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Abstract: Glutathione peroxidase is key for the removal of H2O2 and other hydroperoxides and
therefore, it has an important role in the maintenance of the reactive oxygen species (ROS) metabolic
balance in vivo. The native enzymes of the glutathione peroxidase family (GPx) have many defects,
such as instability in vitro and poor availability. GPx mimetics has become a topic of considerable
interest in artificial enzyme research. Many forms of GPx mimics have been synthesized, by including
selenium and tellurium (double-bridged and single-bridged, 2-substituted and 6-substituted) in a
mother molecule but differences the GPx mimics enzymatic activity have rarely been compared.
We designed and synthesized eight cyclodextrin derivatives and used two types of enzyme assays to
determine their activities. The results show that: (a) tellurium-containing GPx mimics have higher
activity than that of selenium-containing GPx mimics; (b) dual-bridged mimics have higher activity
than bis-bridged mimics; and (c) 2-position modified cyclodextrin has higher activity than 6-position
modified cyclodextrin.
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1. Introduction

Glutathione peroxidase (GPx, EC 1.11.1.9) is a key oxidoreductase of H2O2 and other
hydroperoxides. Thus, it plays an important role in the maintenance of the reactive oxygen species
(ROS) metabolic balance in vivo [1]. However, the native GPx shortcomings such as enzyme instability,
antigenicity, and poor availability have limited its therapeutic use and encouraged the development
of GPx artificial mimics [2,3]. The catalytic functional group of natural GPx is selenocysteine (Sec).
It is extremely difficult to synthesize selenium-containing proteins by traditional recombinant DNA
methods [4]; therefore considerable effort has been put into the development of other synthetic routes.
Progress in GPx mimetics research has led not only to the increase of the knowledge on catalytic
mechanisms but also to the production of GPx mimics with potential pharmaceutical application [4,5].
The introduction of selenium or tellurium into GPx mimic enzymes has become a topic of considerable
interest in artificial enzyme research.

Typical host systems include cyclodextrins, catalytic antibodies, and natural enzymes [6–8].
Cyclodextrins (CDs) are well known, naturally-occurring, cyclic oligosaccharides composed of at least
six α-1-4-linked α-D-glucopyranoside units. The outer surface of CDs is hydrophilic, but they possess
an axial open cavity, which is hydrophobic and capable of encapsulating other apolar molecules
(or their moiety) [9]. CDs have extensively been exploited as enzyme models [10]. Recently, a series of
cyclodextrin-derived organoselenium and organotellurium compounds have been developed as GPx
mimics with high substrate specificity [11–15]. Natural cyclodextrins include α-CD, β-CD, and γ-CD.
In particular, β-CD has become widely used due to its ease of availability. At present, there are many
forms of GPx mimics developed using β-CD as the mother molecule [16,17] and selenium replacement
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of its hydroxyl groups at the 2- or 6-position. However, the selenium of selenium-containing GPx
mimics have also been replaced tellurium.

Although there are many GPx mimetic enzymes which use β-CD as the mother, the difference
between their activities is not yet clear. In order to assess the effects of element (Se/Te), position
of hydroxyl group substitution (2/6) and type of bridge (dual bridged/bis-bridged) on enzyme
activity and steady-state kinetics of GPx mimics, we synthesized eight small GPx mimics. The four
types of selenium-containing mimics were the 2,2′-seleno-bis(2-deoxy- β-cyclodextrin) (2-SediCD),
the 2,2′-seleno-(2-deoxy-β-cyclodextrin) (2-SeCD), the 6,6′-seleno-bis(6-deoxy-β-cyclodextrin)
(6-SediCD) and the 6,6′-seleno-(6-deoxy-β-cyclodextrin) (6-SeCD). The four tellurium-containing
mimics were the 2,2′-telluro-bis(2-deoxy-β-cyclodextrin) (2-TediCD), the 2,2′-ditellurobis-(2-deoxy-
β-cyclodextrin) (2-TeCD), the 6,6′-telluro-bis(6-deoxy-β-cyclodextrin) (6-TediCD), and the 6,6′-
ditellurobis-(6-deoxy-β-cyclodextrin) (6-TeCD). We determine their activities by two methods, and
explore the reason that the enzymatic activity showed a greater vitality by different steady-state
kinetics methods.

2. Results and Discussion

2.1. Determination of Enzymatic Activity the Eight Types of GPx Mimics

Firstly, we determined the activity of the newly synthetized GPx mimics using a coupled
reductase assay where 1 U of GPx activity was defined as the amount of enzyme required to consume
1 µM NADPH per minute at 37 ◦C. Among the four selenium-containing GPx mimics, enzyme
activity decreased, by different degrees, in the following order: 2-SeCD > 6-SeCD > 2-SediCD >
6-SediCD. Among the four tellurium-containing GPx mimics, enzyme activity decreased, by different
degrees, in the following order: 2-TeCD > 6-TeCD > 2-TediCD > 6-TediCD. The results show that the
instability (biodegradation) of the dual-bridged cyclodextrin derivatives is higher than that of the
bis-bridged ones. Independently of the type of bridge, biodegradation of the 2-substitute modified
cyclodextrin derivatives is higher than that of the 6-substitute ones. In addition, the activity of the
tellurium-containing mimics is higher than that of selenium-containing mimics (2-TeCD > 2-SeCD,
6-TeCD > 6-SeCD, 2-TediCD > 2-SediCD, 6-TediCD > 6-SediCD).

Secondly, we determined the activity of the GPx mimics with a TNB reaction assay, where 1 U
of GPx activity was defined as the amount of enzyme required to consume 2 µM TNB per minute at
37 ◦C. The enzymatic activity value for each GPx mimic is shown in Table 1.

Table 1. Enzyme activity was measured by a coupled reductase assay and TNB reaction assay.

GPx Mimics Activity (U/µmol) by Coupled Reductase Assay Activity (U/µmol) by TNB

β-CD <0.1 ≈0
2-SediCD 0.1 ± 0.1 90 ± 3.2
2-SeCD 7.4 ± 0.2 250 ± 10.2

6-SediCD 0.1 ± 0.1 41 ± 3.5
6-SeCD 4.2 ± 0.1 181 ± 10.1

2-TediCD 0.5 ± 0.1 502 ± 22.1
2-TeCD 46.7 ± 0.4 1155 ± 39.4

6-TediCD 0.3 ± 0.1 304.5 ± 14.1
6-TeCD 5.8 ± 0.2 858 ± 15.2

2.2. Determination of Enzyme Kinetics of the Eight Types of GPx Mimics

The two enzymatic assays used for the current study, are based on a dual substrate reaction
were [E]0/v0 is determined by dual reciprocal mapping of substrate readings. The reactions where
6-TediCD is the catalyst, either in the GSH system (Figure 1) or in the TNB system (Figure 2) produced
H2O2 reduction data points which could be arranged as parallel lines. The kinetic results, as obtained
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from 6-TediCD catalyst reactions, match a Ping-Pong kinetic mechanism, which might be also used to
represent the kinetics of the other seven GPx mimics and of the natural GPx enzyme.
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[E]0/v0 values were deduced from the equation below (Equation (1)) of a Ping-Pong kinetic mechanism.

v0

[E]0
=

kmax[RSH][H2O2]

KH2O2 [RSH] + KRSH[H2O2] + [RSH][H2O2]
(1)

Here, v0 is the initial reaction rate, [E]0 is the initial concentration of the GPx mimic, kmax is
the pseudo-first order reaction rate constant, KH2 O2 and KRSH are the Michaelis–Menten constants
of H2O2 and RSH. RSH is either GSH or TNB. The rate of kmax/KRSH and the rate of kmax/KH2 O2

are the slopes of graphs A and B, respectively (Figure 2). The kmax/KRSH and kmax/KH2 O2 are taken
into Equation (1), which allows the kmax, KRSH, and KH2 O2 values to be determined, independently of
substrate concentrations. A different set of kinetic parameters were obtained from each enzyme kinetic
assay system used.

As seen in Table 2, the values of ka1 (ka1 = kmax/KH2 O2 ) for the four dual-bridged GPx mimics
2-SeCD, 6-SeCD, 2-TeCD, and 6-TeCD were similar. The ka1 of the four bis-bridged GPx mimics
2-SediCD, 6-SediCD, 2-TediCD, and 6-TediCD were also similar but of a lower order of magnitude than
those of the dual-bridged GPx mimics. A lower ka1 also shows the enzyme activity of the bis-bridged
mimics was lower than that of the dual-bridged mimics. Diselenide reacts directly with the thiol
substrate [18]. However, the monoselenides must be react first with the peroxide [19]. A study by
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Dong et al. had also showed that 2-TeCD reacts directly with the thiol substrate [20]. It can explain why
the activity of dual-bridged mimic enzymes was higher than that of single-bridged mimetic enzymes.
The apparent rate constant of the GPx mimics-catalyzed GSH kb1 (kb1 = kmax/KGSH) of bis-bridged
mimics was 10 times higher than that of the dual-bridged mimics.The kinetic parameters can also be
seen that the double bridging mimics have stronger affinity for the substrate, and their ka and kb values
are significantly higher than those of single bridge mimetics.

Table 2. Enzyme kinetic parameters were measured by coupled reductase assay and TNB.

GPx Mimics
kmax/KH2O2 (M·min−1)

kmax/KGSH (M·min−1) kmax/KTNB (M·min−1)
Coupled Reductase Assay TNB

2-SediCD (6.5 ± 0.7) × 103 (7.2 ± 0.8) × 102 (7.3 ± 0.4) × 102 (9.3 ± 0.8) × 104

2-SeCD (5.2 ± 0.6) × 104 (5.6 ± 0.5) × 103 (2 ± 0.4) × 103 (8.4 ± 0.9) × 105

6-SediCD (3.3 ± 0.7) × 103 (3.0 ± 0.6) × 102 (6.8 ± 0.3) × 102 (5.2 ± 0.4) × 104

6-SeCD (3.3 ± 0.4) × 104 (4.3 ± 0.3) × 103 (1.8 ± 0.2) × 103 (6.1 ± 0.6) × 105

2-TediCD (7 ± 0.39) × 103 (8.7 ± 0.3) × 102 (1.6 ± 0.4) × 103 (7 ± 0.4) × 106

2-TeCD (8.2 ± 0.9) × 104 (6 ± 0.5) × 103 (6.2 ± 0.7) × 104 (1.1 ± 0.6) × 107

6-TediCD (5.4 ± 0.8) × 103 (8.2 ± 0.2) × 102 (1.3 ± 0.2) × 103 (4.8 ± 0.5) × 106

6-TeCD (3.7 ± 0.7) × 104 (1.9 ± 0.3) × 103 (1.6 ± 0.1) × 104 (8.6 ± 0.7) × 106

The apparent velocity constant of the GPx mimics-catalyzed H2O2 as measured by the TNB assay
was defined as ka2 (ka2 = kmax/KH2 O2 ). The apparent velocity constant of the GPx mimics-catalyzed
TNB was defined as kb2 (kb2 = kmax/KTNB). As measured by the TNB assay, the relationship between
ka2 and kb2 remained the same among the eight GPx mimics. In order to further assess differences
between the two enzyme systems, the ka1 of the GPx mimics was compared with ka2, kb1, and kb2.
Although for the same GPx mimic, the ka1 was about one order of magnitude higher than ka2, its kb1
was three orders of magnitude smaller than kb2. Therefore, the activity of the GPx mimics as measured
by the coupled reductase assay was several times smaller than that measured by the TNB assay.

The kb1 of selenium-substituted enzymes was significantly lower than that of tellurium-substituted
enzymes. As anticipated, the more sensitive oxidative-reductive property of tellurium compared with
selenium endows enzyme models 2-TediCD, 6-TediCD, 2-TeCD, and 6-TeCD with higher catalytic
activity than that of 2-SediCD, 6-SediCD, 2-SeCD, and 6-SeCD, respectively [21]. The kb1 of the
2-substitute mimics was significantly higher than that of the 6-substitute mimics, which also might
explain why the activity of 2-substitute mimics was higher than that of the 6-substitute mimics, may be
due to the fact that substrate GSH preferentially binds into the secondary face of β-CD [21].

The results summarized in Table 3 show that the values for the Michaelis–Menten constant KRSH of
the tellurium mimics were generally greater than those of the seleniumase mimics, which suggests that
there is a stronger substrate affinity between tellurium GPx mimics and the RSH substrate. Also, GPx
mimics with selenium/tellurium linked to cyclodextrin at the 2-position exhibited higher affinity for
the substrate H2O2 compared to GPx mimics with selenium/tellurium linked to cyclodextrin at the
6-position. The affinity of the dual-bridged mimics to both substrates (H2O2 and RSH) was higher
than that of the bis-bridged mimics. These results all confirm the above conclusions.

Table 3. Kinetic parameters for the mimics-catalyzed reduction of hydroperoxides by GSH and TNB.

GPx Mimics
KH2O2 (µM-1)

KGSH (µM−1) KTNB (µM−1)
Kmax (min−1)

GSH TNB GSH TNB

2-SediCD 15.64 ± 1.37 12.67 ± 1.21 139.32 ± 5.97 98.95 ± 3.49 0.101 ± 0.03 91.22 ± 3.59
2-SeCD 236.57 ± 12.54 46.74 ± 1.57 615.89 ± 31.33 91.62 ± 5.24 12.30 ± 0.98 261.76 ± 19.92

6-SediCD 30.94 ± 2.49 115.31 ± 4.92 150.17 ± 7.42 65.29 ± 5.13 0.102 ± 0.03 34.59 ± 2.63
6-SeCD 171.7 ± 9.32 43.5 ± 2.66 314.99 ± 19.65 69.85 ± 3.22 5.666 ± 1.07 189.01 ± 9.53

2-TediCD 74.83 ± 4.56 136.36 ± 5.33 327.4 ± 22.38 109.57 ± 6.84 0.523 ± 0.15 1186.99 ± 43.36
2-TeCD 719.2 ± 23.48 238.42 ± 15.29 951.2 ± 63.12 130.04 ± 5.39 58.97 ± 2.49 1430.52 ± 38.94

6-TediCD 57.52 ± 3.42 90.74 ± 8.31 238.93 ± 15.27 100.91 ± 7.27 0.310 ± 0.08 484.41 ± 21.04
6-TeCD 168.12 ± 5.35 120.23 ± 7.26 388.78 ± 25.58 141.7 ± 10.74 6.220 ± 1.84 1218.68 ± 49.81
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3. Materials and Methods

3.1. General Procedure

β-cyclodextrin (β-CD), acetone, methanol, ethanol, and chloroform were obtained from the
Beijing Chemical Works. Glutathione reductase (Gr), reduced coenzyme II tetrasodium salt, and
5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) were purchased from Sigma-Aldrich (Shanghai, China).
Selenium, tellurium, and hydrogen peroxide (H2O2) were obtained from Aladdin. Sephadex G-25
and GSH were obtained from Pharmacia. p-toluene sulfonyl chloride (p-TsCl) was obtained from
the Tianjin Chemical Reagent Factory. Sodium borohydride (NaBH4) was obtained from the Tianjin
Institute of Fine Chemical Industry.

For the synthesis of the GPx mimics, β-CD was initially ground to a powder and placed in an
oven to vacuum dry at 60 ◦C. β-CD was recrystallized three times.

3.2. Synthesis of Eight Types of GPx Mimics

The synthesis route of the eight types of GPx mimics is shown in Scheme 1.
The regiospecific monotosylation of the 2-substituent hydroxyl group of cyclodextrin was carried

out according to Wang et al. [22]. 0.96 g of NaOH was dissolved in 160 mL of water and 4 g of
recrystallized β-CD was weighed. While stirring, the acetone solution of p-TsCl (4 g/10 mL) was slowly
added dropwise and the pH of the solution was kept slowly at pH = 12.5. About 4 h drip finished,
continue to react 1 h. The pH of the solution was adjusted to 7.0 with 1 M HCl, 200 mL of methanol was
added and the insoluble material was removed by suction filtration. The solution was distilled off to
about 50 mL under reduced pressure, 50 mL of methanol was added, and the mixture was allowed to
stand at 4 ◦C for one week and the precipitate was filtered off. Sephadex G-25 column chromatography,
H2O as eluent, collecting the first peak. The powder after lyophilization is 2-OTs-β-CD.

The regiospecific monotosylation of the 6-substituent hydroxyl group of cyclodextrin was carried
out according to Matsui et al. [23]. 6.0 g of NaOH was dissolved in 200 mL of water, 10 g of recrystallized
β-CD was added, ice bath and stirred. A solution of p-TsCl in acetone (3.36 g/10 mL) was slowly
added and the reaction was carried out at about 0 ◦C for 5 h. The insoluble matter was removed
by suction filtration and the pH of the solution was adjusted to 7.0 with 1 M HCl. The solution was
allowed to stand in boiling water and the insoluble material was removed by suction filtration through
a Buchner funnel and a suction filter bottle preheated at 100 ◦C. The filtrate was allowed to stand at
room temperature and then cooled at 4 ◦C overnight. The purification step was repeated three times.
The precipitate was finally collected and dried in vacuo at 60 ◦C in an oven.

NaHSe and Na2Se2 were prepared according to Klayman et al. [24]. 10 mL H2O was added into
the vials, 200 mg NaBH4 (synthesis of Na2Se2 was 106 mg) and 110 mg Se powder (synthesis of Na2Se2

was 220 mg) was added and covered the plug and continued to bubble through with pure nitrogen.
Placed on a magnetic stirrer to stir the reaction until the selenium powder is completely reduced, the
solution was colorless with a small amount of white precipitated (the solution of Na2Se2 was yellow).

NaHTe and Na2Te2 were prepared according to Anslyn et al. [25]. 10 mL H2O was added into the
vial, bottle A, bubbled through with pure nitrogen gas for 15 min then sealed. Then another vial, bottle
B, was made by adding 160 mg Te (synthesis of Na2Te2 was 84 mg) and 300 mg NaBH4 (synthesis
of Na2Te2 was 330 mg), bubbled through with pure nitrogen gas for 15 min, 10 mL H2O solution
was removed with a syringe into bottle B. Bottle B was then placed into the heating stirrer at 60 ◦C
water bath stirring, the reaction process continued through the nitrogen. Tellurium powder reaction
completely sealed, the solution was colorless (the solution of Na2Te2 was deep purple).

The synthetic process was carried out according to Breslow and Liu et al. [26,27]. 2-OTs-β-CD
or 6-OTs-β-CD 330 mg was dissolved in 10 mL H2O (two drops of DMF was added to 6-OTs-β-CD
reaction mixture). The reaction mixture was then bubbled through with pure nitrogen gas for 20 min,
and then 1 mL NaHSe/NaHTe (synthesis of dual-bridged mimics was Na2Se2/Na2Te2) was added.
Next the mixture was bubbled through with pure nitrogen gas for 15 min then sealed and stirred for
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48 h (synthesis of dual-bridged mimics was 72 h) at 60 ◦C. The reaction solution was removed and
centrifuged at 5000 rpm for 20 min. The precipitate was discarded and twice the volume of absolute
ethanol was added. Was centrifuged at 5000 rpm for 20 min, collected precipitation. Was dissolved
in 5 mL H2O, separated by Sephadex G-25 column chromatography, and H2O was used as eluent.
The first peak was collected and lyophilizated.
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We used 13C-NMR, ESI-MS, and elemental analysis to characterize the newly synthesized mimics.

2-SediCD. The 2-SediCD was obtained in 32.01% yield as a white with a little yellow powder. 13C-NMR
(D2O): δ 103.3, 101.3, 82.1, 80.1, 73.4, 72.9, 69.8, 60.4; MALDI-MS: Calcd 2366.9, Found 2367.2; Anal.
Calcd for C84H138O69Se·2H2O: C 43.58, H 6.01. Found: C 43.44, H 6.12.

2-SeCD. The 2-SeCD was obtained in 40.60% yield as a light yellow powder. 13C-NMR (D2O): δ 103.2,
101.8, 82.7, 80.3, 73.9, 72.8, 70.5, 61.9; MALDI-MS: Calcd 2517.7, Found 2518.2; Anal. Calcd for
C84H138O69Se2·6H2O: C 40.32, H 5.96. Found: C 40.14, H 6.00.

6-SediCD. The 6-SediCD was obtained in 31.85% yield as a white with a little yellow powder. 13C-NMR
(D2O): δ 102.3, 82.1, 73.5, 72.8, 72.3, 61.7, 59.3; MALDI-MS: Calcd 2366.9, Found 2367.4; Anal. Calcd for
C84H138O69Se·2H2O: C 43.45, H 6.13. Found: C 43.58, H 6.07.

6-SeCD. The 6-SeCD was obtained in 39.21% yield as a light yellow powder. 13C-NMR (D2O): δ

103.7, 81.6, 73.2, 72.5, 71.8, 63.5, 59.8; MALDI-MS: Calcd 2518.0, Found 2516.9; Anal. Calcd for
C84H138O69Se2·6H2O: C 40.32, H 5.99. Found: C 40.38, H 5.87.
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2-TediCD. The 2-TediCD was obtained in 25.37% yield as a yellow powder. 13C-NMR (D2O): δ

104.3, 102.2, 82.5, 79.8, 73.5, 72.3, 69.9, 61.3; MALDI-MS: Calcd 2381.6, Found 2382.2; Anal. Calcd for
C84H138O68Te·H2O: C 42.69, H 5.88. Found: C 42.62, H 5.95.

2-TeCD. The 2-TeCD was obtained in 33.41% yield as an orange powder. 13C-NMR (500 MHz, D2O), δ

101.8, 98.5, 80.1, 75.9, 72.3, 70.9, 68.3, 59.5. MALDI-MS: Calcd 2599.2, Found 2598.3; Anal. Calcd for
C84H138O68Te2·6H2O: C, 38.32; H, 5.58. Found: C, 37.87, H, 5.65.

6-TediCD. The 6-TediCD was obtained in 28.48% yield as a yellow powder. 13C NMR (500 MHz,
D2O): δ 102.6, 81.3, 72.9, 72.1, 71.8, 60.2; MALDI-MS: Calcd 2579.7, found 2579.9; Anal. Calcd for
C84H138O68Te·12H2O: C, 39.07; H, 6.28. Found: C, 38.93; H, 6.05.

6-TeCD. The 6-TeCD was obtained in 33.41% yield as an orange powder. 13C NMR (500 MHz,
D2O): δ 102.4, 81.5, 73.6, 72.5, 72.3, 60.5; MALDI-MS: Calcd 2689.4 Found 2688.3; Anal. Calcd for
C84H138O68Te2·11H2O: C, 36.91; H, 5.95. Found: C, 36.75; H, 5.68.

The enzyme activity was measured at different pH (4–12) and at different temperatures, and the
results show that the optimum pH and optimum temperature are 2-SediCD (pH 8.0, 55.3 ◦C), 2-SeCD
(pH 7.8, 52.5 ◦C), 6-SediCD (pH 8.2, 58.2 ◦C), 6-SeCD (pH 7.9, 54.1 ◦C), 2-TediCD (pH 8.2, 52.3 ◦C),
2-TeCD (pH 7.9, 49.6 ◦C), 6-TediCD (pH 8.3, 54.6 ◦C), 6-TeCD (pH 8.1, 52.8 ◦C), respectively.

3.3. Determination of Activity and Steady-State Kinetics of GPx Mimics by a Coupled Reductase Assay

The GPx activity of the mimetic enzymes was determined by Wilson’s dual enzyme coupling
assay [28]. The equations for the reaction are described below (Equations (2) and (3)). The sample and
control reaction tubes both contained 500 µL PBS (50 mM, pH 7.0), 100 µL EDTA (1 mM), 100 µL GSH
(10 mM), 100 µL Gr (10 U/mL), 100 µL NADPH (2.5 mM), and 100 µL H2O2 (5 mM). The GPx-catalyzed
reaction between glutathione and H2O2 consisted of a two-substrate enzymatic reaction. In order
to determine the enzyme kinetic constants of the GPx mimics, we have fixed one of the substrate
concentrations and change the other substrate concentration.

ROOH + 2GSH GPx−−−−→ROH + GSSH + H2O (2)

GSSG + NADPH + H+ Gr−−−→2GSH + NADP+ (3)

3.4. Determination of Activity and Steady-State Kinetics of GPx Mimics by a TNB Reduction Assay

The synthesis reaction of TNB was performed according to Silver et al. [29]. The enzyme
activity was determined according to Bell et al. [30]. Where the reaction equation is described below
(Equation (4)). The sample and control reaction tubes both contained PBS (50 mM, pH 7.0), EDTA
(1 mM), TNB (200 µM), and H2O2 (5 mM). The GPx-catalyzed reaction of TNB with H2O2 is a single
enzyme reaction. In order to determine the enzymatic kinetic constants of the GPx mimics, we have
fixed one of the substrate concentrations and change the other substrate concentration.

ROOH + 2TNB GPx−−−−→ROH + DTNB + H2O (4)

4. Conclusions

In summary, comparison among GPx mimics indicated that: (a) the activity of tellurium GPx
mimics is higher than that of selenium GPx mimics; (b) the activity of dual-bridged mimic enzymes
was higher than that of single-bridged mimetic enzymes; (c) selenium/tellurium introduced at the
2-position of the cyclodextrin produces enzyme mimics with higher activity than that of those with
selenium/tellurium introduced at the 6-position.

The apparent velocity constant of Tellurium GPx mimics, the RSH constant (kb), and the
Michaelis–Menten constant for RSH (KRSH) were higher than those of the selenium enzyme, which may
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be due to the fact that tellurium atoms are more active than selenium atoms which would also
contribute to higher activity levels of tellurium GPx mimics compared to those of the selenium
GPx mimics.

The reason why the dual-bridge mimic enzymes’ activity is higher than that of single-bridge
mimic enzymes may be the fact that the dual-bridge mimetic enzyme might have a different identity
from the single-bridge one. The kinetic parameters also show that the dual-bridge GPx mimics have
stronger affinity for the substrate, and their ka and kb values are significantly higher than those of the
single-bridge GPx mimics.

The activity of the selenium/tellurium 2-substitute mimics was higher than that of the 6-substitute
mimics. Thus, GPx mimics mainly differed in their hydrogen peroxide apparent velocity constant (ka).

Acknowledgments: The authors are grateful for financial support from the National Key Scientific Instrument
and Equipment Development Project of China (No. 2013YQ470781).

Author Contributions: Liwu Wang, Xiaonan Qu, Ying Xie and Shaowu Lv designed the experiments; Liwu Wang,
Xiaonan Qu, and Ying Xie performed the experiments; Liwu Wang and Xiaonan Qu analyzed the data; Liwu Wang
and Ying Xie wrote the paper; and all authors reviewed the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Flohe, L.; Günzler, W.A.; Schock, H.H. Glutathione peroxidase: A selenoenzyme. FEBS Lett. 1973, 32, 132–134.
[CrossRef]

2. Sies, H. Ebselen, a selenoorganic compound as glutathione peroxidase mimic. Free Radic. Biol. Med. 1993, 14,
313–323. [CrossRef]

3. Flohé, L. The selenoprotein glutathione peroxidase. In Glutathione: Chemical, Biochemical and Medical Aspects;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1989; pp. 644–731.

4. Kian-Leong, T.A.N.; Philip, G. Purification and characterization of a recombinant human Theta-class
glutathione transferase (GSTT2–2). Biochem. J. 1996, 315, 727–732.

5. Haratake, M.; Matsumoto, S.; Ono, M.; Nakayama, M. Nanoparticulate glutathione peroxidase mimics based
on selenocystine—Pullulan conjugates. Bioconjug. Chem. 2008, 19, 1831–1839. [CrossRef] [PubMed]

6. Lv, S.W.; Wang, X.G.; Mu, Y.; Zang, T.Z.; Ji, Y.T.; Liu, J.Q.; Luo, G.M. A novel dicyclodextrinyl diselenide
compound with glutathione peroxidase activity. FEBS J. 2007, 274, 3846–3854. [CrossRef] [PubMed]

7. Xu, J.; Song, J.; Su, J.; Wei, J.; Yu, Y.; Lv, S.; Nie, G. A new human catalytic antibody Se-scFv-2D8 and its
selenium-containing single domains with high GPX activity. J. Mol. Recognit. 2010, 23, 352–359. [CrossRef]
[PubMed]

8. Zheng, K.; Board, P.G.; Fei, X.; Sun, Y.; Lv, S.; Yan, G.; Luo, G. A novel selenium-containing glutathione
transferase zeta1–1, the activity of which surpasses the level of some native glutathione peroxidases. Int. J.
Biochem. Cell Boil. 2008, 40, 2090–2097. [CrossRef] [PubMed]

9. Ramazani, A.; Ayoubi, S.; Ahmadi, Y.; Ahankar, H.; Aghahosseini, H.; Woo Joo, S. “β-Cyclodextrin
Nanoreactor” Catalyzed Synthesis of Coumarin Derivatives from In-Situ Generated Stabilized Phosphorus
Ylides in Water. Phosphorus Sulfur Silicon Relat. Elem. 2015, 190, 2307–2314. [CrossRef]

10. Aghahosseini, H.; Ramazani, A. General Overview on Cyclodextrin-Based Artificial Enzymes’ Activity.
Curr. Org. Chem. 2016, 20, 2817–2836. [CrossRef]

11. Luo, G.M.; Ren, X.J.; Liu, J.Q.; Mu, Y.; Shen, J.C. Towards more efficient glutathione peroxidase mimics:
Substrate recognition and catalytic group assembly. Curr. Med. Chem. 2003, 10, 1151–1183. [CrossRef]
[PubMed]

12. Ren, X.; Xue, Y.; Liu, J.; Zhang, K.; Zheng, J.; Luo, G.; Shen, J. A Novel Cyclodextrin-Derived Tellurium
Compound with Glutathione Peroxidase Activity. ChemBioChem 2002, 3, 356–363. [CrossRef]

13. Jiao, A.; Yang, N.; Wang, J.; Xu, X.; Jin, Z. Cyclodextrin-derived chalcogenides as glutathione peroxidase
mimics and their protection of mitochondria against oxidative damage. J. Incl. Phenom. Macrocycl. Chem.
2013, 75, 155–163. [CrossRef]

http://dx.doi.org/10.1016/0014-5793(73)80755-0
http://dx.doi.org/10.1016/0891-5849(93)90028-S
http://dx.doi.org/10.1021/bc800086z
http://www.ncbi.nlm.nih.gov/pubmed/18707147
http://dx.doi.org/10.1111/j.1742-4658.2007.05913.x
http://www.ncbi.nlm.nih.gov/pubmed/17617230
http://dx.doi.org/10.1002/jmr.1001
http://www.ncbi.nlm.nih.gov/pubmed/19938186
http://dx.doi.org/10.1016/j.biocel.2008.02.006
http://www.ncbi.nlm.nih.gov/pubmed/18373941
http://dx.doi.org/10.1080/10426507.2015.1073285
http://dx.doi.org/10.2174/1385272820666160328201207
http://dx.doi.org/10.2174/0929867033457502
http://www.ncbi.nlm.nih.gov/pubmed/12678808
http://dx.doi.org/10.1002/1439-7633(20020402)3:4&lt;356::AID-CBIC356&gt;3.0.CO;2-O
http://dx.doi.org/10.1007/s10847-012-0156-2


Catalysts 2017, 7, 289 9 of 9

14. Dong, Z.Y.; Huang, X.; Mao, S.Z.; Liang, K.; Liu, J.Q.; Luo, G.M.; Shen, J.C. Cyclodextrin-Derived Mimic of
Glutathione Peroxidase Exhibiting Enzymatic Specificity and High Catalytic Efficiency. Chem.-A Eur. J. 2006,
12, 3575–3579. [CrossRef] [PubMed]

15. Jamier, V.; Ba, L.A.; Jacob, C. Selenium-and Tellurium-Containing Multifunctional Redox Agents as
Biochemical Redox Modulators with Selective Cytotoxicity. Chem. A Eur. J. 2010, 16, 10920–10928. [CrossRef]
[PubMed]

16. Liu, J.; Luo, G.; Ren, X.; Mu, Y.; Bai, Y.; Shen, J.C. A bis-cyclodextrin diselenide with glutathione
peroxidase-like activity. Biochim. Biophys. Acta 2000, 1481, 222–228. [CrossRef]

17. Ren, X.; Yang, L.; Liu, J.; Su, D.; You, D.; Liu, C.; Shen, J. A novel glutathione peroxidase mimic with
antioxidant activity. Arch. Biochem. Biophys. 2001, 387, 250–256. [CrossRef] [PubMed]

18. Ribaudo, G.; Bellanda, M.; Menegazzo, I.; Wolters, L.P.; Bortoli, M.; Ferrer-Sueta, G.; Orian, L. Mechanistic
Insight into the Oxidation of Organic Phenylselenides by H2O2. Chem. A Eur. J. 2017, 23, 2405–2422.
[CrossRef] [PubMed]

19. Wolters, L.P.; Orian, L. Peroxidase activity of organic selenides: Mechanistic insights from quantum chemistry.
Curr. Organ. Chem. 2016, 20, 189–197. [CrossRef]

20. Dong, Z.; Liu, J.; Mao, S.; Huang, X.; Yang, B.; Ren, X.; Shen, J. Aryl thiol substrate
3-carboxy-4-nitrobenzenethiol strongly stimulating thiol peroxidase activity of glutathione peroxidase
mimic 2, 2′-ditellurobis (2-deoxy-β-cyclodextrin). J. Am. Chem. Soc. 2004, 126, 16395–16404. [CrossRef]
[PubMed]

21. Huang, X.; Liu, X.; Luo, Q.; Liu, J.; Shen, J. Artificial selenoenzymes: Designed and redesigned. Chem. Soc. Rev.
2011, 40, 1171–1184. [CrossRef] [PubMed]

22. Wang, Z.Z.; He, G.Y.; Lu, R.H. A convenient and economic method for the synthesis of
mono-2-tosyl-β-cyclodextrin. Mon. Chem. Chem. Mon. 2008, 139, 1109–1111. [CrossRef]

23. Matsui, Y.; Okimoto, A. The binding and catalytic properties of a positively charged cyclodextrin. Bull. Chem.
Soc. Jpn. 1978, 51, 3030–3034. [CrossRef]

24. Klayman, D.L.; Griffin, T.S. Reaction of selenium with sodium borohydride in protic solvents. A Facile
Method for the introduction of selenium into organic molecules. J. Phys. Chem. B 1973, 95, 197–199.
[CrossRef]

25. Anslyn, E.; Breslow, R. Proton inventory of a bifunctional ribonuclease model. J. Am. Chem. Soc. 1989, 111,
8931–8932. [CrossRef]

26. Breslow, R.; Dong, S.D. Biomimetic reactions catalyzed by cyclodextrins and their derivatives. Chem. Rev.
1998, 98, 1997–2012. [CrossRef] [PubMed]

27. Liu, Y.; Li, B.; Li, L.; Zhang, H.Y. Synthesis of Organoselenium-Modified β-Cyclodextrins Possessing a 1,
2-Benzisoselenazol-3(2H)-one Moiety and Their Enzyme-Mimic Study. Helv. Chim. Acta 2002, 85, 9–18.
[CrossRef]

28. Wilson, S.R.; Zucker, P.A.; Huang, R.R.C.; Spector, A. Development of synthetic compounds with glutathione
peroxidase activity. J. Am. Chem. Soc. 1989, 111, 5936–5939. [CrossRef]

29. Silver, M. Thin-layer chromatography of lipoic acid, lipoamide, and their persulfides. Methods Enzymol. 1979,
62, 135–137. [PubMed]

30. Bell, I.M.; Hilvert, D. Peroxide dependence of the semisynthetic enzyme selenosubtilisin. Biochemistry 1993,
32, 13969–13973. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/chem.200501098
http://www.ncbi.nlm.nih.gov/pubmed/16491491
http://dx.doi.org/10.1002/chem.201000884
http://www.ncbi.nlm.nih.gov/pubmed/20677196
http://dx.doi.org/10.1016/S0167-4838(00)00130-8
http://dx.doi.org/10.1006/abbi.2000.2238
http://www.ncbi.nlm.nih.gov/pubmed/11370848
http://dx.doi.org/10.1002/chem.201604915
http://www.ncbi.nlm.nih.gov/pubmed/27935210
http://dx.doi.org/10.2174/1385272819666150724233655
http://dx.doi.org/10.1021/ja045964v
http://www.ncbi.nlm.nih.gov/pubmed/15600341
http://dx.doi.org/10.1039/C0CS00046A
http://www.ncbi.nlm.nih.gov/pubmed/21125082
http://dx.doi.org/10.1007/s00706-008-0884-6
http://dx.doi.org/10.1246/bcsj.51.3030
http://dx.doi.org/10.1021/ja00782a034
http://dx.doi.org/10.1021/ja00206a033
http://dx.doi.org/10.1021/cr970011j
http://www.ncbi.nlm.nih.gov/pubmed/11848956
http://dx.doi.org/10.1002/1522-2675(200201)85:1&lt;9::AID-HLCA9&gt;3.0.CO;2-H
http://dx.doi.org/10.1021/ja00197a065
http://www.ncbi.nlm.nih.gov/pubmed/374966
http://dx.doi.org/10.1021/bi00213a029
http://www.ncbi.nlm.nih.gov/pubmed/8268174
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Determination of Enzymatic Activity the Eight Types of GPx Mimics 
	Determination of Enzyme Kinetics of the Eight Types of GPx Mimics 

	Materials and Methods 
	General Procedure 
	Synthesis of Eight Types of GPx Mimics 
	Determination of Activity and Steady-State Kinetics of GPx Mimics by a Coupled Reductase Assay 
	Determination of Activity and Steady-State Kinetics of GPx Mimics by a TNB Reduction Assay 

	Conclusions 

