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A B S T R A C T

Reversible protein acetylation, one of the key types of post-translational modifications, is composed of histone
acetylation and deacetylation, which is typically catalyzed by histone acetyltransferases (HATs) and histone
deacetylases (HDACs) respectively. Herein, a label-free fluorescent method has been established for the
homogeneous bioassay of HAT/HDAC activity and respective inhibitors. The proposed approach is primarily
based on the electrostatic interaction between G-quadruplexes (G4s) and acetylation-related peptides, which
results in marked change of fluorescent intensity of G4/Thioflavin T (ThT) complexes. This HAT (p300) activity
assay is exceedingly sensitive and selective, with a linear range from 0.1 to 120 nM and a detection limit of
0.05 nM. Moreover, this biosensor is feasible to detect the HDAC (Sirt1) activity with a linear range from 1 to
450 nM and a detection limit of 1 nM. The potency of this assay is further demonstrated by detecting HAT/
HDAC activity in cell lysates and evaluating HAT and HDAC-targeted inhibitors, C464 and EX 527, respectively.
The proposed assay is convenient, label-free and cost-efficient, which is promising for HAT/HDAC-targeted
epigenetic research and pharmaceutical development.

1. Introduction

Histone modification, a covalent post-translational modification
(PTM) to histone proteins, is of vital importance in epigenetic regula-
tion (Strahl and Allis, 2000; Zhang et al., 2015). Owing to the histone
modification, diverse biological events such as transcriptional activa-
tion/inactivation, chromosome packaging, and DNA damage/repair
can be controllably carried out (Biel et al., 2005; Zhao et al., 2010;
Wang et al., 2010). Particularly, reversible acetylation on lysine
residues is one of the major mechanisms of histone modification. The
level of histone lysine acetylation is accurately mediated by the
antagonistic catalytic activity of histone acetyltransferases (HATs)
and histone deacetylases (HDACs) (Jenuwein and Allis, 2001;
Seligson et al., 2005). Through acetylation, HAT reduces electrostatic
interactions between histones and their wrapping DNA, producing an

open chromatin structure for the accessibility of regulatory proteins. In
contrast, HDAC catalyzes acetyl group removal and enhances the
linkage of histones and genes, leading to a closed chromosomal
configuration and transcriptional repression. Aberrant activity of
HAT or HDAC, inducing the disturbance of histone acetylation, has
been validated relevant to the etiology of numerous diseases, including
cancer, neurological disorders, chronic inflammation, and HIV infec-
tion (Dekker and Haisma, 2009). To date, HAT/HDAC has emerged as
a novel class of drug targets and HAT/HDAC-targeted inhibitors are
also under extensive investigation. To expedite such investigation, the
development of convenient assay methods of HAT/HDAC activity is
urgently required, which is significant in drug development and
pharmaceutical studies of clinical diagnosis, and is also essential for
better understanding of epigenetics-related research.

Traditional methods for monitoring the activity of HAT/HDAC are
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based on acetyl-lysine-specific antibodies, such as western blot, en-
zyme-linked immunosorbent assay (ELISA), colorimetric and fluores-
cent assay kits of acetyl-specific antibodies (Kuninger et al., 2007; Zhen
et al., 2012). Generally, these methods suffer from the intrinsic
drawbacks of antibodies, such as low stability, high batch-to-batch
variability, and high cost. Alternative methods for antibody-free assays
have also been developed, e.g., antibody-free assays via recognition of
acetylated products, detection based on inhibition of protease degrada-
tion or acetylation-induced peptide regulation on nano-materials (Chen
et al., 2015; Hu et al., 2015; Han et al., 2015). Though above antibody-
free methods have simplified the operations to some extent, some
complicated steps, such as covalent labeling of peptides with fluor-
ochromes, treatment with expensive toolkit of enzymes, or requirement
of costly instruments, are still necessary during detection processes (Li
et al., 2016a, 2016b). Therefore, more endeavors are needed to develop
a novel antibody-free method for facile, low-cost, robust and homo-
genous bioassay of such enzymes. Moreover, a detection platform of
high-throughput screening and evaluation of HAT/HDAC-targeted
inhibitors is preferable for pharmacological and therapeutic purposes.

Recently, functional nucleic acids of G-quadruplexes (G4s) have
attracted great interest as versatile molecular toolkits (Kong et al.,
2010; Jin et al., 2013; Qi et al., 2013; Huang et al., 2014). In general,
G4s are unique four-stranded nucleic acid structures which are formed
by stacking of Hoogsteen base paired G-quartets, and this phenomenon
is prevalent in G-rich sequences (Parkinson et al., 2002; Li et al.,
2016a, 2016b). Interestingly, thioflavin T (ThT) was recently demon-
strated to be highly specific for G4s, and its binding with G4s causes a
striking fluorescence light-up in the visible region (Mohanty et al.,
2012). In addition, the fluorescigenic G4/ThT complexes have been
widely investigated as fluorescent probe due to their impressive
advantages of low cost, facility, strong stability, high signal-to-back-
ground, and quick signal response. To date, the G4/ThT-based sensors
have already been implemented for various detections of DNA-related
analytes, such as biomarkers of ions, microRNAs, DNA-relevant
nuclease, and ligands of aptamers (Ruttkay-Nedecky et al., 2013; Liu
et al., 2014). However, to the best of our knowledge, G4-based
bioassays have not been applied to detections of histone acetylation-
related enzymes. Since the electrostatic interactions between histone
and DNA are reversibly controlled by the acetylation/deacetylation-
related enzymes, it is intriguing to develop a sensing mechanism for
HAT/HDAC activity which mimics the interaction between histones
and DNA mediated by protein acetylation. Hence, we envisioned that a
G4/ThT-based probe could be exploited for homogeneous detection of
acetylation and acetylation-related enzymes activity.

In this research, a label-free fluorescent biosensor was developed
for sensitive detection of acetylation-related enzymes activity of HAT
and HDAC. It was established in virtue of the interaction between G4-
DNA and acetylated-substrate peptide, and the fluorescence emission
of G4/ThT complexes. Similar to acetylation-mediated histone-DNA
interaction, the charge change caused by lysine-acetylation of substrate
peptides leads to the different competitiveness between peptides and
ThT to bind G4, displaying a significant difference in fluorescent
intensity. Through monitoring the G4/ThT-emitted fluorescence, the
HAT-mediated acetylation process and the HDAC-mediated deacetyla-
tion process were homogenously detected, respectively. Compared with
the conventional HAT/HDAC sensing methods, the proposed fluoro-
metric biosensor presents a new sensing platform for probing HAT and
HDAC activity, which overcomes common shortcomings including
sophisticated peptide labeling, time-consuming, low sensitivity, and
intricate sensing mechanism. Moreover, the sensing platform provides
a robust protocol for high-throughput screening and evaluation of
HAT/HDAC-targeted inhibitors, holding great potential in epigenetic
research and drug discovery.

2. Experimental section

2.1. Materials and reagents

Single-strand DNA (ssDNA) used in this work were synthesized and
purified by Sangon Inc. (Shanghai, China). The sequences of ssDNA are
listed in Table S1. Sirtuin1 (Sirt1) HDAC, p300 HAT, β-nicotinamide
adenine dinucleotide hydrate (NAD+), acetyl coenzyme A (Ac-CoA),
C646, thioflavin T (ThT), lysozyme, bovine serum albumin (BSA),
horseradish peroxidase (HRP), glucose oxidase (GOx), protein kinase A
(PKA), acetylcholinesterase (AChE) and caspase-3 (Caspase) were
purchased from Sigma-Aldrich (Shanghai, China). EX 527 was pur-
chased from Selleck (Shanghai, China). Substrate peptide P(+)
(RGKGGKGLGKGGAKA) and acetylated peptide P(Ac) (RGK(Ac)
GGK(Ac)GLGK(Ac)GGAK(Ac)A) were purchased from Aite peptide
Ltd. (Nanjing, China). All solutions were prepared with ultrapure
water (18.2 MΩ·cm, 25 °C) from the Millipore Milli-Q system.

2.2. Apparatus

The fluorescence measurements for detecting HAT (p300) and
HDAC (Sirt1) inhibitors were collected by a Synergy Mx multimode
microplate reader (BioTek, USA). All other fluorescence spectra were
surveyed on the Quanta Master™ 4 fluorescence spectrometer (PTI,
Canada). The circular dichroism (CD) spectra were performed on a
MOS-500 spectrophotometer (BioLogic, France). The hydrodynamic
diameter was recorded by dynamic light scattering (DLS, UK). The
hydrogel imaging results were collected by Gel Doc XR System (Bio-
Rad, USA).

2.3. Detection of HAT (p300) activity and its inhibitor

For HAT p300 activity, p300 at various concentrations (from 0 to
400 nM) was incubated with substrate peptide P(+) (10 μM) and Ac-
CoA (100 μM) in borate buffer (10 mM, pH 7.5) with a total volume of
10 µL for 90 min at 30 °C. After the enzyme reaction, TBA (100 nM)
was injected in and incubated for 30 min at 30 °C, followed by adding
ThT (4 μM) and a certain volume of ultrapure water (final sample
volume 100 µL). After incubation for 1 min, the fluorescence of the
mixture solutions were measured. For HAT p300 inhibition, p300
(120 nM), substrate peptide P(+) (10 μM), and p300 inhibitor C646 at
different concentrations (from 0 to 60 μM) were pre-incubated for
10 min at room temperature in borate buffer (10 mM, pH 7.5). After
that the reaction was initiated by the addition of Ac-CoA (100 μM) with
a total volume of 10 µL at 30 °C for 90 min, and then the rest of the
steps were the same as in the detection of p300 activity.

2.4. Detection of HDAC (Sirt1) activity and its inhibitor

For HDAC Sirt1 activity, Sirt1 at various concentrations (from 0 to
600 nM) was incubated with acetylated peptide P(Ac) (10 μM) and
NAD+(200 μM) in borate buffer (10 mM, pH 7.5) with a total volume of
10 µL at 30 °C for 80 min. After the enzyme reaction, TBA (100 nM)
was injected in and incubated for 30 min at 30 °C, followed by adding
ThT (4 μM) and a certain volume of ultrapure water (final sample
volume 100 µL). After incubation for 1 min, the fluorescence of the
mixture solutions were measured. For Sirt1 inhibition, Sirt1 (400 nM),
acetylated peptide P(Ac) (10 μM), and Sirt1 inhibitor EX 527 at
different concentrations (from 0 to 10 μM) were pre-incubated for
10 min at room temperature in borate buffer (10 mM, pH 7.5). After
that the reaction was initiated by the addition of NAD+(200 μM) with a
total volume of 10 µL at 30 °C for 80 min, and then the rest of the steps
were the same as the detection of Sirt1 activity.
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3. Results and discussion

3.1. The principle of detection of HAT and HADC

The principle of developing a label-free fluorescence biosensor for
probing HAT and HAT activity is schematically illustrated in Scheme 1.
The G-rich DNA sequence can be folded into a G-quadruplex structure
with thioflavin T (ThT) as inducer, resulting in a great enhancement of
ThT fluorescence intensity in the visible light region (Mohanty et al.,
2012). The fluorescence signal of ThT dye is employed as the output
signal of the proposed assay. The 15 amino acids (aa)-long substrate
peptide P(+) carries four positively charged lysine residues which is
derived from the H4 N-terminal histone tail. The positively charged
substrate peptides interact with G4s to form a stable peptide/G4
complexes, preventing the formation of G4/ThT and producing little
fluorescent emission. After acetylation by HAT, the positive charges
from the substrate peptide P(+) are significantly removed, causing the
dissociation of peptide/G4 complexes. The newly released G4 recom-
bine with ThT, resulting in the fluorescent signal recovery. Similarly,
the addition of HDAC removed the acetyl group of P(AC) and generated
the positively charged P(+), inducing the fluorescent signal of G4/ThT
off. By this mean, the “OFF” or “ON” of G4/ThT-based fluorescent
switch is reversibly controlled by HAT or HDAC. Through monitoring
the fluorescent emission variation, a homogenous bioassay for HAT/
HDAC activities could be achieved.

3.2. Discrimination of acetylated peptide and substrate peptide by the
proposed assay

To achieve optimal performance of the proposed assay, the experi-
mental conditions were systematically investigated. The fluorescence
emission spectra at different experimental conditions were recorded,
and the value of Fa/Fb (Fa/Fb is the fluorescence intensity ratio of G4/
ThT coexisting with P(Ac) (Fa) and P(+) (Fb) respectively) was used to
assess the effects of the experimental conditions on the performance of
the proposed assay. Initially, 11 kinds of G-rich DNA sequence were
investigated. As illustrated in Fig. 1A, all the G4-DNA structures could
discriminate the acetylated peptide and substrate peptide, and three of

them, including 17DNA, thrombin-binding aptamer (TBA) and
mutPu22, showed a better performance (Fa/Fb > 500%). In addition,
the 15-base TBA with two stack G-quartets in borate buffer had the best
performance than 17DNA and mutPu22 (Fig. S1A). After that, the
concentrations of the reactants for the assay were optimized to be
100 nM TBA, 4 μM (ThT) and 1 μM (peptides) (Fig. S2 and S3). The
other reaction conditions of TBA/ThT used in the assay were optimized
to be two-steps (reaction approaches), 30 °C (temperature) and 30 min
(reaction time) (Fig. S4, S5 and S6).

Under the optimized experimental conditions, a series of character-
ization experiments were carried out to investigate the discrimination
of TBA/ThT on the acetylated peptide and substrate peptide.
Visualization hydrogel imaging of different addition of TBA, ThT,
P(+) and P(Ac) is shown in Fig. 1B. The fluorescence of hydrogel spots
of ThT and TBA/ThT/P(+) are relatively weak, while those of TBA/ThT
and TBA/ThT/P(Ac) are much stronger. The corresponding normalized
fluorescence intensity is shown in Fig. 1C. TBA, ThT and TBA/ThT/
P(+) have almost no fluorescence signal, but the fluorescence signals of
TBA/ThT and TBA/ThT/P(Ac) are markedly enhanced. These results
sufficiently indicated that the acetylated peptide and substrate peptide
could be discriminated by the fluorescence intensity of TBA/ThT.
Moreover, the structural change of TBA was investigated by the circular
dichroism (CD) spectra. As shown in Fig. 1D, the unfolded TBA has
weak positive bands around 255 and 285 nm, as well as weak trough
~265 nm (Zhao et al., 2014). Upon addition of ThT, a positive band at
∼265 nm and a negative band at ∼240 nm appear. The results prove
that the formation of parallel G4 structures, which is consistent with
the previous report (Mohanty et al., 2012). After the incubation of
P(Ac) with TBA/ThT complexes, the peak value at ~265 nm is nearly
unchanged, indicating the complexes are intact. However, the peak
value is decreased significantly at ~265 nm with the incubation of P(+)
with TBA/ThT complexes, indicating the TBA/ThT complexes are
destroyed by the stronger electrostatic interaction between P(+) and
TBA. Furthermore, the average hydrodynamic radius of TBA/P(+)
complexes was investigated. As shown in Fig. S7, an average hydro-
dynamic radius of 195 ± 69 nm is characterized by dynamic light
scattering (DLS), confirming the formation of the TBA/P(+) complexes.
Therefore, the above evidence proves that the acetylated peptide and

Scheme 1. Schematic illustration of fluorescent assay of histone acetyltransferases (HATs) and histone deacetylases (HDACs) activity.
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substrate peptide could be readily discriminated by the proposed assay.

3.3. Analytical performance of the HAT biosensor

The p300 protein, an important member of HAT family, activates
transcription via binding to transcription factors and is involved in the
complex biological processes that affect cell growth, development and
transformation (Goodman and Smolik, 2000). The p300 protein
catalytically transfers the acetyl functional group from the acetyl-
coenzyme A (Ac-CoA) to the specific lysine residues within the N-
terminus of the core histone proteins. Therefore, p300 was chosen as
the model HAT enzyme for the activity assay. In Fig. 2A, it demon-
strates that the fluorescence intensity presents about 85% enhance-
ment after the addition of p300, whereas the control samples, including
P(+), the coexistence of p300 and P(+), and the coexistence of Ac-CoA
and P(+) show rare fluorescence emission. In addition, the p300, the
Ac-CoA, and the coexistence of p300 and Ac-CoA have no influence on
the fluorescence intensity of TBA/ThT complexes (Fig. S8). These
results clearly suggest that the activity of p300 can be detected by the
proposed assay.

To examine the selectivity of the proposed HAT biosensor, some
different non-specific proteins, including lysozyme, bovine serum
albumin (BSA), horseradish peroxidase (HRP), glucose oxidase
(GOx), protein kinase A (PKA), acetylcholinesterase (AChE), caspase-
3 (Caspase) were selected to challenge the HAT biosensors. As

displayed in Fig. 2B, the presence of p300 leads to a significant
fluorescent response, while the presence of non-specific proteins has
negligible effects on the fluorescent signal compared to the blank test
(in the absence of p300). Moreover, the effect of co-existing of the
above non-specific proteins on the detection of p300 was investigated.
The results shown in the inset of Fig. 2B prove that the co-existence of
each above non-specific proteins hardly interferes with the proposed
HAT biosensor. It clearly indicates that the HAT biosensor facilely
discriminates between p300 and the non-specific proteins with high
specificity.

For sensing performance analysis, it was evaluated by quantitative
detection of p300 activity at various concentrations. The fluorescence
intensity upon addition of different concentration of p300 was recorded.
Fig. 3A displays the typical fluorescence emission signals of the proposed
sensing system corresponding to a series of different concentrations of
p300. It is observed that the fluorescence emission intensity gradually
increases when the concentration of p300 is elevated from 0 to 600 nM.
There is a good liner relationship between the fluorescence intensity and
the p300 concentration in the range of 0.1–120 nM, as shown in Fig. 3B.
The linear regression equation is Y=0.00637×Cp300+0.152 (R2=0.995).
Thus, it is demonstrated that the p300 activity can be quantitatively
analyzed by the plot of fluorescence intensity versus enzyme concentra-
tions. The limit of detection (LOD) is found to be 0.05 nM (S/N=3), which
is better than most of the other developed approaches. The detailed
comparison of these p300 activity is listed in Table S2.

Fig. 1. (A) Optimization experiments for the sequence of G4s (the sequences of ssDNA are listed in Table S1). The hydrogel image (B), the normalized fluorescence intensity
(λex=425 nm) (C), and the circular dichroism spectra of TBA (1), ThT (2), TBA/ThT (3), TBA/ThT/P(+) (4) and TBA/ThT/P(Ac) (5). Noted that Fa/Fb is the fluorescence intensity ratio
of TBA/ThT coexisting with P(Ac) (Fa) and P(+) (Fb) respectively. [G4s]=100 nM, [ThT]=4 μM, [P(+)]=1 μM, [P(Ac)]=1 μM.
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Fig. 2. (A) Response of the HAT biosensor to P(+), p300/P(+), Ac-CoA/P(+), and p300/Ac-CoA/P(+). (B) The bar graph corresponding to the selective experiment of the HAT
biosensor. The HAT-catalyzed reaction ([p300]=120 nM) was conducted in the absence (Blank) or presence of different non-specific proteins (120 nM) including lysozyme, bovine serum
albumin (BSA), horseradish peroxidase (HRP), glucose oxidase (GOx), protein kinase A (PKA), acetylcholinesterase (AChE) and caspase-3 (Caspase). Inset in (B) is the fluorescence
responses of the proposed assay of p300 and p300 co-existed with different non-specific proteins. F/F0 is the fluorescence intensity ratio of the proposed assay and TBA/ThT complexes.

Fig. 3. (A) The fluorescence spectra of the HAT assay responsive to increasing concentrations of p300 (from bottom to top: 0, 0.05, 0.1, 0.5, 1.0, 5.0, 10, 20, 40, 60, 80, 100, 100, 120,
160, 200 and 400 nM) and (B) its calibration curve. (C) The fluorescence spectra of the HAT assay in response to the absence (black line) and presence (red line) of 60 μM p300 inhibitor
C646. (D) Various concentrations of C646 were used for p300 inhibition. From top to bottom ([C646]: 0, 0.1, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 20, 40 and 60 μM). Inset in (D) shows the
fluorescence signal curve as a function of the concentration of C646. [p300]=120 nM. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Besides selectivity and sensitivity, the detection of p300 assay in
complex samples is also significant for exploiting the potential of the
proposed assay in practical applications. Thus, a recovery experiment
was performed by addition of different concentrations of p300 into the
HeLa cell lysates. The HeLa cell lysates were treated by DNase I and
RNase to remove cellular DNA and RNA. The detection results
corresponding to p300 in the 10,000 cells/mL HeLa cell lysates were
basically consistent with those under the buffer conditions. As illu-
strated in Table S3, the recoveries vary from 99% to 103% and the
relative standard deviation (RSD) is below 3.5%, demonstrating the
potential of the HAT biosensor for HAT (p300) activity detection in real
biological samples.

3.4. Investigation on HAT inhibitors based on the HAT biosensor

HAT inhibitors are potential drugs for the treatment of several
related diseases, such as inflammatory diseases, cancers and psycho-
logical disorders. Therefore, a sensitive assay for screening inhibitors of
HAT enzyme is vital for drug development. A potent small-molecule
inhibitor, C646, is a competitive inhibitor of p300 that antagonizes Ac-
CoA, and it was shown to suppress histone acetylation in human cells
in vitro. It was chosen to test its inhibitory activity to p300 detected by
the HAT biosensor (Bowers et al., 2010). Fig. 3C demonstrates the
feasibility of the inhibition experiment. The fluorescence intensity
decreases about 84.7% with the addition of 60 μM C646.
Furthermore, the HAT biosensor is able to measure the inhibitory
activity quantitatively by exposing p300 to a series of dilutions of C646.
As shown in Fig. 3D, the fluorescent signal decreases gradually with
increasing concentration of C646, elucidating its inhibitory ability of
C646. The dose-response curve for C646 is sigmoidal (the inset of
Fig. 3D) and the IC50 value of C646 toward p300 is estimated to be
3.78 ± 0.42 μM, well consistent with the literature values (Bowers et al.,
2010). These results suggest that the HAT biosensor can be applicable
for screening HAT inhibitors.

3.5. Analytical performance of the HDAC biosensor

As members of Class III histone deacetylases (HDACs), sirtuins act
primarily by removing acetyl groups from N-acetyl-lysine residues
within histone proteins in the presence of nicotinamide adenine
dinucleotide (NAD+). Sirtuin1 (Sirt1) is a member of the sirtuin family
that contributes to cellular regulation and is involved in metabolism
and age-related diseases (Longo and Kennedy, 2006). In this work,
Sirt1 was chosen as a model HDAC enzyme. For feasibility analysis, as
shown in Fig. 4A, the fluorescence intensity of the reaction of P(Ac)
with Sirt1 and the co-substrate NAD+ is markedly decreased compared
with the control samples, including P(Ac), the coexistence of Sirt1 and
NAD+, and the coexistence of NAD+ and P(Ac). The results indicate
that the acetyl groups on lysines are removed, thus quenching the
fluroscence signal of the assay. Addition of Sirt1-specific inhibitor (EX
527) (Gertz et al., 2013) completely inhibits the fluorescence decreases,
indicating that the HDAC-catalyzed deacetylation causes a significant
fluorescence signal change. In addition, the Sirt1, the NAD+, or the
coexistence of Sirt1 and NAD+ have no influence on the fluorescence
intensity of TBA/ThT complexes (Fig. S9). These results clearly
demonstrate that the activity of Sirt1 can be detected by the proposed
assay.

Selectivity is an important factor that determines the performance
and utilization of the HDAC biosensor. Thus the selectivity of the
HDAC biosensor was explored by substituting Sirt1 with several
different non-specific proteins, namely lysozyme, bovine serum albu-
min (BSA), horseradish peroxidase (HRP), glucose oxidase (GOx),
protein kinase A (PKA), acetylcholinesterase (AChE) and caspase-3
(Caspase). As shown in Fig. 4B, none of these non-specific proteins
turns off the fluorescence of the ThT dye. Moreover, the effect of co-
existing of the above non-specific proteins on the detection of Sirt1 was

also investigated (see Fig. S10). These results fully prove that the co-
existence of each above-mentioned non-specific protein does not
interfere with the proposed HDAC biosensor. Furthermore, these
results clearly indicate the high selectivity of the proposed strategy
for HDAC (Sirt1) activity over other interfering proteins, which can
facilitate the practical application of HDAC (Sirt1) in complex samples.

The analytical performance of the developed strategy for Sirt1
HDAC activity detection was examined. The fluorescence intensity
upon the addition of different concentration of Sirt1 was recorded.
According to Fig. 4C, the fluorescence intensity of ThT dye decreases
gradually with the increasing concentrations of Sirt1 from 0 to 600 nM.
The inset of Fig. 4C shows that there is a good linearity between the
fluorescence intensity at 485 nm of the HDAC assay and Sirt1
concentration in the range of 1–450 nM. The linear regression
equations is Y=−0.00176×CSirt1 +0.932 (R2=0.992). The LOD for
Sirt1 is 1 nM (S/N=3). In addition, the analytical performance of the
proposed HDAC biosensor was superior or comparable to the pre-
viously reported methods for sirt1 detection (detailed comparison
shown in Table S2).

To test the potential application of the proposed strategy to a
complex sample, we employed the HeLa cell lysates as model matrix.
The HeLa cell lysates were treated by DNase I and RNase to remove
cellular DNA and RNA. Recovery experiment was performed by adding
various concentrations of Sirt1 to HeLa cell lysates to test the accuracy
of the proposed method. The detection results corresponding to Sirt1 in
the 10,000 cells/mL HeLa cell lysates were basically consistent with
those under buffer conditions. The quantitative results were summar-
ized in Table S4, with the recoveries varying from 98% to 106% and the
RSD below 5.5%. These results are consistent with those for Sirt1
detection in buffer solutions, further confirming the biosensor for
HDAC (Sirt1) activity detection is promising for the detection of Sirt1
activity in real biological samples.

3.6. Investigation on HDAC inhibitors based on the HDAC biosensor

Sirtuins are considered as promising targets for drug discovery and
the screening of its inhibitors can provide potential drugs for related
diseases, including metabolic diseases, cancer, and age-related dis-
eases. Hence, the HDAC biosensor was further employed for quanti-
tative screening of the inhibitor for the Sirt1. EX 527 was chosen as a
model compound because it is a potent and specific small-molecule
Sirt1 inhibitor and was used in many physiological studies. The
inhibitory effects of EX 527 on Sirt1 activity were examined using
the proposed assay. Fig. 4D depicted the fluorescence spectral
responses in the presence of EX 527 at varying concentrations. The
fluorescence emission peaks were observed to increase dynamically
with the increasing EX 527 concentration in the range from 5 nM to
10 μM. The fluorescence emission at 485 nm displayed a sigmoid
correlation to the concentrations of EX 527, and the IC50 value of EX
527 toward Sirt1 was estimated to be 0.079 ± 0.034 μM, in good
accordance with the literature values (the inset of Fig. 4D) (Gertz
et al., 2013). These findings demonstrate that the proposed Sirt1
activity assay can be successfully applied in Sirt1 inhibitor screening
and is a potentially useful tool for drug discovery.

3.7. Evaluation of the proposed assay for high-throughput screening
HAT/HDAC inhibitors

Developing a high-throughput screening (HTS) assay is very
important for accurately and rapidly identify HAT/HDAC inhibitors
and determining its IC50 values. To demonstrate the ability of the HAT/
HDAC biosensors for high-throughput screening of HAT/HDAC in-
hibitors, we use a coefficient called “Z′-factor”. The value of Z′-factor
should be within the range of 0.5 and 1.0 to show a wide separation of
positive and negative results (Zhang et al., 1999). As shown in Fig. 5A
and B, the Z′-factors of C646 and EX 527 were 0.71 and 0.68,
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respectively, demonstrating that the proposed assay would be a robust
strategy with good reproducibility for HTS.

4. Conclusions

In summary, we developed a label-free fluorescent biosensor for
sensitive and specific monitoring the acetylation-related enzymes HAT/
HDAC activity and screening its inhibitors. To the best of our knowl-
edge, this work demonstrated for the first time that the interaction
between G4 and acetylation-relation peptides could be applied to assay
the activity and inhibition of HAT/HDAC. The results revealed that this
method was implemented conveniently through homogeneous reac-
tions and enabled the detection in a robust manner. Moreover, it works
for enzymes activity assay in practical samples, such as cell lysates.
Compared with traditional methods, our proposed method presents
several advantages: (i) our assay is label-free and avoids sophisticated
chemical modification; (ii) it shows good analytical performance, such
as wide detection range, high sensitivity and selectivity; (iii) it is facile,
convenient and time-saving, which can be exploited for the high-
throughput screening of HAT/HDAC inhibitors; (iv) all reagents in this
assay are commercially available and cost-efficient. We expect that our
strategy could be a promising sensing platform for HAT/HDAC-related
epigenetic research and HAT/HDAC-targeted drug screening.

Fig. 4. (A) Response of the HDAC biosensor to P(Ac), Sirt1/P(Ac), NAD+/P(Ac), Sirt1/P(Ac)/NAD+, and Sirt1/P(Ac)/NAD+/EX 527. (B) The bar graph corresponding to the selective
experiment of the HDAC biosensor. The HDAC-catalyzed reaction ([Sirt1]=400 nM) was conducted in the absence (Blank) or presence of different non-specific proteins (400 nM). (C)
The fluorescence spectra of the HDAC assay responsive to increasing concentration of Sirt1 (from top to bottom: 0, 0.5, 1.0, 5.0, 10, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 and
600 nM) and its calibration curve (inset). (D) Various concentrations of HDAC Sirt1 inhibitor EX 527 were used for HDAC inhibition. From bottom to top ([EX 527]: 0, 0.005, 0.01,
0.05, 0.1, 0.5, 1, 5 and 10 μM). Inset in (D) shows the fluorescence signal curve as a function of the concentration of EX 527 ([Sirt1]=350 nM).

Fig. 5. The evaluation of the proposed assay for high-throughput screening of 60 μM
C646 (A) and 10 μM EX527 (B).
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