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bstract

A cyclodextrin-based artificial glutathione peroxidase (GPx) system, which was designed to carry single or double binding sites, has been
nvestigated by observing the recognition features of these mimics. The GPx mimics exhibited high catalytic activities mainly due to the substrate
ecognition generated by hydrophobic driving force. The different recognition mechanisms led to quite different catalytic capacities. In contrast
o single recognition, difunctional ones increased the substrate specificity remarkably. The recognition manners of enzyme mimics for substrates

trongly depend on the comparative affinities and the concentrations of both substrates. In addition, the catalytic capacity of GPx mimic which
ontains a delicate binding site for product disulfide can be almost completely blocked via the self-produced inhibition. This work gives very
orthful and important information on the understanding of native GPx.
2007 Elsevier B.V. All rights reserved.

imics

s
i
n
k
i
m
p
t
s
t
o
u

w
o
t

eywords: Cyclodextrin; Glutathione peroxidases; Hydrophobic interaction; M

. Introduction

Under physiological conditions, reactive oxygen species
ROS) are continuously produced and kept under strict control
y many enzymes and antioxidants within the cells [1–6]. As one
f antioxidative selenoenzymes, glutathione peroxidase (GPx)
isplays a strong antioxidant activity and therefore protects the
ell membrane and other cellular components from oxidative
amage [7–13]. It can scavenge numerous cellular ROS, like
ydrogen peroxide, organic hydroperoxides, and phospholipid
ydroperoxides, by consuming various reducing substrate such
s glutathione (GSH) [7–13]. The active site selenocysteine
esidue is situated in a hydrophobic pocket on the protein sur-
ace [14,15]. According to the computational and experimental
ndings and suggestions [16–19], the proposed catalytic mech-
nism of the GPx that involves one ROOH and two GSH is

llustrated in Scheme 1, in which these substrates are specu-
ated to consecutively enter the active site and participate in the
atalytic reactions. Actually, the exact binding sites of these sub-
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trates and their exact binding manners prior to the participation
n reactions are not known to date. To understand the mecha-
ism of molecular recognition and catalysis of GPx, we need to
now the identities and functions of most of the participants dur-
ng the catalytic process. Therefore, we employ a kind of GPx

imics (Chart 1) that take advantage of substrate binding sites
rovided by cyclodextrins, and which are followed with in vitro
ests of biomimetic systems. Since these GPx mimics show high
econd-order rate constants for aromatic thiols that are similar to
hat of some of native GPx (vide infra), the catalysis information
btained by the research of our biomimetic system is reliable to
nderstand the catalytic mechanism of GPx.

Recently, we have successfully fabricated some GPx mimics
ith a binding site for recognizing substrates [20–23]. In the case
f our models, relatively small cyclodextrin-based GPx mimics
ake advantage of hydrophobic cavities to exhibit strong catalytic
apacity and thus are investigated as platforms on the rela-
ionships between molecular recognition and catalysis [21,24].
yclodextrins can bind hydrophobic substrates to their cavities

nd have been extensively exploited in the past as enzyme mod-
ls [25,26]. The interactions of cyclodextrins and substrates are
irectional, specific, and reversible, and a wealth of information
s commonly available on their binding strength and kinetics

mailto:junqiuliu@jlu.edu.cn
dx.doi.org/10.1016/j.molcata.2007.08.003
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cheme 1. Experimentally suggested mechanism for the catalytic cycle of GPx.

25,27]. Previously, the enzyme models based on cyclodextrin
onomer, which act on a single bound substrate, showed some-
hat low catalytic ability [25]. In order to enhance catalytic

bility of enzyme model, improved substrate binding through
ntroducing a second binding site is a promising way. Conse-
uentially, the cyclodextrin dimers have been fabricated and
uthenticated as excellent enzyme models in which the bifunc-
ional binding of single substrate was demonstrated sufficiently
trong [28,29]. However, few receptors designed in such a way
o promote the reaction of two simultaneous complexes of sub-
trates were developed so far [30]. Herein, we take advantage
f the water-soluble structure with single or double binding
ites provided by the cyclodextrins to incorporate catalytic site
ellurium for accommodating a model of biomimetic system.
onsidering the nature of the two-substrate reaction, we choose

he formidable peroxidase reaction, partly because the catalytic
echanism of native GPx and the factors for controlling its activ-

ty are not fully understood despite the availability of the early
etailed experimental information [14,15,20,17,31,32].

In the study, a cyclodextrin-based artificial glutathione per-
xidase (GPx) system, which was designed to carry single or
ouble binding sites, has been investigated by observing the
ecognition features of these mimics through the detailed kinetic

nd mechanical studies, and very worthful and important infor-
ation for understanding of native GPx has been given.

Chart 1. Structures of cyclodextrin-based GPx mimics.
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. Experimental section

.1. General procedures

Compounds 2,2′-ditellurobis(2-deoxy-�-cyclodextrin)
2-TeCD) [33], 6,6′-ditellurobis(6-deoxy-�-cyclodextrin)
6-TeCD) [34], 6-(phenyltelluro)-6-deoxy-�-cyclodextrin
6-PhTeCD) [35], 6,6′-telluro-bis(6-deoxy-�-cyclodextrin)
6-TediCD) [35], 6,6′-seleno-bis(6-deoxy-�-cyclodextrin)
6-SediCD) [36], 3-carboxyl-4-nitrobenzenethiol (TNB) [37]
nd di(p-nitrophenyl) disulfide (DNBT) [24] were prepared
ccording to the literature procedure and characterized in
etail. �-Cyclodextrin was purchased from Tianjin Chemical
lant, recrystallized three times from distilled water, and
ried for 12 h at 120 ◦C in vacuo. p-Toluene sulfonylchloride
as also purchased from Tianjin Chemical Plant. tert-Butyl
ydroperoxide (t-BuOOH) was purchased from Merck. Cumene
ydroperoxide (CuOOH) and 1-adamantaneethanol were pur-
hased from Fluka. Diphenyl ditelluride (PhTeTePh) was
btained from Aldrich. Sodium hydroborate, 5,5′-dithiolbis(2-
itrobenzoic acid) (DTNB), p-nitrobenzenethiol (NBT) were
urchased from Sigma. All other chemicals were of the highest
urity commercially available and were used without further
urification. 1H NMR and 13C NMR were measured on a
ruker AM-500 spectrometer. Molecular weight was obtained

rom a LDI-1700 MALDI-TOF-MS (Linear Scientific Inc.,
SA). The spectrometric measurements were carried out with
Shimadzu 3100 UV–vis-near-IR Recording Spectropho-

ometer or Lambda 800 Spectrophotometer interfaced with a
ersonal computer. Data were acquired and analyzed by using
ltraviolet spectroscopy software. The temperature for UV
ime course studies was controlled within (±) 0.5 ◦C by use
f a LAUDA compact low-temperature thermostat RC6 CP.
hosphate buffer (PBS) was used in the all experiments unless
therwise noted. The buffer pH values were determined with
METTLER TOLEDO 320 pH Meter. The concentrations of

he hydroperoxide stock solutions were determined by titration
ith potassium permanganate.

.2. TNB assay system

The GPx-like activities of these compounds were measured
sing the Hilvert’s method [38,39] with minor modification.
he assay mixture contained 50 mM phosphate buffer, pH 7.0,
mM EDTA, 100 �M TNB, 250 �M ROOH, and a moderate
mount of test compound at 25 ◦C. Reaction was initiated by
he subsequent addition of ROOH and the absorbance at 410 nm
ε = 13,600 M−1 cm−1, pH 7.0) was recorded for a few minutes
o calculate the reaction rate.

.3. NBT assay system

The GPx-like activities of these compounds were also

ssessed using our method [24]. The assay mixture contained
0 mM phosphate buffer, pH 7.0, 1 mM EDTA, 100 �M NBT,
50 �M ROOH, and a moderate amount of test compound at
5 ◦C. Reaction was initiated by the subsequent addition of
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OOH and the absorbance at 410 nm (ε = 14,500 M−1 cm−1,
H 7.0) was recorded for a few minutes to calculate the reaction
ate.

.4. Kinetic analysis

The reactions of the reduction of ROOH by NBT in the
bsence or presence of catalyst were studied by following the
isappearance of the thiolate absorption at 410 nm, at pH 7.0
50 mM phosphate buffer, 1 mM EDTA) and 25 ◦C. To inves-
igate the dependency of rate on substrate concentration, the
eaction rates were determined at several concentration of one
ubstrate while keeping the concentration of the other constant.
ll kinetic experiments were performed in a solution containing
hosphate buffer (50 mM, pH 7.0), ethylendiaminetetraacetate
EDTA, 1 mM), and appropriate concentrations of NBT, ROOH,
nd test compound. The reaction rates were determined on
himadzu 3100 UV/Vis-near-IR Recording Spectrophotometer.
he reaction was initiated by addition of ROOH. The enzy-
atic rates were corrected for the background reactions between
OOH and NBT. The initial concentration of NBT was mea-
ured from the 410 nm absorbance (ε = 14,500 M−1 cm−1, pH
.0). Each initial rate was measured at least five times and cal-
ulated from the first 5–10% of the reaction. Lineweaver–Burk
lots were obtained by using the Origin 7.0 (professional ver-
ion) program. For each set of experiments a straight line was
rawn with the best-fit method.

.5. Complexation study of β-cyclodextrin with substrates

We characterized the inclusion complexation of �-
yclodextrin with substrates by means of 1H NMR and UV and
uorescence spectra as well as inhibition experiment [21,24].

.6. Molecular simulation

We used the molecular modeling program CERIUS2 4.6
Accelrys Inc.; San Diego, CA) [40] to carry out our molecular
imulation. The Dreiding 2.21 force field from CERIUS2 soft-

are package was used in the entire simulation which had been

ound to be reliable for many organic systems [41,42]. All of
he simulations were started from energy-minimized structures
btained through the Smart Minimizer method and Convergence

t
s
b
o

able 1
he reaction rates and relative activities of these GPx mimics (1 �M) for the reduction
nd 25 ◦C in TNB assay system

atalyst ν0
a (�M min−1)

H2O2 t-BuOOH Cu

-TeCDb 2.55 ± 0.16 5.45 ± 0.27 24
-TeCDc 0.49 ± 0.03 3.66 ± 0.12 15
-PhTeCD 0.72 ± 0.04 2.10 ± 0.15 13
-TediCD 0.026 ± 0.002 6.53 ± 0.51 14

a All values are means of at least five times with standard deviation.
b Reference [5][5b].
c Reference [13].
sis A: Chemical 277 (2007) 193–201 195

evel was set to high. The spline function was chosen for switch-
ng function in nonbonding interaction. The partial charges were
ssigned with Charge Equilibration method before each Mini-
ization.

. Results

.1. Measurement of GPx-like activities of catalysts by
NB assay system

Thiol TNB exhibits particularly UV spectroscopic proper-
ies (λmax = 410 nm, pH 7.0). Furthermore, the corresponding
isulfide does not interfere with the 410 nm absorbance of the
hiolate. Therefore, based upon the disappearance of thiolate
hat can be easily followed spectrophotometrically at 410 nm,
he initial rates of the reduction of ROOH (250 �M) by TNB
100 �M) in the presence of various catalysts (1 �M) at pH 7.0
50 mM PBS, 1 mM EDTA) and 25 ◦C is determined. Initial rates
nd relative activities of catalysts are corrected for the respective
ontrol rates in the absence of catalyst. In particular, considering
he recognition features of GPx mimics, we assume that the rel-
tive activity of catalyst is deduced based upon the reaction rate
f reduction of H2O2 in the presence of corresponding catalyst
dentically equal to one. The reaction rates and relative activities
f these GPx mimics in TNB assay system are shown in Table 1.

.2. Measurement of GPx-like activities of catalysts by
BT assay system

Like TNB, thiol NBT also exhibits particularly UV spec-
roscopic properties (λmax = 410 nm, pH 7.0). Moreover, the
orresponding disulfide does not interfere with the 410 nm
bsorbance of the thiolate. Thus, the initial rates of the reduction
f ROOH (250 �M) by NBT (100 �M) in the presence of vari-
us catalysts (1 �M) at pH 7.0 (50 mM PBS, 1 mM EDTA) and
5 ◦C are determined based upon the disappearance of thiolate
hat can be easily followed spectrophotometrically at 410 nm.
nitial rates and relative activities of catalysts are corrected for
he respective control rates in the absence of catalyst. In par-

icular, considering the recognition features of GPx mimics, we
imilarly assume that the relative activity of catalyst is deduced
ased upon the reaction rate of reduction of H2O2 in the presence
f corresponding catalyst identically equal to one. The reaction

of ROOH (250 �M) by TNB (100 �M) at pH 7.0 (50 mM PBS, 1 mM EDTA)

Relative activity

OOH H2O2 t-BuOOH CuOOH

.49 ± 0.94 1.00 2.14 9.61

.01 ± 0.40 1.00 7.47 30.61

.07 ± 0.98 1.00 2.93 18.18

.13 ± 1.08 1.00 251.31 543.54
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Table 2
The reaction rates and relative activities of these GPx mimics (1 �M) for the reduction of ROOH (250 �M) by NBT (100 �M) at pH 7.0 (50 mM PBS, 1 mM EDTA)
and 25 ◦C in NBT assay system

Catalyst ν0
a (�M min−1) Relative activity

H2O2 t-BuOOH CuOOH H2O2 t-BuOOH CuOOH

2-TeCDb 3.01 ± 0.27 11.50 ± 1.35 44.30 ± 1.46 1.00 5.23 14.30
6-TeCD 0.72 ± 0.09 5.42 ± 0.85 24.40 ± 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 32.37 ± 1.70 1.00 183.76 951.91
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-TediCD 0.034 ± 0.003 6.25 ± 0.47

a All values are means of at least five times with standard deviation.
b Reference [6].

ates and relative activities of these GPx mimics in TNB assay
ystem are shown in Table 2.

.3. Kinetic and mechanical studies

We had previously reported the detailed kinetic and
echanical studies on the GPx-like catalysis of diorganyl

itellurides, such as 2-TeCD [21,24]. Taking 6-TediCD as an
xample of diorganyl tellurides, we here investigate their kinetic
ctions and catalytic mechanism. When the concentration of
-TediCD is maintained constant while substrate concentration
CuOOH] is increased, a linear increase of rate is found but
aturation kinetics are not obtained (Fig. 1). At the same
ime, when the concentration of 6-TediCD is increased, the
ates become very high for higher concentration of CuOOH
data not shown). When the concentration of 6-TediCD is
aintained constant while substrate concentration [NBT] is

ncreased, a rapid increase of rate is observed in the initial
tages; however, when the substrate concentration is increased
urther, saturation kinetics are obtained and subsequently
he rates slowly decrease (Fig. 2). In order to gauge the
atalytic efficiency for the reduction of CuOOH, the apparent

inetic parameters of 6-TediCD were calculated under low
BT concentration: k

(app)
cat = 150 ± 12 (min−1), K

(app)
NBT =

5 ± 3 (�M), K
(app)
CuOOH = 577 ± 48 (�M), k

(app)
cat /K

(app)
NBT =

ig. 1. Plots of the initial rate (ν0) vs. substrate concentration [CuOOH]. The
oncentrations of catalyst 6-TediCD and thiol NBT was fixed to be 1 �M and
50 �M, respectively, at pH 7.0 (50 mM PBS, 1 mM EDTA) and 25 ◦C.

c
s
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t
t
g
b
d
M

S

ig. 2. Plots of the initial rate (ν0) vs. substrate concentration [NBT]. The con-
entrations of catalyst 6-TediCD and substrate CuOOH was fixed to be 1 �M
nd 250 �M, respectively, at pH 7.0 (50 mM PBS, 1 mM EDTA) and 25 ◦C.

4.3 ± 0.2)×106 (M−1 min−1), k
(app)
cat /K

(app)
CuOOH=(2.6 ± 0.1) ×

05 (M−1 min−1). From these observations above it is clearly
hown that the rate of oxidation of 6-TediCD should be the
ate-determining step during the catalytic process, which is well
onsistent with previous suggestions [32,43,44]. Our kinetic
tudies favor the pervious proposed catalytic mechanism of
iorganyl telluride which shuttles between tellurium (II) and
ellurium (IV) (Scheme 2) [32,43,44]. Furthermore importantly,
he intermediate tellurium (IV) compound, 6-TediCD oxide

enerated during catalytic process, is isolated and confirmed
y MALDI-TOF MS (found 2380.6). Similarly, the interme-
iate 6-PhTeCD oxide is also isolated and characterized by
ALDI-TOF MS (found 1339.3).

cheme 2. Proposed catalytic mechanisms for GPx-like reaction of 6-TediCD.
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.4. Complexation study of β-cyclodextrin and substrates

It is long known that cyclodextrins can accommodate
ydrophobic substrates to their cavities. Consequently, we mea-
ure the complexation affinity of �-cyclodextrin and derivatives
ith substrates existed in our biomimetic system. The bind-

ng constants are used to express the complexation affinity
f substrates for GPx mimics. Apparently, hydrophilic H2O2
s unfavorable for hydrophobic cyclodextrin cavity. However,
he bulky hydrophobic and aromatic CuOOH is favorable
or cyclodextrin cavity with a binding constant of 390 M−1.
he hydrophobic t-BuOOH is less suitable for cyclodex-

rin cavity than CuOOH. The complexation affinities between
-cyclodextrin and ROOH vary in the order Ka(CuOOH) > Ka(t-
uOOH) > Ka(H2O2). For thiol substrates, aromatic compound
NB is easily bound to the hydrophobic cavity of �-cyclodextrin
ith a binding constant of 2010 M−1. In addition, compound
BT is also easily bound to the hydrophobic cavity with
binding constant of 1860 M−1. Indeed, their complexation

ffinities between �-cyclodextrin and thiols are very close:
a(TNB) ≈ Ka(NBT).

. Discussion

To insight into the factors modulating the catalytic capac-
ty of GPx mimics, we make a model of cyclodextrin-based
iomimetic system. Since a significant increase in catalytic effi-
iency of GPx mimic 2-TeCD is obtained by improving the
inding affinity of thiol substrate [21,24], it is presented that sub-
trate binding is essential for the catalytic activities of enzymes.
s known, the Te–Te bond in ditellurides is easily split by sub-

trates in assay system, the GPx mimics ditellurides such as
-TeCD exactly have only one binding site to work during the
atalytic process. We measure catalytic activities of GPx mim-
cs ditellurides using both direct assay systems, and find that
itellurides show a higher reaction rates using NBT than TNB
Tables 1 and 2). In addition to the difference of the intrinsic
eactivities of thiols, we suggest that hydrogen bonding interac-
ions should be responsible for the decreasing rates in TNB assay
ystem because hydrogen bonding interactions played negative
oles during catalytic process [24]. In particular, under the exper-
mental conditions 2-TeCD display a rather high reaction rate
44.30 �M min−1) in the reduction of CuOOH by NBT. During
atalysis hydrophobic interactions are the major driving forces
f inclusion complexation. The inhibition experiments, using
ydrophobic adamantane group as an inhibitor of GPx mimics,
urther prove the above conclusion [21,24]. It is known that the
ates of the background reaction between thiol and ROOH vary
n the order νcontr(H2O2) > νcontr(CuOOH) > νcontr(t-BuOOH)
21,24,39]. The native �-cyclodextrin has no GPx-like activ-
ty in the direct assay system. However, the hydrophobic
avities of catalysts endow these enzyme models with signif-
cant ROOH selectivity as evidence that all the rates of the

atalyzed reaction in the presence of different ROOH vary
n the order ν0(CuOOH) > ν0(t-BuOOH) > ν0(H2O2). Interest-
ngly, the enhancement of ROOH binding affinity leads to the
ncrease of Michaelis–Menten constants (Kthiol) of 2-TeCD

v
t
6
t

sis A: Chemical 277 (2007) 193–201 197

or thiol, indicating the competitive recognition of both sub-
trates for 2-TeCD during catalytic cycle [21]. Of course, these
ubstrates unambiguously compete to occupy the hydrophobic
avities of GPx mimics. As seen in Tables 1 and 2, 6-TeCD dis-
lays a lower GPx-like activity than 2-TeCD. The difference of
atalytic capacity may be made by geometric preference [21].
his assumption can further be proved by the following obser-
ation. When H2O2 is used as substrate, 6-TeCD displayed little
Px-like activity (0.49 �M min−1). However, instead of H2O2
y hydrophobic t-BuOOH or bulky CuOOH, a larger increase of
.5-fold and 31-fold, respectively, in reaction rate is observed for
-TeCD compared to 2-TeCD (2-fold and 10-fold, respectively).

It has been previously demonstrated that diorganyl tellurides
an effectively perform the GPx-like functions and hence dis-
lay antioxidant activities [32,35,43,44]. Expectedly, 6-PhTeCD
nd 6-TediCD exhibit a significant capacity for catalyzing the
eroxidase reaction in the direct assay system. The catalytic
echanism of peroxidase reaction for diorganyl tellurides has

een clearly demonstrated (Scheme 2) and differs from that of
itelluride 2-TeCD which may obey the similar catalytic mech-
nism as that of native GPx (Scheme 1). As observed from
ables 1 and 2, different catalytic mechanism results in different
atalytic capacity.

To demonstrate the functions of dual binding sites during
atalysis, we follow by a detailed discussion on catalytic capac-
ty of 6-PhTeCD and 6-TediCD. In 6-PhTeCD hydrophobic
avity provided by one cyclodextrin unit endows the molecule
ith ROOH specificity as evidence that the reaction rates cat-

lyzed the reduction of ROOH by 6-PhTeCD vary in the order
0(CuOOH) > ν0(t-BuOOH) > ν0(H2O2). Particularly, CuOOH
as reduced about 10-fold faster than H2O2 in the presence
f 6-PhTeCD. With single binding site as well as the exposure
f catalytic site tellurium, 6-PhTeCD may react with approach-
ng ROOH without steric hindrance caused by structure itself
reventing their reaction. However, the compound 6-TediCD,
ontaining two binding sites close to the catalytic site, exhibits
23-fold decrease in the reaction rate compared to 6-PhTeCD
uring the reduction of H2O2. We conclude that steric hindrance
ormed by dual cyclodextrin structures in 6-TediCD may be
esponsible for the rate decrease, besides the fact that the sub-
trate H2O2 has no specific affinity for binding sites to approach
he catalytic site tellurium. Replacing H2O2 by t-BuOOH, 6-
ediCD exhibits exciting augment of 251-fold in the reaction
ate and the highest rate value in the reduction of t-BuOOH by
NB among chosen GPx mimics. Most strikingly, instead of
2O2 using substrate CuOOH which is favorable for hydropho-
ic cavity of cyclodextrin, a dramatic enhancement of 952-fold
n the reaction rate is observed for 6-TediCD. To our knowledge,
his enhancement in catalytic capacity while altering H2O2 into
uOOH is rarely observed in all previous GPx model systems.
he hydrophobic cavities of 6-TediCD endow this catalyst with
ery strong ROOH selectivity as evidence that the rates of 6-
ediCD-catalyzed reaction in the presence of different ROOH

ary in the order ν0(CuOOH) > ν0(t-BuOOH) � ν0(H2O2). We
hink that the difunctional binding sites in the structure of
-TediCD should be responsible for the exciting change in
he reaction rate. In order to nicely clarify the function of
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ifunctional recognition, we synthesized analogue 6-SediCD
nd assessed its catalytic capacity by NBT assay system. Unex-
ectedly, compound 6-SediCD does not give any detectable
nhancement in reaction rate while using H2O2 as substrate. This
esult is not surprising because it has been previously reported
hat some of diorganyl selenides have no any GPx acitivities
13,45]. Interestingly, replacing H2O2 by preferential substrate
-BuOOH or CuOOH, 6-SediCD exhibits obviously detectable
eaction rate (0.71 and 1.12 �M min−1, respectively for 100 �M
-SediCD). Since 6-SediCD has no any catalytic ability in the
resence of H2O2, the action of the selenium atom of 6-SediCD
an be fully ruled out. This result clearly indicates that the two
yclodextrin moieties of 6-SediCD can cooperatively provide
elicate catalytic microenvironment for the specific substrates,
uch as CuOOH and NBT, and simultaneously bind them to
acilitate the peroxidase reaction. Similarly, micelles are also
apable of providing nice catalytic microenvironment and then
cting as enzyme models [46–49]. However, for hydrophilic
2O2 unfavorable for the binding sites, the microenvironment of
ydrophobic cavities makes it difficult to be close to binding thiol
BT together. The above result also implies that the structures of

yclodextrin dimers mainly adopt “face to face” conformations.
olecular modeling demonstrates the assumption; in the tube-

ike structure of 6-TediCD (Fig. 3) the catalytic site tellurium
s nearly buried in the interior. From the above observation we
elieve that substrate binding, in which hydrophobic interactions
ct as major driving force in complexation, plays an essential
ole in catalysis. Moreover, the substrate inhibition experiments
y adamantane group further confirm this conclusion (data not
hown). The difunctional recognition during the catalysis of
-TediCD endows this molecule with very strong ROOH speci-
city as observed by the reaction rates (Tables 1 and 2) and large
ate acceleration.

To further probe the relationships on the two-substrate recog-
ition and catalysis, kinetic studies of 6-TediCD-catalyzed
eduction of CuOOH by NBT are undertaken. In Fig. 2, the
ecrease of rates can be explained by substrate inhibition at the

igh NBT concentration. However, substrate CuOOH does not
ause inhibition at measured CuOOH concentration range as
bserved by the catalytic rates (Fig. 1). It seems that the inhi-
ition in catalytic capacity of 6-TediCD strongly depends on

f
u
r
t

Fig. 3. The side (left) and front view (
sis A: Chemical 277 (2007) 193–201

he both substrates concentrations as well as their complexa-
ion abilities for cyclodextrin cavities. Although the fact that,
he binding constant of CuOOH and �-cyclodextrin is approxi-

ately five-fold lower than that of NBT, should be responsible
or the difference in above kinetic actions, the concentration
ompensation makes nearly equivalent chance that CuOOH and
BT competitively enter into the binding sites. As observed

rom Fig. 1, the reaction rate largely increases with increasing the
oncentration of less specific substrate CuOOH. It is clear that
he rate of the catalyzed reaction depends strongly on the con-
entration of substrate CuOOH or NBT. Very recently, Mugesh
nd co-workers reported that increasing the substrate concentra-
ion can essentially enhance the catalytic capacity of GPx mimic
50]. Although GPx mimic 2-TeCD is not detected any signif-
cant inhibition produced by substrates, however, its catalytic
fficiency depends strongly upon the competitive recognition of
oth substrates for 2-TeCD as demonstrated by kinetics analyses
21]. Indeed, for GPx mimic containing only one hydrophobic
avity, two substrates compete each other to occupy the single
inding site. However, after introducing a second binding site
nto GPx mimic, both substrates still rival each other to occupy
ach of binding sites. Essentially, double binding sites facilitate
espective binding of both substrates, and furthermore lower the
ntensity of competitive recognition of both substrates as obser-
ation that, the enhancement of catalytic capacity for 6-TediCD
hile altering H2O2 into CuOOH is far higher than for GPx
imic with single binding site.
Interestingly, the rates of 6-TediCD-catalyzed reaction could

lso be governed by the product generated during catalytic cycle.
urthermore, the structure and concentration of product are the

wo major factors that affect the catalytic processes of these
Px mimics. We found that the 6-TediCD-catalyzed reaction

an be significantly inhibited by accumulated product DNBT
Fig. 4(A)). It is obvious that the inclusion complexation of
NBT and 6-TediCD is quite strong in the NBT assay system,
ecause 6-TediCD has two cyclodextrin cavities forming nice
inding sites suitable for DNBT with an associated constant of

4 −1
ar beyond 10 M [36]. Under the small concentration, prod-
ct DNBT is incapable of inhibiting the 6-TediCD-catalyzed
eaction. When product DNBT accumulates and its concentra-
ion increases beyond that of thiol NBT in the assay system,

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
c
T
a

t
t
a
b
a
s
t

u
D
t
b
N
o
p
d
a
a
t
i
o
N
t
m
6
s
i
o
T
W
p
f

oncentration [NBT] or [TNB] was 100 �M. The concentrations of catalyst 6-
ediCD and substrate CuOOH was fixed to be 10 �M and 250 �M, respectively,
t pH 7.0 (50 mM PBS, 1 mM EDTA) and 25 ◦C.

he catalyzed reaction almost completely stops. The observa-
ion not only further demonstrates that the substrate binding is
key factor modulating the large rate accelerations of enzyme,

ut also suggests that substrate binding is a dynamic process
nd the concentration factor plays a crucial role during sub-
trate binding of GPx mimic. However, in TNB assay system
he 6-TediCD-catalyzed reaction cannot be inhibited by prod-

w
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a

Fig. 5. Comparison of 1H NMR spectra of the complex
sis A: Chemical 277 (2007) 193–201 199

ct DTNB (Fig. 4(B)). We found that the concentration of
TNB did not obviously affect the 6-TediCD-catalyzed reac-

ion. Consequently, it is necessary to study the complexing
ehaviors of product DTNB and 6-TediCD. By means of 1H
MR spectroscopy, we investigated the inclusion complexation
f 6-TediCD and product. Very interestingly, we find that the
rocess of inclusion complexation of DTNB and 6-TediCD is
ynamically rather slow, and the complexation equilibrium is
chieved in at least 1 h (Fig. 5). Like this observation, Harada
nd co-workers recently also found that a prosthetic group on
he end cap of the axle molecule can control the rates of thread-
ng of cyclodextrin kinetically [51]. However, the complexation
f DNBT and 6-TediCD is too fast to track this process by
MR technology. Therefore in TNB and NBT assay systems,

he difference of inhibition phenomena arisen by products is due
ainly to the difference of the rates of inclusion complexation of

-TediCD and products. In Fig. 4(B), it is worth noting that thiol
ubstrate TNB cannot be used up (ca. 6–10% of starting amount)
n the presence of excess CuOOH during the catalytic processes
f 6-TediCD. Like 6-TediCD, other GPx mimics including 2-
eCD, 6-TeCD, and 6-PhTeCD also cannot extirpate substrates.
e conclude that the competitive complexation of substrates and

roducts as well as their binding affinity maybe are responsible
or the catalyst-scavenging incompleteness of substrates, which

ill be expected to be accordant with the keeping physiological
alance of ROS by native GPx.

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

ation of DTNB and 6-TediCD in different time.
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f 4.3 × 106 M−1 min−1 for thiol NBT, which is similar to that
f native GPx [52]. Since these GPx mimics have quite high
econd-order rate constants for thiols, the information obtained
y our biomimetic system is convincing and available to the
uggestions of catalytic mechanism of native GPx. It is well-
nown that cytosolic GPx exhibits a strong specificity for its
hiol substrate GSH, with small structural changes in the thiol
eading to large reductions in catalytic capacity [53]. Appar-
ntly, substrate binding plays a vital role in GPx catalysis. In
ddition, the catalytic site selenolate in the natural GPx locates
n a shallow depression on the protein surface and may essen-
ially react with any approaching ROOH [54]. In the previous
lucidation of structures of GPx, a binding site of product disul-
de is assumed through the studies of molecular modeling but
ot underpinned experimentally [14,15]. We hence suggest that
ative GPx does not potentially contain a nice binding site for
roduct disulfide via the research of our biomimetic system.
dditionally, during catalysis the catalytic ability of GPx would
epend on the relative concentrations of reducing and oxidizing
ubstrates.

. Conclusion

In summary, through the model of biomimetic two-substrate
ystem we find that substrate binding is a key factor modu-
ating the large rate accelerations of enzyme and difunctional
ecognition effectively accelerates the substrate specificity.
ydrophobic interactions are the primary driving forces during

he enzyme-substrate recognition. Moreover, we also demon-
trate that during catalysis the recognition manners of enzyme
epend on the comparative affinities and concentrations of
oth substrates. This work provides essential concepts and
ndications for constructing highly efficient enzyme model
s well as important information on the understanding of
ative GPx.
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