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ABSTRACT: Organoselenocyanates have attracted considerable attention in recent years due to their therapeutic potential and 
versatility in medicinal chemistry. Here, we report on the mechanism of inhibition by 5-phenylcarbamoylpentyl selenocyanide 
(SelSA-2), an analogue of the well-characterized histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA, a.k.a. 
Vorinostat). We show that histone deacetylases 6 and 10 can promote selenocyanate hydrolysis to generate a selenolate anion, and 
we explore the redox chemistry of selenium as it modulates inhibitory activity through reversible formation of the diselenide. The 
2.15 Å-resolution crystal structure of histone deacetylase 6 cocrystallized with SelSA-2 conclusively demonstrates that it is not the 
selenocyanate, but instead the selenolate anion, that is the active pharmacophore responsible for enzyme inhibition. 

The zinc-dependent histone deacetylases (HDACs 1–11)1 cata-
lyze diverse amide hydrolysis reactions in all forms of life.2-6 
These reactions most often comprise the deacetylation of ly-
sine residues in protein substrates, but also include the 
deacylation of diverse lysine amides. For example, HDAC3 
catalyzes lysine delactoylation,7 HDAC6 catalyzes lysine 
decrotonylation,8 HDAC6 and HDAC8 catalyze lysine 
depyruvoylation,7 and HDAC11 catalyzes lysine-fatty acid 
deacylation.9-11 Moreover, HDAC10 catalyzes the hydrolysis 
of a small molecule instead of a protein substrate, N8-
acetylspermidine,12,13 so the HDAC substrate pool is vast and 
ranges from proteins to small molecules. Of note, the name 
“histone deacetylase” belies the chemical and biological diver-
sity of this enzyme family, but this name is generally retained 
to reflect its historical roots.14-16  

The HDACs are validated targets for the design and develop-
ment of inhibitors that serve as cancer chemotherapy drugs. 
Suberoylanilide hydroxamic acid (SAHA, formulated as 
Vorinostat (Figure 1A)) was the first HDAC inhibitor ap-
proved for clinical use by the US Food and Drug Administra-
tion (FDA).17,18 Most recently, another hydroxamic acid-based 
inhibitor, Givinostat, was approved for the treatment of 
Duchenne muscular dystrophy, which is the first non-cancer 
indication approved for clinical treatment by an HDAC inhibi-
tor.19   

Three out of four of the HDAC inhibitors currently approved 
by the FDA for clinical use contain hydroxamic acid moieties 
that, upon ionization, chelate the catalytic zinc ion in the en-
zyme active site,20,21 as first revealed in the crystal structure of 
a bacterial HDAC homologue complexed with SAHA.22 How-
ever, the hydroxamic acid moiety is not an ideal zinc-binding 
group in vivo due to its susceptibility to degradative reactions 
that generate mutagenic hydroxylamine or isocyanate spe-
cies.23,24 This chemical disadvantage motivates the search for 

alternative zinc-binding groups, such as the thiol group of the 
reduced form of Romidepsin (Figure 1A), a cyclic 
depsipeptide approved by the FDA for cancer chemothera-
py.20,21 Upon coordination to zinc, a thiol group ionizes to 
form a thiolate anion, which is a particularly favorable zinc 
ligand due to the size, charge, and polarizability of the sulfur 
atom. Several examples of thiol-bearing inhibitors have been 
studied in HDAC complexes, including a Romidepsin ana-
logue and macrocyclic peptides.25-29  

Sulfur-zinc coordination interactions contribute significantly 
to the high affinity and potency of HDAC inhibitors. In the 
Periodic Table of the Elements, sulfur belongs to Group 16, 
also known as chalcogens. Notably, other chalcogens such as 
selenium similarly contribute to high affinity and potency 
when incorporated into an HDAC inhibitor. For example, the 
selenium-based analogues of SAHA, SelSA-1 and SelSA-2 
(Figure 1B), were designed and developed for HDAC inhibi-
tion.30 The diselenide SelSA-1 is reduced under cellular condi-
tions to release two molecules of the active form of the inhibi-
tor, SelSA (Figure 1B), with a selenol group that can coordi-
nate to the catalytic zinc ion as a selenate anion, just as 
Romidepsin has a thiol group that can coordinate to the cata-
lytic zinc ion as a thiolate anion.30,31 Similarly, it is hypothe-
sized that the selenocyanate SelSA-2 (IC50 = 8.9 nM against 
HDAC6) is reduced to unmask the selenolate anion for zinc 
coordination.30 This chemistry can also be achieved through 
hydrolysis, given that treatment of selenocyanates with hy-
droxide yields selenolates as well as diselenides.32 Alternative-
ly, it is proposed that the intact selenocyanate group of SelSA-
2 coordinates to the catalytic zinc ion through the Se and N 
atoms to yield pentavalent trigonal bipyramidal zinc coordina-
tion geometry.33,34 Thus, the mode of action of a selenocyanate 
inhibitor remains ambiguous. 
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Figure 1. (A) Structures of selected FDA-approved HDAC inhibitors. Reduction of the disulfide linkage in Romidepsin yields the a
pharmacophore with two free thiol groups, one of which coordinates to the catalytic zinc ion. (B) Reduction or hydrolysis o
phenylcarbamoylpentyl selenocyanide (SelSA-2) yields the active pharmacophore SelSA, which can then form the diselenide SelS
under nonreducing conditions. SelSA-1 yields two equivalents of SelSA under the reducing conditions of the cell. The [SelSA]/[SelS
ratio can be modulated by the strength and/or concentration of reducing ag

To resolve this ambiguity, we cocrystallized zebrafish HDAC6 
catalytic domain 2 (henceforth simply “HDAC6”)35 with 
selenocyanate SelSA-2 and determined the structure of the 
enzyme-inhibitor complex at 2.15 Å resolution. Complete 
experimental details are reported in the Supporting Infor-
mation. Polder omit maps of the bound inhibitor clearly show 
the binding of SelSA (Figure 2, Figure S1). Thus, the active 
pharmacophore is the selenol SelSA and not the selenocyanate 
SelSA-2. Given that the pKa value for an alkylselenol is 5–7,36 
and given that zinc coordination will further lower this pKa, 
the selenol group of SelSA is predominantly ionized as the 
selenolate anion.  

 

Figure 2. Polder omit map contoured at 3.0σ (green mesh) show-
ing SelSA bound in the HDAC6 active site (monomer A in the 
crystal unit cell). Atomic color codes are as follows: C = yellow 
(HDAC6) or light gray (SelSA), Se = light orange, N = blue, O = 
red, Zn2+ = gray sphere; metal coordination interactions ≤ 2.5 Å 
and hydrogen bond interactions ≤ 3.4 Å are indicated by solid and 
dashed black lines, respectively. 

The structure of the enzyme-inhibitor complex reveals tha
selenolate anion of SelSA coordinates to zinc with a Se•••
separation of 2.5 Å in both monomers. Additionally,
selenolate anion accepts hydrogen bonds from the cata
tyrosine, Y745, and one of the catalytic histidine resid
H573. The benzamide NH donates a hydrogen bond to the
chain of S531, a residue unique to HDAC6 that confers se
tivity for inhibitor binding through direct or water-medi
hydrogen bonds.35,37,38  

The selenolate form of SelSA is thus established as the ac
inhibitory species derived from SelSA-1 or SelSA-2, but 
is the selenolate formed from the selenocyanate? Surprisin
the enzyme can play a role in the chemical conversio
selenocyanate SelSA-2 into selenolate SelSA, which can 
form diselenide SelSA-1 under nonreducing conditions. 

In the absence of enzyme, redox chemistry governs the spe
tion of selenium, since incubation of SelSA-2 in 
exclusion (SEC) buffer at room temperature rapidly yi
SelSA and SelSA-1 (Table S2). The SEC buffer contains
reducing agent tris(2-carboxyethyl)phosphine (TCEP), w
promotes rapid reduction of the selenocyanate moiety
SelSA-2 to yield SelSA, which can then form SelSA-1. N
bly, the [SelSA]/[SelSA-1] ratio is TCEP-dependent. U
atmospheric exposure in vitro, the reducing agent mus
sufficiently concentrated to reduce both SelSA-2 and th
SelSA-1 to ensure that the active pharmacophore SelS
stabilized. In SEC buffer lacking TCEP, SelSA-2 is stable
unreactive, with no conversion to SelSA or SelSA-1 even 
24 h. Thus, the concentration of the selenol pharmacopho
the absence of enzyme is regulated by two redox reactio
the initial reduction of the selenocyanate and the subseq
reduction of the diselenide. 

The effect of reducing agents on the stabilization of SelS
also observed during inhibitory activity assays performed 
and without TCEP in the assay buffer (complete experime
details are reported in the Supporting Information, Figure 
SelSA-2 does not inhibit HDAC6 in TCEP-free buffer, 
cating that neither SelSA-1 nor SelSA-2 is the ac
pharmacophore. Inhibition of HDAC6 is observed only w
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SelSA-2 is incubated with TCEP, mostly due to the stabiliza-
tion of SelSA in its equilibrium with SelSA-1.  

With the effects of reducing agent thus established in the ab-
sence of enzyme, does the addition of enzyme influence the 
chemistry of selenium? Incubation of HDAC6 with SelSA-2 
for 24 h in TCEP-free SEC buffer yields a 72%/28% mixture 
of SelSA-1/SelSA-2. Incubation of the related class IIb 
isozyme HDAC10 with SelSA-2 for 24 h in TCEP-free SEC 
buffer yields a 96%/4% mixture of SelSA-1/SelSA-2. These 
results suggest that the selenolate can also be generated slowly 
through selenocyanate hydrolysis in the presence of enzyme, 
which then leads to diselenide formation under nonreducing 
conditions. Cyanic acid is a co-product of this reaction, which 
is further hydrolyzed39 to form carbon dioxide and ammonium 
ion (Figure 3). To account for SelSA-1 formation under 
nonreducing or insufficiently-reducing conditions, enzyme-
bound SelSA must dissociate into solution, where it can react 
with a second molecule of SelSA-2 to form the diselenide and 
a cyanide ion (Figure 3).  

 

Figure 3. The selenocyanate moiety of SelSA-2 is converted to the 
selenolate anion SelSA by nonenzymic reduction or by enzyme-
promoted hydrolysis, after which the selenolate anion coordinates 
to the catalytic zinc ion. The selenolate anion can also react with 
another selenocyanate to yield the diselenide under nonreducing 
conditions. Under sufficiently strong reducing conditions in vitro 
or in vivo, the selenolate anion is stabilized over the diselenide.  

The above results implicate the zinc-bound water molecule in 
the HDAC6 and HDAC10 active sites as the nucleophile re-
sponsible for selenocyanate hydrolysis. This water molecule is 
regarded as an incipient hydroxide ion resulting from 
deprotonation by a histidine general base in catalysis. Corre-
spondingly, when SelSA-2 is incubated with increasing con-
centrations of NaOH in SEC buffer lacking reducing agent or 
enzyme, complete conversion of SelSA-2 into SelSA-1 is ob-
served at higher NaOH concentrations (Table S4). Similar 
chemistry has been previously observed for other 
selenocyanates hydrolyzed by NaOH or KOH in mixed aque-
ous-organic solutions.32 Therefore, we conclude that SelSA-2 
is a mechanism-based inhibitor activated by the zinc-bound 
water molecule in the enzyme active site, with the stability of 
the resulting pharmacophore SelSA regulated by the strength 
of reducing conditions to the extent that SelSA is in equilibri-
um with SelSA-1. 

Intriguingly, nucleophilic attack of zinc-bound water at the 
carbon-nitrogen triple bond of a selenocyanate is reminiscent 
of nucleophilic attack at the carbon-nitrogen double bond of 

an oxadiazole in the active site of HDAC6.40 In both examples, 
the reactivity of the zinc-bound water molecule is harnessed to 
convert a small molecule into a potent inhibitor. Such mecha-
nism-based inhibitor activation represents a unique facet of 
diversity and versatility in the chemistry of HDAC inhibi-
tion.41  

Organoselenium compounds are increasingly prominent in 
medicinal chemistry and drug design, especially in contexts 
where the rich redox chemistry or metal-binding properties of 
selenium can be harnessed.42-45 For example, 
diphenyldiselenide (PhSe)2 reduces reactive oxygen species in 
herpes simplex virus-infected mice,46,47 and phenylselenol 
(PhSeH) and its derivatives have been studied in complexes 
with human carbonic anhydrases that feature potent 
selenolate-zinc coordination.48-50 Because of the reactivity of 
the free selenol, it can be protected as a selenoester or 
selenocarbamate that undergoes enzyme-promoted hydrolysis 
to liberate an inhibitory selenol, which is then precisely posi-
tioned for zinc coordination.48-50  

Here, we provide the first proof that a selenocyanate can simi-
larly undergo enzyme-promoted hydrolysis to liberate an in-
hibitory selenol, which is then precisely positioned for zinc 
coordination as the selenolate anion in the HDAC6 active site. 
These results establish a critical foundation for further explo-
ration of the biological and medicinal chemistry of selenium, 
as well as the redox regulation of this chemistry in vitro and in 
vivo. 
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