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Abstract In this study, the binding mode of nobiletin (NOB)
with pepsin was investigated by spectroscopic and molecular
docking methods. NOB can interact with pepsin to form a
NOB-pepsin complex. The binding constant, number of bind-
ing sites and thermodynamic parameters were measured,
which indicated that NOB could spontaneously bind with
pepsin through hydrophobic and electrostatic forces with
one binding site. Molecular docking results revealed that
NOB bound into the pepsin cavity. Synchronous and three-
dimensional fluorescence spectra results provide data
concerning conformational and some micro-environmental
changes of pepsin. Furthermore, the binding of NOB can
inhibit pepsin activity in vitro. The present study provides
direct evidence at a molecular level to show that NOB could
induce changes in the enzyme pepsin structure and function.

Keywords Nobiletin (NOB) - Pepsin - Fluorescence
spectroscopy - Molecular docking - Enzyme activity

Introduction

As a digestive protease, pepsin is responsible for the most of
digestion activities in the stomach [1]. It is very probable for
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drug to interact with pepsin when it enters the stomach. The
drug may also affect the activity of pepsin and result in some
adverse effects, such as hiccup singultation, nausea and
vomiting. Therefore, in order to improve the safety of drug
usage in clinical, it is very necessary for us to learn about the
knowledge that whether the drug could interact with the
pepsin, what the mechanism of this action was in this
process and would such an interaction affect the activity
of pepsin. Recently, in order to investigate the toxicity
and metabolism mechanism of chemical components
that enter the human organism through food and drug,
the interactions of pepsin with these components have
been reported [2—4].

Nobiletin (NOB, 3',4',5,6,7,8-hexamethoxyflavone,
Fig. 1), isolated from citrus fruits (such as Citrus depressa,
Citrus sinensis and Citrus limon) [5, 6], has a broad spectrum
of health-promoting properties including anticancer [7],
antimetastatic [8], anti-inflammatory [9], antidiabetic [10],
and neurotrophic activities [11]. In consideration of the pos-
sible pharmaceutical benefit, it leads us to investigate the
interaction of NOB with protein, as it can provide a molecular
basis for elucidating the mechanism of the drug acting and
predicating unfavorable drug interaction. In recent years, sev-
eral public and scientific interests have been focused on the
interactions of NOB with some proteins, including human
serum albumin (HSA) [12] and bovine serum albumin
(BSA) [13]. However, to the best of our knowledge, little
concern was placed on the binding of NOB to pepsin and its
effect on the activity of pepsin. Thus, the purpose of this study
was to understand the interaction mechanism of NOB with
pepsin by investigating the binding parameters of the interac-
tion and the effect of NOB on the conformation of pepsin by
using multiple spectroscopic techniques and molecular
modeling. Moreover, the effect of NOB on the pepsin activity
in vitro was also investigated. This study provides basic data
for clarifying the binding mechanism of NOB with pepsin and
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Fig. 1 Molecular structure of nobiletin (NOB)

is help for understanding the symptoms of indigestion after
oral administration.

Experimental
Reagents

The porcine pepsin was purchased from Sigma-Aldrich
Chemical Co. (USA) and nobiletin (NOB) was obtained from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). All the chemicals were
of analytical-reagent grade and used without further purifica-
tion. NOB was dissolved in methanol to form a 1.0x
10 mol L' solution, which was used to determine the
binding sites of NOB on pepsin. Citric acid-sodium citrate
buffer solutions (0.2 mol L") containing 0.1 mol L' NaCI
were prepared to adjust the acidity of the system pH=2.0,
which is the most common pH for pepsin digests. Water was
purified with a Milli-Q purification system (Barnstead, USA).

Equipment and Spectral Measurements

The fluorescence spectra were recorded on Hitachi F-2500
spectrofluorimeter equipped with 1.0 cm quartz cells. The
excitation wavelength was 280 nm for all cases with an
excitation and emission band pass (slit) of 10 nm. The exper-
imental temperature was maintained by recycling water
throughout the quartz cell. The UV—vis spectrum was record-
ed at room temperature on a Shimadzu UV-2450 spectropho-
tometer (Shimadzu, Japan) equipped with 1.0 cm quartz cells.

Procedures
The fluorescence measurements were carried out by succes-
sive addition of the solution of NOB to a fixed amount of

pepsin (to give a final concentration of 2.5x 10> mol L") in
each tube. The final volume was made up to 5.0 mL with citric
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acid-sodium citrate buffer (pH=2.0). Thus, a series of solu-
tions containing different amount NOB and a definite amount
of pepsin were obtained. The fluorescence spectra were then
measured (excitation at 280 nm and emission wavelengths of
290450 nm) at 288 and 310 K, respectively. All solutions
were mixed thoroughly and kept 20 min before measurement.

The synchronous fluorescence spectra of pepsin in the
presence of NOB were recorded at 288 K and the D-value
(AN) between excitation wavelength and emission wavelength
were stabilized at 15 nm or 60 nm. The three-dimensional
fluorescence spectra were performed under the following
conditions: the emission wavelength range was selected from
270 to 500 nm, the initial excitation wavelength was set to
200 nm, and the scanning number was 15 with the increment
of 10 nm. The UV-vis absorbance spectra of NOB-pepsin
system were recorded at 288 K.

Molecular Docking Investigation

Docking calculations were carried out using AutoDock 4.0.
The structure of NOB was generated by Chem 3D Ultra and
optimized by density functional theory at B3lyp/6—31+g (d)
level implemented in Gaussian 03 until all egienvalue of the
Hesssian matrix were positive. With the aid of AutoDock 4.0,
the ligand root of NOB was detected and rotatable bonds were
defined.

The crystal structure of pepsin (protein ID: SPEP) was
downloaded from Protein Data Bank (http://www.rcsb.org/
pdb/home/home.do). All water molecules were removed and
the polar hydrogen and the Gasteiger charges were added at
the beginning of docking study. To recognize the binding sites
in pepsin, docking was carried out with setting of grid box size
90 Ax100 Ax90 A along x, y, z axes covering whole protein
with Kollman charges. The grid center was set at —17.802 A,
40.376 A and 86.848 A. At first, AutoGrid was run to generate
the grid map of various atoms of the ligand and receptor. After
the completion of grid map, ligand flexible docking
simulations were performed with 100 runs and 2,500,000
energy evaluations, 25000 numbers of generations, 50 GA
populations and root mean square cluster tolerance 2.0 A per
run. Finally, the lowest energy conformation was used for
docking analysis.

Pepsin Activity Measurement

The enzyme activity was detected by the method detailed by
Anson with some modifications [14]. Pepsin (2.5x
10°® mol-L™") in citric acid-sodium citrate buffer (pH=2.0)
was mixed with various concentrations of NOB (0, 1.0, 2.0,
4.0, 6.0, 8.0, 10.0, 12.0x10 > mol-L ") at 37 °C for 10 min,
and then 1.0 mL of 5 % bovine hemoglobin solution was
added in. After 10 min, 5.0 mL of 5 % trichloroacetic acid was
added to terminate the reaction. The mixture was put there for
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Fig. 2 The fluorescence emission spectra of pepsin in the presence of
increasing amounts of NOB. Peak from up to down C yop=(0, 3.0, 6.0,
9.0, 12.0, 15.0,18.0, 21.0, 24.0, 30.0)x10™® mol-L™", Chpepsin=2.5%
10 mol-L""

10 min statically, and then centrifuged at 5000 rpm for 15 min.
After addition of 3.0 mL of NaOH and 300 pL of Fehling’s
solution to the supernatant, the mixture was incubated at 37 °C
for 15 min and then the value of ODg¢y was measured using a
spectrophotometer. The activity of pepsin can be calculated by
the following equation:

Inhibition rate (%) = (ODggo biank—ODé60 sampie) /ODe60 blank X 100

Results and Discussion

Characterization of the Binding Interaction of NOB
with Pepsin by Fluorescence Measurements

Fluorescence Quenching

Fluorescence methods have been widely used to investigate
the interaction between ligands and proteins and can give

information about the quenching mechanism, binding con-
stants and binding sites [15]. We utilized the technique to
study the interaction between pepsin and NOB. The fluores-
cence spectra of pepsin at various concentrations of NOB
were shown in Fig. 2. The fluorescence intensity of pepsin
decreased regularly with an increasing concentration of NOB,
which indicated that NOB can bind to the pepsin and alter the
structure of it.

The different mechanisms of quenching are usually classi-
fied as either dynamic quenching or static quenching, which
can be distinguished by their different dependence on temper-
ature and viscosity, or preferably by lifetime measurements.
Dynamic quenching and static quenching are caused by col-
lisional encounters and ground-state complex formation be-
tween fluorophores and quenchers, respectively. As higher
temperatures result in larger diffusion coefficients, dynamic
quenching constants are expected to be higher with increasing
temperature. In contrast, the increase of temperature is likely
to result in decreased stability of complexes, thus the values of
the static quenching constants are expected to be smaller [16].
To confirm the mechanism, we used the well-known Stern-
Volmer equation:

Fo/F=1+K,m[Q = 1+Ky[Q] (1)

where F,, and F are the fluorescence intensities before and
after the addition of the quencher, respectively. K is the
bimolecular quenching constant,r, is the lifetime of the
fluorophore in the absence of the quencher (7,=10"% s) [17],
[Q] is the concentration of the quencher, and K, is the Stern-
Volmer quenching constant.

Fluorescence intensity data were analyzed according
to Fo/F versus [Q] at 293 and 310 K (shown in Fig. 3).
Equation (1) was applied to determine K, and K, by a linear
regression plot of Fo/F versus [Q]. The calculated K, and K
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Table 1 Stern-Volmer constants for the interaction of pepsin with NOB
at different temperatures (n=3)

T (K) Equations Ky (L mol ) K, (L mol ") R? SDP

203 Fy/F=1.1282[Q]+ 1.1282x10° 1.1282x10'* 0.9824 0.13
0.4721
310 Fy/F=1.0227[Q]+

0.6556

1.0227x10°  1.0227x10'% 0.9651 0.19

?The correlation coefficient
® The standard deviation

at two different temperatures are listed in Table 1. The K,
values decreased with increasing temperature. Moreover, the
maximum dynamic quenching constant K, of the various
quenchers is 2.0x10'"° L mol ' S™' [18]. However, the values
of Ky at 293 and 310 K are greater than 2.0 x 10" L mol ' S7".
Thus, the results indicated that the overall quenching was
dominated by a static quenching mechanism, and in this
process a NOB-pepsin complex was formed.

Binding Constant and Binding Capacity

For the static quenching interaction, when small molecules
bind independently to a set of equivalent sites on a macro-
molecule, the equilibrium between free and bound molecules
could be represented by the equation [19]:

log[(FO—F)/F} = nlogk, (2)

—ntog {1/ [Qu-(Fo-F)[Q;] / Fu]}

where F) and F are fluorescence intensities with and without
quencher, respectively. K, is static quenching constant, 7 is the
number of binding sites per pepsin molecule, [Qq4] and [Q,]
are the concentration of drug molecule and protein, respec-
tively. By plot of log(Fo—F)/F versus log{1/[[Qq]—(Fo—
F)[Qp)/Fo]} (Fig. 4), the number binding sites # and binding

Fig. 4 Double-log plots of NOB 08r
quenching effect on pepsin
fluorescence at different 0.6F
temperatures (n=3)

041

02r

Log[(FO-F)/F]

02+

04t

-0.6

constant K, of the interaction between NOB and pepsin can be
calculated and the results are summarized in Table 2. The
number of binding sites # is approximately equal to 1, indi-
cating that there was one binding site in pepsin for NOB
during their interaction. The value of K, is of the order of
10° L mol ', indicating that a strong interaction exists between
NOB and pepsin.

Binding Forces

The action forces contributing to protein interactions with
small molecular substrates often include van der Waals inter-
action, hydrophobic force, electrostatic interaction and hydro-
gen bond. Thermodynamic parameters are important for
confirming the non-covalent acting forces. Ross and
Subramanian have summed up the thermodynamic laws to
determine the types of binding with various interactions [20].
If AH<0 and AS<0, van der Waals and hydrogen bond
interactions play the main roles in the binding reaction. If
AH>0 and AS>0, hydrophobic interactions are dominant.
If AH<0 and AS>0, the main force is an electrostatic force.
When the temperature range is not too wide, the enthalpy
change (AH) can be regarded as a constant. The enthalpy
change, free-energy change and the entropy change for the
interaction between NOB and pepsin were calculated based on
the van’t Hoff equation (Eq. 3) and thermodynamic equations
(Egs. 4 and 5):

1n(1<2/1<1> - (1/T]—1/T2) (AH/R) (3)
AG = —RTInK (4)

AG = AH-TAS (5)

where K is the binding constant at the corresponding temper-
ature, R is the gas constant, T is absolute temperature. The

& T=293K]
= T=310K]
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Table 2 The binding constant K, and relative thermodynamic parameters of the NOB-pepsin system (n=3)

T (K) K, (L mol™") n R? SDP AH (kJ mol ™) AG (kI mol™) AS (T mol ' K
293 4.7443x10° 0.9925 0.9781 0.08 —0.446 —31.828 107.14

310 4.6990x10° 1.0863 0.9907 0.05 —0.446 —33.661 107.14

2 The correlation coefficient

® The standard deviation

values of AG, AH and AS are listed in Table 3. The AG at
293 and 310 K are negative, indicating that the binding
process is spontaneous. The negative AH and positive
AS mean that electrostatic interactions play a major role
in the formation of the NOB-pepsin complex. However,
the value of AH is close to zero, indicating that hydro-
phobic interactions also play a very important role in
the formation of the complex [16]. Therefore, the interaction
force in the binding process is mainly electrostatic and hydro-
phobic interactions.

Energy Transfer from Pepsin to NOB

Fluorescence resonance energy transfer (FRET) is a non-
destructive spectroscopic method that can monitor the prox-
imity and relative angular orientation of fluorophores. The
donor and acceptor fluorophores can be entirely separated or
attached to the same macromolecule. Energy transfer can take
place through direct electrodynamic interaction between the
primarily excited molecule and its neighbors [21]. The
‘spectroscopic ruler’ is suitable for distance measurement
over several nanometers [22]. The distance between the
donor (pepsin) and the acceptor (NOB) was estimated by
the following Eq. (6) according to FOrster’s non-radiative
energy transfer theory [23]:

E =1-F/Fy = Ro®/(Ro®*—°) (6)

where E denotes the efficiency of energy transfer between the
donor and the acceptor, and R, is the critical distance when the
efficiency is 50 %, which can be estimated by the following
equation:

RS = 8.8 x 10 2k n *dJ (7)

where & is the orientation factor related to the geometry of the
donor and acceptor of dipoles, # is the average refracted index
of medium in the wavelength range where spectral overlap is
significant, @ is the fluorescence quantum yield of the donor,
and J is the effect of the spectral overlap between the
emission spectrum of the donor and the absorption
spectrum of the acceptor (Fig. 5), which can be calculated
by the equation:

J = (SF(\)e(MMAN) / (ZF(N)AN) (8)

where F(A) is the fluorescence intensity of donor in wave-
length A with dimensionless, ¢(A\) denotes the extinction co-
efficient of the acceptor at A.

In the present case, K*=2/3, n=1.36 and $=0.15 [24].
According to Egs. (6)—(8), it can be calculated that J=
2.026x107* ecm® moL 'L, E=0.745, R;=0.406 nm and
r=0.339 nm. The donor-to-acceptor distance is less than
8 nm, indicating that the energy transferring from pepsin to
NOB occurs with high possibility. This was in accordance
with conditions of FOrster theory of non-radioactive energy
transfer and indicated again a static quenching between NOB
and pepsin.

Conformational Investigations
Synchronous Fluorescence Spectroscopy

Synchronous fluorescence spectroscopy can be used to ex-
plore the change of the molecular microenvironment in the
vicinity of chromophores (such as tryptophan (Trp) and tyro-
sine (Tyr)) and it involves simultaneous scanning of the exci-
tation and emission monochromators while maintaining a
constant wavelength interval between them [15]. When the

Table 3 The lowest energy-
ranked results of six NOB-pepsin
binding conformations

Energy-ranked results

Conformation data

1 2 3 4 5 6
Binding energy (kcal mol ") =57 —5.57 -5.33 -5.13 —4.99 —4.84
Ligand efficiency (kcal mol ") -0.2 -0.19 —0.18 —0.18 -0.17 —0.17
Inhibition constant (M) 65.83 82.87 123.48 174.53 221.63 284.96
Intermolecular energy (kcal mol ') —7.06 -6.99 —6.74 —6.59 —6.4 -6.21
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Fig. 5 Overlapping of
fluorescence spectra of pepsin
(Cpepsin=2.5%10"" mol L") with
absorption spectra of NOB (C
Nop=1.67x10"* mol L")
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wavelength interval (AA) is stabilized at 15 nm, the synchro-
nous fluorescence of pepsin characteristic of a Tyr residue.
And when AA is fixed at 60 nm, a spectrum characteristic of
Trp residues is obtained [25]. As shown in Fig. 6a, the emis-
sion maximum of Tyr kept the position with the increasing
concentration of NOB, which indicates that NOB has little
effect on the microenvironment of Tyr residues in pepsin.
However, in Fig. 6b the Trp peak was red-shifted with the
increasing concentration of NOB, which indicates that the
hydrophobicity of the Trp residues decreased and the Trp
buried in the nonpolar hydrophobic cavities were moved to a
more hydrophilic environment. Moreover, it can be seen from
Fig. 7 that the slope was higher when AA was 60 nm, which
indicated that NOB was closer to the Trp residues than to the
Tyr residues and the microenvironments of Trp residues were
influenced more than those of Tyr residues.

Three-Dimensional Fluorescence Spectra

Three-dimensional fluorescence contour spectra are a rising
fluorescence analysis technique in recent years [26] and can
give additional information or evidence regarding the confor-
mational changes of pepsin in presence of NOB. Figure 8
presented the three-dimensional fluorescence contour spec-
trum of pepsin (a) and NOB-pepsin (b). It can be seen from
Fig. 8a that the three-dimensional fluorescence contour spec-
tra of pepsin shows contour maxims at A\ey/Aer,=280/340 nm
arising by 7t-7 transition of aromatic amino acids in pepsin.
In Fig. 8b, the pepsin fluorescence peak shifted to Aey/Aer=
285/360 nm. The stoke shift of pepsin (Aey— Aex=60 nm) and
NOB-pepsin (Aem—Aex=75 nm) was also different obviously.
The above phenomena and the analysis of the fluorescence
characteristic of the peaks revealed that the binding of

@ Springer
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Fig. 6 Synchronous fluorescence spectra of interaction between pepsin
and NOB at a AA=15 nm and b AA=60 nm at room temperature. Peak
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Fig. 7 The quenching of pepsin synchronous fluorescence by NOB.
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NOB to pepsin induced some micro-environmental and
conformational changes in pepsin, a complex between
NOB and pepsin has formed. On the other hand, the
relative fluorescence intensity of pepsin peak was 423
in the absence of NOB. After the addition of NOB, the
relative fluorescence intensity of peak decreased to 173.
The relative fluorescence intensity of pepsin peak de-
creased a lot after the addition of NOB, which implied
that the peptide chain structure of pepsin was changed
and this result was consistent with that of synchronous
fluorescence spectra.

Molecular Docking

To identify the precise binding sites on pepsin, a docking
program was performed to simulate the binding mode be-
tween pepsin and NOB. The lowest energy-ranked results of
six NOB-pepsin conformations are listed in Table 3. The
ranked binding energy of the six conformations is —5.7,
-5.57,-5.33, —5.13, —4.99 and —4.84 kcal mol . For all the
six simulated binding conformations, NOB binds into the
pepsin cavity. Moreover, the exact binding sites of NOB on
pepsin are different among the six conformations. The exact
binding site of NOB on pepsin with the lowest binding free
energy is presented in Fig. 9. This docking revealed the most
likely binding site in the enzyme. As shown in Fig. 9a, NOB
binds into the pepsin cavity, which locates between
domainland domainll. The amino acid residues lining this
binding site are 20 amino acid residues, which includes 12
hydrophobic amino acid residues (such as Ile30, Gly34,
Tyr75, Gly76, Gly78, Phelll, Leull2, Phell7, Ile120,
Tyrl189, Gly217 and Val292) and 8 hydrophilic amino acid
residues (such as Glul3, Asp32, Ser35, Thr74, Thr77,
Asp215, Thr218 and Met290) (Fig. 9b). Therefore, the essen-
tial driving forces of NOB binding to this site were mainly

hydrophobic and electrostatic forces. Moreover, there also
exist two hydrogen bonds between NOB and Gly34 (the
distance, 2.800 A), and Thr77 (the distance, 2.2838 A) resi-
dues of pepsin.

In addition, as shown in Fig. 3, NOB also binds with
two aspartate residues (Asp32 and Asp215). It is reported
that the catalytic site of pepsin was formed by these two
amino acid residues for the protein to be active [27].
Thus, according to docking and synchronous fluorescence
results, NOB bound directly into the enzyme cavity site
and the binding of NOB into the enzyme cavity influ-
enced the microenvironment of the catalytic site, which
would affect the activity of pepsin.
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Fig. 8 The three-dimensional fluorescence contour spectra of a pepsin,
and b NOB-pepsin system. a Cpepgin=2.5% 107> mol-L™!, Cnop=
0.0 mol-L™"; b Cpepsin=2.5% 107> mol-L™", Cxop=3.0%10"> mol-L™"
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Fig. 9 Docked pose
corresponding to the minimum
energy conformation for NOB
binding to pepsin. a The
hydrophobicity of pepsin with
NOB. b Detailed illustration of
the amino acid residues lining the
binding site in the pepsin cavity.
Green molecule displays NOB;
broken lines display hydrogen
bonds

N
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Effect of NOB on Pepsin Activity As shown in Fig. 10, with the increase of NOB con-

centration, the relative pepsin activities were decreased
In order to reveal whether NOB can affect of the activity of  significantly and the 50 % relative activity was about
pepsin after it enters the organism through food and drug, the ~ 6.69x107> mol L™'. The result implies that NOB can
effect of NOB on the pepsin activity in vitro was investigated.  inhibit pepsin activity.
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Fig. 10 Effect of NOB on pepsin activity in vitro (n=3)
Conclusion

In this study, the binding of NOB with pepsin has been
investigated by multi-spectroscopic and molecular docking
methods. NOB effectively quenched the fluorescence of pep-
sin by a static quenching process. Based on the results of
binding capacity, calculated thermodynamic parameters and
molecular docking study, it was concluded that the NOB
could spontaneously bind with pepsin mainly through hydro-
phobic and electrostatic forces. The synchronous and three-
dimensional fluorescence spectra revealed that the microenvi-
ronment and conformation of pepsin were demonstrably
changed in the presence of NOB. Since the binding of NOB
affected the microenvironment of the pepsin activity site,
NOB caused the inhibition of pepsin activity.
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