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Abstract— The interaction between food colorant sunset yellow (SY) and trypsin (TRP) was studied by multiple
spectroscopic and molecular docking methods and molecular docking simulation under simulated physiological
conditions to evaluate the toxic of SY at the protein level. The results showed that SY could effectively quench the
endogenous fluorescence of TRP, formed a 1:1 complex. The binding distance (r) between SY and TRP was
obtained based on the Förster nonradioactive resonance energy transfer and r was less than 7 nm, which
indicated that there was a non-radiative energy transition in the system. The thermodynamic parameters were
obtained from the van't Hoff equation, and the Gibbs free energy ΔG<0, indicating that the reaction was
spontaneous; ΔH<0, ΔS>0, indicating hydrophobic interaction played a major role in forming the SY-TRP
complex. Molecular docking results showed that SY was surrounded by the active amino acid residues Ser195,
His57 and Asp102 of TRP, which altered the microenvironment of amino acid residues at the catalytic active
center of TRP. Furthermore, as shown by the synchronous fluorescence, UV-Visible absorption and circular
dichroism data, SY could lead to the conformational and microenvironmental changes of TRP, which may affect
its physiological function.
Keywords— Spectroscopy; Sunset yellow; Trypsin; Molecular docking; Binding rate.
I.

INTRODUCTION

Trypsin (referred to as TRP) is a serine protease with a

sulfonate groups at both ends of the molecule, it is
significantly soluble in aqueous solution. It is widely used

mo lecular weight of 24,000 Da, which is widely found in

in

the pancreas and is an important digestive protease in

pharmaceutical and cosmetic industries as a coloring

humans [1]. TRP owns about 223 amino acid residues and

agent [4]. The metabolis m of SY in the human body will

consists of two size close tubbiness structural domains

produce harmfu l β -naphthol and other products. The

which were connected by six disulfide bonds. Ev ery

maxi mu m daily intake accepted by the FDA (Food and

domain have six antiparallel of β-fold ings and between

Drug Administration) is 225 mg for a 60 kg person [5].

two of domains are His57, Asp102 and Ser195 wh ich are

Long-term consumption of food exceed ing the standard of

catalytic activity center of TRP, the three of structures

SY will aggravate the burden on the liver of the human

above form catalysis triplet [2]. TRP has diverse

body and damage to liver function [6]. So me studies have

biological functions such as immune responses, digestion

shown that the long-term intake of SY will affect the

and hemostasis [3].

intelligence level of children, leading to behavioral

Sunset yellow (SY, structural formu la was shown in Fig.
1) is a synthetic acid azo dye. Due to the presence of two

http://www.aipublications.com/ijcmp/

the

beverage,

confectionery,

pastry,

brewing,

disorders such as ADHD, and in severe cases can even
cause cancer [7].
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In recent years, fluorescence spectroscopy has become

solution at 7.40, containing NaCl (0.15 M) to maintain the

an important method for studying the interaction of small

ionic strength of the solution. All other reagents were

mo lecules and proteins. So far, Mohseni-Shahri et al.

analytical grade and all aqueous solutions were prepared

used spectroscopy to study that SY quenched the

with newly double-distilled water and stored at 277 K.

fluorescence of pepsin by static quenching [8]. Liu

The fluorescence intensity measured in the experiment

Zhidong et al. determined that SY and bovine serum

was corrected by the "internal filter effect" Eq.(1) [10]:

albumin form an appro ximate 1:1. co mp lex [9]. While

Icor  Iobs  e( Aex  Aem )/2

TRP is an important digestive protein in human body,

(1)

when the SY with water and food gets into the body, the

Where Icor and Iobs are the fluorescence intensities

first place it enters is the d igestive system and beco me

corrected and observed, respectively, and Aex and Aem are

bound to the digestion enzymes before they can go into

the absorption of the system at the excitation and the

the blood plasma. Therefore, the interaction between SY

emission wavelength, respectively. The intensity of

and TRP was studied by using mu ltiple spectroscopy

fluorescence used in this paper is the corrected

methods and mo lecular docking techniques. The results

fluorescence intensity.

may be helpfu l to co mplement the limited to xicity

2.3 Experiment procedure

literature for SY, and will also provide a new approach to

2.3.1 Fluorescence measurements

probe the toxicity of SY at the molecular level.

The fluorescence measurements were performed as
follows: 1.0 mL Tris-HCl buffer solution, 2.0 mL TRP
(2.0×10-5 M), and different volu me of SY were added into
10.0 mL colorimetric tube successively. The samples
were d iluted to scaled volu me with double-distilled water,
mixed thoroughly by shaking, and kept static for 30 min
at different temperatures (298 K, 310 K, and 318 K).
Excitation wavelength with excitation and emission slit at

Fig.1 Chemical structure of SY

5 n m for TRP was 280 n m and 295 n m, respectively. The
fluorescence

II.

EXPERIMENTAL

spectra

were

measured

(emission

wavelengths of 280-450 n m). At the same time fixed
Δλ=15 n m or Δλ=60 n m, the synchronous fluorescence

2.1 Apparatus
These fluorescence spectra were acquired with a
Shimad zu RF-5301PC spectrofluorophotometer. Circular

spectra of TRP and SY were recorded.
2.3.2 Circular dichroism measurements

dichroism spectra were recorded on a MOS-450/SFM300

A total of 1.0 mL Tris-HCl buffer solution , 2.0 mL

circular d ichrois m spectrometer (Bio -Logic, France).

TRP solution (2.0×10-5 M), and different volu mes of SY

Absorption was measured with an UV-vis recording

were added into a 10.0 mL colorimetric tube successively.

spectrophotometer (UV-3600, Sh imadzu, Japan). All p H

The concentration of trypsin was kept at 4×10-6 M while

measurements were made with a p HS-3C precision

varying the SY concentration by keeping the molar rat ios

acidity meter (Leici, Shanghai, Ch ina). A ll temperatures

of SY to TRP as 1:0, 1:5 and 1:10. The samp les were

were controlled by a SYC-15B superheated water bath

diluted to scaled volu me with water, mixed thoroughly by

(Sangli, Nanjing, China).

shaking, and kept static for 30 min at 298 K. Each

2.2 Materials

spectrum was recorded at wavelengths between 190 and

TRP (Sig ma Co mpany), solution
prepared. SY standard solution

(2.0×10-5

(1.0×10-3

M ) was

M) was prepared.

Tris-HCl buffer solution was used to keep the p H of the

http://www.aipublications.com/ijcmp/

300 nm and a scan speed of 1 nm/s.
2.3.3 UV-vis measurements
1.0 mL Tris-HCl buffer solution (pH=7.40) ,2.0 mL
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TRP solution (2.0×10-5 M) and different volu me of SY
were successively added to a 10.0 mL co lorimetric tube,
and the reference solutions were the corresponding
concentration of SY solutions. The samples were diluted
to scaled volume with water, mixed thoroughly by
shaking, and kept static for 30 min at 298 K. The UV-vis
absorption spectrum of SY in the presence and absence of
TRP were scanned with 1cm quartz cells over the range
from 190 nm to 400 nm.
2.3.4 Molecular docking
The two-dimensional structure of SY was drawn in
ChemDraw 15.0, and its three-dimensional structure was
optimized

by

model of

molecu lar

mechanics

Fig.2 Fluorescence emission spectra of SY-TRP system
(T=298 K, λex=280 nm)

in

CTRP =4.0×10-6 mo l/L, 1~10 CSY =(0, 0.4, 1.0, 1.5, 2.0,

ChemDraw 3D. The crystal structure of TRP used for

2.5, 3.0, 3.5, 4.0, 4.5)×10-5 mol/L

mo lecular docking was obtained fro m protein data bank
(PDB ID: 2ZQ1). Waters and all other HETATM

In order to study the quenching mechanism, the

mo lecules were removed fro m the TRP PDB file. Polar

quenching

hydrogen atoms and Gasteiger charges were added to

Stern-Vo lmer Eq. (2) [13], and the results were shown in

prepare the TRP mo lecule for docking. Protein-ligand

Table 1.

docking was performed with the rigid docking tool in the

I 0 / I  1  kq 0[ L]  1  Ksv [ L]  1  KD[ L]

Autodock 4.2.6, and the genetic algorith m is mainly used
to calculate the possible conformation of SY co mbined
with TRP[11].

data

was

processed

according

to

the

(2)
Where, I0 and I are the fluorescence intensities of TRP
in the absence and presence of the SY, respectively. k q is

III. RESULTS AND DISCUSSION
3.1 The Fluorescence spectra of SY-TRP system

the bimo lecular quenching constant and [L] is the
concentration of the quencher, τ0 is the average lifet ime o f

At 280n m wavelength, the Trp and Tyr residues in

fluorescence (about 10-8 s) and Ksv is the Stern-Vo lmer

TRP are excited, whereas a wavelength of 295n m excites

quenching constant. If the resulting plots exhibit a good

only Trp residues [12]. Fig. 2 showed that the

linear relationship, this is almost indicative of the static

fluorescence emission spectrum of TRP when SY was

quenching process or dynamic quenching process.

added at different concentrations (the fluorescence

Stern-Vo lmer p lots of the fluorescence of TRP quenched

emission spectrum of λex=295 n m SY-TRP was similar,

by SY at different temperatures are shown in Fig. 3. The

but the fluorescence intensity was lower). As shown in

good linear relationship reflected the existence of a single

Fig. 2, the maximu m fluorescence emission peak

annihilation. Fro m Tab le 1, it could be seen that the kq

appeared at the wavelength of 337 n m, as the SY

value was greater than 2.0×1010 L/(mo l∙s) at different

concentration increasing, the fluorescence quenching

temperatures. The Ksv value was inversely correlated with

degree of TRP increased, and the maximu m emission

temperatures. The result indicated that the combination

peak had a red shift, indicating that SY-TRP system

process of SY-TRP system was a static quenching process

interacted and generated a stable compound.

[14].
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Fig 3 Stern-Volmer plots for the quenching of TRP by SY at different temperatures
CTRP =4.0×10-6 mol/L, 1~10 CSY =(0, 0.4, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0)×10-5 mol/L
Table 1 Quenching reactive parameters of SY-TRP system at different temperatures
λex
(nm)

λex=280

λex=295

Ksv

Kq

(L/mol·s)

(L/mol)

298

4.22×104

310

T/(K)

r1

Ka (L/mol)

n

r2

4.22×1012

0.9952

4.26×104

1.08

0.9937

3.83×104

3.83×1012

0.9923

3.39×104

1.06

0.9905

318

3.06×104

3.06×1012

0.9944

2.75×104

1.22

0.9964

298

3.48×104

3.48×1012

0.9922

3.16×104

1.17

0.9937

310

3.02×104

3.02×1012

0.9912

2.43×104

1.12

0.9928

318

2.60×104

2.60×1012

0.9943

1.82×104

0.91

0.9916

r1 is the linear relative coefficient of I0 /I~[L], r2 is the linear relative coefficient of lg [(I0 -I)/I]~lg{[L]-n[Bt ](I0 -I)/I0 }.
The relationship between fluorescence intensity and

value of n can be obtained from the slope of the plot. On

the concentration of quencher can usually be described

the basis of value of n obtained, the binding constant Ka

using Eq. (3) [15] to obtain the binding constant (Ka ) and

can also be determined. The results were listed in the

the number of binging sites (n):

Table 1. The results showed that all the values of n were
approximately equal to 1 at different temperatures ,

I I

I I
Bt 
lg 0
  n lg K a  n lg L  n 0
I0


 I 

indicating that SY had only one high-affin ity binding site

(3)

constant Ka value was in the order of 104 and showed a

when bound to TRP [16], that was, SY and TRP formed a
1:1 co mp lex. When the temperature rose, the binding

Where [L] and [Bt ] are the concentrations of SY and

decreasing trend, and the binding ability of SY to TRP

TRP, respectively. On the assumption that n in the

was reduced, which further proved that the S Y-TRP

bracket is equal to 1, the curve of lg(I0 -I)/F versus

system was

lg{[L]-n[Bt ](I0 -I)/I} is drawn and linearly fitted, then the

involvement of Tyr and Trp residues in TRP. As can be

http://www.aipublications.com/ijcmp/

static

quenching. Fig.4

showed

the
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seen in Fig. 4, the fluorescence quenching curve at

=295 n m, imply ing that both Trp and Tyr residues of TRP

λ ex=280 and 295 n m was separated, and the fluorescence

participated the reaction and the Trp residue involvement

quenching curve of λex=280 n m is lo wer than that at λe

was larger than that of Tyr residue.

Fig.4 Relative fluorescence curves of the interaction between SY and TRP (T = 298 K)
CTRP =4.0×10-6 mol/L, CSY = 4.0×10-6 ~4.5×10-5 mol/L
the thermodynamic parameters, and calculated by van’t

3.2 Type of interaction force of SY-TRP system
Generally, the interaction force between the small drug
mo lecule

and

biological

macro molecule

hydrogen

bond, Vander Waals

Hoff equations [17]. The calculated results were shown in

includes

Table 2.

force, electrostatic

R ln K  S  H / T
G  H  TS

interactions and hydrophobic force, etc. The type of
interaction force in SY-TRP system can be obtained by

(4)
(5)

Table 2 The thermodynamic parameters of SY-TRP at different temperatures
System

λex=

T/(K)

Ka /(L/mol)

298

4.26×104

310

3.39×104

318

2.75×104

ΔH/(kJ/mol)

280 nm

-16.91

ΔS/(J/mol·K)

ΔG/(kJ/mol)

31.89

-26.41

32.18

-26.88

31.83

-27.03

Where ΔH and ΔS represent the standard variation of the enthalpy and, respectively, entropy of the binding process. R is
the gas constant (R=8.314 J/ mol·K), T is the absolute temperature. Based on the linear fit p lot of RlnKa versus 1/T, the ΔH
and ΔS values can be obtained. The results obtained are listed in Table 2. It can be seen from Table 2 that ΔG<0, ind icating
that the quenching reaction of SY to TRP was spontaneous; ΔS>0, suggesting that there was hydrophobic interaction between
SY and TRP; ΔH<0 cannot be used as a sign of inter mo lecular electrostatic attraction, Ross pointed out that when ΔH≈0,
ΔS>0, it could be considered as electrostatic attraction, and ΔH<0 is considered as the result of hydrogen bonding [1 8-20].
Therefore, the force between SY and TRP was mainly hydrophobic interaction and hydrogen bonding.
In general, electrostatic force plays a supporting role in

binding of proteins to small molecules, the interaction

the binding of proteins and ligands. However, if

intensity decreases as the salt concentration increases in

electrostatic interactions plays a dominant ro le in the

the system[21]. In order to further verify the existence of

http://www.aipublications.com/ijcmp/
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electrostatic interaction between SY and TRP, the effect

not change significantly when the concentration of NaCl

of ionic strength on SY-TRP interaction was discussed.

increases, indicating that the combination of SY and TRP

The concentrations of SY and TRP were fixed, and

was not affected by ionic strength, that is, the SY-TRP

different concentrations of NaCl were added, and I/I0 was

system had

no obvious

electrostatic

effect.

This

plotted against CNaCl . The results were shown in Fig. 5.

conclusion was the same as the conclusion of the

The experimental results showed that the ratio of I/I0 did

thermodynamic constant.

Fig. 5 Fluorescence intensity of SY-TRP system as a function of NaCl concentration ( T=298 K)
CTRP =4.0×10-6 mol/L, CSY = 1.0×10-5 mol/L, CNacl = (0, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0) ×10-1 mol/L
3.3 Conformation study of SY-TRP system

nm, the fluorescence intensity of TRP decreased with the

3.3.1 Synchronous fluorescence studies of S Y-TRP

increase of SY concentration, showing that Tyr and Trp

system

residues both participated in the interaction of SY with

For synchronous fluorescence spectra of proteins,

TRP. In addition, the maximu m emission wavelength of

when the Δλ value between the excitation and emission

Tyr and Trp residues had a slightly red shift, suggesting

wavelengths is stabilized at 15 or 60 n m, the synchronous

that the microenviron ment of these residues became mo re

fluorescence gives characteristic information for Tyr o r

hydrophobic and polarity enhancement. The results

Trp residues[22]. Fig.6 (A and B) showed the effects of

indicated that the SY caused a change in the conformation

SY on the synchronous fluorescence spectra of TRP. It

of the TRP.

can be seen from Fig. 5 that when Δλ=15 n m or Δλ=60

Fig. 6 Synchronous fluorescence spectra of SY-TRP system (T=298 K). (A) Δλ=15 nm; (B) Δλ=60nm
CTRP =4.0×10-6 mol/L, 1~10 CSY =(0, 0.4, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5)×10-5 mol/L
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3.3.2 UV-vis abs orpti on s pectra studies of S Y-TRP

shift and the intensity of the peak at 280 n m had min imal

system

changes, indicating that the interaction between SY and

UV-v is absorption spectroscopy can be used to explore

TRP affected the polarity of microenviron ment of Tyr and

structural changes in proteins and to study the formation

Trp residues. It made stretch of the peptide chain increase

of protein-ligand complexes. The UV-vis absorption

and altered the conformat ion of the protein [24]. The

spectra of SY-TRP system was shown in Fig. 7. TRP had

quenching effect of the excited state protein molecu le and

two absorption peaks, the strong absorption peak at about

the ligand did not change the UV spectrum of the p rotein,

210 n m reflects the framework conformation o f the

but the UV spectrum o f the system has changed,

protein, and the weak absorption peak at about 280 n m

suggesting that the reaction of SY and TRP generated a

due to the aromatic amino acids (Trp, Ty r, and

new co mplex[25]. This conclusion was consistent with

Phe)[23].With gradual addition of SY to TRP solution, the

the conclusion of the fluorescence experiment.

intensity peak of TRP at 210 n m decreased with a red

Fig. 7 Absorption spectrum of SY-TRP system (T=298 K)
CTRP =4.0×10-6 mol/L, 1~6: CSY =(0, 0.4, 1.0, 1.5, 2.0, 2.5)×10-5 mol/L
3.3.3 Circular dichroism spectra studies of S Y-TRP
system
Circular dichrois m spectroscopy (CD) is commonly
used to detect changes in the secondary structure of
proteins. The CD spectrum of the SY-TRP system is
shown in Fig. 8. It can be seen from Fig. 8 that the
characteristic peak at 208 n m is the characteristic peak of
the α-helix structure in TRP [26]. When the concentration
ratio of TRP to SY was 1:0, 1:5 and 1:10, the α-helix
content of TRP decreased fro m 12.10% to 8.71%. As the
concentration of SY increased, the absorption intensity of
the negative peak gradually decreas ed, imp lying that SY

Fig. 8 The circular dichroism spectra of SY-TRP system

caused a change in the secondary structure of TRP, made
the protein structure loose. But the peak shape and peak
position had not been changed, indicating that the α-helix
in the TRP molecule still dominated.

(T=298 K)
CTRP

= 4.0×10-6

mol/L; CSY = (2.0, 4.0) ×10-5 mol/L

3.4 Binding distance of SY-TRP system
Fluorescence resonance energy transfer is an important
technology, which has a wide range of applications in the

http://www.aipublications.com/ijcmp/
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analysis

of

the

interaction

between

biological

refract ive index of the mediu m, I(λ) was the fluorescence

macro molecules and small mo lecules, cell physiology and

intensity of the fluorescencedonor at wavelength λ and ε(λ)

immune analysis. According to Förster′s non-radiative

is the molar absorption coefficient of the acceptor at this

energy transfer theory[27], energy efficiency E, critical

wavelength. The overlap of UV-v is absorption spectra of

energy-transfer distance R0 (E=50%), the energy donor

SY and the fluorescence emission spectra of TRP

and the energy acceptor distance r and the overlap

(λex=280 n m) were shown in Fig. 9. Under these

integral between the fluorescence emission spectrum of

experimental conditions, it has been reported that K2 =2/3,

the donor and the absorption spectrum of the acceptor J

N=1.336 and Φ=0.118 [28]. Thus J, E, R0 and r were

can be calculated by the following formulas :

calculated and shown in Table 3. The donor-to-acceptor
distance r<7 n m, which indicated that there was a

E  1  I / I 0  R0 /(R0  r 6 )

(6)

R0  8.79  1025 K 2 N 4 J

(7)

J   I ( ) ( )4  / I ( )

(8)

6

6

non-radiative energy transition in the system [29]. The
energy efficiency E decreased and the distance r increased

6

Where, K2 was the orientation factor, Φ was the
fluorescence quantum yield of the donor, N was a

with increasing temperature (Tab le 3), which resulted in
the reduced stability o f the b inary system and the values
of Ka , which was coincident with the result o f
fluorescence experiment, namely the decreasing trend of
Ka with the increasing temperature.

Table 3 Binding parameters between SY-TRP system at different temperatures
T/(K)

E/(%)

J/(cm3 ·L/mol)

R0 /(nm)

r/(nm)

298

12.69

5.16×10-16

1.59

2.20

310

11.47

5.47×10-16

1.62

2.27

318

11.06

5.66×10-16

1.64

2.31

Fig. 9 Fluorescence emission spectra of TRP (λex = 280 nm) (1) and UV absorption spectra of SY (2) (T=298K),
CTRP =CSY=4.0×10 -6 mol/L
3.5 Molecular docking
Molecular docking method can simulate the interaction between small mo lecules and proteins at the ato mic level, so
that it can find small mo lecules at the target protein b inding site and clarify interesting biochemical processes.The best
combination mode predicted by the docking software Autodock 4.2.6 was shown in Fig. 10.
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Fig. 10 Computation docking model of the interaction between SY and TRP
(A) SY located within the hydrophobic pocket in TRP (B) Detailed illustration of the amino acid residues lining the binding
sitein the SY and TRP cavity
Fig. 10(A) showed the optimal co mb ination of SY

of the receptor other than Trp and Tyr residues[30]. The

and TRP. SY and Gly219, Asn143, Ser195, and Gly193

energy data obtained by docking the molecules are listed

resides formed four hydrogen bonds, and the bond lengths

in Table 4. Fro m Table 4, it could be also seen that the

were 1.930 Å, 2.143 Å, 1.791 Å and 1.743 Å, respectively,

electrostatic energy was very much lower than the sum o f

showing that hydrogen bond played a very important role

Vander Waals energy, hydrogen bonding energy and

in the combination of SY and TRP. At the same time, the

desolvation free energy in the bind ing process of SY with

low free energy binding site of SY on TRP was also given.

TRP, indicat ing that the main interaction mode between

SY was bound in the hydrophobic cavity of TRP and

SY and TRP was not electrostatic binding mode. Th is is

surrounded by active amino acid residues His57, Ser195

also consistent with the effect of ionic strength on the

and Asp102, which changed the microenviron ment of

fluorescence experiment of SY-TRP b inding. The binding

amino acid residues in the catalytic active center of TRP.

position of SY was near to that of Tyr151 and Trp2 15,

Fig. 10(B) showed that SY was surrounded by various

suggesting that both Tyr and Trp residues participated in

kinds of hydrophobic residues such as Pro147, Tyr151,

the reaction, which was consistent with the fluorescence

Trp215, Val213, indicating that hydrophobic forces

quenching experiment. Through fluorescence experiments

promoted the binding process of SY to TRP. The binding

and molecular docking, it could be inferred that SY and

energy obtained from molecu lar docking for SY and TRP

TRP were co mbined by hydrophobic force and hydrogen

interaction was -26.36 kJ/ mol. Whereas, the free energy

bonding,

change calculated from fluorescence quenching results

fluorescence. Therefore, the docking technique showed

was -26.41 kJ/ mol. This difference may be due to

the same result, confirmed each other and got the final

exclusion of the solvent in docking simu lations or rig idity

conclusion.

resulting

in

static

quenching

of

TRP

Table 4 Docking energy of SY-TRP system (unit: kJ/mol)
Protein PDB ID

ΔG0

ΔE1

ΔE2

ΔE3

2ZQ1

-26.36

-35.10

-33.93

-1.17

ΔG0 is the binding energy in the binding process.
ΔE1 denotes intermolecular interaction energy, which is a sum of van der Waals e nergy, hydrogen bonding energy,
desolvation free energy and electrostatic energy.
ΔE2 is the sum of van der Waals energy, hydrogen bonding energy and desolvation free energy.
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ΔE3 is the electrostatic energy.
IV. CONCLUSION

doi:10.1016/j.jhazmat.2015.07.050.
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