating with different SIRTs [1 mmol/L

SIRT1(A), 0.3 mmol/L SIRT2(B), 0.4 mmol/L SIRT3(C), or 2 mmol/L SIRT6(D)], and 1 mmol/L NADþ in assay buffer at 37 �C for 30 min. Data

are presented as mean�SD, nZ3; *P<0.05 vs. ne-T9.
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Supporting Information Fig. S3). The effects of two SIRT2 in-
hibitors, AGK2 and SirReal2, on SIRT2-mediated hydrolysis of
ne-K4a and ne-D9 were then measured. AGK2 is a selective
SIRT2 inhibitor and has slightly inhibiting effect on SIRT1 and
SIRT331. SirReal2 is a specific and potent SIRT2 inhibitor, which
has very little influence on SIRT3eSIRT5 and affects SIRT1 and
SIRT6 at high concentrations32. In ne-K4a assay system, AGK2
and SirReal2 inhibited SIRT2 with the IC50 of 20.02 and
0.96 mmol/L, respectively (Fig. 5A). For ne-D9 assessment sys-
tem, AGK2 showed a strong inhibition of SIRT2 with the IC50 of
10.71 mmol/L but SirReal2 had a significantly lower effect on
SIRT2 (Fig. 5B). Since the principle of detection and different
substrates, it was not surprising that the IC50 values of AGK2 and
SirReal2 measured through ne-K4a or ne-D9 assessment system
were different from those reported by other researchers (IC50 of
3.5 mmol/L33 and 140 nmol/L32, respectively). Moreover, the re-
ported inhibitory effect of both AGK2 and SirReal2 was in terms
of deacetylase activity. Comparing the two specific probes in
different aspects, it was thought that ne-K4a may be more suitable
Table 1 The kinetic parameters of different peptides towards SIRT2

Peptide SIRT2 (0.3 mmol/L)

Km (mmol/L) 10�3�Kcat (1/s) Kcat/Km (L/mol∙

ne-T9 6.58�1.78 9.68�1.04 1471.12

ne-H9 1.81�0.21 4.85�0.15 2679.56

on-H9 2.40�0.46 7.56�0.44 3150.00

ne-P9 14.77�3.20 1.03�1.16 69.74

ne-K9 1.05�0.17 5.00�0.20 4347.83

ne-D9 1.48�0.24 6.63�0.28 4479.73

ne-K4a 1.98�0.26 5.85�0.22 2954.55

eNot detected.
for screening SIRT2 modulators in vitro. Although the kinetic
parameters of ne-K4a are slightly inferior to those of ne-D9, the
existing inhibitors could be well recognized in ne-K4a-based
assay system. Therefore, a Z factor of 0.66, S/N of 124.13 and
CV of 12.22% were detected for the ne-K4a assay system after
optimizing the assay conditions (Supporting Information Fig. S6).
The result illustrates that ne-K4a system is feasible for high-
throughput screening34.

It was reported that the inhibition effect of NAM on SIRTs was
varied in substrates with different lysine acyl chain length35.
Analogously, the selective inhibitor SirReal2 of SIRT2 was re-
ported to show lower inhibiting effect against demyristoylation
activity, but no distinct effects on inhibiting acetyl and decanoyl
deacylation were noted3. On the basis of these findings, the flu-
orescently labeled lysine acyl side chain of ne-D9 was truncated
into two new substrates, ne-D9-S and ne-D9-M (Fig. 6A). The aim
was to demonstrate whether altering the acyl chain length of
substrates would influence the assessment of the inhibitory abili-
ties of AGK2 or SirReal2 to SIRT2. However, it was found that
and SIRT3.

SIRT3 (0.4 mmol/L)

s) Km (mmol/L) 10�3�Kcat (1/s) Kcat/Km (L/mol∙s)

3.49�0.47 3.98�0.18 1140.40

2.92�0.47 4.91�0.25 1681.51

1.03�0.18 3.74�0.16 3631.17

0.74�0.01 0.74�0.01 317.60

4.75�0.79 4.75�0.28 1000.00

e e e

e e e



Figure 5 Doseeresponse curves and IC50 value for AGK2 and SirReal2 examined by ne-D9-based assay and ne-K4a-based assay.

Doseeresponse inhibition experiments for AGK2 and SirReal2 in (A) ne-K4a-based assay and (B) ne-D9-based assay. The IC50 values of AGK2

and SirReal2 were determined to be 20.02�2.47 mmol/L and 0.96�0.56 mmol/L, respectively, in ne-K4a-based assay. The IC50 value of AGK2

was determined to be 10.71�3.88 mmol/L. The reactions were performed with 20 mmol/L ne-K4a or ne-D9, 1 mmol/L NADþ, 0.3 mmol/L SIRT2

and inhibitor (AGK2 or SiReal2) at gradient concentrations (0, 0.2, 1, 6, 30, 100, and 500 mmol/L) in assay buffer at 37 �C for 30 min. Data are

presented as mean�SD, nZ3.

Figure 4 Evaluation of newly developed fluorescent substrates, ne-K4a, ne-K4b, and ne-K9-S. (A) The structures of three developed ne-K9

fluorescent substrates, ne-K4a, ne-K4b and ne-K9-S. (Qu: Quencher, Fl: Fluorophore) (B) Fluorescence enhancement velocity of 20 mmol/L

fluorescent substrate (ne-K9, ne-K4a, ne-K4b, or ne-K9-S) incubating with different SIRTs (1 mmol/L SIRT1, 0.3 mmol/L SIRT2, 0.4 mmol/L

SIRT3 or 2 mmol/L SIRT6), and 1 mmol/L NADþ in assay buffer at 37 �C for 30 min. Data are presented as mean�SD, nZ3; *P<0.05 vs. ne-K9.

(C) Fluorescence enhancement velocity of 20 mmol/L ne-K4a incubating with 0.3 mmol/L of different SIRTs (SIRT1-SIRT3 or SIRT6) and

1 mmol/L NADþ in assay buffer at 37 �C for 30 min. Data are presented as mean�SD, nZ3.

A one-step specific assay for SIRT2 activity 1189



Figure 6 Evaluation of newly developed fluorescent substrates, ne-D9-S and ne-d9-M. (A) The structures of two developed ne-D9 fluorescent

substrates, ne-D9-S and ne-D9-M. (B) Fluorescence enhancement velocity of 20 mmol/L of substrates (ne-D9-S and ne-D9-M) incubating with

SIRT2 at gradient concentrations (0.3, 1.5 and 3 mmol/L), 1 mmol/L NADþ in assay buffer at 37 �C for 30 min. Data are presented as mean�SD,

nZ3.
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neither ne-D9-S nor ne-D9-M could be hydrolyzed by SIRT2 at
0.3 mmol/L. An obvious fluorescent increment would appear for
ne-D9-S while the concentration of SIRT2 was up to 3 mmol/L,
and ne-D9-M was hard to be hydrolyzed by SIRT2 even at a high
concentration (Fig. 6B).

Considering all the above results, we infer that ne-K4a may be
a specific fluorescent probe more suitable for screening SIRT2
modulators in vitro. In addition, all the three substrates which were
modified on the acyl side chain length, ne-K9-S, ne-D9-S, ne-D9-
M, showed a sharp decrease in fluorescence enhancement velocity
under the action of SIRT2, implying that SIRT2 was highly sen-
sitive to the fluorescent-labeled acyl side chain length of the
substrates.

3.5. The application of continuous SIRT2 assay in cell lysis

In view of the specificity of ne-D9 and ne-K4a for SIRT2, we
postulated that the two fluorescent probes may be involved in cell
lysis. Therefore, cell lysates of HeLa and HEK293Awith or without
overexpressing SIRT1, SIRT2, SIRT3 and SIRT6 were prepared
(Supporting Information Fig. S7). They were added to the SIRT2
Figure 7 Application of two specific fluorescent probes in cell lysis. Fl

K4a and (B) ne-D9, incubating with 45 mg of supernatant protein derived

without SIRT1eSIRT3 or SIRT6 plasmids), and 1 mmol/L NADþ in assa
*P<0.05 vs. control.
activity evaluating system using substrates, ne-D9 or ne-K4a, to
confirm two aspects: (1) the stability of ne-D9 and ne-K4a in cell
lysates; (2) the specificity of ne-D9 and ne-K4a for SIRT2 in cell
lysates. It was apparent that fluorescence intensity increased for ne-
K4a even in wide-type cell lysis, reflecting that ne-K4a was un-
stable in cell lysis. However, the increase in fluorescence velocity of
SIRT2 group was higher compared to other groups obviously,
confirming the specificity of ne-K4a for SIRT2 (Fig. 7A). A weak
fluorescence intensity was observed when ne-D9 reacted with the
cell lysis sample with only basal level of SIRT1, SIRT3, and SIRT6.
In contrast, when SIRT2 was overexpressed, the fluorescence in-
tensity of substrate ne-D9 appearred increased significantly
(Fig. 7B). This indicated that ne-D9 was stable in the cell lysis and
thus may be applied in cell lysis to assess the activity of cell SIRT2
enzyme. In contrast, when the cell lysate overexpressing SIRT4,
SIRT5 and SIRT7 was reacted with ne-K4a and ne-D9, unlike
SIRT2 group, the fluorescence velocity was not increased, which
eliminated the possibility that the remaining members of SIRTs
could react with ne-K4a and ne-D9 (Supporting Information
Fig. S8). Based on these findings, we speculate that ne-D9 is suit-
able to detect the agonist of SIRT2 in cells.
uorescence enhancement velocity of 20 mmol/L of substrates, (A) ne-

from cell lysis (gathered from 293A or HeLa cells transfected with or

y buffer at 37 �C for 30 min. Data are presented as mean�SD, nZ3;
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4. Conclusions

We developed a continuous, specific fluorescent probe, ne-K4a,
for screening SIRT2 modulators in vitro. Compared with the
current assay methods for SIRT2, including two-step method,
radioisotope-labeled method and HPLC method, the novel ne-K4a
assay system has three major advantages. First, the ne-K4a assay
system is free from interference with trypsin modulators. Second,
the detection duration of the ne-K4a assay system is less than
30 min, which is different from the detection duration of some
commercial kits based on two-step method, being nearly 2 h,
because both SIRT and trypsin reactions requires longer time to
reach completion. Third, the whole ne-K4a system only requires
addition of ne-K4a, NADþ and SIRT2 in the buffer, which greatly
simplifies the sample handling and experimental operation. In
addition to in vitro application, another specific probe, ne-D9,
displayed good stability in cell lysates, indicating that it can be
applied in the detection of SIRT2 activity in cell lysates. However,
ne-D9 cannot be applied in live cell imaging of SIRT2 activity
because its excitation/emission wavelength of the fluorophore is
unsuitable. This can be addressed by improving the one-step
method through changing the fluorophore. Finally, this study
examined the influence of fluorescent peptide contexts, number of
amino acids in fluorescent substrates and fluorescent-labeled acyl
side chain length on the one-step based assay, thereby providing
reference for the design of SIRTs fluorescent substrates. Particu-
larly, the sequence of substrate ne-D9 is highly specific to SIRT2
in vitro because it was verified to be recognized only by SIRT2 in
the traditional two-step based assay and in the same condition in
our one-step based assay. We envision that our probes can be
useful tools for screening SIRT2 modulators, and will promote the
development of new one-step-based SIRT assay in the future.
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