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ABSTRACT 

Sirtuin 3 (SIRT3) is the major protein lysine deacetylase in the mitochondria. This hydrolase 
regulates a wide range of metabolically involved enzymes and has been considered as a potential 

drug target in certain cancers. Investigation of pharmacological intervention has been challenging 

due to a lack of potent and selective inhibitors of SIRT3. Here, we developed a strategy for selective 
inhibition of SIRT3 in cells, over its structurally similar isozymes that localize primarily to nucleus 

(SIRT1) and cytoplasm (SIRT2). This was achieved by directing the inhibitors straight to the 
mitochondria through incorporation of sequences inspired by previously described mitochondria-

targeting peptides. Our inhibitors exhibited excellent mitochondrial localization in HeLa cells as 
indicated by fluorophore-conjugated versions and target engagement was demonstrated by a 

thermal shift assay of SIRT3 using western blotting. The acetylation state of documented SIRT3 
target MnSOD was shown to be perturbed in cells with little effect on known targets of SIRT1 and 

SIRT2, showing that our lead compound exhibits selectivity for SIRT3 in cells. We expect that the 
developed inhibitor will now enable a more detailed investigation of SIRT3 as a potential drug target 

and help shed further light on the diverse biology regulated by this enzyme.  
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Introduction 
The sirtuin (SIRT) enzymes are evolutionarily conserved hydrolases of the class III lysine 

deacetylases (KDACs), cleaving acyl-based posttranslational modifications (PTMs) on lysine side 

chains in the proteome. The human genome encodes seven sirtuin isoforms, SIRT1–7, which have 
different substrate specificities, cellular localization, and tissue-dependent expression levels.[1] The 

major deacetylases [i.e., targeting the e-N-acetyllysine (Kac) PTM] are SIRT1–3, SIRT6, and SIRT7, 
of which the class I sirtuins, SIRT1–3, share the highest similarity in substrate specificity.[2-3] Thus, 

SIRT1–3 efficiently hydrolyze Kac residues as well as longer hydrocarbon-based e-N-acyllysine 

PTMs such as e-N-myristoyllysine (Kmyr)[4-6] to regulate diverse biological function, including 
metabolic homeostasis and healthspan.[7] However, the class I sirtuins have also been implicated in 

the pathogenesis of various diseases and, depending on the condition, either activation or inhibition 
of SIRT1–3 has been considered as potential therapeutic strategies to treat several cancers and 

neurodegenerative disorders.[8-10] The SIRT3 isoform is the only mitochondrially localized sirtuin that 
exhibits potent deacetylase activity, with other mitochondrial sirtuins, SIRT4 and SIRT5, mainly 

targeting negatively charged PTMs.[11-17] Here, SIRT3 regulates a number of metabolic enzymes 

involved in the respiratory chain,[18] TCA cycle,[19-20] fatty acid b-oxidation,[21] and ketogenesis.[22] 
Furthermore, it controls mitochondrial oxidative pathways by regulating the production of reactive 

oxygen species (ROS),[23] e.g. through activation of manganese superoxide dismutase (MnSOD).[24-

25]  

The sirtuins share a common deacylase mechanism, which is dependent on the co-substrate 
nicotinamide adenine dinucleotide (NAD+). This mechanism has been utilized to develop so-called 

mechanism-based inhibitors, by the use of substrate-mimicking chemotypes that form stalled 

intermediates in the active site of the sirtuin.[26-33] Many mechanism-based inhibitors exhibit high 
potency and, in several cases, high selectivity toward specific sirtuin subtypes. However, due to the 

shared mechanism and similar substrate preferences between SIRT1–3, it has been difficult to target 
SIRT3 selectively. Therefore, we envisioned adopting a strategy to achieve selective targeting of the 

enzyme through specific subcellular localization of the inhibitor, rather than solely relying on selective 
enzyme recognition. Among several demonstrated examples of mitochondrial targeting of various 

payloads,[34] a particularly appealing approach for our strategy was the mitochondria-targeting 
peptides developed by Kelley and co-workers.[35-37] Based on recent investigations of mechanism-

based peptide inhibitors of other sirtuins,[30, 33] we hypothesized that mitochondria-targeting peptide 
tags could be elaborated into potent inhibitors of the SIRT3 that would exhibit selectivity in cells 

(Figure 1). By designing such chemotypes and optimizing their selectivity profiles to target SIRT1–3 

equipotently, while not inhibiting other sirtuins or class I HDACs, we could indeed demonstrate 
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selective inhibition of SIRT3 in cultured cells as well as target engagement illustrated by cellular 

thermal shift assays. 
 

Figure 1. Schematic representation of the developed concept for inhibition of SIRT3. A potent inhibitor 
that exhibit class I sirtuin selectivity, targeting SIRT1–3, is targeted to the mitochondria to inhibit SIRT3 
selectively in cells by localization.  
 

Results and Discussion 
Structure–activity relationship study 
We envisioned that the mitochondrial targeting peptides developed by Kelley and co-workers[35-37] 

could be starting points for mechanism-based inhibitors of sirtuins. It was hypothesized that such 
inhibitors could be designed by incorporating a modified lysine residue that would enable sirtuin 

inhibition. Based on insight from previous structure–activity relationship (SAR) studies targeting 
SIRT2 and SIRT5, including selectivity screenings and co-crystal structures,[30, 33] we positioned the 

ADP-ribose-binding thiocarbonyl-containing lysine residue as the N-terminal amino acid (see 
Scheme S1 and S2 for syntheses). First, we addressed the effect of mitochondria-targeting peptide 

length combined with e-N-thioacetylation or e-N-thiomyristoylation of the N-terminal lysine residue. 

The inhibitors were evaluated for their ability to inhibit the deacetylation activities of SIRT1–3 at two 
doses, applying previously described fluorescence-based assay protocols.[12, 38] Gratifyingly, this 
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revealed that the peptide scaffolds allowed for potent inhibition of SIRT1–3 (Figure S1). Based on 

this initial compound series, the thiomyristoylated analogs were abandoned due to their apparent 
selectivity towards SIRT2. An analog of the pentamer peptide was also synthesized with alternation 

of the hydrophobic and cationic residues, resulting in slight selectivity for SIRT1, which was not 

considered optimal either (Figure S1). Next, we compared five e-N-thioacetyllysine analogs – based 
on the best pentapeptide sequence – containing different N-terminal functional groups (Figure S2). 

The substituents were selected based on previous SAR and supporting X-ray co-crystal structures. 
Those studies indicated a high degree of freedom for the selection of functionalities at this position 

and that potency is substantially more reliant on inhibitor backbone–enzyme interactions.[30, 33] Based 
on this series, we decided to proceed with the 3-phenylpropionyl group (c; Figure 2) and the alkyne-

containing group (a, Figure 2), which is amenable for incorporation of fluorophores or other tags 

using Cu(I)-catalyzed azide–alkyne Huisgen 3+2 cycloaddition “click” chemistry.[39-40] Inspired by 
previous studies of SIRT1–3[27, 33, 41-45] and the structures of the active sites in SIRT1–3 (Figure S3), 

we analyzed a number of binding motifs using the trimeric scaffold with the “clickable” N-terminal 
modification (1–10; Figure 2A). The most potent inhibitors of SIRT3 were compounds 1, 4, and 6, 

with 1 and 4 showing the lowest degree of off-target inhibition of SIRT1 and 2 (Figure 2B). However, 

because e-N-thioacetyllysine residues have been shown to be processed by HDAC8[46] and SIRT1–

3,[43] the e-N’-methylthiourea functionality was chosen for further investigations.  

Satisfied that potent inhibition of SIRT3 could be achieved with compound 4 without significant 
selectivity towards either SIRT1 or SIRT2 (Figure S3,4), we synthesized fluorophore-containing 

analogs (11, 13, and 16) to address mitochondrial targeting. Additionally, 3-phenylpropionyl-
containing analogs (14 and 17) were synthesized to address in-cell activity of the inhibitors. In 

addition to the nitrobenzoxadiazole (NBD, b) fluorophore, we also prepared analogs containing Abz 
(18), BODIPY, ATTO, and EDANS (see Scheme S2B for structures). Before analyzing the 

mitochondrial targeting ability of the fluorophore-containing analogs we demonstrated excellent 
stability of selected inhibitors in DMEM cell culture medium (Figure S6). Additionally, toxicity was 

evaluated for selected compounds against a series of immortalized cell lines (Figure S7 and Table 

S2) to inform us about appropriate dosing during the cellular fluorescence experiments.  
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Figure 2. Structure–activity relationship of inhibitors against SIRT1–3. (A) Structures of compounds 1–
10. (B) Heatmap summarizing potencies of compounds 1–10 against SIRT1–3 based on %-inhibition. All 
assays were performed at least twice in duplicate and the values can be found in Table S1. (C) Structures of 
N-terminal functional groups introduced in compounds 11–17. (D) Structures and IC50 values and standard 
deviations recorded for compounds 11–17 based on a minimum of two individual assays performed in 
duplicate. Further information can be found in Figure S5 and Table S1. 
 

Mitochondrial localization 
The cellular localization of compounds 11, 13, and 16 was first evaluated in Hela cells (Figure 3 and 

Figure S8). Not surprisingly, the trimeric scaffold 11 did not display satisfactory cellular or 

mitochondrial uptake (Figure 3A), which is in line with a previous report where tetramers were the 
smallest motifs shown to induce mitochondrial targeting.[35] Both the pentameric (13) and heptameric 

(16) probes were taken up by the cells and showed excellent overlap with the MitoTrackerTM co-
staining dye (Figure 3B,C). However, a significant fraction of the cells in the population seemed 

perturbed by the longer inhibitor (16), and all three NBD-conjugated inhibitors were bleaching 
extremely fast, making the analysis challenging. We therefore investigated the heptameric inhibitor 

using a selection of alternative fluorophores, chosen based on their reported bleaching properties, 
size, charge, and commercial availability. The aim being to identify a fluorophore with better 

performance, which could be readily incorporated without altering the properties of the inhibitor too 
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drastically. Unfortunately, poor cellular uptake was observed for the ATTO-containing analog (S11) 

(Figure S8). Similarly, the EDANS-conjugated analog (S13) showed low permeability, perhaps due 
to the negative charge present in this fluorophore (Figure S8).  

 

 
Figure 3. Mitochondrial targeting of fluorophore labeled inhibitors in HeLa cells, determined by co-
staining with MitoTrackerTM. (A) NBD-labeled trimer (11); Pearson correlation coefficient (r) = –0.66. (B) 
NBD-labeled pentamer (13); Pearson correlation coefficient (r) = 0.59. (C) NBD-labeled heptamer (16); 
Pearson correlation coefficient (r) = 0.46. (D) Abz-labeled heptamer (18); Pearson correlation coefficient (r) = 
0.81. 
 

An analog containing the widely used BODIPY fluorophore (S12) exhibited excellent photostability 
and good mitochondrial targeting as judged by the co-localization with MitoTracker dye (Figure S8). 

However, significant perturbation of a large fraction of the cells was observed, including vesicle 
formation, possibly through disruption of the mitochondria. Finally, 2-aminobenzoyl (Abz), which 

offers a minimal structural modification of the inhibitor due to its small size, was introduced to give 

compound 18. Although this fluorophore is less powerful with a quantum yield of 0.6 for the free 
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acid,[47] compared to 0.94 for BODIPY,[48] it exhibited clear cellular uptake and did show overlap with 

the MitoTracker dye, indicating mitochondrial targeting of compound 18 (Figure 2). 
Brightfield images indicated primarily healthy Hela cells after treatment with most fluorophore-

conjugated (Figure S8) as well as the non-fluorophore-conjugated compounds (14 and 17; Figure 

S9). However, slightly increased toxicity was observed for the heptameric scaffolds and substantial 
changes to the cell morphology were visible for the BODIPY-conjugated compound as also indicated 

by the fluorescence images discussed above. As expected, the control peptide NBD-TAT was 
distributed evenly within the cells with no significant co-localization to the mitochondria and no 

indication of toxicity in the brightfield images (Figure S8).  
Taken together, the data strongly suggest that our inhibitors, based on both pentameric and 

heptameric mitochondrial targeting peptides, are indeed shuttled to the mitochondria in HeLa cells 
in culture.  

 
Targeting of SIRT3 in HEK293T cells in culture 

With the compounds based on the longer heptapeptide mitochondria-targeting sequence showing 

convincing localization to the mitochondria, we were interested in investigating whether SIRT3 was 
indeed inhibited selectively in cells. Cellular studies were performed with the non-fluorophore 

conjugated compound (17), due to its low cytotoxicity against HEK293T, HeLa, Jurkat, and MCF-7 

cells (GI50 values >10 µM) (Figure S7 and Table S2), its low perturbation of cells according to 

brightfield microscopic images of treated HeLa cells (Figure S9), as well as its stability in growth 
medium (Figure S6). First, we chose the documented mitochondrial protein target MnSOD, for which 

the degree of acetylation of lysine 68 (K68) has been shown to be regulated by SIRT3.[24-25, 49-50] 

Inspired by the work of Meier and co-workers on non-enzymatic acylation,[51] we developed a novel 
mitochondrial targeting acetylating agent (NR-E65) to be used as a positive control (see Scheme S3 

for structure). Gratifyingly, NR-E65 showed a significant increase in MnSOD (K68) acetylation in 
mitochondria-enriched HEK293T lysates. Similarly, cells treated with compound 17 showed a 

significant increase in MnSOD (K68) acetylation, using 10 µM of the inhibitor (Figure 4A,B, Figure 
S10, and Figure S11). To further substantiate that compound 17 is targeting SIRT3 in living cells, 

we performed cellular thermal shift assays, using western blot (Figure 4C,D and Figure S12).[52-53] 
Analysis of the normalized data led to a statistically significant shift in thermal stability compared to 

the DMSO control (Figure 4D), strongly suggesting target engagement of compound 17 with SIRT3 
in HEK293T cells in culture.  

Finally, we addressed whether the targeting of SIRT3 was also selective over SIRT1 and 2 in 

HEK293T cells. For SIRT1, we chose the well documented target p53[45, 54-55] and analyzed the levels 
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of acetylated p53 (K382) in HEK293T cells treated with compound 17, using the known SIRT1 

inhibitors EX-527[56] and 19[31, 43] as positive controls (Figure 4E,F and Figure S13). Although, 
compounds 17, EX-527, and 19 are equipotent against SIRT1 in vitro,[43] the effect on p53 acetylation 

(K382) by compound 17 is significantly lower than the positive control compounds (Figure 4E,F), 

suggesting a high degree of selectivity for SIRT3 over SIRT1 in cells.  

 
Figure 4. Inhibition of SIRT3 in HEK293T cells. (A) Western blot showing dose-dependent effect of 17 on 
acetylation of documented mitochondrial SIRT3 target MnSOD. (B) Quantification and statistics of the effect 
on MnSOD acetylation, based on three individual experiments performed at least in duplicate. (C) Western 
blot of the cellular thermal shift effect of treatment with 17 on SIRT3 stability. (D) Analysis of the 
quantification of the bands from the cellular thermal shift assay. (E) Evaluation of off-target effect of 17 (25 
µM) on p53 acetylation compared to positive controls Ex-527 (25 µM) and 19 (25 µM) by western blot. (F) 
Quantification and statistics of the effect on p53 acetylation (K40). (G) Immunofluorescence investigation of 
the effect of 17 (25 µM) on a-tubulin acetylation compared to TSA (1 µM) as the positive control. Additional 
data, full gel images, and structures of NR-E65, Ex-527, 19, and TSA are available in the Supporting 
Information Scheme S3 and Figures S8–S14. Significance of the CETSA shifts were calculated using 
unpaired t-test of Tm values from independent experiments. Adjusted P-values ns P > 0.05, *P < 0.05, **P < 
0.01 compared to DMSO treated control. Significance of the levels of Ac-p53 and MnSOD K68Ac were 
calculated using one way ANOVA test. Adjusted P-values ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 compared to DMSO treated control.  
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For SIRT2, we and others have recently reported on the challenges of determining cellular effects 

on lysine acetylation by performing western blots on whole cell extracts.22,[57] We therefore 

investigated the effect of 17, as well as the shorter analog 14, on a-tubulin acetylation (K40) 

qualitatively by performing immunofluorescence experiments, comparing to DMSO and TSA as 

negative and positive controls, respectively (Figure 4G and Figure S14). While treatment with TSA 

produced a significant increase in a-tubulin acetylation compared to the DMSO control, no change 

was observed when treating cells with either compound 14 or 17, indicating high selectivity towards 

SIRT3 over SIRT2 in cells as well.  
Taken together, the limited degree of SIRT1,2 inhibition in cells further substantiates the 

mitochondrial targeting properties of our non-fluorophore-conjugated inhibitors, which effectively 
inhibit SIRT3 in cells. 

 
Conclusion 

It has been a major challenge to develop inhibitors that selectively perturb SIRT3 of the class I sirtuin 
enzymes. Due to the high structural similarity of the active sites of SIRT1–3, small molecule 

chemotypes have largely failed in producing selective inhibition of SIRT3 over SIRT1 and 2. The 
differences in the structures of the extended substrate-binding pockets among these three enzymes 

have enabled the development of selective inhibitors of SIRT2, but have not been successfully 

harnessed to target SIRT1 or SIRT3. Here, we developed compounds based on a different strategy 
that takes advantage of the differential sub-cellular localization of the three class I sirtuins. In work 

reported during the finalization of our study, a commonly used mitochondrial targeting motif (the 
triphenylphosphonium group) was attached to a SIRT2 inhibitor, to inhibit SIRT3 in the mitochondria 

rather than SIRT1 and SIRT2 in the nucleus and cytosol, respectively.[58] The chemotypes developed 
in the present study, however, have a fundamentally different architecture and includes optimization 

of their selectivity profiles to dial down affinity for SIRT1 and SIRT2. Our design was predicated on 
the fusion of attributes from mechanism-based class I sirtuin inhibitors with mitochondria-targeting 

peptides. After succeeding in the achievement of potent enzyme inhibition in vitro, we optimized of 
mitochondria-targeting properties and secured compound stability together with limited toxicity. The 

resulting probe compound exhibited direct engagement of SIRT3 in the mitochondria of cells in 

culture by an inhibitor molecule for the first time and the acetylation level of the documented SIRT3 
target MnSOD was perturbed.  

We expect that this novel probe will enable investigation of the function of SIRT3 with unprecedented 
precision and thus help uncover the potential for development of future therapeutics targeting this 

enzyme. Finally, our results provide a framework that may be exploited for the targeting of other 
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mitochondrial proteins, including the mitochondrial sirtuin isoforms, SIRT4 and SIRT5, by 

incorporating alternative acyl group mimics that are selectively targeted by these enzymes.  
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