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Abstract: In the current study, we discovered that a side chain-to-side chain cyclic pentapeptide
harboring a central Nε-carboxyethyl-thiocarbamoyl-lysine residue behaved as a strong and selective
(versus human SIRT1/2/3/6) inhibitor against human SIRT5-catalyzed deacylation reaction.
This compound was also found to be proteolytically much more stable than its linear counterpart.
This compound could be a valuable lead for developing stronger, selective, metabolically stable, and
cell permeable human SIRT5 inhibitors.
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1. Introduction

The evolutionarily-conserved sirtuin family of enzymes refers to a group of β-nicotinamide
adenine dinucleotide (β-NAD+)-dependent protein Nε-acyl-lysine deacylases catalyzing a deacylation
reaction that serves as one way of reversing the post-translational lysine side chain Nε-acylation [1–5].
Sirtuin family members are present in organisms from all the three life forms, and seven members
(i.e., SIRT1-7) have been known to be present in mammals, including humans [5].

The sirtuin-catalyzed deacylation includes the removal of the simple acetyl group and the
bulkier acyl groups on specific Nε-acyl-lysine residues on proteins [1,2]. Many sirtuins are now
known to more proficiently catalyze the removal of acyl groups bulkier than acetyl; human SIRT5
is one of such sirtuins. Specifically, the major deacylase activity of human SIRT5 is to catalyze
the removal of the malonyl, succinyl, and glutaryl groups, respectively, from Nε-malonyl-lysine,
Nε-succinyl-lysine, and Nε-glutaryl-lysine (Figure 1) [6–9]. Of note, besides the deacylated product, a
sirtuin-catalyzed deacylation reaction also generates another two products, i.e., nicotinamide (NAM)
and 2’-O-acyl-ADP-ribose (2’-O-AADPR) [1].

The sirtuin-catalyzed deacylation reaction plays an important role in regulating such crucial
cellular processes as transcription, DNA damage repair, and metabolism [10–12], and is regarded as a
contemporary therapeutic target for cancer, and metabolic/neurodegenerative diseases [13–16]. As a
sirtuin family member present in both cytosol and mitochondrial matrix [17], SIRT5 is intimately
involved in the metabolic regulation in these two cellular compartments, according to current
studies [8,9,18,19]. In order to further define the functional roles (including mechanistic details)
and the therapeutic potentials of the SIRT5-catalyzed deacylation, its potent and selective chemical
modulators would be desirable so that the observed functional/pharmacological consequences
following the treatment with such modulators could be more confidently correlated with the
SIRT5-catalyzed deacylation.
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Figure 1. The SIRT5-catalyzed β-NAD+-dependent Nε-acyl-lysine deacylation reactions, including 
demalonylation (n = 1), desuccinylation (n = 2), and deglutarylation (n = 3). Since these three 
deacylase activities of SIRT5 are stronger than its deacetylase activity, this latter enzymatic activity 
is not depicted here. ADP, adenosine diphosphate; β-NAD+, β-nicotinamide adenine dinucleotide; 
NAM, nicotinamide; and 2’-O-AADPR, 2’-O-acyl-ADP-ribose. 

Figure 1. The SIRT5-catalyzed β-NAD+-dependent Nε-acyl-lysine deacylation reactions, including
demalonylation (n = 1), desuccinylation (n = 2), and deglutarylation (n = 3). Since these three deacylase
activities of SIRT5 are stronger than its deacetylase activity, this latter enzymatic activity is not
depicted here. ADP, adenosine diphosphate; β-NAD+, β-nicotinamide adenine dinucleotide; NAM,
nicotinamide; and 2’-O-AADPR, 2’-O-acyl-ADP-ribose.

In the area of SIRT5 inhibitor development, compounds 1–3 shown in Figure 2 represent the three
notable examples reported in the current literature [20–22]. Among them, compounds 1 and 2 are the
strongest and most selective SIRT5 inhibitors. However, their being linear peptides would render them
less ideal as molecular entities useful as potential therapeutic agents and research tools, because of the
metabolic instability and membrane impermeability generally associated with linear peptides [23].
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Figure 2. The chemical structures of the three notable examples of human SIRT5 inhibitors (i.e., 
compounds 1–3) reported in the current literature, and their inhibitory potencies (IC50 or Ki values) 
against SIRT5, SIRT1, SIRT2, and SIRT3, respectively. Note: all of the IC50 or Ki values were obtained 
in SIRT5 desuccinylation assay. 

2. Results and Discussion 

Considering that peptide macrocyclization is an established approach to conferring upon a 
linear peptide an enhanced metabolic stability and cell permeability [23], we endeavored in the 
current study to see if potent and selective cyclic peptide-based SIRT5 inhibitor(s) could be 
identified. Figure 3 depicts the two designed cyclic peptides (4 and 5). One salient feature of these 
molecules is their harboring a central Nε-carboxyethyl-thiocarbamoyl-lysine residue that was 
previously identified in our laboratory to be a strong and selective (versus SIRT1 and SIRT6) 
thiourea-type catalytic mechanism-based SIRT5 inhibitory warhead [24]. It should be noted that 
compound 1 depicted in Figure 2 also harbors a catalytic mechanism-based SIRT5 inhibitory 
warhead (i.e., Nε-thiosuccinyl-lysine) [20], however, due to the concern over potential cellular 
toxicity resulting from the use of the thioamide-containing Nε-thioacyl-lysine type of warheads 
[25–29], we opt to use the thiourea-type warhead Nε-carboxyethyl-thiocarbamoyl-lysine to 
potentially circumvent the cytotoxicity issue. However, the central five-residue fragment of 
compound 1 (i.e., AR-(Nε-thiosuccinyl-lysine)-ST) was used as the basis in the current study to 
construct the cyclic pentapeptides 4 and 5. This is due to the previous demonstrations that the 
binding interactions of a Nε-acetyl-lysine-containing peptide substrate with a sirtuin active site are 
predominantly mediated by Nε-acetyl-lysine itself and its four immediately flanking amino acid 
residues (two on each side) [30,31], and that a catalytic mechanism-based sirtuin inhibitor is first 
recognized and processed by a sirtuin enzyme as an alternate substrate [1,32]. 
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values) against SIRT5, SIRT1, SIRT2, and SIRT3, respectively. Note: all of the IC50 or Ki values were
obtained in SIRT5 desuccinylation assay.

2. Results and Discussion

Considering that peptide macrocyclization is an established approach to conferring upon
a linear peptide an enhanced metabolic stability and cell permeability [23], we endeavored in
the current study to see if potent and selective cyclic peptide-based SIRT5 inhibitor(s) could be
identified. Figure 3 depicts the two designed cyclic peptides (4 and 5). One salient feature of
these molecules is their harboring a central Nε-carboxyethyl-thiocarbamoyl-lysine residue that
was previously identified in our laboratory to be a strong and selective (versus SIRT1 and SIRT6)
thiourea-type catalytic mechanism-based SIRT5 inhibitory warhead [24]. It should be noted that
compound 1 depicted in Figure 2 also harbors a catalytic mechanism-based SIRT5 inhibitory warhead
(i.e., Nε-thiosuccinyl-lysine) [20], however, due to the concern over potential cellular toxicity
resulting from the use of the thioamide-containing Nε-thioacyl-lysine type of warheads [25–29],
we opt to use the thiourea-type warhead Nε-carboxyethyl-thiocarbamoyl-lysine to potentially
circumvent the cytotoxicity issue. However, the central five-residue fragment of compound 1
(i.e., AR-(Nε-thiosuccinyl-lysine)-ST) was used as the basis in the current study to construct the cyclic
pentapeptides 4 and 5. This is due to the previous demonstrations that the binding interactions of a
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Nε-acetyl-lysine-containing peptide substrate with a sirtuin active site are predominantly mediated by
Nε-acetyl-lysine itself and its four immediately flanking amino acid residues (two on each side) [30,31],
and that a catalytic mechanism-based sirtuin inhibitor is first recognized and processed by a sirtuin
enzyme as an alternate substrate [1,32].Molecules 2016, 21, 1217  3 of 12 

 

 
Figure 3. The chemical structures of the cyclic peptides 4 and 5 designed in the current study. 
Macrocyclic bridging units are shown in red, and the central warhead residue is shown in blue. 

Compounds 4 and 5 were prepared according to Schemes 1 and 2 by the Fmoc 
chemistry-based manual solid phase peptide synthesis (SPPS) on Rink Amide 
4-methylbenzhydrylamine (MBHA) resin. The protecting groups Mtt and ivDde on lysine side 
chains were orthogonally deprotected respectively with 1% (v/v) trifluoroacetic acid 
(TFA)/N,N-dimethylformamide (DMF) and 2% (v/v) hydrazine/DMF, as shown. Following the 
on-resin peptide macrocyclization and formation of the central 
Nε-ethoxycarbonylethyl-thiocarbamoyl-lysine residue, a cyclic peptide was cleaved from the resin 
with a TFA-containing cocktail (Reagent K). The obtained crude cyclic peptide was then purified by 
semi-preparative reversed-phase high performance liquid chromatography (RP-HPLC). The side 
chain ethyl ester on the central Nε-ethoxycarbonylethyl-thiocarbamoyl-lysine residue of thus 
obtained cyclic peptide was subsequently hydrolyzed in solution with LiOH, affording the crude 4 
and 5, which were again purified with semi-preparative RP-HPLC. The exact masses of the purified 
4 and 5 were confirmed by high-resolution mass spectrometry (HRMS) analysis (Table 1). 

 
Scheme 1. The solid phase synthesis of compound 4. 

Figure 3. The chemical structures of the cyclic peptides 4 and 5 designed in the current study.
Macrocyclic bridging units are shown in red, and the central warhead residue is shown in blue.

Compounds 4 and 5 were prepared according to Schemes 1 and 2 by the Fmoc chemistry-based
manual solid phase peptide synthesis (SPPS) on Rink Amide 4-methylbenzhydrylamine (MBHA)
resin. The protecting groups Mtt and ivDde on lysine side chains were orthogonally deprotected
respectively with 1% (v/v) trifluoroacetic acid (TFA)/N,N-dimethylformamide (DMF) and 2% (v/v)
hydrazine/DMF, as shown. Following the on-resin peptide macrocyclization and formation of the
central Nε-ethoxycarbonylethyl-thiocarbamoyl-lysine residue, a cyclic peptide was cleaved from the
resin with a TFA-containing cocktail (Reagent K). The obtained crude cyclic peptide was then purified
by semi-preparative reversed-phase high performance liquid chromatography (RP-HPLC). The side
chain ethyl ester on the central Nε-ethoxycarbonylethyl-thiocarbamoyl-lysine residue of thus obtained
cyclic peptide was subsequently hydrolyzed in solution with LiOH, affording the crude 4 and 5, which
were again purified with semi-preparative RP-HPLC. The exact masses of the purified 4 and 5 were
confirmed by high-resolution mass spectrometry (HRMS) analysis (Table 1).
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a Both compounds were measured with the positive ion mode of electrospray ionization. 
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deacylation reaction, we found that it behaved as a SIRT5 inhibitor with an IC50 value of ~6 μM 
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whose IC50 value was determined to be ~40 μM in the same study by Lin and co-workers [20]. 
Compound 4 was subsequently assessed for its inhibitory power against the deacylation reaction 
catalyzed by other human sirtuins, and for this, we first checked its inhibitory potency against the 
SIRT2-catalyzed deacetylation reaction, since SIRT2 was not included in our previous study as an 
example sirtuin to be assayed with our SIRT5 inhibitory warhead Nε-carboxyethyl- 
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~9.2 μM) comparable to that against SIRT5 (Table 2). While this finding may imply that 
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thiocarbamoyl-lysine residue in compound 4 is a selective SIRT5 inhibitory warhead, this selectivity 
could be overridden by the presence of an appropriate structural architecture immediately 
surrounding the warhead. Given that our goal is to find cyclic peptide-based potent and selective 
SIRT5 inhibitor(s), we subsequently prepared compound 5 whose macrocyclic bridging unit is 
different from that in compound 4, as shown in Figure 3. 
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Table 1. HRMS analysis of compounds 4 and 5 a.

Compound Ionic Formula Calculated m/z Observed m/z

4 [C46H82N15O13S]+ 1084.5932 1084.5922
5 [C42H76N13O11S]+ 970.5502 970.5498

a Both compounds were measured with the positive ion mode of electrospray ionization.

When compound 4 was prepared and assessed for its ability to inhibit the SIRT5-catalyzed
deacylation reaction, we found that it behaved as a SIRT5 inhibitor with an IC50 value of ~6 µM
(Table 2). Of note, this IC50 value is comparable to that for compound 1 determined by Lin and
co-workers under a similar SIRT5 deacylation inhibition assay condition [20]. Moreover, compound 4
seems to be a stronger inhibitor against the SIRT5-catalyzed deacylation reaction than the truncated
linear pentapeptide of compound 1, i.e., CH3CONH-AR-(Nε-thiosuccinyl-lysine)-ST-CONH2 whose
IC50 value was determined to be ~40 µM in the same study by Lin and co-workers [20]. Compound 4
was subsequently assessed for its inhibitory power against the deacylation reaction catalyzed by
other human sirtuins, and for this, we first checked its inhibitory potency against the SIRT2-catalyzed
deacetylation reaction, since SIRT2 was not included in our previous study as an example sirtuin to be
assayed with our SIRT5 inhibitory warhead Nε-carboxyethyl-thiocarbamoyl-lysine [24]. We found that
compound 4 exhibited a SIRT2 inhibitory potency (IC50 ~9.2 µM) comparable to that against SIRT5
(Table 2). While this finding may imply that Nε-carboxyethyl-thiocarbamoyl-lysine could also be a
strong SIRT2 inhibitory warhead, we would be more inclined to the following interpretation: even
though the central Nε-carboxyethyl-thiocarbamoyl-lysine residue in compound 4 is a selective SIRT5
inhibitory warhead, this selectivity could be overridden by the presence of an appropriate structural
architecture immediately surrounding the warhead. Given that our goal is to find cyclic peptide-based
potent and selective SIRT5 inhibitor(s), we subsequently prepared compound 5 whose macrocyclic
bridging unit is different from that in compound 4, as shown in Figure 3.
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Table 2. Sirtuin inhibition by compounds 4–6 a.

Compound
IC50 (µM) b

SIRT5 SIRT2 SIRT1 SIRT3 SIRT6

4 6.0 ± 3.0 9.2 ± 0.57 n.d. c n.d. n.d.
5 7.5 ± 4.0 >1000 >1000 >200 >200
6 7.6 ± 1.5 96.4 ± 18.5 >1000 >1000 >1000

a See “Experimental Section” for the sirtuin inhibition assay details. The IC50 values for compound 5 are bold
and underlined to highlight its selective inhibition against SIRT5 versus SIRT1/2/3/6; b IC50, the inhibitor
concentration at which an enzymatic reaction velocity is reduced by 50%; c n.d., not determined in the
current study.

Compound 5 was first assessed for its inhibitory power against the SIRT5-catalyzed deacylation
reaction, and as shown in Table 2, it also exhibited a strong SIRT5 inhibition with an IC50 value of
~7.5 µM. More importantly, when it was subjected to a SIRT2 assay, we found that this compound was
a very weak inhibitor against the SIRT2-catalyzed deacetylation reaction with an IC50 value greater
than 1 mM (Table 2). The observed differential SIRT5/2 inhibitory profiles of compounds 4 and 5
suggested that the macrocycle bridging unit in compound 4 would somehow help to position this
molecule favorably at SIRT2 active site, most likely with its central warhead residue binding at a region
away from the Nε-acetyl-lysine binding tunnel; whereas the macrocycle bridging unit in compound 5
would impose a disfavored binding of this molecule at SIRT2 active site, with its central warhead
residue either unable to bind or binding weakly at the Nε-acetyl-lysine binding tunnel. The outcome
would be a diminished (for 4) or a maximized (for 5) binding affinity difference at SIRT2 and SIRT5
active sites.

Compound 5 was further evaluated for its inhibitory power against other human sirtuins.
As shown in Table 2, it was found to be also a very weak inhibitor against the deacylation reactions
respectively catalyzed by human SIRT1, SIRT3, and SIRT6.

Compound 5 was further subjected to a proteolytic digestion assay using pronase as the
peptidase/protease preparation [33]. It was found to be proteolytically much more stable than the
linear pentapeptide control H2N-HK-(Nε-acetyl-lysine)-LM-COOH (Figure 4). More importantly, as
indicated in Figure 4, compound 5 was also found to be proteolytically much more stable than its
linear counterpart 6 which was also prepared in the current study. These findings are consistent with
the notion that peptide chain macrocyclization may also lead to an enhanced proteolytic stability [23].
It should be noted that the linear pentapeptide control H2N-HK-(Nε-acetyl-lysine)-LM-COOH is the
SIRT1/2/3 substrate used in the current study (see “Experimental Section”), and it has been used as a
control in the pronase digestion assay on all occasions in our laboratory to ascertain that the pronase
preparation used was active.

Molecules 2016, 21, 1217  5 of 12 

 

Table 2. Sirtuin inhibition by compounds 4–6 a. 

Compound 
IC50 (μM) b

SIRT5 SIRT2 SIRT1 SIRT3 SIRT6 
4 6.0 ± 3.0 9.2 ± 0.57 n.d. c n.d. n.d. 
5 7.5 ± 4.0 >1000 >1000 >200 >200 
6 7.6 ± 1.5 96.4 ± 18.5 >1000 >1000 >1000 

a See “Experimental Section” for the sirtuin inhibition assay details. The IC50 values for compound 5 
are bold and underlined to highlight its selective inhibition against SIRT5 versus SIRT1/2/3/6; b IC50, 
the inhibitor concentration at which an enzymatic reaction velocity is reduced by 50%; c n.d., not 
determined in the current study.  

Compound 5 was first assessed for its inhibitory power against the SIRT5-catalyzed 
deacylation reaction, and as shown in Table 2, it also exhibited a strong SIRT5 inhibition with an 
IC50 value of ~7.5 μM. More importantly, when it was subjected to a SIRT2 assay, we found that this 
compound was a very weak inhibitor against the SIRT2-catalyzed deacetylation reaction with an 
IC50 value greater than 1 mM (Table 2). The observed differential SIRT5/2 inhibitory profiles of 
compounds 4 and 5 suggested that the macrocycle bridging unit in compound 4 would somehow 
help to position this molecule favorably at SIRT2 active site, most likely with its central warhead 
residue binding at a region away from the Nε-acetyl-lysine binding tunnel; whereas the macrocycle 
bridging unit in compound 5 would impose a disfavored binding of this molecule at SIRT2 active 
site, with its central warhead residue either unable to bind or binding weakly at the Nε-acetyl-lysine 
binding tunnel. The outcome would be a diminished (for 4) or a maximized (for 5) binding affinity 
difference at SIRT2 and SIRT5 active sites. 

Compound 5 was further evaluated for its inhibitory power against other human sirtuins. As 
shown in Table 2, it was found to be also a very weak inhibitor against the deacylation reactions 
respectively catalyzed by human SIRT1, SIRT3, and SIRT6. 

Compound 5 was further subjected to a proteolytic digestion assay using pronase as the 
peptidase/protease preparation [33]. It was found to be proteolytically much more stable than the 
linear pentapeptide control H2N-HK-(Nε-acetyl-lysine)-LM-COOH (Figure 4). More importantly, as 
indicated in Figure 4, compound 5 was also found to be proteolytically much more stable than its 
linear counterpart 6 which was also prepared in the current study. These findings are consistent 
with the notion that peptide chain macrocyclization may also lead to an enhanced proteolytic 
stability [23]. It should be noted that the linear pentapeptide control 
H2N-HK-(Nε-acetyl-lysine)-LM-COOH is the SIRT1/2/3 substrate used in the current study (see 
“Experimental Section”), and it has been used as a control in the pronase digestion assay on all 
occasions in our laboratory to ascertain that the pronase preparation used was active. 

 

Figure 4. The pronase digestion profiles of compounds 5 (◆), 6 (●), and the linear pentapeptide 
control H2N-HK-(Nε-acetyl-lysine)-LM-COOH (▲). 

Compound 6 was prepared according to Scheme 3 also by the Fmoc chemistry-based manual 
SPPS on Rink Amide MBHA resin. The protecting group Mtt on the central lysine side chain was 
orthogonally deprotected with 1% (v/v) TFA/DMF. Following the reaction of the exposed free 
amino group with ethyl 3-isothiocyanatopropionate with the formation of the central 

Figure 4. The pronase digestion profiles of compounds 5 (�), 6 ( ), and the linear pentapeptide control
H2N-HK-(Nε-acetyl-lysine)-LM-COOH (N).
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Compound 6 was prepared according to Scheme 3 also by the Fmoc chemistry-based
manual SPPS on Rink Amide MBHA resin. The protecting group Mtt on the central lysine
side chain was orthogonally deprotected with 1% (v/v) TFA/DMF. Following the reaction of the
exposed free amino group with ethyl 3-isothiocyanatopropionate with the formation of the central
Nε-ethoxycarbonylethyl-thiocarbamoyl-lysine residue, the pentapeptide intermediate was cleaved
from the resin with Reagent K. The obtained crude pentapeptide was then purified by semi-preparative
RP-HPLC, and the side chain ethyl ester on its central Nε-ethoxycarbonylethyl-thiocarbamoyl-lysine
residue was subsequently hydrolyzed in solution with LiOH, affording the crude 6 which was
again purified with semi-preparative RP-HPLC. The exact mass of the purified 6 was confirmed
by a unit-resolution electrospray ionization-mass spectrometry (ESI-MS) analysis: Calcd. m/z for
C28H52N11O10S ([M + H]+) 734.36; found: 734.90. Calcd. m/z for C28H53N11O10S ([M + 2H]2+) 367.68;
found: 368.14.
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The availability of compound 6 also prompted us to perform a comparative evaluation of the
SIRT5 inhibitory power of 6 and its cyclic counterparts 4 and 5, since peptide chain macrocyclization
may also enhance the target binding affinity of a ligand [23]. When testing compound 6 side-by-side
with compounds 4 and 5 under our SIRT5 inhibition assay condition, we found that compound 6
exhibited a comparable SIRT5 inhibitory potency to those of compounds 4 and 5 (Table 2), suggesting
that the particular macrocyclic bridging units in compounds 4 and 5 were unable to constrain
the peptidic backbone of 4 and 5 into a bioactive conformation or were able to interfere with the
overall binding of compounds 4 and 5 at SIRT5 active site, or both. This scenario is different from
what we observed previously with SIRT1/2/3/6, in which the same macrocyclic bridging units in
compounds 4 and 5 were able to confer significantly enhanced inhibitory potency upon a parent linear
peptidic inhibitor against SIRT1, 2, 3, or 6 [34,35]. These observations have also further reinforced
the notion that sirtuin active site substrate specificity exists [1,32,36]. Compound 6 was further
assessed for its inhibitory power against SIRT1/2/3/6. As shown in Table 2, while compound 6
was found to be a very weak inhibitor against SIRT1/3/6, its inhibition against SIRT2 was found
to be only about 13-fold weaker than that against SIRT5. This finding further suggested that a
Nε-carboxyethyl-thiocarbamoyl-lysine-containing SIRT5 inhibitor may also exhibit a reasonable SIRT2
inhibition with its power contingent upon the identity of the structural architecture immediately
surrounding the SIRT5 inhibitory warhead Nε-carboxyethyl-thiocarbamoyl-lysine.
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3. Experimental Section

3.1. General

The following materials were purchased from commercial vendors for the compound
preparation, and were used as received without further treatment. Sigma-Aldrich China
(Shanghai, China): N-methylmorpholine (NMM), trifluoroacetic acid (TFA), N,N-dimethylformamide
(DMF), hydrazine; TCI Shanghai (Shanghai, China): suberic acid; Alfa Aesar China (Shanghai,
China): 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HBTU),
N-hydroxybenzotriazole (HOBt), phenol, thioanisole, ethanedithiol, ethyl 3-isothiocyanatopropionate,
LiOH; Honeywell China (Shanghai, China): acetonitrile, methanol; Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China): piperidine, acetic anhydride, diethyl ether; Shanghai Plus Bio-Sci & Tech Co., Ltd.
(Shanghai, China): Rink Amide MBHA resin (loading capacity = 0.34 mmol/g).

The Nα-Fmoc-protected amino acids were purchased from TCI Shanghai, GL Biochem (Shanghai) Ltd.
(Shanghai, China), or Shanghai Plus Bio-Sci and Tech Co., Ltd.

Routine unit-resolution mass spectrometry was performed on a Thermo LXQ LC-ion trap mass
spectrometer (Thermo Scientific, Waltham, MA, USA) at Jiangsu University. High-resolution mass
spectrometry (HRMS) was performed on an AB 5600+ Q TOF high-resolution mass spectrometer
(AB Sciex LLC, Framingham, MA, USA) at the Pharmacy School of Fudan University.

The following materials were purchased from commercial vendors for the sirtuin inhibition assay
and the pronase digestion assay, and were used as received without further treatment. Sigma-Aldrich
China: the active human recombinant His6-SIRT1, Trizma, Hepes, β-NAD+, a 1.0 M solution of MgCl2
(molecular-biology grade), the pronase from Streptomyces griseus; Cayman Chemical (Ann Arbor,
Michigan, USA): the active human recombinant GST-SIRT1, the active human recombinant His6-SIRT2,
the active human recombinant His6-SIRT3, the active human recombinant GST-SIRT5, the active
human recombinant His6-SIRT6; TCI Shanghai: D,L-dithiothreitol (DTT); Alfa Aesar China: NaCl, KCl.

The peptide substrates prepared and used in the sirtuin inhibition assay were: the SIRT1/2/3
substrate H2N-HK-[Nε-acetyl-lysine]-LM-COOH corresponding to amino acids 380–384 of the human
p53 protein acetylated at K382; the SIRT5 substrate CH3CONH-AR-[Nε-succinyl-lysine]-ST-CONH2

corresponding to amino acids 7–11 of the human histone H3 protein succinylated at K9; the SIRT6
substrate H2N-EALPK-[Nε-myristoyl-lysine]-TGGPQ-CONH2 corresponding to amino acids 15–25 of
the human tumor necrosis factor α (TNFα) myristoylated at K20.

3.2. Synthesis of 4 (Scheme 1)

This compound was prepared by the Fmoc chemistry-based manual SPPS on Rink Amide MBHA
resin. For each amino acid coupling reaction, four equivalents of a Nα-Fmoc-protected amino acid,
3.8 equivalents of the coupling reagent HBTU and the additive HOBt were used in the presence of 0.4 M
NMM/DMF, and the coupling reaction was allowed to proceed at room temperature for 1 h. A 20%
(v/v) piperidine/DMF solution was used for Fmoc removal. After the completion of the on-resin amino
acid assembling and the N-terminal α-amino group acetylation with acetic anhydride in the presence
of 0.4 M NMM/DMF, the side chain Mtt protecting group from two Lys(Mtt) residues were selectively
removed with a 1% (v/v) TFA/DMF solution before the two exposed free amino groups were acylated
with Fmoc-glycine under peptide coupling reaction condition. After the Fmoc removal from the
two incorporated Fmoc-glycine residues with a 20% (v/v) piperidine/DMF solution, the two newly
exposed free amino groups were then acylated with suberic acid at room temperature for 1 h under
peptide coupling reaction condition. The resulting resin-bound cyclized peptide was then treated
with a 2% (v/v) solution of hydrazine (NH2NH2) in DMF, the exposed free amino group at the central
position was then reacted with ethyl 3-isothiocyanatopropionate (2 × 5 h). The subsequent treatment
with reagent K (83.6% (v/v) TFA, 5.9% (v/v) phenol, 4.2% (v/v) ddH2O, 4.2% (v/v) thioanisole, and
2.1% (v/v) ethanedithiol) at room temperature for 4 h cleaved the crude ethyl ester intermediate
from the resin and removed the side chain Pbf and tBu protecting groups as well. Following the
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concentration of the cleavage filtrate and the precipitation in cold diethyl ether of the crude ethyl
ester intermediate (34% pure per analysis with RP-HPLC on an analytical C18 column (0.46 × 25 cm,
5 µm)), it was purified by RP-HPLC on a semi-preparative C18 column (1 × 25 cm, 5 µm). The column
was eluted with a gradient of ddH2O containing 0.05% (v/v) TFA (mobile phase A) and acetonitrile
containing 0.05% (v/v) TFA (mobile phase B) (0%–60% B in 60 min) at 4.5 mL/min and monitored at
214 nm. The pooled desired HPLC fractions were concentrated in vacuo to remove acetonitrile, and the
remaining aqueous solution was lyophilized to afford the purified ethyl ester intermediate in an overall
synthetic yield of 41% as a puffy white solid whose exact mass was confirmed by a unit-resolution
ESI-MS analysis. This purified intermediate was then dissolved in a mixture of MeOH/ddH2O
(3/1, v/v), and to the resulting solution was added at 0 ◦C LiOH to a final concentration of ~12.5 M.
The reaction mixture was subsequently stirred at 4 ◦C overnight, acidified at 0 ◦C with 6 N HCl to pH
~1, and concentrated under reduced pressure. The ethyl ester hydrolysis product 4 was then isolated
as a puffy white solid from the resulting residue by semi-preparative RP-HPLC as described above,
using the following gradient of the afore-mentioned mobile phases A and B: 0%–40% B in 60 min. The
purity of the purified 4 was >95% as verified by RP-HPLC on an analytical C18 column (0.46 × 25 cm,
5 µm) eluted with the following gradient of the afore-mentioned mobile phases A and B: 0%–30% B in
60 min. The exact mass of the purified compound 4 was confirmed by HRMS analysis (see Table 1).

3.3. Synthesis of 5 (Scheme 2)

This compound was prepared in the same manner as that of compound 4 (see above), with the
exception of the lack of incorporation of two glycine residues in compound 5. The crude 5 and the
corresponding ethyl ester intermediate were also purified by semi-preparative RP-HPLC as described
above, using the same respective gradients of mobile phases A and B (see above). Of note, the purified
ethyl ester intermediate was obtained in an overall synthetic yield of 38% from its crude (31% pure per
RP-HPLC analysis on an analytical C18 column (0.46 × 25 cm, 5 µm)). The purified 5 was also >95%
pure based on RP-HPLC analysis on an analytical C18 column (0.46 × 25 cm, 5 µm) eluted with the
same gradient of mobile phases A and B as that for the purified 4 (see above). The exact mass of the
purified 5 was also confirmed by HRMS analysis (see Table 1).

3.4. Synthesis of 6 (Scheme 3)

This synthesis followed the standard Fmoc chemistry-based manual SPPS described above.
The orthogonal deprotection of the Mtt protecting group on lysine side chain and the ensuing reaction
of the exposed free amino group with ethyl 3-isothiocyanatopropionate, as well as the solution phase
LiOH treatment were performed in the same manner as that described above for the synthesis of
compound 4. The crude 6 and the corresponding ethyl ester intermediate were also purified with
semi-preparative RP-HPLC as described above, using the same respective gradients of mobile phases
A and B (see above). The purified 6 was also >95% pure based on RP-HPLC analysis on an analytical
C18 column (0.46 × 25 cm, 5 µm) eluted with the same gradient of mobile phases A and B as that
for the purified 4 (see above). The exact mass of the purified 6 was confirmed by a unit-resolution
ESI-MS analysis.

3.5. In Vitro Sirtuin Inhibition Assay

The HPLC-based sirtuin inhibition assay that our laboratory has been using over past several
years was employed in the current study and was performed as described previously [37]. An assay
solution (50 µL) contained the following components: 50 mM Hepes (pH 8.0), 137 mM NaCl, 2.7 mM
KCl, 1 mM MgCl2, 1 mM DTT, β-NAD+ (0.5 mM for the SIRT1 and SIRT2 assays, 3.5 mM for the
SIRT3 assay, 0.8 mM for the SIRT5 assay, or 0.2 mM for the SIRT6 assay), the peptide substrate (0.3 mM
of the above-mentioned SIRT1/2/3 substrate for the SIRT1 assay, 0.39 mM of the above-mentioned
SIRT1/2/3 substrate for the SIRT2 assay, 0.105 mM of the above-mentioned SIRT1/2/3 substrate for
the SIRT3 assay, 0.88 mM of the above-mentioned SIRT5 substrate, or 0.02 mM of the above-mentioned
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SIRT6 substrate), one test compound (4, 5, or 6) with varied concentrations including 0, and a sirtuin
(His6-SIRT1 or GST-SIRT1, 320 nM; His6-SIRT2, 309 nM; His6-SIRT3, 320 nM; GST-SIRT5, 370 nM;
or His6-SIRT6, 313 nM). Of note, the same [S]/Km ratios for both substrates (~3.2 for the peptide
substrates and ~5.6 for β-NAD+) were employed for the inhibition assays with all the five human
sirtuins (SIRT1/2/3/5/6) employed in the current study. An enzymatic reaction was initiated by
the addition of a sirtuin at 37 ◦C and was allowed to be incubated at 37 ◦C for 10 min (for the SIRT1
assay), 12 min (for the SIRT2 assay), 10 min (for the SIRT3 assay), 5 min (for the SIRT5 assay), or
12 min (for the SIRT6 assay) until quenched with the following stop solution: 100 mM HCl and 0.16 M
acetic acid. A quenched assay solution was then centrifuged and the supernatant was injected into
a reversed-phase C18 column (0.46 × 25 cm, 5 µm), eluting with a gradient of the afore-mentioned
mobile phases A and B (0%–30% B in 40 min for the SIRT1/2/3 assays, 0%–30% B in 60 min for the
SIRT5 assay, 0%–80% B in 60 min for the SIRT6 assay) at 1 mL/min, and UV monitoring at 214 nm.
Turnover of the limiting substrate was maintained at <10%. Stock solutions of the test compounds
were all prepared in ddH2O. IC50 values were estimated from the Dixon plots (1/v0 vs. (inhibitor)) [38]
as an indication of the inhibitory potency.

3.6. Pronase Digestion Assay

This assay was also performed as described previously by our laboratory [37]. Fifty (50) µL
of a solution of a test compound (5, 6, or the control pentapeptide) in ddH2O (160 µM) was mixed
thoroughly with 50 µL of a pronase solution in 100 mM Tris·HCl (pH 7.3) (8 ng/µL), and the resulting
solution was incubated at 37 ◦C until quenched with a solution of acetic acid in ddH2O (1.0 M) at 0,
1.5, 3, and 6 min (for the control) or at 0, 7.5, 15, 30, and 60 min (for 5 and 6). At each time point, 20 µL
of a pronase digestion mixture was taken and treated with 40 µL of the 1.0 M acetic acid solution,
and the whole mixture was vigorously vortexed, centrifuged, and the supernatant was injected into a
reversed-phase C18 analytical HPLC column (0.46 × 25 cm, 5 µm). The C18 column was eluted with a
gradient of the afore-mentioned mobile phases A and B (0%–30% B in 40 min for the assay with the
control pentapeptide, 0%–40% B in 60 min for the assays with 5 and 6) at 1 mL/min and with UV
monitoring at 214 nm. The HPLC peak areas obtained for a given test compound at different time
points were used to estimate the percentage remaining for this test compound with the digestion time.
The graph of the percentage remaining versus time was used to compare the proteolytic stability of
different test compounds, as shown in Figure 4.

4. Conclusions

In the current study, we discovered that compound 5, a side chain-to-side chain cyclic
pentapeptide harboring the SIRT5 inhibitory warhead Nε-carboxyethyl-thiocarbamoyl-lysine at its
central position, behaved as a strong and selective (versus human SIRT1/2/3/6) inhibitor against
human SIRT5-catalyzed deacylation reaction. This compound was also found to be proteolytically
much more stable than its linear counterpart 6. Despite being a comparably strong SIRT5 inhibitor to
the linear peptidic compounds 1 and 2 (the strongest and most selective SIRT5 inhibitors reported in the
current literature), the cyclic peptide-based compound 5 would be at a better position to serve as a lead
for the development of stronger, selective, metabolically-stable, and cell-permeable SIRT5 inhibitors.
We are currently endeavoring to construct a macrocycle bridging unit combinatory library and to
incorporate the library members into the basic structural scaffold of compound 5, furnishing a library
of the analogs of compound 5. By so doing, we hope the relevant chemical space at different sirtuin
active sites could be more comprehensively explored, and stronger and selective cyclic peptide-based
SIRT5 inhibitors also harboring the SIRT5 inhibitory warhead Nε-carboxyethyl-thiocarbamoyl-lysine
could be found.
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Abbreviations

ADP adenosine diphosphate
β-NAD+ β-nicotinamide adenine dinucleotide
NAM nicotinamide
2′-O-AADPR 2′-O-acyl-ADP-ribose
IC50 the inhibitor concentration at which an enzymatic reaction velocity is reduced by 50%
Ki inhibition constant
SPPS solid phase peptide synthesis
MBHA 4-methylbenzhydrylamine
TFA trifluoroacetic acid
DMF N,N-dimethylformamide
RP-HPLC reversed-phase high performance liquid chromatography
HRMS high-resolution mass spectrometry
HBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate
HOBt N-hydroxybenzotriazole
NMM N-methylmorpholine
Km The substrate concentration at which an enzymatic reaction velocity is half-maximal

References

1. Chen, B.; Zang, W.; Wang, J.; Huang, Y.; He, Y.; Yan, L.; Liu, J.; Zheng, W. The chemical biology of sirtuins.
Chem. Soc. Rev. 2015, 44, 5246–5264. [CrossRef] [PubMed]

2. Choudhary, C.; Weinert, B.T.; Nishida, Y.; Verdin, E.; Mann, M. The growing landscape of lysine acetylation
links metabolism and cell signalling. Nat. Rev. Mol. Cell Biol. 2014, 15, 536–550. [CrossRef] [PubMed]

3. Wagner, G.R.; Hirschey, M.D. Nonenzymatic protein acylation as a carbon stress regulated by sirtuin
deacylases. Mol. Cell 2014, 54, 5–16. [CrossRef] [PubMed]

4. Simic, Z.; Weiwad, M.; Schierhorn, A.; Steegborn, C.; Schutkowski, M. The ε-amino group of protein lysine
residues is highly susceptible to nonenzymatic acylation by several physiological acyl-CoA thioesters.
Chembiochem 2015, 16, 2337–2347. [CrossRef] [PubMed]

5. Greiss, S.; Gartner, A. Sirtuin/Sir2 phylogeny, evolutionary considerations and structural conservation.
Mol. Cells 2009, 28, 407–415. [CrossRef] [PubMed]

6. Feldman, J.L.; Baeza, J.; Denu, J.M. Activation of the protein deacetylase SIRT6 by long-chain fatty acids and
widespread deacylation by mammalian sirtuins. J. Biol. Chem. 2013, 288, 31350–31356. [CrossRef] [PubMed]

7. Peng, C.; Lu, Z.; Xie, Z.; Cheng, Z.; Chen, Y.; Tan, M.; Luo, H.; Zhang, Y.; He, W.; Yang, K.; et al. The first
identification of lysine malonylation substrates and its regulatory enzyme. Mol. Cell. Proteom. 2011, 10,
M111012658. [CrossRef] [PubMed]

8. Du, J.; Zhou, Y.; Su, X.; Yu, J.J.; Khan, S.; Jiang, H.; Kim, J.; Woo, J.; Kim, J.H.; Choi, B.H.; et al. Sirt5 is a
NAD-dependent protein lysine demalonylase and desuccinylase. Science 2011, 334, 806–809. [CrossRef]
[PubMed]

9. Tan, M.; Peng, C.; Anderson, K.A.; Chhoy, P.; Xie, Z.; Dai, L.; Park, J.; Chen, Y.; Huang, H.; Zhang, Y.; et al.
Lysine glutarylation is a protein posttranslational modification regulated by SIRT5. Cell Metab. 2014, 19,
605–617. [CrossRef] [PubMed]

10. Dai, Y.; Faller, D.V. Transcription regulation by class III histone deacetylases (HDACs)-sirtuins.
Transl. Oncogenom. 2008, 3, 53–65.

11. Choi, J.E.; Mostoslavsky, R. Sirtuins, metabolism, and DNA repair. Curr. Opin. Genet. Dev. 2014, 26, 24–32.
[CrossRef] [PubMed]

12. Sebastián, C.; Mostoslavsky, R. The role of mammalian sirtuins in cancer metabolism. Semin. Cell Dev. Biol.
2015, 43, 33–42. [CrossRef] [PubMed]

13. Chalkiadaki, A.; Guarente, L. The multifaceted functions of sirtuins in cancer. Nat. Rev. Cancer 2015, 15,
608–624. [CrossRef] [PubMed]

14. Hu, J.; Jing, H.; Lin, H. Sirtuin inhibitors as anticancer agents. Future Med. Chem. 2014, 6, 945–966. [CrossRef]
[PubMed]

http://dx.doi.org/10.1039/C4CS00373J
http://www.ncbi.nlm.nih.gov/pubmed/25955411
http://dx.doi.org/10.1038/nrm3841
http://www.ncbi.nlm.nih.gov/pubmed/25053359
http://dx.doi.org/10.1016/j.molcel.2014.03.027
http://www.ncbi.nlm.nih.gov/pubmed/24725594
http://dx.doi.org/10.1002/cbic.201500364
http://www.ncbi.nlm.nih.gov/pubmed/26382620
http://dx.doi.org/10.1007/s10059-009-0169-x
http://www.ncbi.nlm.nih.gov/pubmed/19936627
http://dx.doi.org/10.1074/jbc.C113.511261
http://www.ncbi.nlm.nih.gov/pubmed/24052263
http://dx.doi.org/10.1074/mcp.M111.012658
http://www.ncbi.nlm.nih.gov/pubmed/21908771
http://dx.doi.org/10.1126/science.1207861
http://www.ncbi.nlm.nih.gov/pubmed/22076378
http://dx.doi.org/10.1016/j.cmet.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24703693
http://dx.doi.org/10.1016/j.gde.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/25005742
http://dx.doi.org/10.1016/j.semcdb.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26238985
http://dx.doi.org/10.1038/nrc3985
http://www.ncbi.nlm.nih.gov/pubmed/26383140
http://dx.doi.org/10.4155/fmc.14.44
http://www.ncbi.nlm.nih.gov/pubmed/24962284


Molecules 2016, 21, 1217 11 of 12

15. Imai, S.; Guarente, L. Ten years of NAD-dependent SIR2 family deacetylases: Implications for metabolic
diseases. Trends Pharmacol. Sci. 2010, 31, 212–220. [CrossRef] [PubMed]

16. Min, S.W.; Sohn, P.D.; Cho, S.H.; Swanson, R.A.; Gan, L. Sirtuins in neurodegenerative diseases: An update
on potential mechanisms. Front. Aging Neurosci. 2013, 5, 53. [CrossRef] [PubMed]

17. Matsushita, N.; Yonashiro, R.; Ogata, Y.; Sugiura, A.; Nagashima, S.; Fukuda, T.; Inatome, R.; Yanagi, S.
Distinct regulation of mitochondrial localization and stability of two human Sirt5 isoforms. Genes Cells 2011,
16, 190–202. [CrossRef] [PubMed]

18. Rardin, M.J.; He, W.; Nishida, Y.; Newman, J.C.; Carrico, C.; Danielson, S.R.; Guo, A.; Gut, P.; Sahu, A.K.;
Li, B.; et al. SIRT5 regulates the mitochondrial lysine succinylome and metabolic networks. Cell Metab. 2013,
18, 920–933. [CrossRef] [PubMed]

19. Nishida, Y.; Rardin, M.J.; Carrico, C.; He, W.; Sahu, A.K.; Gut, P.; Najjar, R.; Fitch, M.; Hellerstein, M.;
Gibson, B.W.; et al. SIRT5 regulates both cytosolic and mitochondrial protein malonylation with glycolysis
as a major target. Mol. Cell 2015, 59, 321–332. [CrossRef] [PubMed]

20. He, B.; Du, J.; Lin, H. Thiosuccinyl peptides as Sirt5-specific inhibitors. J. Am. Chem. Soc. 2012, 134, 1922–1925.
[CrossRef] [PubMed]

21. Roessler, C.; Nowak, T.; Pannek, M.; Gertz, M.; Nguyen, G.T.; Scharfe, M.; Born, I.; Sippl, W.; Steegborn, C.;
Schutkowski, M. Chemical probing of the human sirtuin 5 active site reveals its substrate acyl specificity and
peptide-based inhibitors. Angew. Chem. Int. Ed. Engl. 2014, 53, 10728–10732. [CrossRef] [PubMed]

22. Maurer, B.; Rumpf, T.; Scharfe, M.; Stolfa, D.A.; Schmitt, M.L.; He, W.; Verdin, E.; Sippl, W.; Jung, M.
Inhibitors of the NAD+-dependent protein desuccinylase and demalonylase Sirt5. ACS Med. Chem. Lett.
2012, 3, 1050–1053. [CrossRef] [PubMed]

23. Goodman, M.; Ro, S. Burger’s Medicinal Chemistry and Drug Discovery, 5th ed.; Principles and Practice;
Wolff, M.E., Ed.; John Wiley & Sons, Inc.: New York, NY, USA, 1995; Volume 1, pp. 803–861.

24. Zang, W.; Hao, Y.; Wang, Z.; Zheng, W. Novel thiourea-based sirtuin inhibitory warheads. Bioorg. Med.
Chem. Lett. 2015, 25, 3319–3324. [CrossRef] [PubMed]

25. Neal, R.A.; Halpert, J. Toxicology of thiono-sulfur compounds. Annu. Rev. Pharmacol. Toxicol. 1982, 22,
321–339. [CrossRef] [PubMed]

26. Ruse, M.J.; Waring, R.H. The effect of methimazole on thioamide bioactivation and toxicity. Toxicol. Lett.
1991, 58, 37–41. [CrossRef]

27. Cox, D.N.; Davidson, V.P.; Judd, C.E.; Stodgell, C.; Traiger, G.J. The effect of partial hepatectomy
on the metabolism, distribution, and nephrotoxicity of para-methylthiobenzamide in the rat.
Toxicol. Appl. Pharmacol. 1992, 113, 246–252. [CrossRef]

28. Coppola, G.M.; Anjaria, H.; Damon, R.E. Correlation of oxidation potential and toxicity in thiobenzamides.
Bioorg. Med. Chem. Lett. 1996, 6, 139–142. [CrossRef]

29. Kang, J.S.; Wanibuchi, H.; Morimura, K.; Wongpoomchai, R.; Chusiri, Y.; Gonzalez, F.J.; Fukushima, S. Role
of CYP2E1 in thioacetamide-induced mouse hepatotoxicity. Toxicol. Appl. Pharmacol. 2008, 228, 295–300.
[CrossRef] [PubMed]

30. Avalos, J.L.; Celic, I.; Muhammad, S.; Cosgrove, M.S.; Boeke, J.D.; Wolberger, C. Structure of a Sir2 enzyme
bound to an acetylated p53 peptide. Mol. Cell 2002, 10, 523–535. [CrossRef]

31. Garske, A.L.; Denu, J.M. SIRT1 top 40 hits: Use of one-bead, one-compound acetyl-peptide libraries and
quantum dots to probe deacetylase specificity. Biochemistry 2006, 45, 94–101. [CrossRef] [PubMed]

32. Zheng, W. Mechanism-based modulator discovery for sirtuin-catalyzed deacetylation reaction. Mini Rev.
Med. Chem. 2013, 13, 132–154. [CrossRef] [PubMed]

33. Pronase: Product Description. Available online: http://www.sigmaaldrich.com/catalog/product/roche/
pronro?lang=en&region=HK (accessed on 9 September 2016).

34. Liu, J.; Zheng, W. Cyclic peptide-based potent human SIRT6 inhibitors. Org. Biomol. Chem. 2016, 14,
5928–5935. [CrossRef] [PubMed]

35. Huang, Y.; Liu, J.; Yan, L.; Zheng, W. Simple Nε-thioacetyl-lysine-containing cyclic peptides exhibiting highly
potent sirtuin inhibition. Bioorg. Med. Chem. Lett. 2016, 26, 1612–1617. [CrossRef] [PubMed]

36. Parenti, M.D.; Bruzzone, S.; Nencioni, A.; DelRio, A. Selectivity hot-spots of sirtuin catalytic cores.
Mol. Biosyst. 2015, 11, 2263–2272. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tips.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20226541
http://dx.doi.org/10.3389/fnagi.2013.00053
http://www.ncbi.nlm.nih.gov/pubmed/24093018
http://dx.doi.org/10.1111/j.1365-2443.2010.01475.x
http://www.ncbi.nlm.nih.gov/pubmed/21143562
http://dx.doi.org/10.1016/j.cmet.2013.11.013
http://www.ncbi.nlm.nih.gov/pubmed/24315375
http://dx.doi.org/10.1016/j.molcel.2015.05.022
http://www.ncbi.nlm.nih.gov/pubmed/26073543
http://dx.doi.org/10.1021/ja2090417
http://www.ncbi.nlm.nih.gov/pubmed/22263694
http://dx.doi.org/10.1002/anie.201402679
http://www.ncbi.nlm.nih.gov/pubmed/25111069
http://dx.doi.org/10.1021/ml3002709
http://www.ncbi.nlm.nih.gov/pubmed/24900427
http://dx.doi.org/10.1016/j.bmcl.2015.05.058
http://www.ncbi.nlm.nih.gov/pubmed/26081291
http://dx.doi.org/10.1146/annurev.pa.22.040182.001541
http://www.ncbi.nlm.nih.gov/pubmed/7044288
http://dx.doi.org/10.1016/0378-4274(91)90188-C
http://dx.doi.org/10.1016/0041-008X(92)90121-8
http://dx.doi.org/10.1016/0960-894X(95)00571-A
http://dx.doi.org/10.1016/j.taap.2007.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18374380
http://dx.doi.org/10.1016/S1097-2765(02)00628-7
http://dx.doi.org/10.1021/bi052015l
http://www.ncbi.nlm.nih.gov/pubmed/16388584
http://dx.doi.org/10.2174/138955713804484703
http://www.ncbi.nlm.nih.gov/pubmed/22876953
http://www.sigmaaldrich.com/catalog/product/roche/pronro?lang=en&region=HK
http://www.sigmaaldrich.com/catalog/product/roche/pronro?lang=en&region=HK
http://dx.doi.org/10.1039/C5OB02339D
http://www.ncbi.nlm.nih.gov/pubmed/27248480
http://dx.doi.org/10.1016/j.bmcl.2016.01.086
http://www.ncbi.nlm.nih.gov/pubmed/26874402
http://dx.doi.org/10.1039/C5MB00205B
http://www.ncbi.nlm.nih.gov/pubmed/26061123


Molecules 2016, 21, 1217 12 of 12

37. Hirsch, B.M.; Gallo, C.A.; Du, Z.; Wang, Z.; Zheng, W. Discovery of potent, proteolytically stable, and cell
permeable human sirtuin peptidomimetic inhibitors containing Nε-thioacetyl-lysine. MedChemComm 2010,
1, 233–238. [CrossRef]

38. Dixon, M. The determination of enzyme inhibitor constants. Biochem. J. 1953, 55, 170–171. [CrossRef]
[PubMed]

Sample Availability: Not available.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/c0md00089b
http://dx.doi.org/10.1042/bj0550170
http://www.ncbi.nlm.nih.gov/pubmed/13093635
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Experimental Section 
	General 
	Synthesis of 4 (Scheme 1) 
	Synthesis of 5 (Scheme 2) 
	Synthesis of 6 (Scheme 3) 
	In Vitro Sirtuin Inhibition Assay 
	Pronase Digestion Assay 

	Conclusions 

