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Abstract

SIRT2 a member of the sirtuin family of protein lysine deacylases has been identified as a 

promising therapeutic target. In addition to catalyzing deacetylation, SIRT2 has recently been 

shown to remove fatty acyl groups from K-Ras4a and promote its transforming activity. Among 

the SIRT2 specific inhibitors, only the thiomyristoyl lysine compound, TM, can weakly inhibit the 

demyristoylation activity of SIRT2. Thus, more potent small molecule SIRT2 inhibitors are needed 

to further evaluate the therapeutic potential of SIRT2 inhibition, and to understand the function of 

protein lysine defatty-acylation. Here we report a SIRT2 inhibitor, JH-T4, which can increase K-

Ras4a lysine fatty acylation. This is the first small molecule inhibitor that can modulate the lysine 

fatty acylation levels of K-Ras4a. JH-T4 also inhibits SIRT1 and SIRT3 in vitro. The increased 

potency of JH-T4 is likely due to the formation of hydrogen bonding between the hydroxyl group 

and SIRT1, SIRT2, and SIRT3. This is further supported by in vitro studies with another small 

molecule inhibitor, NH-TM. These studies provide useful insights for future SIRT2 inhibitor 

development.

Graphical Abstract

A new SIRT2 inhibitor, JH-T4, can modulate both the deacetylation and defatty-acylation 

activities of SIRT2. JH-T4 is the first SIRT2 inhibitor that can control the lysine fatty acylation 

levels of the oncoprotein K-Ras4a in cells.
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Sirtuins, the NAD-dependent class of the histone deacetylase family, have attracted a lot of 

research interest due to their connection to many biological processes such as transcription, 

metabolism, cancer, and aging.[1] Among the seven mammalian sirtuins, SIRT2 is the only 

sirtuin predominately localized in the cytosol.[1] Despite early studies suggesting a weak 

tumor suppressor role for SIRT2, many reports show that inhibiting SIRT2 has a broad anti-

cancer effect.[2] Thus, SIRT2 is a promising anticancer target. SIRT2 was initially identified 

as a protein lysine deacetylase. However, it can also efficiently hydrolyze long chain fatty 

acyl groups from lysine residues.[3] Most of the current understanding of SIRT2 comes from 

its deacetylation activity. SIRT2 deacetylates various substrates ranging from metabolic 

enzymes, such as ENO1, to transcription factors such as HIF1-α.[4] Meanwhile, not much is 

known about the defatty-acylation activity of SIRT2. Recently, the first defatty-acylation 

substrate of SIRT2, K-Ras4a, was identified.[5] SIRT2-mediated lysine defatty-acylation 

promotes the transforming activity of K-Ras4a.[5] Since K-Ras4a is an important 

oncoprotein, the defatty-acylation activity of SIRT2 could be significant for the role of 

SIRT2 in cancer.

Several SIRT2 inhibitors have been developed. [2a, 6] Recent studies suggest that among 

these compounds, only TM can weakly inhibit the demyristoylation activity of SIRT2.[7] TM 

is a thiomyristoyl lysine compound, and is a mechanism-based SIRT2 inhibitor.[2a] TM has 

been shown to possess a broad anticancer effect.[2a, 6k, 8] In many cancer cell lines, TM 

inhibits SIRT2 and promotes c-Myc degradation.[2a] TM efficiently inhibits the 

deacetylation activity of SIRT2 in cells, while only weakly inhibits the defatty-acylation 

activity of SIRT2.[2a, 8] Due to the promising potential of SIRT2 as a therapeutic target, we 

are interested in developing more potent SIRT2 inhibitors that can inhibit both the 

deacetylation and the defatty-acylation activity of SIRT2. Here we report JH-T4, a TM 

analogue, which is also a potent SIRT2 inhibitor, but unlike TM has the ability to inhibit the 

defatty-acylation of K-Ras4a by SIRT2 both in vitro and in cells.
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In our efforts to develop a more potent SIRT2 inhibitor, we decided to carry out structure 

activity relationship studies based on the structure of TM. We specifically were interested in 

modifying the aniline portion of the small molecule, to study what modifications would 

increase or decrease SIRT2 potency and selectivity. To this end, we found that adding a 

single hydroxyl group on the aniline moiety, leading to the compound JH-T4 (Figure 1), 

produces a sirtuin inhibitor with a very different inhibition profile. We measured the in vitro 
IC50 values (Table 1) of JH-T4 toward SIRT1, SIRT2, SIRT3, and SIRT6 under pre-

incubation conditions (enzymes, NAD, and inhibitors were first incubated for 15 min before 

substrates were added to start the enzymatic reaction) and compared them to the IC50 values 

of TM. For SIRT2, we determined the IC50 values for both deacetylation and 

demyritoylation activities. For these assays the H3K9-Ac and H3K9-Myr peptides were used 

as substrates, as SIRT1,2,3 and 6 have efficient activity on these peptides, which are 

commonly used for Sirtuin studies.[2a, 3b, 7a, 9]

Despite its similarity in structure to TM, JH-T4 showed a different sirtuin inhibition profile. 

TM is a SIRT2 selective inhibitor, exhibiting a 650-fold selectivity for inhibition of SIRT2 

over SIRT1 deacetylation activity.[8] In contrast, JH-T4 exhibited only a 10-fold selectivity 

for SIRT2 as it inhibits SIRT1, SIRT2, and SIRT3 in vitro with IC50 values of 15 μM or 

lower. Interestingly, under the pre-incubation assay condition, TM and JH-T4 inhibited both 

the deacetylation and defatty-acylation activity of SIRT2 in vitro comparably (IC50 values in 

the 30–50 nM range) (Table 1).

To further compare the defatty-acylation inhibition by TM and JH-T4 we determined the 

IC50 value for inhibition of SIRT2 demyristoylation activity without pre-incubating the 

enzyme with NAD and inhibitor. Without preincubation, the in vitro IC50 value of TM was > 

200 μM (42% inhibition at 200 μM), but the IC50 of JH-T4 was approximately 110 μM. This 

suggests that JH-T4 is more efficient at inhibiting the defatty-acylation activity of SIRT2 

than TM is.

We also measured the IC50 values of TM and JH-T4 on the deacetylation activity of SIRT1, 

SIRT2, and SIRT3 without preincubation. Most IC50 value for inhibiting the deacetylation 

activity of SIRT1-3 without pre-incubation did not drastically change for TM and JH-T4 

compared to that with pre-incubation (Table 1).[7a] However the IC50 value of JH-T4 on 

SIRT1 without pre-incubation increased dramatically JH-T4 (40 μM without pre-incubation, 

compared to 0.3 μM with pre-incubation).

We next wanted to compare the potency and selectivity of these compounds in cells. To 

evaluate the inhibition of SIRT1 deacetylation activity, we examined p53 acetylation levels, 

as Lys382 of p53 is a well-established SIRT1 substrate.[10] As expected, JH-T4, but not TM, 

increased Ac-p53 level on Lys382 in MCF-7 cells (Figure 2A). We further tested if these 

compounds could inhibit the deacetylation activity of SIRT2 in cells based on acetyl α-

tubulin immunofluorescence, as acetyl α-tubulin is a widely used cellular readout of SIRT2 

activity.[3a] Both the TM and JH-T4 treated samples showed a dramatic increase in acetyl α-

tubulin levels compared to the sample treated with the vehicle control, ethanol. Thus, both 

compounds efficiently inhibit SIRT2 deacetylation activity in MCF-7 cells (Figure 2B).
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Next, we investigated whether either of the two compounds could inhibit the defatty-

acylation activity of SIRT2 by evaluating the lysine fatty acylation level of K-Ras4a, the 

only reported SIRT2 defatty-acylation target. We made use of the biorthogonal palmitic acid 

analogue Alk14 following the same methods previously described.[5] First, we looked at the 

ability of the compounds to inhibit SIRT2 defatty-acylation on K-Ras4a in vitro. Alk14 

labeled K-Ras4a was purified from HEK-293T cells, and subsequently treated with SIRT2, 

NAD, and either TM, JH-T4, or the vehicle control ethanol. Click chemistry was used to 

attach a fluorophore to quantify the fatty acylation level of K-Ras4a based on the in-gel 

fluorescence intensity. K-Ras4a samples treated with JH-T4 had higher lysine fatty-acylation 

levels (hydroxylamine resistant fatty acylation) than those treated with either the control, 

ethanol, or TM (Figure 2C, note that JH-T4 treated cells have lower protein loading but 

stronger fluorescence signal). This is supported by the quantification of the percent 

inhibition of the defatty-acylation activity (Figure 2C) and demonstrate that JH-T4 is more 

potent than TM at inhibiting the activity of SIRT2 on K-Ras4a lysine fatty acylation. We 

note that higher concentrations of TM or JH-T4 did not further increase K-Ras4a acylation 

levels, which is likely due to their limited solubility. At concentrations above 50 uM, the 

inhibitors may precipitate out, decreasing the actual concentrations.

Next, we evaluated whether JH-T4 was able to inhibit SIRT2-catalyzed K-Ras4a defatty-

acylation in cells. Consistent with the in vitro inhibition of SIRT2 defatty-acylation of K-

Ras4a, JH-T4 could also increase the fatty acylation level on K-Ras4a efficiently in cells 

(Figure 2D). In contrast, TM had very little effect on the lysine fatty acylation of K-Ras4a. 

We further quantified the increase in fatty acylation, by comparing the fluorescence signal to 

the protein output as determined by a Flag western blot, to confirm that JH-T4 had a more 

profound effect on the lysine fatty acylation level of K-Ras4a (Figure 2D). JH-T4 is 

therefore the first inhibitor to efficiently inhibit the defatty-acylation activity on K-Ras4a in 

cells.

The cellular effect of JH-T4 on K-Ras4a lysine fatty acylation was much stronger than TM, 

this is consistent with the fact that JH-T4 is better at inhibiting SIRT2 defatty-acylase 

activity in vitro. However, it is also possible that the inhibition of SIRT1 could contribute to 

this much stronger effect. We previously showed that SIRT1 can catalyze defatty-acylation 

of K-Ras4a in vitro, but knockdown of SIRT1 in cells did not affect K-Ras4a lysine fatty 

acylation, while knockdown of SIRT2 did.[5] It is possible that SIRT1 may partially rescue 

the loss of SIRT2 activity and thus inhibiting both SIRT1 and SIRT2 could be more effective 

at increasing K-Ras4a lysine fatty acylation.

Given that JH-T4 is a potent SIRT2 inhibitor that inhibits the defatty-acylation of K-Ras4a, 

we next evaluated the anti-cancer effect of these compounds in a wide range of cancer cells. 

We looked at their GI50 values in pancreatic cancer (ASPC1), colon cancer (HCT116), lung 

cancer (NCI-H23), and breast cancer (MDA-MB-231) cells, as well as in two normal 

mammary epithelial cells (HME1 and MCF10A). JH-T4 was more potent than TM in all the 

cell lines evaluated. However, unlike TM that exhibited cancer cell selectivity over normal 

cells, JH-T4 was also toxic to the normal cell lines HME1 and MCF10A.
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The cytotoxicity of JH-T4 to normal cell lines may come from the fact that JH-T4 can 

inhibit several Sirtuins (Table 1). To evaluate if the anticancer effect of JH-T4 is through 

SIRT2 inhibition we evaluated the inhibition of anchorage independent growth in HCT116 

cells overexpressing pCDH and Flag-SIRT2. While cells overexpressing SIRT2 were less 

sensitive to TM treatment, there was no difference in JH-T4 potency between the two cell 

lines (Table 3).[8] This suggests that the potency of JH-T4 is not primarily through SIRT2 

inhibition. Thus, future SIRT2 inhibitor development should focus on regaining SIRT2 

selectivity, while maintaining the potency of JH-T4.

To facilitate future inhibitor development efforts, we became interested in understanding 

how the introduction of the hydroxyl group on JH-T4 leads to decreased SIRT2 selectivity 

and increased inhibition of the defatty-acylation activity of SIRT2. Modeling of SIRT2 with 

TM and JH-T4 based on the previously reported crystal structure of Sirt2 in complex with a 

myristoyl peptide (4×3o), suggested that the introduction of a hydroxyl group on TM 

allowed the compound to form hydrogen bonds with the amino acid backbone of SIRT2, 

specifically with Gln265, Val266, and Asn267 (Figure 3).[11] Similar hydrogen bonds were 

also seen when a model was generated with JH-T4 and the established SIRT3 and H3K9 

myristoyl peptide crystal structure, 5BWN (Figure S1).[9a] The ability to form hydrogen 

bonds makes JH-T4 a more efficient suicide substrate, which leads to the increased 

inhibition of SIRT1 and SIRT3, as well as better inhibition of the defatty-acylation activity 

of SIRT2.

To further test this hypothesis, we synthesized another TM analogue, NH-TM (Figure 1), 

where the aniline moiety was replaced with glycine. NH-TM, like JH-T4, should be able to 

form more hydrogen bonds than TM with SIRT1, SIRT2 and SIRT3, which was supported 

by modeling with the established SIRT2 and SIRT3 X-ray crystal structures (Figure S2).
[9a, 11] If our hypothesis was correct, we expected NH-TM to behave similarly to JH-T4 at 

inhibiting SIRT1, SIRT2, and SIRT3 deacetylation activities. Indeed, NH-TM was potent 

against SIRT2, exhibiting an IC50 value of 0.088 μM (Table 1). NH-TM, like JH-T4, inhibits 

both SIRT1 and SIRT3 with IC50 values of 0.43 μM and 2.4 μM, respectively (Table 1).

Our study here not only provides the first SIRT2 inhibitor (JH-T4) that can inhibit the 

defatty-acylation of K-Ras4a in cells, but also highlights that a small change in structure can 

lead to a significant change in the potency and selectivity of a small molecule inhibitor. The 

introduction of a hydroxyl group on the selective SIRT2 inhibitor TM (JH-T4) decreased the 

selectivity, but increased the ability to inhibit the defatty-acylation activity of SIRT2. Our 

data suggest that this is due to the ability of the compound to form additional hydrogen 

bonds with SIRT1, SIRT2 and SIRT3.

Protein lysine fatty acylation is emerging as an important protein post-translational 

modification. Recently, several Ras family of small GTPases have been reported to be 

regulated by lysine fatty acylation and sirtuin-catalyzed defatty-acylation.[5, 12] Small 

molecules that can inhibit the defatty-acylation activity of sirtuins would help to better 

understand the functions of protein lysine fatty acylation. Here, we identify JH-T4 as the 

first small molecule that can modulate the level of lysine fatty acylation on K-Ras4a. JH-T4 
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can be used as a tool to further study protein lysine fatty acylation, an understudied but 

important protein post-translational modification.

Interestingly, JH-T4 is more cytotoxic than TM in several human cell lines, likely due to 

inhibition of other sirtuins as SIRT2 overexpression did not protect the cells from the effect 

of JH-T4. However, compared to TM, JH-T4 loses the selective toxicity to cancer cells. At 

this point, it is not clear whether the lack of cancer cell selectivity is due to ability of JH-T4 

to inhibit other sirtuins or due to inhibition of the defatty-acylation activity of SIRT2. To 

address this question, future SIRT2 inhibitor development should focus on obtaining 

compounds that can inhibit the defatty-acylation activity and are SIRT2-selective.

Experimental Section

All experimental details can be found in the supplemental information document.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical Structures of different Sirtuin Inhibitors
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Figure 2. In-Cell Sirtuin Inhibition by JH-T4.
(A) Ac-p53 levels to evaluate the inhibition of SIRT1 in cells after 6 hr 25μM inhibitor and 

200 nM trichostatin A (TSA) treatment in MCF-7 cells. (B) Ac-α-tubulin levels to detect 

inhibition of SIRT2 after 6 hr 25 μM inhibitor treatment in MCF-7 cells. (C) Inhibition of 

SIRT2 in vitro by TM and JH-T4 treatment by evaluating K-Ras4a lysine fatty acylation 

levels. (D) Detection of K-Ras4a lysine fatty acylation levels to evaluate in-cell inhibition of 

SIRT2 defatty-acylation activity. FL, fluorescence; CB, Coomassie blue staining.
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Figure 3. 
Modeling of (A) JH-T4 and (B) H3K9-Myr with SIRT2 using the 4×3o crystal structure to 

show the potential hydrogen bonding between the small molecule JH-T4 and the amino acid 

backbone of SIRT2.
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Table 1.

In vitro IC50 values (μM) of TM, JH-T4 and NH-TM for inhibiting sirtuin deacylation activity (ND = not 

determined). Values shown in brackets are from assays without pre-incubation.

TM JH-T4 NH-TM

SIRT1 Deacetylation 25 ± 15 (59 ± 10) 0.3 ± 0.2 (43 ± 3) 0.4±0.1

SIRT2 Deacetylation 0.04 ± 0.02 (0.04 ± 0.01) 0.03 ± 0.01 (0.03 ± 0.02 ) 0.088±0.003

SIRT2 Defatty-Acylation 0.05±0.03 (>200) 0.04 ± 0.03 (111 ± 10) ND

SIRT3 Deacetylation >50 (77 ± 6) 15±5 (50 ± 8) 2.42±0.01

SIRT6 Defatty-Acylation >200 >100 ND

Selectivity[a] 650 10 4.8

[a]
(SIRT1 deacetylation IC50)/ (SIRT2 deacetylation IC50)
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Table 2.

GI50 values (μM) of TM and JH-T4 in several cancer and normal cells. The values are an average of three 

independent experiments, each done in duplicate. WT = wild type

Cell Line Cell Type K-Ras
Mutation TM JH-T4

ASPC1 Pancreatic
Cancer G12D 24 ± 5 8.6 ± 0.9

HCT116 Colon
Cancer G13D 19 ± 1 6.2 ± 0.2

NCI-H23 Lung
Cancer G12C 29 ± 6 6.6 ± 0.3

MDA-MB-231 Breast
Cancer G13D 13 ± 4 6 ± 2

HME1

Normal
Mammary
Epithelial
Cells

WT >50 11 ± 4

MCF10A

Normal
Mammary
Epithelial
Cells

WT >50 3 ± 1.2
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Table 3.

GI50 values (μM) of TM[7a] and JH-T4 for inhibiting anchorage independent growth in pCDH and SIRT2 

overexpressing HCT116 cells. Average values from three independent experiments are presented.

Inhibitor pCDH
Expression

SIRT2
Expression Fold Change[a]

TM 15 ± 5 27 ± 8 1.8

JH-T4 12.1 ± 0.5 12.6 ± 0.3 1

[a]
GI50 for SIRT2 Expression / GI50 for pCDH Expression
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