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Abstract

Sirtuins are NAD-dependent lysine deacylases that play critical roles in cellular regulation and are 

implicated in human diseases. Modulators of sirtuins are needed as tools for investigating their 

biological functions and possible therapeutic applications. However, the discovery of sirtuin 

modulators is hampered by the lack of efficient sirtuin assays. Here we report an improved 

fluorogenic assay for SIRT1, SIRT2, and SIRT3 using a new substrate, a myristoyl peptide with a 

C-terminal aminocoumarin. The new assay has several advantages, including significantly lower 

substrate concentration needed, increased signal-to-background ratio, and improved Z′-factor. The 

novel assay thus will expedite high-throughput screening of SIRT1, SIRT2, and SIRT3 

modulators.

Sirtuins, the silent information regulator 2 (Sir2) 1 family of histone deacetylases (HDACs) 

have seven isoforms (SIRT1–7) in mammals.2 In contrast to the Zn2+-dependent HDACs, 

sirtuins utilize nicotinamide adenine dinucleotide (NAD) as a co-substrate to perform 

deacetylation.3 Besides lysine deacetylase activity, sirtuins have also been discovered to 

exhibit other enzymatic activities. For example, SIRT5 was shown to efficiently catalyze 

demalonylation, desuccinylation, and deglutarylation,4-7 and SIRT6 is capable of 

hydrolyzing long-chain fatty acyl group on TNF α.8 By post-translationally modifying 

various substrate proteins, sirtuins regulate many biological pathways and exert their effects 

on metabolism,6, 9 genome stability,10 and longevity.11 Therefore, they are considered 

potential therapeutic targets for a variety of diseases, including diabetes,12 cardiac disease,13 

and cancers.14

The Important biological function of sirtuins have sparked interest to develop small 

molecule modulators that can regulate their activity.15, 16 Certain sirtuin inhibitors showed 

ability to inhibit cancer cell growth17 and induce cancer cell-specific apoptosis.18 Sirtuin 

activators could potentially be used to treat diabetes12 and promote longevity,11 although the 

effects of sirtuin activators are still under debate.19-21 SIRT2-specific inhibitor shows 

promising effects in Parkinson's disease22 and Huntington's disease.23 Thus, developing 
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sirtuin modulators is of great interest in both basic biological studies and therapeutic 

applications.

To facilitate the development of potent sirtuin modulators, many assays have been developed 

for the detection of sirtuin activity,24, 25 including radioisotope-labelled assays,26 high-

performance liquid chromatography (HPLC)-based assays,4, 8 mass spectrometry (MS)-

based assays,27, 28 and fluorescence-based assays. Fluorescence-based assays which include 

direct fluorescence assays,29, 30 fluorescence polarization assays,12 and fluorescence 

resonance energy transfer (FRET)-based assays.31-34 Fluorescence-based assays are most 

suitable for high-throughput screening of sirtuin modulators.11, 12 The fluorogenic substrates 

of direct fluorescence assays are based on a peptidic substrate of sirtuin comprising an ε-

acylated lysyl moiety and a 7-amino-4-methylcoumarin moiety (AMC) at the C terminus of 

the peptide chain as a fluorescent tag (Figure 1). 29, 30 The acyl group can be acetyl, 

myristoyl, or succinyl groups depending on the target sirtuins. In the presence of the co-

substrate NAD, sirtuins can remove the acyl modification from the lysine side chain, 

revealing the free lysine side chain. The resulting lysine peptide can then be cleaved by 

trypsin to release the fluorophore, allowing facile detection of sirtuin enzymatic activity by 

reading the fluorescence (Figure 1).

A Cbz-protected lysine with acetyl group and AMC was initially reported as a SIRT1 

substrate (1, ZMAL, Figure 2),35 which is then used as the substrate for SIRT2 and SIRT3 

assay.36-38 A p53-based peptide with acetyl-lysine and C-terminal AMC was developed for 

detecting the activity of SIRT1 (2, p53379-382, Figure 2). Later, another p53-based peptide 

was applied to SIRT2 and SIRT3 assays (3, p53317-320, Figure 2). In addition, a single lysine 

with succinyl group and AMC was reported as a SIRT5 substrate (6, Figure 2).39 Recently, 

SIRT1-3 and 6 were found to efficiently remove long chain fatty acyl groups from lysine 

residues on proteins.8, 40, 41 We further demonstrated that a myristoyl-lysine fluorogenic 

peptide (5, TNF- α15-20, Figure 2) is a much better substrate for detecting the activity of 

SIRT6.42

One of the criteria for an ideal enzymatic assay is a low Km value for the substrate, which 

renders the use of low substrate concentrations and decreases the reagent cost.43 The Km 

value of SIRT2 for a myristoyl peptide (0.24 μM) is much lower than that for an acetyl 

peptide (19.00 μM).41 Based on this finding, we suspected that a myrsitoyl lysine peptides 

may be a better substrate and provide a better SIRT1, SIRT2, or SIRT3 assay.

To test this, a p53317-320 peptide with myristol-lysine and C-terminal AMC (substrate 4, 

Figure 2) was synthesized using standard solid phase peptide synthesis, followed by AMC 

coupling and deprotection (Scheme 1).42 We first determined the kinetic constants of sirtuins 

against 4 and our previously reported SIRT6 substrate 5. Using an HPLC-based assay, we 

measured the initial velocity, V0, as a function of substrate concentration [S] and the data 

were fitted to the Michaelis–Menten equation (Figure S1) to give the Km and kcat values as 

shown in Table 1. The Km of myristoyl substrates 4 and 5 for SIRT1, SIRT2, and SIRT3 are 

much lower than that of the commercial acetyl substrate 3, suggesting that the myristoyl 

peptides have better affinities toward these sirtuins. The low Km of myristoyl substrates is 
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likely due to the large hydrophobic pockets of SIRT1, 2, and 3, which can accommodate the 

myristoyl group41.

We then compared the fluorescence increase in the two-step sirtuin assay with different 

fluorogenic substrates (3, 4, and 5). We initially used the conditions specified in the 

commercial sirtuin assay kit. We incubated 125 μM of the fluorogenic substrates with 1 μM 

sirtuins (SIRT1, 2, and 3) and 3 mM NAD at 37 °C for 45 min, and then added the stop/

developer solution containing trypsin and nicotinamide for 30 min at room temperature to 

release the fluorophore. For the commercial substrate 3, the increase in fluorescence was 

less than 10-fold in SIRT1–3 reactions, which was in agreement with previous results.39 For 

SIRT1 and SIRT3, substrate 4 and 5 gave slightly better fluorescence increase than substrate 

3 (Figure 3). However, for SIRT2, substrate 3 gave better increase in fluorescence than 

substrate 4 and 5 (Figure 3), but substrate 3 also had the highest fluorescence background 

without addition of sirtuins (Figure S2b).

Since the Km values of SIRT2 and SIRT3 against the myristoyl substrates 4 and 5 are less 

than 10 μM, we then used 10 μM of different fluorogenic substrates to compare the 

fluorescence increase. The commercial substrate 3 still had the highest fluorescence 

background (Figure S2c). Substrate 4 and 5 both gave higher fluorescence after SIRT1-3 

reactions than substrates 3 (Figure S2c). After dividing by the background signal, substrate 4 
gave 55-, 85-, and 43-fold increase in fluorescence in SIRT1, SIRT2, and SIRT3 reactions, 

respectively (Figure 4). Meanwhile, the commercial substrate 3 only gave 13-, 6-, and 5-fold 

increase in fluorescence in SIRT1, SIRT2, and SIRT3 reactions, respectively. Substrate 5 
also gave higher fluorescence increases in the assays than 3, but compared to substrate 4 the 

increases were slightly smaller. The new substrate 4 not only works at lower concentration 

but also gives larger fold increase than the substrate 3 from the commercial assay kit.

To evaluate the quality of the sirtuin assay for future high-throughput screening use, signal 

to background (S/B) ratio and Z′-factor were considered.44 S/B ratio represents assay 

sensitivity, and Z′-factor reflects dynamic range of the assay and the data variation. In the 

case of fluorogenic assay, fold increase in fluorescence is equivalent to S/B ratio. Although 

substrate 4 exhibited lower catalytic efficacy than 5 (Table 1), it gave higher S/B ratio and 

was therefore chosen for further optimization. We varied the concentration of substrate 4 and 

obtained the S/B ratios and Z′-factors (Table 2). In SIRT1, SIRT2, and SIRT3 assay, 5 μM of 

substrate 4 gave the best result. The S/B ratio were 75, 165, and 45, and the Z′-factors were 

0.98, 0.87, and 0.92 in SIRT1, SIRT2, and SIRT3 assays, respectively. Compared to the use 

of 125 μM of substrate 3 in the commercial assay kit (S/B and Z′-factor), the significantly 

improved S/B ratio, the excellent Z′-factor, and the reduction of the working concentration 

of substrate 4 will better enable high-throughput screening.

To demonstrate that the new fluorogenic substrate 4 is suitable to detect sirtuin inhibitors, we 

measured the dose-dependent inhibition of sirtuins by nicotinamide. The dose-response 

curve was obtained by measuring the fluorescence in various concentration of nicotinamide 

with 5 μM of substrate 4 and 1 mM of NAD (Figure 5). The IC50 values of nicotinamide for 

SIRT1, SIRT2, and SIRT3 were determined to be 79, 138, and 84 μM, respectively. The IC50 

values were comparable to those previously reported.45, 46 Thus, the new fluorogenic assay 
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provides reliable IC50 values and should be suitable for screening unknown inhibitors of 

SIRT1/2/3.

Conclusions

We have developed an improved fluorogenic assay for SIRT1, SIRT2, and SIRT3 using a 

new myristoyl peptide with C-terminal AMC as the substrate. The new substrate, 4, gave the 

much excellent S/B ratios and Z′-factors compared to the currently available commercial 

assay. The new substrate also dramatically decreases the substrate concentration needed, and 

thus will decrease reagent cost in high-throughput screening. The assay thus will help to 

discover new sirtuin modulators via high-throughput screening and to facilitate biological 

and pharmacological studies of sirtuins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Principle of two-step direct fluorescence assays of sirtuins.

Chiang and Lin Page 7

Org Biomol Chem. Author manuscript; available in PMC 2017 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Fluorogenic substrates for direct fluorescence assays of sirtuins.
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Figure 3. 
Fold increase in fluorescence with different substrates at 125 μM in the two-step sirtuin 

assay.
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Figure 4. 
Fold increase in fluorescence with different substrates at 10 μM in the two-step sirtuin assay.
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Figure 5. 
Dose-dependent inhibition of sirtuins by nicotinamide. The IC50 values of nicotinamide for 

SIRT1, SIRT2, and SIRT3 were determined to be 79, 138, and 84 μM, respectively.
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Scheme 1. 
Synthesis of substrates 4. Reagents and conditions: (a) standard solid phase peptide 

synthesis; (b) ClCOOiBu, N-methylmorpholine, 7-amino-4-methyl-coumarin, DMF; (c) 1% 

triisopropylsilane in TFA.
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