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ABSTRACT: The interaction between ilaprazole and bovine serum albumin (BSA) has been investigated in the absence and presence
of four popular flavonoids with different C-ring structures, quercetin, luteolin, taxifolin, and (+)-catechin, by means of fluorescence
spectroscopy. The results indicated that ilaprazole had a strong ability to quench the intrinsic fluorescence of BSA, and site marker
competitive experiments indicated that the binding of ilaprazole to BSA primarily took place in subdomain ITA. The quenching process
of ilaprazole with BSA was easily affected by flavonoids,; however, they did not change the quchenching mechanism of ilaprazole with
BSA, whereas all of the fluorescence quenching was initiated by a static quenching procedure combining with nonradiative energy
transfer. The presence of flavonoids decreased the quenching constants of ilaprazole with BSA from 2.2 to 23.7% and decreased the
binding constants from 73.7 to 98.3%, which depended on the difterent flavonoids' structures. The decreased binding constants and
unchangeable spatial distance of ilaprazole with BSA by the introduction of quercetin, luteolin, and taxifolin may result from the
competition of flavonoids and ilaprazole binding to BSA, whereas in the presence of (+)-catichin, decreased binding constants and
increased spatial distance possibly resulted from the formation of a ternary ilaprazole—BSA— (+)-catechin complex. All of these results

may have relevant consequences in rationalizing the interferences of common food to gastric ulcer treatments.
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B INTRODUCTION

Serum albumin is the major soluble protein in the circulatory
system of a wide variety of organisms and has many physiological
functions, such as maintaining the osmotic pressure and pH of
blood and functioning as carriers transporting a great number
of endogenous and exogenous compounds 1nclud1ng fatty acids,
amino acids, drugs, and pharmaceuticals." The drug—serum
albumin interaction plays a dominant role in drug disposition
and efficiency because the bound fraction of drug is a depot,
whereas the free fraction of drug shows pharmacological effects.
Thus, it is important to study the interactions of drugs with
serum albumin, which determines the pharmacology and phar-
macodynamics of drugs. Up to now, many paper have reported
the interaction between drugs and serum albumin.”~® Bovine
serum albumin (BSA) is composed of three structurally homo-
logous, predominantly helical domains (I, II, and III), each
containing two subdomains (A and B), and the principal regions
of drug-binding sites on albumin are located in hydrophobic
cavities in subdomains IIA and IIIA, which exhibit similar
chemical properties.” Therefore, drug—serum albumin interac-
tion always causes interference with the binding of other drugs as
the result of overlap of binding sites or conformational changes.”
Detailed investigations of drug—serum albumin interactions play
a dominant role in the interpretation of drug—drug interactions.

Flavonoids with the diphenylpropane (C4C;Cy) skeleton are
important phytonutrient components widely distributed in the
human diets with many biological activities, such as antioxidant
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activity,® anti- mﬂammatory activity,” antifungal activity,'® and
antitumor activity,'" et al. Therefore, flavonoids have been linked
with many health benefits, and so foods rich in flavonoids have
attracted interest in recent years. The structural differences of
flavonoids such as the hydroxylation pattern and the resonance of
electrons between the A- and B-rings affect their bloact1v1t1es and
binding process to serum albumin significantly.'"* Flavonoids
can be further subdivided into several subgroups including
flavones, flavonols, flavanonols, and flavanes according to the
presence of the different substltuents on the C-ring and the
degree of C-ring saturation."* Quercetin is a rich flavonol present
in many common foods and drinks such as tea, onions, olives,
beer, and red wine."> Flavone luteolin usually occurs in celery,
green pepper, perilla leaf, and chamomile tea."® The flavanonol
taxifolin is malnly found in many citrus fruits, especially grape-
fruit and orange 7 The flavane (+)-catechin is among the most
widely consumed flavonoids, as it exists in many fruits, but green
tea and chocolate are by far the richest sources.'® Because of the
long history of the consumption of foods containing flavonoids,
interactions of flavonoids with plasma components must be
considered because of their relevance to the transport, biological
activity, and clearance of flavonoids; moreover, there is a concern
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Figure 1. Molecular structures of quercetin, luteolin, taxifolin, (+)-
catechin, and ilaprazole.

about the potential for clinically significant flavonoid —drug inter-
actions with concomitantly administered medications. Up to
now, most studies have focused on the binding process, including
binding constants, binding sites, binding distances, and energy
transfer between flavonoids and serum albumins.'®** However,
few papers have focused on the influence of flavonoids on drug
binding with serum albumin, especially for the effect of different
substituents in the C-ring of flavonoids on drug binding with
serum albumin.

Tlaprazole [ 2-[ [ (4-methoxy-3-methyl)-2-pyridinyl] methylsulfinyl] -
5-(1H-pyrrole-1-yl)-1H-benzimidazole (previously named IY-
81149)] is a newly developed proton pump inhibitor for the
treatment of gastritic acid secretion. Up to now, most papers have
focused on the pharmacology, pharmacokinetics, metabolism,
and quantitative determination relevance about ilaprazole.”*>’
However, to our best knowledge, the interactions of ilaprazole
with serum albumin have not been reported. The interactions of
drug—serum albumin depend on surrounding circumstances
such as pH, temperature, concentrations of serum albumin and
drug, and the presence of other endogenous and exogenous
compounds.”® Therefore, it is necessary to understand the level
of binding of ilaprazole for the serum albumin in the presence of
different kinds of consuming phytonutrient flavonoids, which
will directly correlate with the in vivo efliciency of ilaprazole.

By using the quenching fluorescence methods, the aims of this
study were to investigate in vitro the binding properties of ilaprazole,
four kinds of flavonoids with different C-ring stuctures, quercetin,
luteolin, taxifolin, and (+)-catechin, and then the influence of the
four flavonoids on ilaprazole binding with BSA, which would be
important to illustrate the interactions between foods and drugs.

B MATERIALS AND METHODS

Chemicals and Reagents. Four flavonoids (Figure 1), including
quercetin, luteolin, taxifolin, and (+)-catechin, with purities of >99%

were purchased from the National Institute for the Control of Pharma-
ceutical and Biological Products (Beijing, China). Ilaprazole (Figure 1)
with a purity of 99.1% was provided by Livzon Pharmaceutical Group
Inc. (Zhuhai, China), which signed a license agreement and got the
patent from ILYANG Pharmaceutical Co. Ltd. (Seoul, South Korea).
Phenylbutazone was purchased from Sigma Chemical Co. (St. Louis,
MO; purity of no less than 99.8%). Ibuprofen was obtained from Hubei
Biocause Pharmaceutical Co., Ltd. (Hubei, China; purity of no less than
99.7%). Bovine serum albumin was purchased from Sigma Chemical Co.
The other chemicals, such as Tris buffer with a purity of >99.5%, NaCl,
HC], and ethanol, were all of analytical purity and used without further
purification. Water used in all experiments was doubly distilled water.

Instrumentations. All fluorescence spectra were recorded on
an F-2000 spectrofluorometer equipped with 1.0 cm quartz cells and a
150 W xenon lamp (Hitachi, Tokyo, Japan). An excitation wavelength of
280 nm was used. The excitation and emission slit widths were both set
at 2.5 nm. The UV spectra were obtained on a Perkin-Elmer Lambda
17 UV spectrophotometer with the wavelength range of 200—450 nm
(Perkin-Elmer Corp., Edison, NJ). The weight measurements were per-
formed on an AY-120 electronic analytic weighing scale with a resolution
of 0.1 mg (Shimadzu, Japan). The pH value was measured in a pHs-3
digital pH-meter (Shanghai, China).

Preparation of Solutions. Tris-HCI buffer solution (0.1 mol L™
Tris, pH 7.4) containing 0.1 mol L' NaCl was prepared to keep the pH
value and maintain the ionic strength of the solution. The working
solution of BSA (1 x 10~ * mol L™ ") was prepared by dissolving it in
Tris-HCI buffer solution and stored in a refrigerator at 4 °C prior to use.
The stock solutions of flavonoids, phenylbutazone, ibuprofen, and
ilaprazole (2 x 10~ * mol L™ ") were prepared by dissolving them in a
small amount of ethanol and then diluted by Tris-HCI buffer solution
(the ethanol content was about 2%), respectively.

Fluorescence Spectra of Flavonoids Binding with BSA.
Appropriate amounts of 2.0 X 10~ * mol L™ flavonoids were added to
11 5 mL flasks, respectively, and then 300 4L of BSA solution was added
and diluted to S mL with Tris-HCI buffer. The final concentrations of
flavonoids in BSA solution were 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
and 10.0 umol L™, respectively. The resultant mixtures were then
incubated at 298.15 K for 0.5 h. After 0.5 h of incubation, the fluore-
scence emissions spectra were scanned in the range of 290—450 nm and
the fluorescence intensity at 340 nm was measured. All of the experi-
ments were repeated in triplicate and found to be reproducible within
experimental error (<1%).

Fluorescence Spectra of llaprazole Binding with BSA in
the Absence or Presence of Flavonoids, Phenylbutazone,
and lbuprofen. Three hundred microliters of BSA solution (or
300 uL of BSA solution and 150 uL of flavonoids) was added to
11 5 mL flasks, respectively. After a while, appropriate amounts of 2.0 x
10~ *mol L™ " ilaprazole were added and then diluted to 5 mL with Tris-
HCI buffer. The final concentrations of ilaprazole were 0.0, 1.0, 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 umol L™, and the concentration of
flavonoids was 6 umol L™, which was as the same as that for BSA. The
resultant mixtures were then incubated at 298.15 K for 1.0 h. After 1.0 h
of incubation, the fluorescence emissions spectra were scanned in the
range of 290—450 nm and the fluorescence intensity at 340 nm was
measured. All of the experiments were repeated in triplicate and found to
be reproducible within experimental error (<1%).

Data Analysis. For the dynamic quenching, the fluorescence
quenching data are described by the Stern—Volmer equation®”

%: 1+ Ke[Q] =1 + kg70[Q] 1)

where Fj and F denote the steady state fluorescence intensities of serum
albumin with and without the existence of quencher, respectively; Kgy
is the Stern—Volmer quenching constant with units of L mol % and [Q]
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Figure 2. Fluorescence quenching spectra of BSA at various concentra-
tions of flavonoids. Ay, 280 nm; Cysa, 6.0 #4mol L™ Coavonoids (2—K),
0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 umol L~" for
quercetin (A), luteolin (B), taxifolin (C), and (+)-catechin (D),
respectively; T, 298.15 K.

is the concentration of the quencher with units of mol L ~'. The
Stern—Volmer equation was applied to determine Kgy by linear regres-
sion of a plot of Fy/F against [Q]. kg is the quenching rate constant with
units of L mol ™' s, whereas 7, is the average lifetime of the serum
albumin without any quencher and is generally equal to 10~ % 5.*°
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Figure 3. Quenching ratio (F/F,) of the BSA fluorescence with the
addition of quercetin, luteolin, taxifolin, and (+)-catechin at 298.15 K,
respectively.

The binding constant (K) and binding sites (1) are calculated by the
double-logarithm equation for static quenching:*'

log[(Fo — F)/F] = log K + nlog[Q] (2)
The efficiency energy tranfer (E) was determined by Forster’s energy
transfer theory™
F Ry
E=1-5=—-—F—"— 3
FO R()6 + 7'6 ( )

where F and F are the fluorescence intensities of BSA with or without
the existence of drug, r is the distance between acceptor and donor, and
Ry is the critical distance, which is evaluated as follows when the transfer
efficiency is 50%:

Ry® = 8.8 X 107K’ N~*dJ (4)

In eq 4 k¥ is the orientation factor, N is the refractive index of the
medium, and @ is the fluorescence quantum yield of the donor. For
BSA, k> =2/3, N = 1.36, and ® = 0.14.>® J is the overlap integral of the
fluorescence emission spectrum of donor and absorption spectrum of
the acceptor, which is proximately given by the equation

B Y E(A)e(A)A* AL (5)
I ="Sraan
where F(A) is the fluorescence intensity of the donor and &(4) is the
molar absorption coefficient of the acceptor.
All of the above data points were fit to curves by means of
OriginPro 7.5.

B RESULTS AND DISCUSSION

Fluorescence Quenching of BSA by Quercetin, Luteolin,
Taxifolin, and (+)-Catechin. 5,7,3',4'-Hydroxy-substituted fla-
vonoids are considered to be very efficient antioxidants. Quer-
cetin, luteolin, taxifolin, and (+)-catechin are four characteristic
5,7,3' 4 -hydroxy-substituted flavonoids with different satura-
tions in the C-ring. The fluorescence of BSA was quenched
by various concentrations of quercetin, luteolin, taxifolin, and
(+)-catechin as shown in Figure 2. It was observed that the
fluorescence intensity of BSA dropped regularly with increasing
concentrations of flavonoids, which indicated that the interaction
had happened between flavonoids and BSA. Slight blue shifts of
the maximum emission wavelength (4., = 2—3 nm) of fluores-
cence of BSA occurred for quercetin, luteolin, and (+)-catechin,
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Figure 4. Stern—Volmer plots for BSA fluorescence quenching by
quercetin, luteolin, taxifolin, and (+)-catechin at 298.15 K.

which suggested that the fluorescence chromophore of BSA was
placed in a more hydrophobic environment by hydrophobic
interactions of flavonoids bound with BSA via hydrogen bonds.
However, a slight red shift of ., (3 nm) was observed for
taxifolin, implying that the polarity of the protein environment
has increased and the protein was unfolded.*

The raw data of BSA fluorescence quenching by the addition
of quercetin, luteolin, taxifolin, and (+)-catechin are shown in
Figure 3. About 28, 35, 22, and 40% of the fluorescence
intensities of BSA were quenched by adding 10 umol L™" of
quercetin, luteolin, taxifolin, and (+)-catechin, respectively.
The extent of the fluorescence attenuation was in the order
(+)-catechin > luteolin > quercetin > taxifolin. The results
indicated that the quenching effect of flavonoids on BSA
fluorescence highly depended on the C-ring structures. Luteolin
and quercetin with a double bond in the C-ring decreased the
intensities of BSA fluorescence more highly than flavanonol
taxifolin with a nonplanar C-ring, which may be explained by
the noncoplanarity of taxifolin weakening its capacity to pene-
trate into hydrophobic regions of BSA. Compared with luteolin,
quercetin with two hydroxyl groups at C3 and CS positions could
form two intramolecular hydrogen bonds, which weakened the
formation of hydrogen bonds between quercetin and BSA and
then led to its poorer quenching efficacy. However, (+)-catechin
without the double bond and carbonyl group in the C-ring had
the highest quenching efficiency. This may mean that (+)-catechin
had a different binding site with a stronger binding capacity, which
agreed with the studies showing that (+)-catechin bound to
subdomain IITA and that quercetin, luteolin, and taxifolin bound
to a totally independent site located in subdomain TIA.***°

As was seen, the plots of Fy/F for BSA versus the quencher
concentrations exhibited good linearity (Figure 4). The quench-
ing constants (Ksy) for quercetin, luteolin, taxifolin, and (+)-
catechin were 4.38 x 10* (R = 0.9989),4.99 x 10* (R =0.9926),
2.93 x 10* (R=0.9963), and 7.26 x 10" L mol " (R = 0.9989),
respectively. The quenching rate constants (kg) were 4.38 x
10" 4.99 x 10'2,2.93 x 10'% and 7.26 x 10"* L mol ' s~ for
quercetin, luteolin, taxifolin, and (+)-catechin, respectively.
Obviously, all of the values for k, were far greater than the
expected maximum dynamic quenching constant (2.0 x 10" L
mol ™! sil);% therefore, this indicated that the fluorescence
quenching process of BSA at the investigated concentrations
of flavonoids might be mainly governed by a static quenching
mechanism rather than a dynamic quenching process. For further
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Figure S. Fluorescence quenching spectra of BSA at various concentra-
tions of ilaprazole. A,, 280 nm; Cgga, 6.0 fmol L Cilaprazole (a—k),
0.0, 1.0, 2.0, 3.0, 40, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 umol L ",
respectively; T, 298.15 K.
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Figure 6. Quenching ratio (F/F,) of the BSA fluorescence with the
addition of ilaprazole in the absence and presence of quercetin, luteolin,
taxifolin, and (+)-catechin at 298.15 K.

discussion, the concentrations of flavonoids were fixed at 6 gzmol
L, which is equal to that of BSA.

Fluorescence Quenching of BSA by llaprazole. The effect
of ilaprazole on the fluorescence of BSA is shown in Figure S.
The results shown indicate that the increasing concentrations
of ilaprazole could decrease the fluorescence intensity of BSA,
and no obvious BSA maximum emission wavelength was ob-
served. At the concentration of 10 umol L™, ilaprazole had led
to 29.8% quenching of BSA fluorescence (Figure 6). In the
investigated ilaprazole concentrations (from 1 to 10 ymol LY,
the Stern—Volmer equation exhibited good linearity, and the
Kgy and kg were 4.47 x 10* L mol " and 4.47 x 10"* L mol "
(R =0.9976), respectively (Table 1). The k; was much greater
than 2.0 X 10"° L mol™* s7* at 298.15 K, indicating that the
probable quenching mechanism of ilaprazole with BSA was a
static quenching for the formation of a ilaprazole—BSA complex.

Fluorescence Quenching of BSA Induced by llaprazole in
the Presence of Quercetin, Luteolin, Taxifolin, and (+)-
Catechin. As shown in Figure 7, when ilaprazole was added into
a BSA solution (6 umol L") containing equimolar flavonoids,
further attenuation in the fluorescence of BSA with a slight blue
shift was observed. The A.,,, and shape at different concentrations
of pantoprazole in the presence of flavonoids were similar to
those in the absence of flavonoids, whereas the fluorescence
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Table 1. Stern—Volmer Quenching Constants (Kgy) for the
Interactions of Ilaprazole with BSA with and without Quer-
cetin, Luteolin, Taxifolin, and (+)-Catechin at 298.15 K

Ksy (X10*L ky (x10"*L

mol ')  mol's!) R* SD’
ilaprazole—BSA 4.47 4.47 0.9976 0.008
ilaprazole—BSA—quercetin 3.92 3.92 0.9986 0.006
ilaprazole—BSA—luteolin 3.86 3.86 0.9966 0.009
ilaprazole—BSA—taxifolin 4.37 4.37 0.9953 0.010
ilaprazole—BSA—(+)-catechin 341 3.41 0.9975 0.007

“ R is the correlation coefficient. * SD is the standard deviation.

quenching extent was larger than those without flavonoids or
flavonoids alone. When the concentration of ilaprazole reached
10 umol L™, the fluorescence intensities of BSA decreased about
29.1,27.4,29.9, and 24.8% in the presence of quercetin, luteolin,
taxifolin, and (+)-catechin, respectively, compared with 29.8% in
the absence of these four flavonoids (Figure 6). The presence of
quercetin and taxifolin had little decreased effect on the ilaprazole
quenching of BSA fluorescence, whereas the presence of luteolin
and (+)-catechin reduced the quenching efficacy of ilaprazole
with BSA remarkably. The results suggested that the different
structures of flavonoids affected the ilaprazole quenching of BSA
fluorescence.

The plots of Fy/F for BSA versus the quencher concentra-
tions exhibited good linearity with high R values for ilaprazole
with BSA in the presence of quercetin, luteolin, taxifolin, and
(+)-catechin in the range of the investigated concentrations
(Figure 8). As can be seen from Table 1, the magnitude of kg
was calculated to be 10" greater than the value of the max1mum
scatter collision quenching constant (2.0 x 10"° L mol 's™ '),
which indicated that all of the fluorescence quenching was not
initiated by dynamic collision but originated from the formation
of complex for the static quenching procedure. Therefore, the
existence of quercetin, luteolin, taxifolin, and (+)-catechin could
not change the quenching mechanism of ilaprazole with BSA.
From the slopes of the curves for the quenching constants (Ksy),
it could be concluded that the influence of the four investigated
flavonoids was determined as follows: (+)-catechin > luteolin >
quercetin > taxifolin. (+)-Catechin, luteolin, quercetin, and taxi-
folin decreased the quenching constants by 23.7, 13.6, 12.3, and
2.2%, respectively.

Effect of Quercetin, Luteolin, Taxifolin, and (+)-Catechin
on the Binding Constants and the Number of Binding Sites
for llaprazole—BSA. The value of K is significant in under-
standing the distribution of drug in plasma because the weak
binding can improve the concentrations of drug in plasma and
then lead to a short lifetime or poor distribution, whereas strong
binding can decrease the concentrations of free drug in plasma
and then improve the pharmacology effects.” The binding
constants (K) and binding sites (1) can be calculated by the
double-logarithm equation (eq 2). Plots of 1g(F, — F)/F versus
Ig[Q] for ilaprazole—BSA without and with the existence of
quercetin, luteolin, taxifolin, and (+)-catechin are shown in
Figure 9, and Table 2 lists the corresponding calculated results
with the correlation coefficients >0.99. It is obvious that the
presence of flavonoids decreased the binding constants and
binding sites of ilaprazole with BSA, which indicated that the
presence of flavonoids could affect the binding ability of ilapra-
zole with BSA. It can be inferred from the values of n that there
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Figure 7. Fluorescence quenching spectra of BSA at various concentra-
tions of ilaprazole in the presence of quercetin (A), luteolin (B), taxifolin
(C) and (+)-catechin (D). Aey 280 nm; Cpsa = Chavonoids = 6.0 #4mol
L Caprasote, (aK), 0.0, 1.0, 2.0, 3.0, 40, 5.0, 60, 7.0, 8.0, 9.0, and
10.0 umol L™, respectively; T, 298.15 K.

was about one independent class of binding site on BSA in the
absence and presence of flavonoinds for ilaprazole. However, the
decreasing binding constants led to a decreasing quantity of
ilaprazole binding to BSA and then a slight decreasing of the
number of binding sites. Therefore, the presence of flavonoids
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(+)-catechin at 298.15 K.
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Figure 9. Double-logarithm curves of ilaprazole quenching BSA fluor-
escence in the absence and presence of quercetin, luteolin, taxifolin, and
(+)-catechin at 298.15 K.

Table 2. Static Binding Constants and Binding Sites for the
Interactions of Ilaprazole with BSA with and without the
Existence of Quercetin, Luteolin, Taxifolin, (+)-Catechin,
Phenylbutazone, and Ibuprofen at 298.15 K

system logk n R* SD*
BSA—ilaprazole 5.63 1.20 0.9985 0.021
BSA—quercetin—ilaprazole 3.86 0.85 0.9963 0.024
BSA—luteolin—ilaprazole 4.58 1.00 0.9984 0.019
BSA—taxifolin—ilaprazole 4.49 0.97 0.9986 0.017
BSA—(+)-catechin—ilaprazole 5.05 1.11 0.9962 0.023
BSA—phenylbutazone—ilaprazole 3.92 0.88 0.9964 0.012
BSA—ibuprofen—ilaprazole 5.52 1.18 0.9981 0.020

%R is the correlation coefficient. * SD is the standard deviation.

could improve the concentrations of ilaprazole in plasma and
then enhance its maximum effects. The values of logK are
proportional to the binding sites (1) with a higher correlation
coefficient (R = 0.9966) (Figure 10), which confirmed that the
mathematical model (eq 2) used in the experiment was suitable
to study the interaction between ilaprazole and BSA. Quercetin,
luteolin, taxifolin, and (+)-catechin decreased the binding con-
stants to 98.3, 91.1, 92.8, and 73.7%, respectively. It is obvious

R =0.9966

1 1 1
38 40 42 44 46 48 50 52 54 56 58
logK

Figure 10. Relationship between the binding constants (logK,) and the
number of binding sites (1) between ilaprazole and BSA.

that the order of the influence of the four investigated flavonoids
was determined as quercetin > taxifolin > luteolin > (+)-catechin.

From the above results, it could be concluded that the
flavonoids with structural difference in the C-ring affected the
binding constants of ilaprazole with BSA differently. (+)-Cate-
chin, with the highest quenching efficiency to BSA, had the least
influence, from which it may be deduced that ilaprazole and
(+)-catechin had noncompetitive binding in a different albumin
site, and a ternary nonfluorescent complex, ilaprazole—BSA—
(+)-catechin was formed. In this situation, the first formation of
the (+)-catechin—BSA complex changed the conformation of
BSA and then made it more difficult for ilaprazole to bind with
BSA. Quercetin, taxifolin, and luteolin may have the same
binding sites as ilaprazole. Quercetin and taxifolin affected
ilaprazole binding with BSA more than luteolin. The results
may suggest that the added ilaprazole may compete for flavo-
noids with BSA, partially catching the BSA flavonoids and then
complexing with ilaprazole by hydrogen bonds that act as the
new species to quench the fluorescence of BSA, and more
hydroxyl groups in quercetin and taxifolin combined with
ilaprazole with more affinity, which weakened its capacity to
penetrate into the tryptophan-rich hydrophobic regions of BSA
because of the increased molecular size.

Site-Selective Binding of llaprazole on BSA. In the experi-
ments, flavonoids were first added into the BSA solution for some
time, and then ilaprazole was added to the equimolar solution of
flavonoids and BSA; therefore, flavonoids first combined with
BSA to form a flavonoid—BSA complex, and then ilaprazole
reacted with the flavonoid—BSA complex. Overall, the smaller
binding constants of ilaprazole in the flavonoid—BSA complexes
were consistent with two distinct interpretations:33’34 (1) a
competitive binding in the flavonoids high-affinity site; (2) a
noncompetitive binding in a different albumin site. It was a
puzzle about whether the presence of flavonoids affected the
binding mode of ilaprazole with BSA. To further ascertain the
binding mode of ilaprazole with BSA in the presence of flavo-
noids, site marker competitive experiments were carried out.
Phenylbutazone and ibuprofen were used as site marker fluores-
cence probes for monitoring subdomains IIA and IIIA of serum
albumin, respectively.>”** The fluorescence quenching data of
the ilaprazole—BSA system in the presence of site markers were
calculated by eq 2. As shown in Table 2, the binding affinity of
ilaprazole to BSA was remarkably decreased in the presence of
phenylbutazone, whereas the addition of ibuprofen resulted in
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Figure 11. Overlaps of the fluorescence spectra (a) of BSA with the
absorption spectra (b) of ilaprazole with or without the existence of
quercetin, luteolin, taxifolin, and (+)-catechin: (A) ilaprazole—BSA system;
(B) ilaprazole—BSA system in the presence of quercetin; (C) ilaprazole—
BSA system in the presence of luteolin; (D) ilaprazole—BSA system in
the presence of taxifolin; (E) ilaprazole—BSA system in the presence of
(+)-catechin; Cpsa = Chiavonoids = Cilaprazole = 6.0 umol L™; T, 298.15 K.

Table 3. ], E, Ry, and r Values of Ilaprazole with BSA in the
Absence and Presence of Quercetin, Luteolin, Taxifolin, and
(+)-Catechin

J(ecm®Lmol™) E (%) Ro(nm) r(nm)

871x10° " 191 244  3.10
972x 107" 209 248 3.1
876x 107" 191 244  3.10
867x10° " 201 243  3.06
BSA—(+)-catechin—ilaprazole ~ 8.65x 107" 165 243 3.19

BSA—ilaprazole
BSA—quercetin—ilaprazole
BSA—luteolin—ilaprazole
BSA—taxifolin—ilaprazole

only a small influence. These results demonstrated that the
binding site of ilaprazole mainly located within subdomain IIA
of BSA. This was also correlated with the above inference that
quercetin, taxifolin, and luteolin shared a common binding site
on the BSA molecule, whereas (+)-catechin had a different
binding site on the BSA molecule.

Effect of Quercetin, Luteolin, Taxifolin, and (+)-Catechin
on the Binding Mode and Binding Distance for llaprazole—
BSA. The binding distances (r) between the donor and acceptor
were calculated according to the Forster nonradiation energy
transfer theory (eqs 3, 4, and S). As shown in Figure 11 and
Table 3, all of the values of r are much smaller than 7 nm,
which suggests that the nonradiative energy transfer from BSA
to ilaprazole may occur with high possibility in the presence or
absence of flavonoids. Therefore, the quenching mechanism for
ilaprazole—BSA was the static quenching combining with non-
radiative energy transfer, whatever the presence or absence of
flavonids. The values of r for distances between ilaprazole and BSA
in the presence of quercetin, luteolin, and taxifolin were 3.11, 3.10,
and 3.06 nm, respectively, which showed no major difference from
that in the absence of flavonoids, which again verified the possible
existence of competition of ilaprazole and flavonoid (quercetin,
luteolin, and taxifolin) binding to BSA. Therefore, ilaprazole,
quercetin, luteolin, and taxifolin had the same binding sites located
in subdomain IIA, and the competitive binding decreased the
binding capability of ilaprazole with BSA. The binding distance
between ilaprazole and BSA in the presence of (+)-catechin
increased, which further declared that the first formation of the
(+)-catechin—BSA complex changed the conformation of BSA
and then made it more difficult for ilaprazole to bind with BSA.

Our work brings forward a rational approach to illustrate the
food—drug interaction. Rational dosage and diet regimens could
be taken into account for patients with gastric ulcer.
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