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Abstract

A cyclodextrin-based artificial glutathione peroxidase (GPx) system, which was designed to carry single or double binding sites, has been
investigated by observing the recognition features of these mimics. The GPx mimics exhibited high catalytic activities mainly due to the substrate
recognition generated by hydrophobic driving force. The different recognition mechanisms led to quite different catalytic capacities. In contrast
to single recognition, difunctional ones increased the substrate specificity remarkably. The recognition manners of enzyme mimics for substrates
strongly depend on the comparative affinities and the concentrations of both substrates. In addition, the catalytic capacity of GPx mimic which
contains a delicate binding site for product disulfide can be almost completely blocked via the self-produced inhibition. This work gives very

worthful and important information on the understanding of native GPx.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Under physiological conditions, reactive oxygen species
(ROS) are continuously produced and kept under strict control
by many enzymes and antioxidants within the cells [1-6]. As one
of antioxidative selenoenzymes, glutathione peroxidase (GPx)
displays a strong antioxidant activity and therefore protects the
cell membrane and other cellular components from oxidative
damage [7-13]. It can scavenge numerous cellular ROS, like
hydrogen peroxide, organic hydroperoxides, and phospholipid
hydroperoxides, by consuming various reducing substrate such
as glutathione (GSH) [7-13]. The active site selenocysteine
residue is situated in a hydrophobic pocket on the protein sur-
face [14,15]. According to the computational and experimental
findings and suggestions [16—19], the proposed catalytic mech-
anism of the GPx that involves one ROOH and two GSH is
illustrated in Scheme 1, in which these substrates are specu-
lated to consecutively enter the active site and participate in the
catalytic reactions. Actually, the exact binding sites of these sub-
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strates and their exact binding manners prior to the participation
in reactions are not known to date. To understand the mecha-
nism of molecular recognition and catalysis of GPx, we need to
know the identities and functions of most of the participants dur-
ing the catalytic process. Therefore, we employ a kind of GPx
mimics (Chart 1) that take advantage of substrate binding sites
provided by cyclodextrins, and which are followed with in vitro
tests of biomimetic systems. Since these GPx mimics show high
second-order rate constants for aromatic thiols that are similar to
that of some of native GPx (vide infra), the catalysis information
obtained by the research of our biomimetic system is reliable to
understand the catalytic mechanism of GPx.

Recently, we have successfully fabricated some GPx mimics
with abinding site for recognizing substrates [20—-23]. In the case
of our models, relatively small cyclodextrin-based GPx mimics
take advantage of hydrophobic cavities to exhibit strong catalytic
capacity and thus are investigated as platforms on the rela-
tionships between molecular recognition and catalysis [21,24].
Cyclodextrins can bind hydrophobic substrates to their cavities
and have been extensively exploited in the past as enzyme mod-
els [25,26]. The interactions of cyclodextrins and substrates are
directional, specific, and reversible, and a wealth of information
is commonly available on their binding strength and kinetics
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Scheme 1. Experimentally suggested mechanism for the catalytic cycle of GPx.

[25,27]. Previously, the enzyme models based on cyclodextrin
monomer, which act on a single bound substrate, showed some-
what low catalytic ability [25]. In order to enhance catalytic
ability of enzyme model, improved substrate binding through
introducing a second binding site is a promising way. Conse-
quentially, the cyclodextrin dimers have been fabricated and
authenticated as excellent enzyme models in which the bifunc-
tional binding of single substrate was demonstrated sufficiently
strong [28,29]. However, few receptors designed in such a way
to promote the reaction of two simultaneous complexes of sub-
strates were developed so far [30]. Herein, we take advantage
of the water-soluble structure with single or double binding
sites provided by the cyclodextrins to incorporate catalytic site
tellurium for accommodating a model of biomimetic system.
Considering the nature of the two-substrate reaction, we choose
the formidable peroxidase reaction, partly because the catalytic
mechanism of native GPx and the factors for controlling its activ-
ity are not fully understood despite the availability of the early
detailed experimental information [14,15,20,17,31,32].

In the study, a cyclodextrin-based artificial glutathione per-
oxidase (GPx) system, which was designed to carry single or
double binding sites, has been investigated by observing the
recognition features of these mimics through the detailed kinetic
and mechanical studies, and very worthful and important infor-
mation for understanding of native GPx has been given.

Te%; .\Te);

2-TeCD 6-TeCD
.T._Ph .\T.
6-PhTeCD G-TedCD

Chart 1. Structures of cyclodextrin-based GPx mimics.

2. Experimental section
2.1. General procedures

2,2'-ditellurobis(2-deoxy-B-cyclodextrin)
6,6’-ditellurobis(6-deoxy-B-cyclodextrin)
6-(phenyltelluro)-6-deoxy-3-cyclodextrin
(6-PhTeCD) [35], 6,6'-telluro-bis(6-deoxy-B-cyclodextrin)
(6-TediCD) [35], 6,6'-seleno-bis(6-deoxy-B-cyclodextrin)
(6-SediCD) [36], 3-carboxyl-4-nitrobenzenethiol (TNB) [37]
and di(p-nitrophenyl) disulfide (DNBT) [24] were prepared
according to the literature procedure and characterized in
detail. B-Cyclodextrin was purchased from Tianjin Chemical
Plant, recrystallized three times from distilled water, and
dried for 12h at 120°C in vacuo. p-Toluene sulfonylchloride
was also purchased from Tianjin Chemical Plant. tert-Butyl
hydroperoxide (+~-BuOOH) was purchased from Merck. Cumene
hydroperoxide (CuOOH) and 1-adamantaneethanol were pur-
chased from Fluka. Diphenyl ditelluride (PhTeTePh) was
obtained from Aldrich. Sodium hydroborate, 5,5’-dithiolbis(2-
nitrobenzoic acid) (DTNB), p-nitrobenzenethiol (NBT) were
purchased from Sigma. All other chemicals were of the highest
purity commercially available and were used without further
purification. '"H NMR and '*C NMR were measured on a
Bruker AM-500 spectrometer. Molecular weight was obtained
from a LDI-1700 MALDI-TOF-MS (Linear Scientific Inc.,
USA). The spectrometric measurements were carried out with
a Shimadzu 3100 UV-vis-near-IR Recording Spectropho-
tometer or Lambda 800 Spectrophotometer interfaced with a
personal computer. Data were acquired and analyzed by using
ultraviolet spectroscopy software. The temperature for UV
time course studies was controlled within (£) 0.5°C by use
of a LAUDA compact low-temperature thermostat RC6 CP.
Phosphate buffer (PBS) was used in the all experiments unless
otherwise noted. The buffer pH values were determined with
a METTLER TOLEDO 320 pH Meter. The concentrations of
the hydroperoxide stock solutions were determined by titration
with potassium permanganate.

Compounds
(2-TeCD)  [33],
(6-TeCD)  [34],

2.2. TNB assay system

The GPx-like activities of these compounds were measured
using the Hilvert’s method [38,39] with minor modification.
The assay mixture contained 50 mM phosphate buffer, pH 7.0,
1 mM EDTA, 100 uM TNB, 250 uM ROOH, and a moderate
amount of test compound at 25 °C. Reaction was initiated by
the subsequent addition of ROOH and the absorbance at 410 nm
(£=13,600 M~ lem™ ! pH 7.0) was recorded for a few minutes
to calculate the reaction rate.

2.3. NBT assay system

The GPx-like activities of these compounds were also
assessed using our method [24]. The assay mixture contained
50 mM phosphate buffer, pH 7.0, | mM EDTA, 100 uM NBT,
250 uM ROOH, and a moderate amount of test compound at
25°C. Reaction was initiated by the subsequent addition of



Z. Dong et al. / Journal of Molecular Catalysis A: Chemical 277 (2007) 193-201

ROOH and the absorbance at 410 nm (¢=14,500 M~ lem™ !,
pH 7.0) was recorded for a few minutes to calculate the reaction
rate.

2.4. Kinetic analysis

The reactions of the reduction of ROOH by NBT in the
absence or presence of catalyst were studied by following the
disappearance of the thiolate absorption at 410 nm, at pH 7.0
(50 mM phosphate buffer, 1 mM EDTA) and 25 °C. To inves-
tigate the dependency of rate on substrate concentration, the
reaction rates were determined at several concentration of one
substrate while keeping the concentration of the other constant.
All kinetic experiments were performed in a solution containing
phosphate buffer (50 mM, pH 7.0), ethylendiaminetetraacetate
(EDTA, 1 mM), and appropriate concentrations of NBT, ROOH,
and test compound. The reaction rates were determined on
Shimadzu 3100 UV/Vis-near-IR Recording Spectrophotometer.
The reaction was initiated by addition of ROOH. The enzy-
matic rates were corrected for the background reactions between
ROOH and NBT. The initial concentration of NBT was mea-
sured from the 410 nm absorbance (e =14,500 M~tem™L, pH
7.0). Each initial rate was measured at least five times and cal-
culated from the first 5-10% of the reaction. Lineweaver—Burk
plots were obtained by using the Origin 7.0 (professional ver-
sion) program. For each set of experiments a straight line was
drawn with the best-fit method.

2.5. Complexation study of B-cyclodextrin with substrates

We characterized the inclusion complexation of [-
cyclodextrin with substrates by means of '"H NMR and UV and
fluorescence spectra as well as inhibition experiment [21,24].

2.6. Molecular simulation

We used the molecular modeling program CERIUS? 4.6
(Accelrys Inc.; San Diego, CA) [40] to carry out our molecular
simulation. The Dreiding 2.21 force field from CERIUS? soft-
ware package was used in the entire simulation which had been
found to be reliable for many organic systems [41,42]. All of
the simulations were started from energy-minimized structures
obtained through the Smart Minimizer method and Convergence

Table 1
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Level was set to high. The spline function was chosen for switch-
ing function in nonbonding interaction. The partial charges were
assigned with Charge Equilibration method before each Mini-
mization.

3. Results

3.1. Measurement of GPx-like activities of catalysts by
TNB assay system

Thiol TNB exhibits particularly UV spectroscopic proper-
ties (Amax =410nm, pH 7.0). Furthermore, the corresponding
disulfide does not interfere with the 410 nm absorbance of the
thiolate. Therefore, based upon the disappearance of thiolate
that can be easily followed spectrophotometrically at 410 nm,
the initial rates of the reduction of ROOH (250 wM) by TNB
(100 M) in the presence of various catalysts (1 wM) at pH 7.0
(50mM PBS, 1 mM EDTA) and 25 °C is determined. Initial rates
and relative activities of catalysts are corrected for the respective
control rates in the absence of catalyst. In particular, considering
the recognition features of GPx mimics, we assume that the rel-
ative activity of catalyst is deduced based upon the reaction rate
of reduction of H,O; in the presence of corresponding catalyst
identically equal to one. The reaction rates and relative activities
of these GPx mimics in TNB assay system are shown in Table 1.

3.2. Measurement of GPx-like activities of catalysts by
NBT assay system

Like TNB, thiol NBT also exhibits particularly UV spec-
troscopic properties (Amax =410nm, pH 7.0). Moreover, the
corresponding disulfide does not interfere with the 410 nm
absorbance of the thiolate. Thus, the initial rates of the reduction
of ROOH (250 uM) by NBT (100 M) in the presence of vari-
ous catalysts (1 uM) at pH 7.0 (50 mM PBS, 1 mM EDTA) and
25 °C are determined based upon the disappearance of thiolate
that can be easily followed spectrophotometrically at 410 nm.
Initial rates and relative activities of catalysts are corrected for
the respective control rates in the absence of catalyst. In par-
ticular, considering the recognition features of GPx mimics, we
similarly assume that the relative activity of catalyst is deduced
based upon the reaction rate of reduction of H> O, in the presence
of corresponding catalyst identically equal to one. The reaction

The reaction rates and relative activities of these GPx mimics (1 wM) for the reduction of ROOH (250 uM) by TNB (100 wM) at pH 7.0 (50 mM PBS, 1 mM EDTA)

and 25 °C in TNB assay system

Catalyst vo? (WM min~!) Relative activity

H,0, t+-BuOOH CuOOH H,0, t+-BuOOH CuOOH
2-TeCDP 2.55 £ 0.16 545+ 0.27 2449 + 0.94 1.00 2.14 9.61
6-TeCD® 0.49 + 0.03 3.66 + 0.12 15.01 + 0.40 1.00 7.47 30.61
6-PhTeCD 0.72 + 0.04 2.10 £ 0.15 13.07 + 0.98 1.00 2.93 18.18
6-TediCD 0.026 + 0.002 6.53 £ 0.51 14.13 + 1.08 1.00 251.31 543.54

2 All values are means of at least five times with standard deviation.
b Reference [5][5b].
¢ Reference [13].
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Table 2

The reaction rates and relative activities of these GPx mimics (1 wM) for the reduction of ROOH (250 uM) by NBT (100 uM) at pH 7.0 (50 mM PBS, 1 mM EDTA)

and 25°C in NBT assay system

Catalyst vo® (WM min—") Relative activity
H,0; t-BuOOH CuOOH H,0, t-BuOOH CuOOH
2-TeCDP 3.01 £ 0.27 11.50 + 1.35 4430 £ 1.46 1.00 5.23 14.30
6-TeCD 0.72 + 0.09 542 +£0.85 2440 £ 1.12 1.00 7.53 33.89
6-PhTeCD 0.78 £ 0.03 1.88 £ 0.11 11.35 + 0.88 1.00 2.39 14.44
6-TediCD 0.034 £ 0.003 6.25 + 0.47 32.37 £ 1.70 1.00 183.76 951.91
% All values are means of at least five times with standard deviation.
b Reference [6].
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mechanical studies on the GPx-like catalysis of diorganyl S o
ditellurides, such as 2-TeCD [21,24]. Taking 6-TediCD as an = .
example of diorganyl tellurides, we here investigate their kinetic T
actions and catalytic mechanism. When the concentration of 34
6-TediCD is maintained constant while substrate concentration
[CuOOH] is increased, a linear increase of rate is found but 0 y T T v

saturation kinetics are not obtained (Fig. 1). At the same
time, when the concentration of 6-TediCD is increased, the
rates become very high for higher concentration of CuOOH
(data not shown). When the concentration of 6-TediCD is
maintained constant while substrate concentration [NBT] is
increased, a rapid increase of rate is observed in the initial
stages; however, when the substrate concentration is increased
further, saturation kinetics are obtained and subsequently
the rates slowly decrease (Fig. 2). In order to gauge the
catalytic efficiency for the reduction of CuOOH, the apparent
kinetic parameters of 6-TediCD were calculated under low
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Fig. 1. Plots of the initial rate (vp) vs. substrate concentration [CuOOH]. The
concentrations of catalyst 6-TediCD and thiol NBT was fixed to be 1 uM and
150 uM, respectively, at pH 7.0 (50 mM PBS, 1 mM EDTA) and 25 °C.

0 10 20 30 40 50 60 70 80 90
[NBT] (uM)

Fig. 2. Plots of the initial rate (vp) vs. substrate concentration [NBT]. The con-
centrations of catalyst 6-TediCD and substrate CuOOH was fixed to be 1 pM
and 250 wM, respectively, at pH 7.0 (50 mM PBS, 1 mM EDTA) and 25 °C.

(4.3 40.2)x10% (M~  min~"), k&P /KED =26 +0.1) x
10> M~ min~"). From these observations above it is clearly
shown that the rate of oxidation of 6-TediCD should be the
rate-determining step during the catalytic process, which is well
consistent with previous suggestions [32,43,44]. Our kinetic
studies favor the pervious proposed catalytic mechanism of
diorganyl telluride which shuttles between tellurium (II) and
tellurium (IV) (Scheme 2) [32,43,44]. Furthermore importantly,
the intermediate tellurium (IV) compound, 6-TediCD oxide
generated during catalytic process, is isolated and confirmed
by MALDI-TOF MS (found 2380.6). Similarly, the interme-
diate 6-PhTeCD oxide is also isolated and characterized by
MALDI-TOF MS (found 1339.3).

ROOH ROH
]
CD-Te-CD CD-Te-CD
R'SSR' R'SH

Scheme 2. Proposed catalytic mechanisms for GPx-like reaction of 6-TediCD.
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3.4. Complexation study of B-cyclodextrin and substrates

It is long known that cyclodextrins can accommodate
hydrophobic substrates to their cavities. Consequently, we mea-
sure the complexation affinity of 3-cyclodextrin and derivatives
with substrates existed in our biomimetic system. The bind-
ing constants are used to express the complexation affinity
of substrates for GPx mimics. Apparently, hydrophilic HyO»
is unfavorable for hydrophobic cyclodextrin cavity. However,
the bulky hydrophobic and aromatic CuOOH is favorable
for cyclodextrin cavity with a binding constant of 390 M.
The hydrophobic #-BuOOH is less suitable for cyclodex-
trin cavity than CuOOH. The complexation affinities between
B-cyclodextrin and ROOH vary in the order K,(CuOOH) > K, (#-
BuOOH) > K,(H>03). For thiol substrates, aromatic compound
TNB is easily bound to the hydrophobic cavity of 3-cyclodextrin
with a binding constant of 2010M~!. In addition, compound
NBT is also easily bound to the hydrophobic cavity with
a binding constant of 1860 M~!. Indeed, their complexation
affinities between P-cyclodextrin and thiols are very close:
K,(TNB) ~ K,(NBT).

4. Discussion

To insight into the factors modulating the catalytic capac-
ity of GPx mimics, we make a model of cyclodextrin-based
biomimetic system. Since a significant increase in catalytic effi-
ciency of GPx mimic 2-TeCD is obtained by improving the
binding affinity of thiol substrate [21,24], it is presented that sub-
strate binding is essential for the catalytic activities of enzymes.
As known, the Te-Te bond in ditellurides is easily split by sub-
strates in assay system, the GPx mimics ditellurides such as
2-TeCD exactly have only one binding site to work during the
catalytic process. We measure catalytic activities of GPx mim-
ics ditellurides using both direct assay systems, and find that
ditellurides show a higher reaction rates using NBT than TNB
(Tables 1 and 2). In addition to the difference of the intrinsic
reactivities of thiols, we suggest that hydrogen bonding interac-
tions should be responsible for the decreasing rates in TNB assay
system because hydrogen bonding interactions played negative
roles during catalytic process [24]. In particular, under the exper-
imental conditions 2-TeCD display a rather high reaction rate
(44.30 uM min~!) in the reduction of CuOOH by NBT. During
catalysis hydrophobic interactions are the major driving forces
of inclusion complexation. The inhibition experiments, using
hydrophobic adamantane group as an inhibitor of GPx mimics,
further prove the above conclusion [21,24]. It is known that the
rates of the background reaction between thiol and ROOH vary
in the order veone(H202) > Veontr(CuOOH) > veoner(--BuOOH)
[21,24,39]. The native B-cyclodextrin has no GPx-like activ-
ity in the direct assay system. However, the hydrophobic
cavities of catalysts endow these enzyme models with signif-
icant ROOH selectivity as evidence that all the rates of the
catalyzed reaction in the presence of different ROOH vary
in the order vo(CuOOH) > vo(r-BuOOH) > vy(H>O5). Interest-
ingly, the enhancement of ROOH binding affinity leads to the
increase of Michaelis—Menten constants (Kiio1) of 2-TeCD

for thiol, indicating the competitive recognition of both sub-
strates for 2-TeCD during catalytic cycle [21]. Of course, these
substrates unambiguously compete to occupy the hydrophobic
cavities of GPx mimics. As seen in Tables 1 and 2, 6-TeCD dis-
plays a lower GPx-like activity than 2-TeCD. The difference of
catalytic capacity may be made by geometric preference [21].
This assumption can further be proved by the following obser-
vation. When H, O3, is used as substrate, 6-TeCD displayed little
GPx-like activity (0.49 uM min_l). However, instead of HyO,
by hydrophobic ~-BuOOH or bulky CuOOH, a larger increase of
7.5-fold and 31-fold, respectively, in reaction rate is observed for
6-TeCD compared to 2-TeCD (2-fold and 10-fold, respectively).

It has been previously demonstrated that diorganyl tellurides
can effectively perform the GPx-like functions and hence dis-
play antioxidant activities [32,35,43,44]. Expectedly, 6-PhTeCD
and 6-TediCD exhibit a significant capacity for catalyzing the
peroxidase reaction in the direct assay system. The catalytic
mechanism of peroxidase reaction for diorganyl tellurides has
been clearly demonstrated (Scheme 2) and differs from that of
ditelluride 2-TeCD which may obey the similar catalytic mech-
anism as that of native GPx (Scheme 1). As observed from
Tables 1 and 2, different catalytic mechanism results in different
catalytic capacity.

To demonstrate the functions of dual binding sites during
catalysis, we follow by a detailed discussion on catalytic capac-
ity of 6-PhTeCD and 6-TediCD. In 6-PhTeCD hydrophobic
cavity provided by one cyclodextrin unit endows the molecule
with ROOH specificity as evidence that the reaction rates cat-
alyzed the reduction of ROOH by 6-PhTeCD vary in the order
vo(CuOOH) > vy(-BuOOH) > vo(H203). Particularly, CutOOH
was reduced about 10-fold faster than H>O; in the presence
of 6-PhTeCD. With single binding site as well as the exposure
of catalytic site tellurium, 6-PhTeCD may react with approach-
ing ROOH without steric hindrance caused by structure itself
preventing their reaction. However, the compound 6-TediCD,
containing two binding sites close to the catalytic site, exhibits
a 23-fold decrease in the reaction rate compared to 6-PhTeCD
during the reduction of H,O». We conclude that steric hindrance
formed by dual cyclodextrin structures in 6-TediCD may be
responsible for the rate decrease, besides the fact that the sub-
strate HoO» has no specific affinity for binding sites to approach
the catalytic site tellurium. Replacing HO, by ~-BuOOH, 6-
TediCD exhibits exciting augment of 251-fold in the reaction
rate and the highest rate value in the reduction of ~-BuOOH by
TNB among chosen GPx mimics. Most strikingly, instead of
H>0O, using substrate CuOOH which is favorable for hydropho-
bic cavity of cyclodextrin, a dramatic enhancement of 952-fold
in the reaction rate is observed for 6-TediCD. To our knowledge,
this enhancement in catalytic capacity while altering H>O; into
CuOOH is rarely observed in all previous GPx model systems.
The hydrophobic cavities of 6-TediCD endow this catalyst with
very strong ROOH selectivity as evidence that the rates of 6-
TediCD-catalyzed reaction in the presence of different ROOH
vary in the order vo(CuOOH) > vy(+-BuOOH) >> vy(H>07). We
think that the difunctional binding sites in the structure of
6-TediCD should be responsible for the exciting change in
the reaction rate. In order to nicely clarify the function of
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difunctional recognition, we synthesized analogue 6-SediCD
and assessed its catalytic capacity by NBT assay system. Unex-
pectedly, compound 6-SediCD does not give any detectable
enhancement in reaction rate while using H, O as substrate. This
result is not surprising because it has been previously reported
that some of diorganyl selenides have no any GPx acitivities
[13.,45]. Interestingly, replacing H,O» by preferential substrate
t-BuOOH or CuOOH, 6-SediCD exhibits obviously detectable
reaction rate (0.71 and 1.12 uM min~!, respectively for 100 uM
6-SediCD). Since 6-SediCD has no any catalytic ability in the
presence of H,O3, the action of the selenium atom of 6-SediCD
can be fully ruled out. This result clearly indicates that the two
cyclodextrin moieties of 6-SediCD can cooperatively provide
delicate catalytic microenvironment for the specific substrates,
such as CuOOH and NBT, and simultaneously bind them to
facilitate the peroxidase reaction. Similarly, micelles are also
capable of providing nice catalytic microenvironment and then
acting as enzyme models [46-49]. However, for hydrophilic
H>0O; unfavorable for the binding sites, the microenvironment of
hydrophobic cavities makes it difficult to be close to binding thiol
NBT together. The above result also implies that the structures of
cyclodextrin dimers mainly adopt “face to face” conformations.
Molecular modeling demonstrates the assumption; in the tube-
like structure of 6-TediCD (Fig. 3) the catalytic site tellurium
is nearly buried in the interior. From the above observation we
believe that substrate binding, in which hydrophobic interactions
act as major driving force in complexation, plays an essential
role in catalysis. Moreover, the substrate inhibition experiments
by adamantane group further confirm this conclusion (data not
shown). The difunctional recognition during the catalysis of
6-TediCD endows this molecule with very strong ROOH speci-
ficity as observed by the reaction rates (Tables 1 and 2) and large
rate acceleration.

To further probe the relationships on the two-substrate recog-
nition and catalysis, kinetic studies of 6-TediCD-catalyzed
reduction of CuOOH by NBT are undertaken. In Fig. 2, the
decrease of rates can be explained by substrate inhibition at the
high NBT concentration. However, substrate CuOOH does not
cause inhibition at measured CuOOH concentration range as
observed by the catalytic rates (Fig. 1). It seems that the inhi-
bition in catalytic capacity of 6-TediCD strongly depends on

the both substrates concentrations as well as their complexa-
tion abilities for cyclodextrin cavities. Although the fact that,
the binding constant of CuOOH and 3-cyclodextrin is approxi-
mately five-fold lower than that of NBT, should be responsible
for the difference in above kinetic actions, the concentration
compensation makes nearly equivalent chance that CuOOH and
NBT competitively enter into the binding sites. As observed
from Fig. 1, the reaction rate largely increases with increasing the
concentration of less specific substrate CtOOH. It is clear that
the rate of the catalyzed reaction depends strongly on the con-
centration of substrate CuOOH or NBT. Very recently, Mugesh
and co-workers reported that increasing the substrate concentra-
tion can essentially enhance the catalytic capacity of GPx mimic
[50]. Although GPx mimic 2-TeCD is not detected any signif-
icant inhibition produced by substrates, however, its catalytic
efficiency depends strongly upon the competitive recognition of
both substrates for 2-TeCD as demonstrated by kinetics analyses
[21]. Indeed, for GPx mimic containing only one hydrophobic
cavity, two substrates compete each other to occupy the single
binding site. However, after introducing a second binding site
into GPx mimic, both substrates still rival each other to occupy
each of binding sites. Essentially, double binding sites facilitate
respective binding of both substrates, and furthermore lower the
intensity of competitive recognition of both substrates as obser-
vation that, the enhancement of catalytic capacity for 6-TediCD
while altering HyO, into CuOOH is far higher than for GPx
mimic with single binding site.

Interestingly, the rates of 6-TediCD-catalyzed reaction could
also be governed by the product generated during catalytic cycle.
Furthermore, the structure and concentration of product are the
two major factors that affect the catalytic processes of these
GPx mimics. We found that the 6-TediCD-catalyzed reaction
can be significantly inhibited by accumulated product DNBT
(Fig. 4(A)). It is obvious that the inclusion complexation of
DNBT and 6-TediCD is quite strong in the NBT assay system,
because 6-TediCD has two cyclodextrin cavities forming nice
binding sites suitable for DNBT with an associated constant of
far beyond 10* M~! [36]. Under the small concentration, prod-
uct DNBT is incapable of inhibiting the 6-TediCD-catalyzed
reaction. When product DNBT accumulates and its concentra-
tion increases beyond that of thiol NBT in the assay system,

Fig. 3. The side (left) and front view (right) of structure of 6-TediCD.
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Fig. 4. Plots of Absorbance vs. time (s) monitoring 6-TediCD-catalyzed reaction
in direct assay system. (A): NBT assay system; (B) TNB assay system. The thiol
concentration [NBT] or [TNB] was 100 wM. The concentrations of catalyst 6-
TediCD and substrate CuOOH was fixed to be 10 wM and 250 wM, respectively,
at pH 7.0 (50 mM PBS, 1 mM EDTA) and 25 °C.

the catalyzed reaction almost completely stops. The observa-
tion not only further demonstrates that the substrate binding is
a key factor modulating the large rate accelerations of enzyme,
but also suggests that substrate binding is a dynamic process
and the concentration factor plays a crucial role during sub-
strate binding of GPx mimic. However, in TNB assay system
the 6-TediCD-catalyzed reaction cannot be inhibited by prod-

199

uct DTNB (Fig. 4(B)). We found that the concentration of
DTNB did not obviously affect the 6-TediCD-catalyzed reac-
tion. Consequently, it is necessary to study the complexing
behaviors of product DTNB and 6-TediCD. By means of 'H
NMR spectroscopy, we investigated the inclusion complexation
of 6-TediCD and product. Very interestingly, we find that the
process of inclusion complexation of DTNB and 6-TediCD is
dynamically rather slow, and the complexation equilibrium is
achieved in at least 1 h (Fig. 5). Like this observation, Harada
and co-workers recently also found that a prosthetic group on
the end cap of the axle molecule can control the rates of thread-
ing of cyclodextrin kinetically [51]. However, the complexation
of DNBT and 6-TediCD is too fast to track this process by
NMR technology. Therefore in TNB and NBT assay systems,
the difference of inhibition phenomena arisen by products is due
mainly to the difference of the rates of inclusion complexation of
6-TediCD and products. In Fig. 4(B), it is worth noting that thiol
substrate TNB cannot be used up (ca. 6—10% of starting amount)
in the presence of excess CuOOH during the catalytic processes
of 6-TediCD. Like 6-TediCD, other GPx mimics including 2-
TeCD, 6-TeCD, and 6-PhTeCD also cannot extirpate substrates.
We conclude that the competitive complexation of substrates and
products as well as their binding affinity maybe are responsible
for the catalyst-scavenging incompleteness of substrates, which
will be expected to be accordant with the keeping physiological
balance of ROS by native GPx.

As mentioned above, 6-TediCD displays very high cat-
alytic efficiency with an apparent second-order rate constant

cC b
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Fig. 5. Comparison of "H NMR spectra of the complexation of DTNB and 6-TediCD in different time.
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of 4.3 x 10M~" min~! for thiol NBT, which is similar to that
of native GPx [52]. Since these GPx mimics have quite high
second-order rate constants for thiols, the information obtained
by our biomimetic system is convincing and available to the
suggestions of catalytic mechanism of native GPx. It is well-
known that cytosolic GPx exhibits a strong specificity for its
thiol substrate GSH, with small structural changes in the thiol
leading to large reductions in catalytic capacity [53]. Appar-
ently, substrate binding plays a vital role in GPx catalysis. In
addition, the catalytic site selenolate in the natural GPx locates
in a shallow depression on the protein surface and may essen-
tially react with any approaching ROOH [54]. In the previous
elucidation of structures of GPx, a binding site of product disul-
fide is assumed through the studies of molecular modeling but
not underpinned experimentally [14,15]. We hence suggest that
native GPx does not potentially contain a nice binding site for
product disulfide via the research of our biomimetic system.
Additionally, during catalysis the catalytic ability of GPx would
depend on the relative concentrations of reducing and oxidizing
substrates.

5. Conclusion

In summary, through the model of biomimetic two-substrate
system we find that substrate binding is a key factor modu-
lating the large rate accelerations of enzyme and difunctional
recognition effectively accelerates the substrate specificity.
Hydrophobic interactions are the primary driving forces during
the enzyme-substrate recognition. Moreover, we also demon-
strate that during catalysis the recognition manners of enzyme
depend on the comparative affinities and concentrations of
both substrates. This work provides essential concepts and
indications for constructing highly efficient enzyme model
as well as important information on the understanding of
native GPx.
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