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Abstract

The acetylation status of lysine residues on histone proteins has long been attributed to a balance 

struck between the catalytic activity of histone acetyl transferases and histone deacetylases 

(HDAC). HDACs were identified as the sole removers of acetyl post-translational modifications 

(PTM) of histone lysine residues. Studies into the biological role of HDACs have also elucidated 

their role as removers of acetyl PTMs from lysine residues of nonhistone proteins. These findings, 

coupled with high-resolution mass spectrometry studies that revealed the presence of acyl-group 

PTMs on lysine residues of nonhistone proteins, brought forth the possibility of HDACs acting as 

removers of both acyl- and acetyl-based PTMs. We posited that HDACs fulfill this dual role and 

sought to investigate their specificity. Utilizing a fluorescence-based assay and biologically 

relevant acyl-substrates, the selectivities of zinc-dependent HDACs toward these acyl-based PTMs 

were identified. These findings were further validated using cellular models and molecular biology 

techniques. As a proof of principal, an HDAC3 selective inhibitor was designed using HDAC3’s 

substrate preference. This resulting inhibitor demonstrates nanomolar activity and >30 fold 

selectivity toward HDAC3 compared to the other class I HDACs. This inhibitor is capable of 

increasing p65 acetylation, attenuating NF-κB activation, and thereby preventing downstream 

nitric oxide signaling. Additionally, this selective HDAC3 inhibition allows for control of 

HMGB-1 secretion from activated macrophages without altering the acetylation status of histones 

or tubulin.
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Graphical abstract

Increasing evidence suggests that lysine post-translational modifications (PTMs) play 

multiple and extensive roles in cell signaling, akin to the well-studied phosphorylation, 

methylation, or ubiquitinylation PTMs.1 Initial proteomic studies using high-resolution mass 

spectrometry have identified at least 3600 lysine acetylation sites on over 1750 proteins.2 In 

addition to lysine acetylation, a wider array of lysine acylations has gradually become 

recognized as important PTMs that control key cellular processes.3 These modifications 

include lysine formylation, acetylation, propionylation, butyrylation, crotonylation, 

glutarylation, malonyl/succinylation, and myristoyl/palmitoylation.4–13 A common feature 

of these lysine acylations is that most of them originate from coenzyme A (CoA) 

metabolites. The even numbered acyl groups such as acetyl and butyryl are likely derived 

from β-oxidation pathways, and the more complex succinyl modification stems from 

succinyl-CoA, most commonly used in regulation of cellular energy homeostasis. This 

crosstalk between metabolism and PTM status suggests a role for these lysine modifications 

to regulate enzymes in metabolic pathways.14 Further, the identification of the diverse acyl-

based PTMs has sparked studies focusing on the conditions under which they are attached 

and removed, leading to the demonstration that acylation of lysine residues is a nonspecific 

process performed either through promiscuous histone acetyl transferases or simply by 

noncatalytic chemical ligation.15 Unlike the promiscuous and even equilibrium-based 

ligation of acyl groups to lysine residues, the removal of these groups seems to be more 

carefully controlled.15 One enzyme family capable of removing glutaryl, malonyl/succinyl, 

and myristoyl/palmitoyl groups is the sirtuins.9,10,13 As class III members of the histone 

deacetylase (HDAC) family of enzymes, sirtuins are NAD+-dependent deacylases. 

Contrarily, class I, II, and IV HDACs are metal-containing deacetylases. It has been 

suggested that class I, II, and IV HDACs possess the ability to also deacylate lysines rather 

than an isolated ability to deacetylate them. With this knowledge, we asked if these 

relatively novel acyl groups were substrates for any zinc-dependent HDAC and, if so, 

questioned whether there was any level of specificity these isozymes displayed toward 

certain acyl substrates.

RESULTS AND DISCUSSION

HDAC Isozyme Deacylase Kinetic Profiling

Our study began by developing 12 different aminomethylcoumarin-based fluorogenic 

substrates that would mimic biologically relevant acyl-group PTMs (Supporting Information 
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Figure 1a). These substrates were developed based on either known acids/acyl-CoA bound 

esters that have been found in the bloodstream in high concentrations and are likely to be 

ligated to the ε-N terminus of lysine residues or known PTMs shown to exist via mass 

spectrometry ex vivo. The nonbiologically relevant trifluoroacetyl (TFA) substrate was 

utilized as a positive control for class IIa HDACs and HDAC8, as it is the best-known 

substrate to be efficiently removed by these HDAC isozymes.16 Utilizing these substrates 

and recombinant human HDACs, all zinc-dependent HDAC isozymes were tested en bloc 
for their ability to deacylate each substrate, with particular interest for substrate cleaved over 

time with constant enzyme and substrate concentrations (Supporting Information Figure 1b).

As previously reported, HDACs 1, 2, 3, and 6 demonstrated the most robust deacetylase 

activity compared to all other HDAC isozymes.17 Also in line with external findings, class 

IIa HDACs and HDAC8 only displayed the ability to deacylate the TFA-based substrate.18 

No appreciable deacylase activity was seen for HDACs 10 and 11, which falls in line with a 

similarly performed study.17 In addition to this, we saw no appreciable activity of any 

isozyme toward our heptanoyl-, octanoyl-, glutaryl-, or adipoyl-based substrates (Supporting 

Information Figure 1b). As such, the results of this experiment directed our focus toward 

more rigorous interrogation of the deacylase capacity of HDACs 1, 2, 3, and 6.

HDACs 3 and 6 demonstrated appreciable deformylase activity with HDAC6 demonstrating 

higher catalytic activity as a deformylase than as a deacetylase with the concentrations of 

enzyme and substrate used. HDAC3 possessed by far the most diverse ability to deacylate a 

variety of substrates, including the TFA-based substrate, with a particular preference for 

deacylating the butyryl-, crotonyl-, and valeryl-based substrates compared to HDACs 1 and 

2. Last, HDACs 1–3 were able to depropionylate with high catalytic efficiency (Figure 1a 

and Supporting Information Figure 1b). While there have been previous reports of HDAC3 

possessing the ability to deacylate the TFA-based substrate,17 we sought to determine if this 

finding was due to an impurity of one or more class IIa HDACs in our HDAC3 solution. 

Briefly, HDAC3 was coincubated with TFA substrate and vorinostat or diphenyl acetic 

hydroxamic acid (dPAHA). It has been previously shown that vorinostat possesses no 

appreciable inhibitory activity for class IIa HDACs,17 while dPAHA only possesses the 

ability to inhibit class IIa HDACs.19 As expected, and in line with previous publications,20 

vorinostat, but not dPAHA, was capable of altering HDAC3’s ability to deacylate the TFA 

substrate (Supporting Information Figure 2). Therefore, we are confident in associating this 

deacylase ability with HDAC3.

To further investigate the key findings from our initial screen, we performed Vmax kinetic 

analyses on HDACs 1, 2, 3, and 6 versus substrates that were deacylated by one or more of 

these isozymes. We determined values of Km, Vmax, kcat, and kcat/Km, the latter being the 

most well accepted measurement of catalytic efficiency (Table 1). Interestingly, the Km 

values of our formyl-based substrate vs HDACs 3 and 6 is nearly a log lower than the 

corresponding values for HDACs 1 and 2. The Vmax value for HDAC1, despite being higher 

than the value for HDAC6, is not likely to be achieved in vivo, as the concentration required 

to achieve this would be in the millimolar range (Figure 1b and Table 1). HDAC6 is the most 

catalytically efficient deformylase; however, it is still a more efficient deacetylase. 

Surprisingly, HDACs 1–3 displayed remarkable catalytic efficiency as depropionylases. 
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Despite this, there appears to be very little difference in selectivity or efficiency between the 

three isozymes. The last intriguing finding from this kinetic study was the deacylation ability 

of HDAC3 toward butyryl-, crotonyl-, and valeryl-based substrates. It has been previously 

reported that HDAC3 was capable of deacylating crotonyl-substrates.21 Unlike the 

depropionylase ability of HDACs 1–3, the deacylase activity toward these substrates was 

very specific to HDAC3. This seems to stem from HDAC3’s ability to both bind these 

substrates more efficiently (lower Km values) and efficiently cleave these substrates (higher 

kcat/Km values) from the ε-N of lysine residues relative to HDACs 1 or 2 (Figure 1c and 

Table 1). Most interestingly, the crotonyl-substrate binds to HDAC3 with very high affinity; 

however, there is little substrate turnover (kcat) compared to the canonical acetyl substrate 

(Table 1).

Interrogation of HDACs 3 and 6 As Deformylases

Utilizing Hek293 cell lysates and various HDAC inhibitors, we sought to determine if both 

this newly discovered deformylase activity translated into a more robust cellular-based 

model and if it was affected by traditional small molecule inhibitors. Vorinostat, a class I and 

HDAC6 inhibitor;17 Tubastatin A (tubA), an HDAC6 specific inhibitor;22 and PD-106, an 

HDACs 1–3 inhibitor23 were used to interrogate the individual and combined inhibitory 

effects of these small molecules against HDAC isozymes’ cellular deformylase activity 

(Figure 2a). The pan-inhibition of vorinostat at 1 μM demonstrated the ability to inhibit both 

deacetylation and deformylation, in line with our kinetics study. The selective HDAC6 

inhibitor Tubastatin A at 0.5 μM, well above its IC50 of <50 nM, did not affect overall 

deacetylation activity but did lower deformylation activity (Figure 2b). This is due to the 

ability of HDACs 1–3 to fulfill the deacetylase role in the cell even with an inhibited 

HDAC6.24 The HDACs 1–3 inhibitor PD-106 at 1 μM also showed a deformylase inhibition 

profile akin to Tubastatin A, once again showing that selective inhibition of HDAC3 or 

HDAC6 is not enough to affect global deacetylation but can affect deformylation. Last, 

when Tubastatin A and PD-106 were combined, additional lowering in deformylation 

activity was seen while leaving deacetylation activity nearly unaffected (Figure 2b). Despite 

inhibiting HDACs 1, 2, 3, and 6, the combined treatment only affected deformylation. This, 

unlike vorinostat’s effect on deacetylation, can be explained through the stoichiometry used 

to achieve this result. At 1 μM, PD-106 is below its IC50 values for HDACs 1 and 2 with 

sufficient incubation time to account for its slow-on/slow-off kinetics. As such, it is not 

likely to be inhibiting these enzymes strongly enough to induce a physiologic effect that 

would be seen with less discriminant class I HDAC inhibition at higher doses.

With the results of small molecule inhibition matching the data from our initial screening, 

we next interrogated the roles of HDACs 3 and 6 as deformylases utilizing siRNA 

knockdown and plasmid transfection for overexpression in Hek293 cells (Figure 2c–f). 

Utilizing HDAC1 as a negative control, we demonstrated that its knockdown bore no impact 

on deformylation activity. Knockdown of HDAC3, however, led to an approximate 35% 

decrease in deformylation activity of the cell lysate. Knockdown of HDAC6 led to a more 

robust 55% decrease in deformylation, and the concomitant knockdown of both isozymes 

led to a similar effect (Figure 2d). These data support the previous findings that HDACs 3 

and 6 are the majority, or possibly even sole, controllers of deformylation in the cell with 
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their suppression leading to extensive loss of activity. Following up on these studies, we 

performed overexpression of HDACs 1, 3, and 6 (Figure 2e). Using HDAC1 as a negative 

control, its overexpression bore no effect on deformylase activity similar to its knockdown. 

Initial overexpression of HDAC3 without its required corepressor NCoR2 led to no 

appreciable increase in deformylase activity. However, simultaneous overexpression of both 

HDAC3 and its corepressor led to an approximate doubling in activity. Overexpression of 

HDAC6 in similar fashion displayed a much more robust increase in deformylation activity, 

leading to a near 10-fold increase in activity. These increases were not seen in the control 

pcDNA3.1 plasmid (Figure 2f). Taken together, these data suggest that HDACs 3 and 6 are 

both controllers of deformylation; however, HDAC6 is a more active deformylase in vitro.

Interrogation of HDAC3’s Role As a Selective Devalerylase

We next chose to probe HDAC3’s seemingly selective ability to remove short chain fatty 

acids of four to five carbons in length. As carbon chain length for our synthesized substrates 

exceeded three, deacylation activity decreased for all isozymes but HDAC3 (Supporting 

Information Figure 1b and Table 1). In particular, we were interested in the potential 

devalerylase activity of this isozyme. Traditionally, short chain fatty acids created in vivo 
contain an even number of carbons. Valeryl groups, confirmed to exist in human serum as its 

fatty acid form in the high micromolar range,25 are the result of bacterial-based metabolism 

of sloughed intestinal cells from gut dwelling flora.26 Combining these data with our 

findings that HDAC3 may serve as a devalerylase, we discovered a potentially clinically 

relevant finding and chose to interrogate this observation further.

We proceeded to study the effect of HDAC isozyme inhibition with small molecule 

inhibitors on HDAC3’s potential devalerylase activity using Hek293 lysates. Similar to the 

prior experiment, the pan-HDAC inhibition of vorinostat led to a lowering in both 

deacetylation and devalerylation (Figure 3a). The HDAC6 selective inhibitor Tubastatin A 

displays no effect on deacetylation or devalerylation, in line with our previous experiments 

that suggest HDAC3 is the only HDAC isozyme capable of devalerylation (Figure 1a). The 

utilization of the HDACs 1–3 inhibitor PD-106 demonstrates selective inhibition of 

devalerylation. The addition of Tubastatin A leads to seemingly no difference in overall 

effect. Taken together, these data give further validity to our initial discovery that HDAC3 

possesses devalerylase activity. To further test this finding, we again utilized our Hek293 

lysates with individual HDAC isozymes knocked down (Figure 2c). With the selective 

knockdown of HDAC3, but not HDACs 1 or 6, we see an approximately 40% decrease in 

global deformylation activity (Figure 3b). Using the Hek293 lysates with overexpressed 

HDAC1, HDAC3, HDAC3/NCoR2, and HDAC6 (Figure 2e), we indeed see that increased 

cellular concentrations of HDAC3 and its corepressor NCoR2 led to substantial increases in 

the devalerylation activity of our Hek293 lysates while overexpression of other HDACs had 

no appreciable effect (Figure 3c).

Interrogation of HDAC Inhibitors on Global Protein Formylation and Valerylation

A potential pitfall for all previous experiments was that they relied upon artificially 

synthesized fluorogenic substrates rather than naturally occurring substrates. To assuage this 

possible confounding factor, we utilized antibodies specific toward acetyl-, formyl-, and 
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valeryl-lysine PTMs and measured the effect of small molecule inhibition and siRNA 

knockdown of individual HDAC isozymes on these levels. In agreement with previous 

results, the pan-HDAC inhibitor vorinostat induced hyperacetylation of tubulin and histones 

H3 and H4. Also in line with published research, we see that entinostat27 and PD-106 

induced hyperacetylation of histones without affecting tubulin acetylation levels. The 

HDAC6 specific inhibitor Tubastatin A, conversely, only affected acetylated tubulin levels 

(Figure 4a).

Translating from our previous findings, we see that the pan-HDAC inhibitor vorinostat, 

caused global protein hyperformylation due to its concomitant inhibition of HDACs 3 and 6; 

however, its increase was not statistically significant with a p-value of 0.072. Entinostat and 

PD-106 are also capable of this effect, although their mechanism is likely to be through 

HDAC3 inhibition, without inhibition of HDAC6 at the concentrations used. Last, the 

HDAC6-specific inhibitor Tubastatin A also induced global protein hyperformylation 

through its inhibition of HDAC6 (Figure 4b). The combination of PD-106 and Tubastatin A 

led to a nonsignificant decrease in global protein formylation compared to either agent 

alone.

Following these experiments, we utilized siRNA knockdowns of HDACs 3 and 6 to 

determine the effect of each isozyme more specifically. Knockdown of HDAC3 alone led to 

a significant rise in global protein formylation levels. Compared to HDAC3, knockdown of 

HDAC6 led to an even greater, arguably significant, increase in global formylation with a p-

value of 0.049. The concomitant knockdown of HDACs 3 and 6 together had no significant 

effect compared to HDAC6 alone, further suggesting HDAC6’s dominant role as a 

deformylase (Figure 4c).

Moving our attention toward global protein valerylation, we repeated these experiments 

using antibodies specific for valerylated lysine. Inhibition of HDAC3 with vorinostat, 

entinostat, or PD-106 led to global protein hypervalerylation; however, the increase for 

PD-106 was nonsignificant with a p-value of 0.120. We also see that selective inhibition of 

HDAC6 with Tubastatin A led to a nonsignificant hypovalerylation (p-value = 0.073). 

Further, combined HDAC3 and HDAC6 inhibition with PD-106+Tubastatin A led to an even 

more pronounced, significant hypovalerylation effect (Figure 4d). One explanation for this 

discrepancy was off-target effects of either Tubastatin A or PD-106. As such, we used 

siRNA to study this, hypothesizing that specific knockdown of either isozyme would more 

readily determine each isozyme’s effect on valerylation levels. Knockdown of HDAC3 led to 

the expected result of hypervalerylation; however, knockdown of HDAC6 alone led to a 

hypervalerylation as well. Even more interesting still is the hypovalerylation that occurred 

when both HDACs 3 and 6 are knocked down concomitantly (Figure 4e). One possible 

explanation for this discrepancy could lie with the translatability of our valeryl-based 

substrate in vitro and in cellular lysate models versus the natural substrate. Another 

explanation is that knockdown of HDAC6 may lead to a dissolution of a key complex 

required for maintenance of lysine acylation levels.28 Last, another possibility may be a non-

selective antibody. To assuage this possibility, we performed dot blot analyses with each 

antibody against formylated-, acetylated-, or valerylated-bovine serum albumin. The results 
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demonstrate, in line with the manufacturer’s ELISA specifications, that each antibody is 

highly selective for its appropriate acyl group (Supporting Information Figure 3).

Substrate Driven Development of HDAC3 Specific Inhibitor

We realized that the crotonyl-substrate possessed very unique properties with HDAC3, but 

not HDACs 1, 2, or 6. Its nanomolar Km value led to HDAC3 binding very tightly to the 

substrate; however, very little substrate turnover (kcat) was seen. Further, the crotonyl 

substrate’s binding affinity was over 20-fold more selective for HDAC3 compared to 

HDACs 1 or 2 (Table 1). Taken together, we hypothesized that the crotonyl substrate could 

act as a competitive inhibitor against the canonical acetyl substrate. Further, we wondered if 

this specificity in Km translated to specificity in inhibition. Our data show that indeed the 

crotonyl substrate is a notably selective HDAC3 inhibitor (Figure 5a). Encouraged by this 

result, and recognizing the potential of developing a novel, selective chemical tool to study 

the HDAC3 isozyme selectively,29,30 we performed a rudimentary SAR analysis based 

around the trans-geometry of the crotonyl acyl group; the length of the HDAC3 selective 

valeryl acyl group; and the HDACs 1, 2, and 3 selective benzamide metal-chelation moiety 

(Supporting Information Table 1).

We began simplistically with a benzamide structure with an attachment to mimic the 

crotonyl and valeryl modifications simultaneously (compound 1). We gained potency by 

utilizing a trans-cyclopentadiene ring which further forced proper conformation. Between all 

heterocycles generated, the oxygen-containing furan ring of 1a seemed most promising from 

its potency and mild selectivity toward HDAC3. Building off of 1a, the addition of a fused 

benzene ring led to compound 1f, which demonstrated nanomolar HDAC1 and HDAC3 IC50 

values with its benzofuran group. While 1f was our best lead from the first round of SAR, it 

lacked the selectivity we believed possible for HDAC3, only demonstrating a 2-fold 

preference for HDAC3 over HDAC1. Looking back at our initial acyl-substrate screen, we 

also noted HDAC3’s ability to deacylate the TFA substrate, which HDACs 1 and 2 lacked. 

Additionally, a recent publication also reported on fluorination-based HDAC3 selectivity.31 

As such, we utilized both of these findings by incorporation of a fluorine to 1f, which 

resulted in compound 2. This inhibitor possessed 15-fold selectivity for HDAC3 compared 

to HDAC1 (Figure 5b) while also increasing its inhibitory potency further toward HDAC3. 

We added a second fluorine to 2 to generate 2a, which resulted in a slightly weaker HDAC3 

inhibitor but established even greater selectivity of the molecule for HDAC3 (Figure 5c). 

Curious to test the effect of fluorination in other positions around the benzene ring, we also 

developed and interrogated 2b and 2c. These inhibitors, possessing different fluorine 

positioning than 2a, showed very little efficacy in vitro (Figure 5d and e). Concluding our 

substrate driven SAR, compound 2a possessed an IC50 for HDAC3 of 170 nM and was over 

30-fold more selective for HDAC3 compared to other class I HDACs. Further testing of 2a 
revealed it possessed interestingly selective slow-binding toward HDAC3 but not HDACs 1 

or 2 (Supporting Information Figure 4).

Effects of 2a on NF-κB Acetylation, NO Signaling, and HMGB-1 Secretion

A previous study showed that cytosolic localization of HDAC3 depends on its interaction 

with IκBα within an intact NF-κB complex, thereby suggesting that it plays a potential role 
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in the NF-κB signaling.32 Using 2a, 2b, 2c, and other known HDAC inhibitors with different 

HDAC isozyme selectivities, we examined these HDAC inhibitors’ relative effects on 

acetylation of NF-κB p65, p53, histones H3 and H4, and tubulin. The selective HDAC3 

inhibitor 2a induced NF-κB p65 Lys122/Lys123 and p53 Lys382 acetylation without the 

induction of histone H3/H4 or tubulin acetylation (Figure 6a). This result is consistent with 

previous studies that demonstrated that deacetylation of Lys122/Lys123 of NF-κB p65 is 

controlled by HDAC3, and that inhibition of HDACs 1 or 2 has little effect on their 

acetylation status.33 However, our finding that selective HDAC3 inhibition with a small 

molecule is capable of inducing hyperacetylation of Lys382 on p53 is novel. Ryu et al. 
recently demonstrated that HDAC6 is also capable of controlling the acetylation status of 

Lys382 on p53.34 Unfortunately, they did not have an HDAC inhibitor capable of targeting 

HDAC3 without HDAC6 to delineate out the impact of HDAC3 inhibition vs HDAC6 

inhibition on this residue’s acetylation status. Further, they demonstrated the use of tubA at 

2 μM for 24 h was able to induce hyperacetylation of Lys382 in their tested HCT116 and 

HT29 cells. Our findings do not demonstrate this increase (Figure 6a) but could be a result 

of a cell-line specific effect or our use of a lower dose comparatively. Further, and against 

the findings by Ryu et al., the class I selective inhibitor, romidepsin, was shown to induce 

hyperacetylation of Lys373 and Lys382 at reasonable concentrations in the A549 cell line.35

We furthered our investigation on the significance of HDAC3 inhibition and its effects on 

NF-κB activation, nitric oxide (NO) production, and HMGB-1 secretion in RAW264.7 

macrophages challenged with bacterial lipopolysaccharide (LPS). Compound 2a decreased 

NO production after LPS induction in RAW264.7, while all other inhibitors, including 2b 
and 2c, failed to affect NO production (Figure 6b). It should be noted that PD-106, 

vorinostat, and entinostat, being HDAC3 inhibitors, did lower NO release. However, when 

cell viability was taken into account, as these inhibitors proved to be more lethal than 2a–2c, 

it was found this decrease was completely offset when we normalized the data to cell count/

viability. LPS also induces HMGB-1 secretion, a late mediator of lethality in sepsis, in 

RAW264.7 cells.36,37 Previous studies have shown that the HMGB-1 protein contains 

multiple acetylation and formylation modifications, which control its cellular localization 

and secretion.5,38 2a, but not 2b or 2c, also blocked HMGB-1 secretion from the activated 

macrophage cells (Figure 6c and Supporting Information Figure 5). These data suggest that 

HDAC3 activity is required for proper inflammatory activation and response.

As HDAC3 activity is linked to IκBα and NF-κB activation, we further investigated the 

effect of 2a on NF-κB p65 and HDAC3 after LPS induction. As previously reported, LPS 

induced the nuclear localization of p65 and HDAC3.32 Cells treated with 2a had 

significantly shorter p65 nuclear retention times as well as diminished nuclear localization of 

HDAC3 (Figure 6d). Interestingly, in the 2a-treated cells, the nuclear localization of HDAC3 

decreased slowly with time after LPS treatment (Figure 6e). This effect was not as 

pronounced in the vorinostat treated cells (Figure 6f). This suggests that HDAC3 activity is 

likely involved in multiple regulatory functions, such as its own cellular localization, in 

addition to p65 acetylation status and gene transcription regulation. Further, selective 

inhibition of HDAC3, but not pan-HDAC inhibition as seen with vorinostat, may be key to 

controlling HDAC3 and p65 subcellular localization.
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DISCUSSION

In this study, we investigated HDAC isozyme-specific deacylase activity and demonstrated a 

biological relevancy of these findings. We have shown that HDACs 3 and 6 possess 

deformylation activity, confirmed previous findings that HDAC3 has decrotonylase activity, 

presented preliminary evidence that HDACs 1–3 can remove propionyl groups, and 

demonstrated that HDAC3 has specific activity toward butyryl and valeryl substrates (Figure 

1a). We developed a selective HDAC3 inhibitor 2a based on the results from our initial 

deacylase profiling. This inhibitor induced NF-κB p65 Lys122/Lys123 and p53 Lys382 

acetylation without affecting histone or tubulin acetylation. Additionally, 2a shortened NF-

κB p65 nuclear localization duration and attenuated NO production and HMGB-1 secretion 

in activated macrophages (Figure 6).

The presented data suggest that lysine deformylation is likely to be coregulated by HDACs 3 

and 6, with HDAC6 driving more deformylation activity in vitro than HDAC3 (Figure 1b 

and Figure 2). This process is likely to occur in the cytosol as HDAC6 shows high 

subcellular localization fidelity to this compartment.39 This result explains why a previous 

study utilizing mass spectrometry indicates that HDAC activity does not affect nuclear and 

histone formylation and is refractory to HDAC inhibitor treatments.40 Additionally, upon 

treatment with HDAC inhibitors, total protein formylation levels increased in a manner 

dependent on the selectivity of the inhibitor (Figure 4b).

The presented data also suggest HDAC3 has the ability to remove butyryl-, crotonyl-, and 

valeryl-based PTMs (Figure 1a and Supporting Information Figure 1b). Only HDAC 

inhibitors targeting HDAC3 were capable of inducing an increase in protein valerylation, 

which is consistent with our in vitro activity profiling (Figures 1a and 3a). Interestingly, the 

highly selective HDAC6 inhibitor Tubastatin A blocked induction of valerylated protein by 

other HDAC inhibitors. Global levels of valerylated cellular proteins also decreased when 

both HDACs 3 and 6 were concomitantly silenced, similar to the HDAC inhibitor results. 

Silencing of either HDAC3 or HDAC6 resulted in an increase in valerylated protein levels, 

suggesting that the elimination of HDAC6 likely affects HDAC3 devalerylase activity 

(Figure 4d). This may be explained through the known complexes in which HDACs 3 and 6 

both have been shown to reside.28,41 Another possible explanation involves acetyl groups 

and valeryl groups competing for the same lysine residues. If HDAC6 is inhibited and acetyl 

groups are either more ubiquitous or are more favorably ligated to free lysine residues than 

valeryl groups, we would expect the lysine residues to be stabilized with more acetyl groups 

rather than valeryl. This is due to the cross coverage that a multitude of HDACs perform in 

the removal of acetyl groups, whereas only HDAC3 seems to be able to remove valeryl 

modifications. This would in turn lead to an overall decrease in valerylated lysine residues 

compared to acetylated. With respect to the knockdown data demonstrating 

hypervalerylation, this may be in part due to a compensatory mechanism of the cell that 

behaves differently than reversible small molecule inhibition.

Traditionally, developing selective HDAC3 inhibitors has led to very limited success, the 

development of entinostat, PD-106, and T32642 being the most notable. This is largely in 

part due to the high level of homology showcased between HDACs 1–3 (Supporting 
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Information Figure 6). In this study, we have shown that by maintaining the trans-pentene 

geometry of the crotonyl-based PTMs and introducing fluorines around the ortho-

aminoanilide ring (Figure 5 and Supporting Information Figure 4), a highly potent and 

selective HDAC3 inhibitor can be achieved. This inhibitor defines a chemotype that 

promotes selective HDAC3 inhibition. Interestingly, 2a also showed selective slow-on/slow-

off kinetics for HDAC3 but not for HDACs 1 or 2 (Supporting Information Figure 4). This is 

in contrast to previous findings that described benzamide-containing HDAC inhibitors to 

possess time-dependent binding kinetics vs class I HDACs.23 It is interesting to note that a 

previous study presented the rationale behind why fluorination in certain positions around 

the benzamide ring may lead to HDAC3 selectivity, postulating that the intramolecular 

constraints of a pocket dwelling leucine was different in HDAC3 compared to HDAC2.31 

This difference allowed the authors to develop an inhibitor that was selective for HDAC3. 

However, their explanation does not adequately cover the striking similarities between this 

conserved leucine when comparing HDAC3 with HDAC1 (Supporting Information Figure 

7). While it is undoubted that fluorination plays a key part in both their inhibitors’ design as 

well as ours, there is still much to be studied. Further, with the discovery of potent HDAC 

inhibitors possessing internal metal chelation groups, the potential to develop even more 

potent and selective inhibitors could become more realized.43,44

The effects on NF-κB, NO production, and HMGB-1 secretion in activated macrophages by 

inhibitor 2a indicate that HDAC3 activity plays a key role in proinflammatory signaling. 

HDAC3 itself has been implicated in the regulation of inflammatory gene transcription in 

macrophages.45 However, based on our results, HDAC3 activity also plays other roles, such 

as regulating its own cellular localization and the duration of NF-κB p65 nuclear 

localization (Figure 6d). Our findings are consistent with previous observations,46 which 

suggest that HDAC3 controls NF-κB p65 Lys122/Lys123 acetylation status, its cellular 

localization, and rate of recovery to its latent state complex in the cytosol. Additionally, NO 

production is closely linked to NF-κB activation in macrophages;47–49 thus it is not 

surprising that NO production is attenuated by 2a. Our findings also demonstrate the ability 

of HDAC3 to control the acetylation of Lys382 of p53. There are several reports of the 

effects of inhibitors demonstrating different effects on this lysine residue. Further study 

controlling for cell type, concentrations of inhibitors, and length of treatment is undoubtedly 

needed.

HMGB-1 contains multiple PTMs, including acetylation and formylation of lysine.38 Upon 

stimulation, acetylated HMGB-1 translocates from the nucleus to the cytosol primed for 

secretion38 and sequential activation of inflammasomes is required for HMGB-1 

secretion.50–52 Selective HDAC3 inhibition prevents HMGB-1 secretion similar to the pan-

HDAC inhibition of vorinostat (Figure 6c). A similar result was observed for IL-1B 

secretion in macrophages, which also requires a two-step process for its secretion.53 Since 

acetylated HMGB-1 accumulates in the cytosol and HDAC3 activity is required for its 

secretions, this suggests HDAC3 plays a role in inflammasome activation during the second 

phase of secretion. Since HDAC3 has both deacetylase and select deacylase activity, it is 

likely that the presented anti-inflammatory effects are due to an increase in lysine 

acetylation or certain acyl-PTMs of specific lysine substrates.
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METHODS

All final compounds were purified via Teledyne Isco Combiflash technology and confirmed 

to be >95% pure via LC/MS and 1H and 13C NMR. All HDAC isozymes were purchased 

from BPS biosciences with >90% purity with the exceptions of HDACs 4 and 7. Chemical 

reagents were purchased from Bachem, Sigma-Aldrich, or Fisher Scientific. Cells were 

purchased through ATCC and cultured according to ATCC guidelines. Detailed methods can 

be found in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Acyl-substrate profiling. (a) Results of en bloc acyl-substrate profiling screen against 

HDACs 1, 2, 3, and 6. y-axis units in μmol substrate cleaved·μmol enzyme−1·min−1. (b) 

Vmax study of formyl-substrate vs HDACs 1, 2, 3, and 6. y-axis units in pmol substrate 

cleaved·s−1·mg enzyme−1. (c) Vmax study of valeryl-substrate vs HDACs 1, 2, and 3. y-axis 

units in pmol substrate cleaved·s−1·mg enzyme−1. n = 3; error bars are SEM.
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Figure 2. 
Role of HDACs 3 and 6 in cellular deformylation. (a) Chemical structures of small molecule 

inhibitors of HDACs 1, 2, 3, and 6. (b) Comparison of effect on deformylase and deacetylase 

activities of Hek293 lysates with various inhibitors for 24 h; data normalized to control 

deacylase activity. Vorinostat and PD-106 used at 1 μM; tubA used at 0.5 μM. (c) Western 

blot analysis of Hek293 cells with various siRNA transfections demonstrating selective and 

specific knockdown of targeted HDACs. (d) Deformylase activity of siRNA treated Hek293 

lysates; data normalized to scramble deacetylase activity. (e) Western blot analysis of 
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Hek293 cells transfected with various vectors to overexpress targeted HDACs. (f) 

Deformylase activity of transfected Hek293 cells; data normalized to pcDNA3.1+ vector 

transfected cells. Parts b, d, and f are n = 3; error bars are SEM. Parts c and e are 

representative of n ≥ 2 experiments. *p-value < 0.01. **p-value < 0.0001. All statistical 

analyses were Dunnett’s multiple comparisons of means to the means of their respective 

controls.
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Figure 3. 
Role of HDAC3 in cellular devalerylation. (a) Comparison of effect on devalerylase and 

deacetylase activities of Hek293 lysates with various inhibitors; data normalized to control 

deacylase activity. Vorinostat and PD-106 used at 1 μM; tubA used at 0.5 μM. (b) 

Devalerylase activity of siRNA treated Hek293 lysates; data normalized to scramble 

deacetylase activity. (c) Devalerylase activity of transfected Hek293 cells; data normalized 

to pcDNA3.1+ vector transfected cells. Data collected after 24 h of treatment. n = 3; error 

bars are SEM. *p-value < 0.01. **p-value < 0.0001. All statistical analyses were Dunnett’s 

multiple comparisons of means to the means of their respective controls.
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Figure 4. 
Roles of HDACs 3 and 6 on global cellular formylation and valerylation. (a) Left: Western 

blot analysis of Hek293 cells treated with small molecule HDAC inhibitors. Right: 

Quantification of histone and tubulin acetylation normalized to HH3 levels. (b) Left: Global 

formylation levels of Hek293 cells treated with HDAC inhibitors. Right: Quantification of 

global formylation normalized to HH3 levels. (c) Left: Global formylation levels of Hek293 

cells treated with siRNA. Right: Quantification of global formylation normalized to HH3 

levels. (d) Left: Global valerylation levels of Hek293 cells treated with HDAC inhibitors. 
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Right: Quantification of global valerylation normalized to HH3 levels. (e) Left: Global 

valerylation levels of Hek293 cells treated with siRNA. Right: Quantification of global 

valerylation normalized to HH3 levels. All inhibitors used at 1 μM, except tubA at 0.5 μM. 

Data recorded after 24 h of treatment; representative Western blots of n ≥ 3 experiments. 

Error bars are SEM. *p-value < 0.01. **p-value < 0.0001. All statistical analyses were 

Dunnett’s multiple comparisons of means to the means of their respective controls.
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Figure 5. 
Substrate-specificity driven development of HDAC3 selective inhibitor. (a) IC50 of HDACs 

1–3. The crotonyl subtrate serves as a fairly potent and selective HDAC3 inhibitor. IC50 

values for HDACs 1–3 respectively: 46.5 μM, 18.1 μM, 6.42 μM. (b) IC50 of HDACs 1–3 vs 

2. (c) IC50 of HDACs 1–3 vs 2a. (d) IC50 of HDACs 1–3 vs 2b. (e) IC50 of HDACs 1–3 vs 

2c. All data normalized to vehicle (DMSO) control. Graphs a–c fit via GraphPad Prism 

log(inhibitor) vs normalized response–variable slope parameters. n ≥ 3; error bars are SEM.
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Figure 6. 
Effects of HDAC inhibition on NF-κB p65 acetylation and inflammatory responses. (a) 

Western blot analysis of RAW264.7 cells treated with various HDAC inhibitors. Vorinostat 

and PD-106 used at 1 μM; tubA at 0.5 μM. (b) NO concentration secreted from RAW264.7 

treated cells; normalized to control treated viable cell concentration. Molarity of 1 μM used 

for all inhibitors. n ≥ 3. (c) Western blot analysis of RAW264.7 cells. HMGB-1 secretion 

monitoring with ponceau stain as loading control. Cells were treated for 6 h. Molarity at 1 

μM vorinostat and 0.5 μM tubA used. (d–f) Western blot analysis of LPS-treated RAW264.7 

cells. Nuclear and cytosolic fractions split. 2a and vorinostat used to assess regulation of 

HDACs on Ac-p65 subcellular localization. Representative Westerns of n ≥ 2 experiments; 

error bars are SEM. **p-value < 0.0001.
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Table 1

Kinetic profile of HDACs 1, 2, 3, and 6a

HDAC1 Km (μM) Vmax (pmol·s−1·mg protein−1) kcat (min−1) kcat/Km (M−1·s−1)

formyl 342 12300 8.24 402

acetyl 36.6 24800 16.6 7580

propionyl 13.1 9850 6.62 8410

butyryl 49.1 1910 1.28 435

crotonyl 2.40 802 0.380 2670

valeryl 102 5330 3.56 582

HDAC1 Km (μM) Vmax (pmol·s−1·mg protein−1) kcat (min−1) kcat/Km (M−1·s−1)

formyl 313 5980 4.01 214

acetyl 36.6 4.00 × 103 2.69 1230

propionyl 8.53 4.90 × 103 3.29 6440

butyryl 21.9 804 0.540 412

crotonyl 3.20 1010 0.485 2520

valeryl 122 2880 1.93 264

HDAC1 Km (μM) Vmax (pmol·s−1·mg protein−1) kcat (min−1) kcat/Km (M−1·s−1)

formyl 39.1 15600 9.30 3970

acetyl 17.3 26900 16.0 15400

propionyl 8.06 13900 8.31 17200

butyryl 1.03 2560 1.53 24700

crotonyl 0.114 758 0.362 53700

valeryl 9.99 11100 6.63 11100

HDAC1 Km (μM) Vmax (pmol·s−1·mg protein−1) kcat (min−1) kcat/Km (M−1·s−1)

formyl 37.2 1.00 × 104 19.1 8580

acetyl 1.93 2130 4.04 34800

propionyl 161 9.00 × 102 1.72 178

butyryl N.D. N.D. N.D. N.D.

crotonyl N.D. N.D. N.D. N.D.

valeryl N.D. N.D. N.D. N.D.

a
Results are mean values of n = 3 experiments. SEM < 10% of mean in all cases.
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