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Abstract
Selenoneine is a selenium-containing compound that exhibits strong radical-scavenging activity. Here we present a novel 
function of selenium in which selenoneine exhibits inhibitory activity against angiotensin-converting enzyme (ACE). ACE 
activity was strongly inhibited by selenoneine as compared to a typical peptide that decreases blood pressure in vitro. Kinet-
ics analysis suggested that selenoneine inhibits ACE by competitive inhibition via the binding of selenoneine to zinc in the 
active center of ACE.
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Introduction

Selenoneine is a novel selenium-containing imidazole found 
in the blood of tuna (Fig. 1). This compound is a selenium 
analog of ergothioneine, which is known to be an anti-
oxidant, and has stronger radical-scavenging activity than 
ergothioneine (Yamashita and Yamashita 2010). These com-
pounds are incorporated into cells via the organic cation/
carnitine transporter-1 (OCTN1) (Gründemann et al. 2005; 
Yamashita et al. 2013a). Thus, it has been suggested that 
selenoneine accumulates in the tissues that express OCTN1. 
Moreover, erythrocytes with high levels of selenoneine have 

been reported in people who often eat fish (Yamashita et al. 
2013b).

It has been previously reported that selenoneine can bind 
to and detoxify methylmercury (MeHg) by accelerating the 
excretion and demethylation of MeHg via secretory extracel-
lular lysosomal vesicles that are found in animal cells and 
tissues (Yamashita et al. 2013b). These findings suggest that 
selenoneine can bind to mercury as well as other metals. 
Banerjee et al. (2015) reported that selones, members of a 
group that includes selenium, could detoxify organic mercu-
rial compounds. Selones have also been shown to react to 
metal halides such as copper(I) bromide and zinc chloride 
to form complexes (Yadav et al. 2017). Furthermore, it has 
also been suggested that selenoneine is able to react to the 
metal ion in a metalloenzyme.

Angiotensin-converting enzyme (ACE; EC 3.4.15.1), a 
zinc metalloprotease, is a component of the renin–angioten-
sin–aldosterone system. It catalyzes cleavage of the C-termi-
nal dipeptide from angiotensin I to produce angiotensin II. 
This potent octapeptide plays a role in the elevation of blood 
pressure (Skeggs et al. 1956; Vickers et al. 2002).

The ACE inhibitors captopril and enalapril are used as 
antihypertensive medicines (Ondetti et al. 1977; Ferguson 
et al. 1982; Reynolds et al. 1984). Captopril attaches to the 
active center of ACE by direct interaction of its thiol group 
with the catalytic zinc ion of ACE (Natesh et al. 2004). ACE 
inhibitory polypeptides can be produced from hydrolysates 
of fish such as sardines, in addition to also being used as 
source materials for functional foods and supplements 
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(Matsufuji et al. 1994). Moreover, seleno-captopril, the sele-
nium analog of captopril, has been reported to inhibit ACE 
activity via the interaction of the selenol group with the zinc 
ion, similar to that seen in captopril (Bhuyan et al. 2011; 
Akif et al. 2011). A recent study has further confirmed that 
the selenol group does bind to the zinc ion (Banerjee et al. 
2015). Therefore, we speculated that selenoneine might also 
be able to bind to metal ions and inhibit metalloenzymes.

This study characterized the inhibitory effect of seleno-
neine on ACE activity based on in vitro enzymatic experi-
ments. Enzyme kinetics revealed the type of inhibition of 
ACE by selenoneine. Moreover, in silico study predicted 
the location and molecular interactions of selenoneine at the 
active center of ACE.

Materials and methods

Materials

Selenoneine was extracted from tuna and purified by high 
performance liquid chromatography in accordance with 
the method of Yamashita and Yamashita (2010). Selenon-
eine was then dissolved in Milli-Q water, with the solution 
adjusted to pH 6.8 using sodium hydroxide, and stored at 
4 °C. Lung acetone powder from rabbit, N-hippuryl-l-his-
tidyl-l-leucine hydrate (HHL), hippuric acid, l-valyl-l-ty-
rosine (Val-Tyr) and ergothioneine were all purchased from 
Sigma-Aldrich (MO, USA). Purified bovine lung ACE was 
purchased from Life Laboratory (Yamagata, Japan). Sodium 
selenite was purchased from Wako Pure Chemical Industries 
(Osaka, Japan).

Enzyme solutions

The substrate solution consisted of 7.6 mM HHL in 200 mM 
borate buffer at pH 8.3, and contained 608 mM sodium chlo-
ride. To extract ACE from rabbit lung acetone powder, the 
powder (1.0 g) was homogenized in 10 ml of 200 mM borate 
buffer at 4 °C, and then centrifuged at 17,700 g for 10 min at 
4 °C. The supernatant was collected and diluted by a factor 
of 5 using 200 mM borate buffer, and then used as the rab-
bit ACE solution. Purified bovine lung ACE was dissolved 
in 200 mM borate buffer (0.1 unit/ml), and then used as the 
bovine ACE solution. Inhibitor solution was made by dis-
solving Val-Tyr, selenoneine, ergothioneine and selenite in 
Milli-Q water.

Measurement of ACE activity

ACE activity was measured using the method of Maruyama 
et al. (1987) with some modifications. An aliquot containing 
30 μl of inhibitor solution and 250 μl of substrate solution 
was pre-incubated at 37 °C for 5 min. Subsequently, 100 μl 
of rabbit ACE solution was added to the aliquot, followed 
by incubation at 37 °C for 20 min. To stop the reaction, 
250 μl of 1 M HCl was added to the reaction mixture. To 
extract hippuric acid, the product of this reaction, 1.5 ml 
of ethyl acetate was added to the solution, mixed and then 
centrifuged at 1750 g at 4 °C for 10 min, with 1.0 ml of 
the supernatant then collected. After completely desiccating 
the supernatant using a centrifugal evaporator, it was then 
diluted with 4 ml of Milli-Q water and used as the extracted 
hippuric acid solution. Hippuric acid was detected at an 
absorbance of 228 nm.

Kinetics studies

The kinetics of ACE with selenoneine were measured using 
bovine lung ACE. ACE activity was measured as per the 
above described method. The substrate solution was adjusted 
to a final concentration of 0.659–5.27 mM using a twofold 
serial dilution. Selenoneine was added to the reaction mix-
ture to a final concentration of 0.5 μM. The reaction velocity 
was calculated based on the amount of hippuric acid pro-
duced, which was quantified by a standard curve. Kinetic 
analysis was based on the Michaelis–Menten equation calcu-
lated by GraphPad Prism version 6 for Windows (GraphPad 
Software, CA, USA).

Docking simulation

A docking study was performed using selenoneine to exam-
ine the binding poses against human ACE. The crystal 
structure of ACE was obtained from the Protein Data Bank 

Fig. 1  Structures of selenoneine. Selenoneine changes its structure by 
the tautomerization of selenoxo-selenol depending on the surround-
ing conditions. a Selenoxo form. b Selenol form
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[identifier (ID) 2YDM] and used as the target structure 
for the docking study. This crystal structure was imported 
into the docking simulation software, Molecular Operating 
Environment (MOE; Chemical Computing Group, Mon-
treal, Canada). Each of the selenoneine forms (Fig. 1) was 
drawn using the builder module in the MOE software. ACE 
and selenoneine were prepared for docking using the Quick 
Prep command, and then charged and minimized under the 
AMBER 10 EHT force field in the MOE software.

Statistical analysis

Values are expressed as mean ± SD. Data were analyzed by 
one-way ANOVA with Tukey’s multiple comparison test to 
identify any significant differences (P < 0.05) with GraphPad 
Prism version 6 for Windows.

Results

Inhibitory effect of selenoneine on ACE activity

The inhibition of rabbit lung ACE activity by the ACE inhib-
itor peptides and selenoneine was measured by the release of 
hippuric acid from the substrate peptide. Val-Tyr, which was 

added as the ACE inhibitory peptide, inhibited ACE activ-
ity at more than 2000 μM. Selenoneine dose-dependently 
inhibited ACE activity at 0.4 and 2.0 μM (Fig. 2a). ACE 
activity was not inhibited by ergothioneine and selenite at 
2.0 μM (Fig. 2b).

Kinetic study of ACE inhibition by selenoneine

Based on the enzyme kinetics, the Vmax values were 
4.27 ± 0.25 nmol/min and 4.22 ± 0.14 nmol/min, while the 
Km values were 1.45 ± 0.12 mM and 0.63 ± 0.04 mM with 
or without selenoneine, respectively, in the experiment with 
purified bovine ACE (Table 1; Fig. 3). Although the Km 
value in the presence of selenoneine was significantly higher 
than that observed in the absence of selenoneine (P < 0.01), 
there was no change in the Vmax values between the two 
groups. These results indicate that selenoneine acts via com-
petitive inhibition.

Docking simulation study

In the docking simulation study, selenoneine was located in 
the active center of ACE. Different results were found for 
the selenoxo and selenol forms of selenoneine. The selenoxo 
form (Fig. 1a) bound to the zinc ion (Zn1619) in ACE via the 
oxygen in the carbonyl group. The distance between the zinc 
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Fig. 2  Comparisons of the inhibitory effects of selenoneine and other 
compounds on rabbit angiotensin-converting enzyme (ACE) activ-
ity. a Inhibitory effect of l-valyl-l-tyrosine and selenoneine against 
rabbit ACE. White bar: Value of the control (C) group. Values are 
mean ± SD of three replicates. Values with different letters are sig-
nificantly different (P < 0.05). b Inhibitory effect of selenoneine, 
ergothioneine and selenite. Values are mean ± SD of three replicates. 
Asterisks indicate significant differences between groups (P < 0.05; 
Tukey’s multiple comparison test)

Table 1  Vmax and Km values of control and selenoneine-addition 
groups

Inhibition of selenoneine against bovine ACE was measured. Values 
are mean ± SD of three replicates
* P < 0.05 (Student’s t-test)

Sample Vmax (nmol/min) Km (mM)

Control 4.22 ± 0.14 0.63 ± 0.04
Selenoneine 4.27 ± 0.25 1.45 ± 0.12*

Fig. 3  Kinetic analysis of ACE with or without selenoneine. Activity 
of bovine ACE in the presence of selenoneine. Velocity was calcu-
lated from the amount of hippuric acid produced per minute. Values 
are mean ± SD of three replicates
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and the oxygen was 0.221 nm. In this model, the selenoxo 
group interacted as a proton acceptor with glutamine (Gln-
281), lysine (Lys-511) and histidine (His-513). The distances 
between the selenium and these amino acids were 0.326, 0.318 
and 0.339 nm, respectively (Fig. 4a, b). For this simulation, the 
docking score, which is the score of the affinity of a ligand and 
an enzyme, was − 25.23 kJ/mol. In contrast, the selenol form 
(Fig. 1b) interacted with other amino acids and did not bind to 
the zinc ion. The oxygen of the carboxyl group of selenoneine 
interacted with the lysine (Lys-511) and histidine (His-513) 
as a proton acceptor. The selenol group interacted as a proton 
donor with aspartic acid (Fig. 4c, d). For this simulation, the 
docking score was − 21.21 kJ/mol.

Discussion

This study demonstrates that selenoneine inhibited ACE 
activity via competitive inhibition. The in silico docking 
simulation indicated that selenoneine inhibited ACE via the 
interaction between selenoneine and the zinc ion, namely 
stable selenoneine in the active center of ACE prevents the 
substrate from binding to ACE.

Previous studies have reported that some other peptides 
can also inhibit ACE activity. One of these, Val-Tyr, is found 
in the alkaline protease hydrolysate of sardine muscle. It 
inhibits ACE activity at a half maximal inhibitory concentra-
tion  (IC50) of 26.0 μM (Matsufuji et al. 1995). Selenoneine 

zinc ion
(Zn1619)

selenoxo group
a

b

c

d

selenol group
zinc ion

(Zn1619)

Fig. 4  Results of the in silico molecular docking simulation study. a 
One of the stable positions and structures of selenoneine, the sele-
noxo form (docking score of − 25.2  kJ/mol) at the active center of 
ACE (identifier 2YDM). b Protein–ligand interaction of this simula-
tion. c, d Results of the simulation for the selenol form of selenoneine 
(docking score − 21.2 kJ/mol). Purple dotted line indicates metal or 
ion contact. Green dotted line indicates side chain proton acceptor/
donor. Amino acids circled in blue are basic amino acids; amino acids 

circled in red are acidic amino acids. Background disks behind cer-
tain amino acids, e.g., Tyr-523 in (a), denote their solvent exposure. 
Blue shading behind certain ligand atoms also denotes their solvent 
exposure. Amino acids or ligand atoms with larger background disks 
or deeper shading were more exposed to solvent. Pictures and fig-
ures were predicted and described with MOE software (color figure 
online)
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inhibited ACE activity more strongly than Val-Tyr, with an 
 IC50 value of 0.72 μM (Fig. 2a). Ergothioneine, which is a 
thiol analog of selenoneine, and selenite did not inhibit ACE 
activity (Fig. 2b). These results suggest that the selenoxo 
group of selenoneine is associated with the inhibition of 
ACE. Since the properties of the selenoxo group resemble 
those of the thiol group, we predicted that selenoneine would 
inhibit ACE in a similar way to that observed for some thiols 
like captopril. To clarify this, we conducted kinetic stud-
ies designed to elucidate how selenoneine inhibited ACE. 
The Vmax values did not differ between the groups with or 
without selenoneine. In contrast, there were significantly 
different Km values between these two groups (Table 1). 
These results demonstrate that the inhibition of ACE by 
selenoneine is competitive. In general, the Ki value is cal-
culated to determine the potential inhibition of an inhibi-
tor. Dixon’s (1953, 1972) method to determine the Ki value 
requires a large amount of selenoneine transiting stepwise 
from a low to high density. In the current study, the Ki value, 
0.37 ± 0.09 μM, was calculated by using the Km values of the 
control group and the selenoneine-added group that were 
based on the enzyme kinetics in the presence of a competi-
tive inhibitor {K

m
control

= K
m

selenoneine
(1 + [I]∕K

i
)}.

Previous studies have reported that seleno-captopril, a 
selenium analog of captopril, inhibits ACE (Bhuyan et al. 
2011; Akif et al. 2011). Captopril is a well-known ACE 
inhibitor; its thiol group chelates the catalytic zinc ion of 
ACE, thereby prevents substrates like angiotensin I from 
being cleaved (Natesh et al. 2004). Furthermore, it has also 
been reported that seleno-captopril inhibits ACE in the same 
way as reported for captopril (Akif et al. 2011). On the basis 
of these previous studies and our current results, we specu-
lated that selenoneine also inhibits ACE via the chelation of 
the zinc ion through the selenoxo group. To test this hypoth-
esis, we conducted an in silico docking simulation, which 
can predict the locations, forms and styles of small mol-
ecules by using enzymes. In this study, ACE was described 
based on the crystallography of the testis ACE with seleno-
captopril from the Protein Data Bank (ID 2YDM). The 
simulation results showed that, although selenoneine was 
located at the active center of ACE, selenium did not chelate 
the zinc ion. However, the oxygen in the carbonyl group che-
lated the zinc ion and the selenoxo group interacted with sev-
eral amino acids (glutamine, lysine and histidine; Fig. 4b) as 
a proton acceptor. Figure 4c, d shows the simulation results 
when selenoneine is the selenol form in the active center of 
ACE. We considered these results as reference findings since 
selenoneine exists in the selenoxo form in the physiological 
condition (Yamashita and Yamashita 2010). Based on these 
findings, we speculated that these interactions contributed 
to both the stability of selenoneine in the enzyme and the 
inhibitory effect.

The present findings also suggest that the inhibition of 
ACE in human and animals might be a means of preventing 
hypertension in vivo. Thus, it is necessary to characterize 
the inhibition of ACE in vivo in conjunction with seleno-
neine intake. Results of a previous epidemiological study 
supported the prevention of hypertension due to selenium 
intake from seafood (Xun et al. 2011). Thus, food that con-
tains selenoneine from fish, and other foods containing sele-
noneine, could very well contribute to the lowering of blood 
pressure and the prevention of hypertension. In addition, 
the findings that selenoneine exhibited interactions and has 
zinc-chelating abilities suggest that selenoneine may bind 
and inhibit other metalloenzymes, such as matrix metallo-
proteases and several cytochrome P450s.

In conclusion, this study found a novel biochemical func-
tion of selenium in the inhibition of ACE activity by seleno-
neine. The results suggest that selenoneine might bind to the 
zinc ion at the active center of the enzyme.
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