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Abstract To get a more complete view on the lipoxy-
genase (LOX) catalysis in presence of cyclodextrin, the
investigation into the interaction between cyclodextrins
(CDs) and LOX was carried out. Effects of cyclodextrins
on the activity and structure of LOX were explored in this
work. It is confirmed that inhibition effect induced by
complexation of CDs and LOX plays a leading role in
inhibition factors of LOX catalysis in presence of CDs.
Inhibition of p-cyclodextrin on LOX depended on con-
centration and tended to be intensified with the increase of
p-CD. The enhancement of intrinsic fluorescence of LOX
induced by f-CD was detected, which was probably due to
the formation of complexes between aromatic amino acid
residues of LOX and S-CD. The results of circular
dichroism assay indicated that f-CD altered the secondary
structure and microenvironment of LOX which was
responsible for inhibition of enzyme catalysis.

Keywords Cyclodextrin - Lipoxygenase -
Complexation - Microenvironment - Secondary structure
Introduction

Cyclodextrins (CDs) are torus-shaped oligosaccharides
composed of glucopyranose units joined by a-(1, 4)
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bonds. CDs can form inclusion complexes with a great
number of organic or inorganic compounds due to
their hydrophobic internal cavities and hydrophilic
external rims [1, 2]. Their special spatial conformation
contributes to various interesting characteristics and
applications. Owing to the peculiar spatial arrangement,
CDs possess the potential to form supermolecular
cyclodextrin-protein complexes, of which is been used
for stabilization of proteins against aggregation and to
prevent off undesired flavors induced by lipoxyge-
nase (LOX) during the preservation of foods. Giani [3]
reported that S-CD complexation is effective for
modifying single amino acids taste perception and de-
bittering Soy protein hydrolysate. However, there are
no systematic reports to clarify the fundamentals and
the role of CDs in LOX catalysis. Moreover, studies
mainly focus on attributing the inhibition to the com-
bination of substrate and CDs [4]. The characteristics
of the interaction between CDs and LOX remain to be
clearly elucidated.

Owing to the peculiar spatial arrangement, CDs pos-
sess the potential to form supermolecular cyclodextrin-
protein complexes. The influence of CD on enzymes was
studied by several researchers [5-7]. Moreover, the
interactions of CD and proteins [5, 8—10] were investi-
gated and ideal results have been obtained. Aachmann
et al. [11] reported that the interaction of f-CD and their
model proteins takes place at specific sites on the protein
surface. Furthermore, numerous studies have demon-
strated the interactions between CD and peptides [5, 12—
14], and isolated amino acids [15-19]. The focus of the
present investigation is to study the interaction of CDs
with LOX and illustrate the mechanism explicitly. Soy
LOX-1 was chosen as the model in our experiments
owing to its known crystal structure.
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Materials and methods
Material

f-CD, linoleic acid (LA, 99 % purity) and soybean LOX
type-1 (100,000 U/mg) in freeze-dried powder, were pur-
chased from Sigma-Aldrich Trading Co., Ltd (Shanghai,
China). «-CD, y-CD were purchased from TCI, Japan;
H;BO;, Na,B,05:-10H,O,HCI, NaOH, and EtOH were of
analytical grade. Tween 20 and all other chemicals and
reagents were of reagent grade. HPLC grade water was
used in all experiments.

Preparation of linoleic acid solutions

Tween 20 (1.3 ml) were dispersed in 20 ml of borate buffer
solution (pH 9.0) and then linoleic acid (1.5 ml) was added
by dropwise with shaking. Then 11 ml of 0.5 N NaOH was
added to increase the optical clarity. And then the mixture
was adjusted to pH 9.0 with 0.1 M HCI and the final
concentration of linoleic acid stock solution was set to
10 mM with sodium borate buffer. The substrate solution
was prepared and kept at 4 °C prior to use.

Lipoxygenase assay

LOX-1 activity was determined by following the increase
in absorbance at 234 nm due to the formation of hydro-
peroxide. The reaction mixture contained 60 pl of linoleic
acid (10 mM), 0.5 ml of LOX-1 (0.238 mg/ml) and
2.44 ml of sodium borate buffer (0.2 M, pH 9.0), to make a
total volume of 3 ml. The reaction was stopped by the
addition of 5 ml EtOH. One unit activity is defined as an
increase in absorbance at 234 nm of 0.001/min at 25 °C
and pH 9.0. A TU-1900 double beam UV-Vis spectro-
photometer (Pgeneral, Beijing, China) was used for all
assays.

Inhibition of lipoxygenase activity

The experiment was carried out with S-CD, the most
commonly used CD, at 25 °C in sodium borate buffer
(0.2 M, pH 9.0). Each assay had a total volume of 3 ml.
p-CD was dissolved in sodium borate buffer. Sodium
borate buffer alone was added in uninhibited controls.

Percent enzyme inhibition was expressed as 100 x
(A; — Ay)/A | where A, and A, are the values for the rate
of absorbance increase in blanks (with sodium borate buffer
alone added) or for test samples (with S-CD added),
respectively.

The following experimental groups were set through
changing the add order of S-CD (10 mM), LOX-1
(0.238 mg/ml) and linoleic acid (10 mM).
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(a) Substrate was added after the mixture of f-CD and
LOX-1 was incubated for 1 h.

(b) Substrate, f-CD and LOX-1 were added simulta
neously.

(¢) LOX-1 was added after the mixture of S-CD and
substrate was incubated for 1 h.

For the experiments, the LOX-1 was kept on ice and the
controls were determined at intervals to make sure the
constancy of enzyme activity. The reactions above were all
stopped by the addition of EtOH. All the experiments were
average of at least six determinations.

Factors that affect the CD-LOX assay
Type of CD

All the above experiments were performed with -CD. In
further experiments «-CD, y-CD were tested at the same
reaction condition as $-CD in the inhibition assay above.

CD concentration

B-CD was dissolved in sodium borate buffer and assayed at
different concentrations (1.5, 3.0, 4.5, 6.0, 7.0, 8.0, 9.0,
10.0, 12 mM); LOX-1 concentration was 0.238 mg/ml.
Sodium borate buffer alone was added in uninhibited
control experiments. In these experiments, the mixture of
f-CD and LOX-1 was incubated for 1 h and then linoleic
acid was added. At least six parallels were run at each
concentration of test substance.

Fluorescence measurements

Fluorescence spectra were obtained with an F-7000 fluores-
cence spectrometer (Hitachi, Japan), using 4., = 280 nm,
Jem = 290-450 nm, 5.0 nm excitation and 5.0 nm emission
slit widths, and 12,000 nm/min of scanning speed. Appro-
priate blanks corresponding to the buffer were subtracted to
correct background fluorescence.

Circular dichroism measurements

Circular dichroism spectra were recorded on MOS-450
Chiral Detector (Biologic Science Instruments, Grenoble,
French) using a quartz cuvette with a 0.1 cm optical
pathlength in the far-UV range (190-250 nm) at 25 °C.
Instrument baselines were measured using sodium borate
buffer (0.2 M, pH 9.0). The circular dichroism data was
obtained through four parallels. Scans were reported as
mean molar ellipticities ([0], degree cmz/dmol). The con-
tent of secondary structure was calculated with the method
of KQD



J Incl Phenom Macrocycl Chem (2013) 76:107-111

Results and discussion
Inhibition of lipoxygenase activity by $-CD

In order to demonstrate the interaction of CD and LOX,
three test groups (a, b, c) were set through by altering the
adding sequences of -CD. Figure 1 shows the percentage
inhibition varies with adding order for the three groups
(a, b, ¢). Comparison between different test groups indi-
cates group of adding substrate after the incubation of f-
CD and LOX-1 for 1 h causes the maximal inhibition. The
results illustrate the enzyme apparent inhibition by CD is
due to complexation of f-CD and LOX-1 except substrate-
CD combination. Inhibition effect induced by complexa-
tion of CDs and LOX is more significant than inhibition
effect resulted from inclusion of CDs and linoleic acid.
Inhibition caused by complexation of CDs and LOX plays
a leading role in inhibition effect of LOX catalysis in
presence of CDs. The assay brings out the conclusive
evidence on the interaction of -CD and LOX-1.

Factors that affect the CD-LOX assay
Type of CD

In order to study the effect of cavity size of CD on inhibition,
the inhibition behavior of «-CD and y-CD was observed.
Different size of CD exhibit varying influence on enzyme
activity as Fig. 2 shown. With o-CD, -CD and y-CD adding
into the model inhibition reaction system (LOX+CD—LA),
percent enzyme inhibitions were 70.78 %, 86.26 %,
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Fig. 1 Inhibition assay through changing the add order of -CD,
LOX-land LA. LOX 4+ CD — LA represent the test group that
substrate was added after the mixture of -CD and LOX-1 were
incubated for 1 h; LOX + LA + -CD represent the test group that
substrate, f-CD and LOX-1 were added simultaneously; LA +
f-CD — LOX represent the test group that LOX-1 was added after
the mixture of f-CD and substrate were incubated for 1 h
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Fig. 2 Effects of type of CD on LOX activity under the three adding
order as Fig. 1. The concentrations of «-CD, f-CD and y-CD are all
10 mM

66.22 %, respectively. The results indicate the hydrophobic
cavity of f-CD may match with LOX-1 best, followed by
o-CD, then y-CD. That is, -CD possesses the optimal spa-
tial adaptation to the structure of LOX-1.

CD concentration

In the interest of reveal the effect of f-CD on LOX-1, the
relationship between LOX-1 activity and the concentration
of f-CD has been determined. Increasing concentrations of
p-CD (1.5, 3.0, 4.5, 6.0, 7.0, 8.0, 9.0, 10.0, 12 mM) have
been added into the model reaction system. As shown in
Fig. 3, percent enzyme inhibition presented the gradually
increasing tendency with increasing amounts of $-CD and
then tended to be steady. Thus an inhibitory effect con-
centration dependent is detected, with 10 mM p-CD
causing approximately 86 % inhibition (Fig. 3). As is well
known, the decrease in enzyme activity arises from con-
formational modification of enzyme. Accordingly, so as to
probe into inhibition mechanism of [-CD on LOX-1
catalysis, alterations of LOX-1 microenvironment and
secondary structure were detected by fluorescence spectra
and circular dichroism spectra.

Fluorescence measurements

Fluorescence spectroscopy has been widely used as a
powerful tool to evaluate changes in the secondary struc-
ture of enzyme. It is an effective technique to provide
valuable information about the accessibility of ligands to
proteins (fluorophores) [20]. It has been reported that the
intrinsic fluorescence of LOX is due to the aromatic ami-
noacids, mainly tryptophan, phenylalanine and tyrosine
[21]. With the aim to obtain a more complete view about
the interaction of CD with LOX-1, fluorescence
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Fig. 3 Effects of the concentration of f-CD on LOX activity
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Fig. 4 Effects of f-CD on intrinsic fluorescence of lipoxygenase in
the absence of -CD (M) and in the presence of f-CD: 0.03 mM (—),
3mM (+), 6 mM (A) , 9 mM (x) and 12 mM (). Each data point
was the mean of three replicates

measurements were carried out. Figure 4 shows the fluo-
rescence emission spectra of LOX-1 in the presence of
B-CD concentrations varying from 0.0 to 12.0 mM. When
LOX is excited at 280 nm, a broad emission band centered
at 330-340 nm induced by the emission of Tyr and Trp
residues is obtained. As shown in Fig. 4 that increasing
concentrations of f-CD lead to a gradual increase of
fluorescence intensity with modification of the emission
maximum. The florescence intensity was 293.8 units for
LOX in absence of f-CD, increasing to 364 units (a 24 %)
in the presence of $-CD (12.0 mM).

CDs coupling with analyte molecules (chromophore) can
result in significant enhancement of the fluorescence. Pri-
mary causations consist in that the structural conformation
of the CD can protect the fluorescing singlet state and afford
an apolar surrounding to enhance quantum yield [22].
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binding sites, consistent with with our previous studies.
Circular dichroism measurements

Circular dichroism is the most commonly used approach to
analyze secondary structure of proteins. The contents of
o-Helix, f-Sheet and random coil can be analyzed and
calculated from the circular dichroism spectra in far-UV
region by means of K,D method [24-26]. The CD assay
was performed with increasing concentration of 5-CD. As
can be seen in Fig. 5, as the concentration of f-CD
increases from 0 to 10 mM, the percentage of o-helix
gradually increased from 36.07 to 41.23 %. On the other
hand, f-Sheet content decreased from 17.85 to 13.76 %.
Meanwhile, -turn content slightly decreased from 18.74 to
14.84 % and random coil from 27.34 to 30.17 %, respec-
tively. This finding reveals that 5-CD induces structural
changes of LOX-1. It is more likely that f-CD entrapped
hydrophobic amino acid residues of LOX-1 into its cavity
and consequently modify the amino acid side chains and
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Fig. 5 Effects of f-CD on secondary structure of LOX in the absence
of f-CD and in the presence of -CD: 0.1, 1, and 10 mM. Each data
point was the mean of three replicates
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secondary structure content. This finding holds with the
fluorescence assay involved in conformational variation.

Conclusions

In the present study, the inhibition mechanism of $-CD on
LOX was investigated by exploring structure and microen-
vironment changes. We have presented detailed data to
confirm that S-CD caused the loss of enzymatic activity
significantly and the effect was concentration-dependant to
some extent. Moreover, the inhibition of $-CD on LOX-1
catalysis is attributed to the formation of the potential
f-CD-LOX-1 complex rather than to the f-CD-LA inclu-
sion. The fluorescence spectroscopy showed inclusion
formed between [-CD and aromatic aminoacids, which
provided the evidence that the peculiar CDs hydrophobic
cavum of -CD caused a conformational change of LOX
molecule. The circular dichroism spectroscopy demon-
strated that the secondary structure of LOX was induced by
B-CD in a concentration depended manner as well. The ratio
of o-helix, f-sheet and random coil changed in the presence
of -CD, thus resulting in the loss of enzymatic activity.
Therefore, it is tempting to speculate that the inhibition of
LOX induced by -CD was related to the modification of
structure and microenvironment. This knowledge might be
used to supplement inhibition mechanism of 5-CD on LOX.
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