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Abstract: The interaction mechanism of whey proteins with theaflavin (TF1) in black tea was analyzed
using multi-spectroscopy analysis and molecular docking simulations. The influence of TF1 on the
structure of bovine serum albumin (BSA), β-lactoglobulin (β-Lg), and α-lactoalbumin (α-La) was
examined in this work using the interaction of TF1 with these proteins. Fluorescence and ultraviolet-
visible (UV-vis) absorption spectroscopy revealed that TF1 could interact with BSA, β-Lg and α-La
through a static quenching mechanism. Furthermore, circular dichroism (CD) experiments revealed
that TF1 altered the secondary structure of BSA, β-Lg and α-La. Molecular docking demonstrated that
the interaction of TF1 with BSA/β-Lg/α-La was dominated by hydrogen bonding and hydrophobic
interaction. The binding energies were −10.1 kcal mol−1, −8.4 kcal mol−1 and −10.4 kcal mol−1,
respectively. The results provide a theoretical basis for investigating the mechanism of interaction
between tea pigments and protein. Moreover, the findings offered technical support for the future
development of functional foods that combine tea active ingredients with milk protein. Future
research will focus on the effects of food processing methods and different food systems on the
interaction between TF1 and whey protein, as well as the physicochemical stability, functional
characteristics, and bioavailability of the complexes in vitro or in vivo.

Keywords: theaflavin; whey protein; interaction; spectroscopy analysis; molecular docking

1. Introduction

Tea is one of the most popular beverages in the world and contains a variety of active
ingredients. Tea has a long history, but it also has medical and health benefits [1]. Black tea
is one of the most widely consumed commercial tea, accounting for approximately 78%
of the total consumption of the tea beverage industry [2]. Theaflavins (TFs), the primary
polyphenols in black tea, have attracted a lot of interest due to their distinct physiological
and functional properties. The level of TFs in black tea is about 0.5–3%, which plays a
vital role in the quality and determines the black tea’s fresh and mellow taste [3]. In recent
years, studies revealed that TFs have a variety of pharmacological functions and healthcare
effects, such as lowering blood pressure, lowering blood sugar, reducing fat, anti-oxidation,
anti-tumor and protecting bone health [4–10]. These findings suggested that TFs could be
used as nutritional supplements in functional foods.

TFs are a class of chemicals with a benzodiazepine structure that are primarily formed
through the oxidative condensation of catechins and their derivatives, which is catalyzed
by enzymes including polyphenol oxidase [11]. Theaflavin (TF1), theaflavin-3-gallate (TF2),
theaflavin-3′-gallate (TF3), and theaflavin-3, 3′-digallate (TFDG) are the most important
TFs in black tea [12]. The quantity and positioning of the gallic acyl groups in the precur-
sor catechins determine the structure of the theaflavins. Therefore, its physicochemical
properties are similar to catechins, which are active, easily oxidised and unstable [13].
The most popular ligand in previous studies, TF1, was employed in this work, and its
chemical structure was depicted in Figure 1d [12]. Several factors, including structural
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instability, efflux transporters, and cell metabolism, have been identified as influencing TF
bioavailability [14]. Hence, TFs’ relatively unstable nature and low bioavailability are two
important disadvantages that may limit their application.
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Figure 1. Tertiary structure of BSA (a), β-Lg (b), α-La (c) and chemical structure of theaflavin (d).

Bovine whey protein accounts for approximately 20% of total milk protein, it is a
recycled by-product of the cheese production process and is nutritionally rich but relatively
affordable [15]. The bovine whey protein is compact globular proteins isolated from
milk using advanced extraction methods, mainly including β-lactoglobulin (β-Lg), α-
lactoalbumin (α-La), lactoferrin, bovine serum albumin (BSA), immunoglobulin and growth
factor. Whey protein’s distinct amino acid sequence and three-dimensional structure
confer diverse functional properties [16]. Due to its high bioavailability, whey protein is
widely utilized in the food industries as an emulsifier for encapsulating active functional
ingredients [17–19]. BSA has a molecular mass of 66.3 kDa and accounts for around 5% of
whey protein. It can bind a wide range of intrinsic and extrinsic substances. Additionally,
it can bind both lipid-soluble and water-soluble substances. Therefore, BSA has essential
physiological and clinical significance [20]. BSA has been proved to interact with bioactive
small molecules to form nanoparticles, reducing degradation, improving solubility and
stability and increasing bioavailability of bioactive small molecules [21]. The most abundant
whey protein in milk is β-Lg, which accounts for around 10% of total milk protein and
50% of total whey protein. Its nutritional and functional qualities are essential in the food
industry [12,22,23]. β-Lg is a globular transporter protein consisting of 162 amino acid
residues with a molecular weight of 18.3 kD. It has a hydrophobic internal cavity in its
molecular structure that allows it to bind to small hydrophobic molecules [24]. According
to the previous studies, small molecules binding to β-Lg have effects on the secondary
structure of β-Lg [25,26]. β-Lg is an appealing bioactive compound delivery carrier that
improves bioavailability [16]. The second most abundant whey protein in milk is α-La.
A big α-helix domain and a small β-sheet domain are joined by a disulfide bond in the
secondary structure of α-La [27]. The molecular weight of α-La is approximately 14.2 kDa,
and it contains many essential amino acids and a high proportion of tryptophan, lysine,
cysteine and branched-chain amino acids [28]. The tertiary structures of whey protein
including BSA, β-Lg and α-La were presented in Figure 1a–c.
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In recent years, several studies on the structure of BSA/β-Lg/α-La and its interactions
with various food functional ingredients. In the daily diet, whey protein often coexists with
a variety of food functional ingredients such as polyphenols, vitamins, polysaccharides
and proteins, and it is inevitable that whey protein and functional ingredients will affect
or interact with each other [29]. According to reports, proteins and phenolic compounds
can combine to produce complexes with a variety of structural and physicochemical
characteristics [19]. Al-Shabib et al. (2020) reported that catechins could bind to β-Lg
through hydrophobic action [30]. TFDG interacted with lactoferrin via static quenching [31].
Fucoxanthin is an algal pigment and belongs to one of the lutein. Similar to theaflavin,
fucoxanthin is a small molecule polyhydroxy compound with a variety of physiological
activities, but has a low bioavailability similar to theaflavin. Fucoxanthin could form
nano complexes with whey proteins through non-covalent interactions, and all binding
processes were spontaneous [19]. These findings provide a theoretical basis for the present
study, which is beneficial for us to elucidate the reaction properties between TF1 and whey
protein and improve the bioavailability of TF1. However, there are no systematic studies
on interaction mechanisms between whey protein (BSA/β-Lg/α-La) and TF1.

In this study, ultraviolet-visible (UV) absorption, fluorescence, circular dichroism (CD)
spectroscopy, and molecular simulation docking techniques were used to investigate the
interaction mechanisms of TF1 with the three major components of whey protein (BSA/β-
Lg/α-La) in an aqueous solution. With the development and gradual diversification of
the dairy market, the production of whey protein as a high-quality functional protein
ingredient is increasing year by year. TF1 is a natural antioxidant with a variety of health
functions and is an important food additive. The study of the interaction between theaflavin
and whey protein to improve its biological activity and other additional nutritional values,
thus enabling it to meet the increasing requirements of the food industry for functional
ingredients, is of great importance to expand its application areas and to rationalize the
effective use of raw milk resources. Therefore, understanding the molecular level binding
mode of whey protein with TF1 is crucial for mechanism analysis and application of black
tea in dairy product development.

2. Materials and Methods
2.1. Chemical Reagents

TF1 (≥98%) was purchased from Chengdu Biopurify Phytochemicals Co., Ltd.
(Chengdu, China). BSA (≥96.00%), β-Lg (≥96.03%) and α-La (≥98.40%) standards were
purchased from Sigma-Aldrich Company (St. Louis, MO, USA). Phosphate buffer solution
(PBS) 0.01 M was used to prepare the BSA, β-Lg, and α-La solutions (pH 7.4). All of the
other chemicals used were of analytical reagent grade.

2.2. Preparation of Stock Solution

BSA, β-Lg, α-La and TF1 powder were all dissolved in PBS (0.01 M), which had a pH
of 7.4. TF1 was dissolved for 10 min and stored away from light. To ensure that the protein
was completely hydrated, BSA, β-Lg, and α-La solutions were mixed at room temperature
for two hours (400 rpm) and then refrigerated overnight. The final concentrations of BSA,
β-Lg and α-La were 5.0 µM and TF1 was 0 µM, 2.5 µM, 5.0 µM, 7.5 µM, 10.0 µM, 12.5 µM,
15.0 µM. All the experimental solutions were freshly prepared and used.

2.3. Fluorescence Spectroscopy Measurements

A Hitachi F-4500 fluorescence spectrometer was used to measure fluorescence. The
final concentrations of BSA, β-Lg and α-La in all solutions were prepared to be 5.0 µM,
while the concentrations of TF1 in the solutions ranged from 0.0 to 15.0 µM, respectively.
The excitation slit was 5 nm wide, and the excitation wavelength was adjusted at 280 nm.
The fluorescence emission spectra of reaction solution was measured in the range of
290–450 nm at a temperature settings of 298 K.
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The synchronous fluorescence spectra of protein in the presence of different concentra-
tions of TF1 were recorded in the excitation wavelength range of 250–320 nm at wavelength
intervals (∆λ = λemission − λexcitation) of 15 nm and 60 nm, respectively.

Fluorescence excitation-emission matrix (EEM) spectra were collected at excitation
wavelengths of 200–500 nm (every 2 nm) and scanned at a rate of 12,000 nm/min. The scan-
ning parameters and sample solutions were consistent with the fluorescence experiments
described above.

2.4. Ultraviolet-Visible (UV-Vis) Absorption Spectra Analysis

UV-vis absorption spectra were analyzed using a T6PC UV-vis spectrophotometer
(Persee, Beijing, China). The absorption spectra of whey proteins were measured after the
addition of different concentrations of theaflavin. The final concentrations of BSA, β-Lg
and α-La were 5 µM and the final concentrations of theaflavin were 0 µM, 2.5 µM, 5.0 µM,
7.5 µM, 10.0 µM, 12.5 µM and 15.0 µM. The samples were recorded at 298 K and measured
in a 1.0 cm path length quartz cuvette with a scanning range of 190–450 nm. PBS at pH 7.4
was used as a blank control.

2.5. Circular Dichroism (CD) Analysis

CD spectra were determined using a Jasco-815 spectrophotometer (Tokyo, Japan)
at 298 K with a constant nitrogen flush. Solutions of BSA, β-Lg and α-La with a final
concentration of 5 µm were prepared in PBS solution (pH 7.4) [32]. The prepared protein
solutions were measured in the absence and presence of 15.0 µM TF1, with a scan range
of 190–250 nm, a scan rate of 60 nm/min, a sampling interval of 0.5 s and a bandwidth of
1.0 nm [19].

2.6. Molecular Docking Study

The molecular docking of TF1 with whey protein including BSA, β-Lg and α-La
were studied by simulation using AutoDock 4.2 software. The crystal structures of whey
protein including BSA, β-Lg and α-La were available in the RSCB Protein Data Bank
database (https://www.rcsb.org/, accessed on 3 January 2022). The TF1 molecular model,
which was downloaded from PubChem’s website and created using ChemDraw software
(PerkinElmer Informatics, Inc., Waltham, MA, USA), provided as the ligands in the docking
process [31]. All water molecules had to be removed, Kollman charges added, and polar
hydrogen bonds added before the docking simulations could begin. The Lamarckian
genetic method was used to set the search parameters, and the spatial parameters were
changed to cover as many protein molecules as possible for the simulation experiment [33].
The conformations of TF1 ligands with whey protein macromolecules including BSA, β-Lg
and α-La were calculated, and the conformation with the lowest binding free energy was
chosen. Analysis of hydrophobic forces and interacting amino acid residues between TF1
and BSA using LigPlus +.

2.7. Statistical Analysis

Three replicated parallel experiments were used to generate the test results (mean ± SD).
The figures were obtained using Origin 2019 (Microcal, Northampton, MA, USA). The
experimental data was analyzed by SPSS 21.0 software (SPSS Inc., Chicago, IL, USA) using
analysis of one-way variance (ANOVA) and Duncan’s multiple range test. Statistical
significance between samples was set at p < 0.05.

3. Results and Discussion
3.1. Fluorescence Emission Spectra

Fluorescence quenching is a commonly applied method to study the mechanism of
ligand-protein interactions [34]. Both static and dynamic quenching mechanisms, which
involved collisional molecule diffusion and steady-state complex formation, can cause
fluorescence to quenching [35]. Fluorescence quenching occurs only when the ligand binds

https://www.rcsb.org/
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to the protein and affects the emission of the intrinsic fluorophore. Changes in the emission
peak can be used to determine some important information about the protein structure [36].

According to Figure 2a–c, there was a concentration dependence in that BSA, β-Lg
and α-La fluorescence intensity gradually decreased with the TF1 concentration increasing.
Tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) are aromatic amino acids found
in BSA that have intrinsic fluorescence properties [37]. The fluorescence emission peak of
BSA at 340 nm offered information on Trp and Tyr residues at an excitation wavelength
of 280 nm [38]. The results indicated a strong interaction between TF1 and BSA, and
similar experimental results have been found for flavonoids (naringenin, hesperidin and
apigenin) with BSA, which occurs through evidence of fluorescence quenching [39]. β-Lg
contains two tryptophan residues, Trp-19 and Trp-61. Trp-19 produces 80% of the total
fluorescence and is in a polar environment, whereas Trp-61 contributes less and is only
partially exposed to aqueous solvents [26]. The maximum peak location of β-Lg was close
to the wavelength of 340 nm, and the addition of TF1 gradually reduced the fluorescence
intensity value of β-Lg. Figure 2b portrays that the highest fluorescence of β-Lg without
TF1 was at 337 nm, which was consistent with earlier studies [30,40]. Tryptophan-related
fluorescence, including Trp-26, Trp-60, Trp-104, and Trp-118. The intensity of α-La-TF1
complex fluorescence decreased as TF1 concentration increased. The results suggested that
tryptophan residues in α-La were wrapped in TF1, which may reduce its fluorescence. The
results indicated that the addition of TF1 changed the polarity of the microenvironment
around Trp and Tyr residues in BSA, β-Lg and α-La. Diao et al. (2021) reported similar
changes in fluorescence quenching when kaempferol formed a complex with α-La [41]. At
a TF1 concentration of 15 µM, the intrinsic fluorescence intensity values of BSA, β-Lg and
α-La decreased by 39.03%, 27.64% and 13.75%, respectively. The results demonstrated that
TF1 could interact with BSA, β-Lg and α-La to form new complexes [42].

3.2. UV–Vis Spectroscopy Analysis

In order to better understand the molecular interactions between TF1 and whey
proteins, UV spectroscopy has been widely employed to monitor electronic transitions
from the ground to excited states. This study investigated the structural changes of proteins
using UV absorption spectroscopy and confirmed the formation of BSA-TF1, β-lg-TF1 and
α-La-TF1 complexes [43,44]. Dynamic quenching typically only changes the fluorophore’s
excited state rather than its absorption spectrum. In contrast, static quenching frequently
modifies the fluorophore’s absorption spectra [45]. Figure 2d–f displays the UV absorption
spectra of whey protein including BSA, β-lg and α-La with 0–15 µM TF1.

Whey protein including BSA, β-Lg and α-La all contained two absorption peaks, one
peak at 210–230 nm that reflecting the structure of bones, and the other peak at 280 nm
that resulted from the presence of tyrosine and tryptophan amino acid residues in the
protein. Strong interactions between the protein and other molecules in mixed co-solutes
can change these absorption peaks [46–48]. While compared to the intensity of the protein
absorption peak, the TF1 absorption peaks in the protein UV spectrum were negligible.
As the concentration of TF1 gradually increased, the amino residues of whey protein
also showed a significant increase in UV absorption intensity at 280 nm. Moreover, with
the TF1 concentration increasing, the intensity of weak peak increased as well. The UV
absorption spectra of the BSA-TF1, β-Lg-TF1 and α-La-TF1 complex systems exhibited
a minor blue shift, indicating that the presence of TF1 induced a slight alteration in the
polarity of the BSA, β-Lg and α-La. These findings proved that binding with TF1 might
alter the conformation of the whey protein including BSA, β-Lg and α-La. The changes
in the intensity of the absorption supported the complex’s formation between TF1 and
three whey protein [49]. The results were consistent with previous findings, and it has been
widely reported that polyphenols induced bathochromic-shift for whey proteins [50,51].
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3.3. Influence of TF1 Binding on the Structure of BSA/β-Lg/α-La
3.3.1. Synchronous Fluorescence Spectra

Synchronous fluorescence spectroscopy is commonly used to evaluate the impact of
ligands on the tertiary structure of macromolecular proteins. When the difference between
excitation and emission (∆λ = λemission − λexcitation) is fixed at 15 nm and 60 nm, respectively,
synchronous fluorescence spectroscopy could provide effective characterisation of Trp
residues and Tyr residues [52].

Figure 3 reveals that the fluorescence intensity of BSA, β-Lg and α-La decreased
with the TF1 addition concentration increasing, demonstrating that the Trp residue’s
(∆λ = 60 nm) and Tyr residue’s (∆λ = 15 nm) fluorescence quenching after TF1 binding
to whey protein was identical. The intrinsic quenching of fluorescence was caused by
Tyr and Trp residues [53]. According to the results, the Trp residue contributes more to
the intrinsic fluorescence quenching than the Tyr residue (Figure 3). The fluorescence
quenching intensity of the Trp residues (∆λ = 60 nm) was substantially stronger than
that of the Tyr residue (∆λ = 15 nm). The structure of the Try microregion was changed,
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with increased hydrophobicity and decreased polarity surrounding the residues, which
is compatible with the fluorescence emission spectra analyzed above. In summary, it was
concluded that TF1 interacted with BSA, β-Lg and α-La to produce protein-TF1 complexes.
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Figure 3. Synchronous fluorescence spectra of BSA (a,d), β-Lg (b,c) and α-La (d,e) in the presence
of different concentrations of TF1 at 298 K and pH 7.4. ∆λ is the interval between excitation and
emission wavelength.

3.3.2. Fluorescence Excitation-Emission Matrix (EEM) Spectra

EEM spectroscopy is a useful method for gathering precise data on changes in protein
structure [54]. EEM fluorescence spectroscopy was used to examine the conformational
changes that occurred in whey proteins after interacting with TF1 molecules. Figure 4
portrays that peak 1 was related to the spectral characteristics of Trp and Tyr residues, peak
2 mainly reflected the fluorescence spectral behavior of the peptide backbone structure and
its intensity was related to the protein secondary structure, peak a was a Rayleigh scattering
peak [53]. According to Table 1, Peak 1 in the complexes of BSA-TF1, β-Lg-TF1, and α-
TF1 showed a drop in fluorescence intensity, demonstrating a strong interaction between
whey protein and TF1. Further evidence that the presence of TF1 caused a significant
loosening and alteration in the unfolding of the protein backbone was provided by the



Foods 2023, 12, 1637 8 of 14

decrease in the fluorescence intensity of peak 2 [55]. These findings were in line with
earlier findings that plant polyphenolic chemicals interact with globular proteins and cause
protein unfolding [42].
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Table 1. Three-dimensional fluorescence spectral characteristic parameters of BSA, β-Lg, and α-La
their TF1 complexes.

Compound Peak 1 (λex/λem) Intensity Peak 2 (λex/λem) Intensity

BSA 280.0/340.0 1521.0 235.0/340.0 447.4
BSA-TF1 280.0/340.0 958.8 235.0/340.0 215.8
β-Lg 280.0/335.0 653.0 235.0/335.0 410.0

β-Lg-TF1 280.0/335.0 491.5 235.0/330.0 239.3
α-La 280.0/330.0 147.3 230.0/335.0 36.7

α-La-TF1 285.0/330.0 91.76 230.0/335.0 23.6
[BSA] = [β-Lg] = [α-La] = 5 µM, [TF1] = 15 µM.



Foods 2023, 12, 1637 9 of 14

3.4. Circular Dichroism (CD) Spectroscopy Analysis

A vital technique for analyzing the protein’s secondary structure is CD spectroscopy [56].
Changes in the secondary structure of whey protein (BSA/β-Lg/α-La) were examined
using CD spectroscopy (Table 2). The CD intensity of proteins decreased slightly after
the addition of TF1, demonstrating that TF1 significantly altered the protein’s structural
makeup. The secondary structural components of natural BSA were 48.3% α-helix, 16.8%
β-turn, 9.2% β-sheet, and 25.6% random coil. After the addition of TF1 to BSA, the α-
helix content increased to 50.7%, while the β-sheet, as well as the β-turn structure content,
reduced to 7.5% and 15.8%, respectively. The content of the α-helix and β-turn reduced from
39.7% to 37.8% and 25.5% to 23.2% when TF1 interacted with β-Lg, while the content of the
β-sheet and random coil increased from 7.6% to 10.8% and 27.2% to 28.2%, respectively. It
was evident that TF1 might alter the skeletal structure of β-Lg and induce the secondary
structure to unfold due to the decrease in α-helix content and rise in β-sheet content. Li et al.
(2018) reported similar findings in their investigation of the binding interaction between β-
Lg and flavonoids of various structural types [42]. The α-La initially has two negative peaks
at 208 nm and 222 nm. These two negative peaks are typical α-helical protein structures that
are involved in the n→π*d transfer [57]. These data demonstrate that combining TF1 with
β-Lg tends to make the β-sheet more ordered and compact. The secondary conformation
of α-La was altered following binding to TF1 as shown in Figure 5c. The addition of TF1
increased α-helix and random coil from 38.5% to 40.7% and 33.7% to 34.3%, and decreased
β-turn and β-sheet from 6.4% to 5.2% and 21.5% to 19.8%, respectively. Similar findings
were made in studies of the interaction of kaempferol with α-La. Kaempferol modified the
secondary structure of α-la, forming a new complex [41]. The results of the study implied
that the secondary structure of the BSA, β-Lg and α-La were changed after the interaction
of three whey proteins with TF1. The different changes in the secondary structure of TF1
upon complexation with BSA/β-Lg /α-La may be due to the different binding sites of TF1
to BSA, β-Lg and α-La. Similar findings were reported in previous literature [17,19,29].
The studies have revealed that the interaction of polyphenols with proteins tends to change
the secondary structure of proteins, making the protein structure disordered or ordered,
which may depend on the characteristics of the protein and polyphenols used to prepare
the complexes [58,59].
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Figure 5. Circular dichroism (CD) spectra of free BSA (a), β-Lg (b) and α-La (c) and in the presence
of TF1 (15 µM) at 298 K and pH 7.4.

Table 2. CD spectra parameters of BSA/β-Lg/α-La in the absence and presence of TF1.

Sample α-Helix (%) β-Sheet (%) β-Turn (%) Random Coil (%)

BSA 48.3 ± 0.2 9.2 ± 0.0 16.8 ± 0.2 25.6 ± 0.1
BSA-TF1 50.7 ± 0.4 7.5 ± 0.0 15.8 ± 0.2 26.0 ± 0.2
β-Lg 39.7 ± 0.1 7.6 ± 0.1 25.5 ± 0.2 27.2 ± 0.0

β-Lg-TF1 37.8 ± 0.2 10.8 ± 0.1 23.2 ± 0.1 28.2 ± 0.2
α-La 38.5 ± 0.1 6.4 ± 0.1 21.5 ± 0.1 33.7 ± 0.1

α-La-TF1 40.7 ± 0.2 5.2 ± 0.0 19.8± 0.1 34.3 ± 0.2
Results are expressed as mean ± standard deviation (n = 3).
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3.5. Molecular Docking Analysis

Molecular docking technology is a computational method that simulates the binding
process of a ligand at the receptor binding site [60]. Molecular docking is an effective
method for identifying the mode of the binding or binding force of a ligand-protein
complex. The structure of the ligand complex is simulated and the free energy of binding
determines the binding strength. Binding energy is also important in considering protein-
ligand interactions, with low binding energies being considered more stable [61].

Based on the results of the experiments, the binding sites of TF1 to BSA/β-Lg/α-La
were predicted using molecular docking simulations. Figure 6 depicts the results of the
binding pattern simulations for molecular docking. The optimal position with the least
binding energy produced the optimum build. The simulated docking model with the
lowest binding energy of TF1 to BSA was illustrated in Figure 6d, in which the BSA-TF1
complex is the most stable with the lowest binding energy of −10.1 kcal/mol. Pro-420
and Arg-45 were involved in the interaction of TF1 with BSA (Figure 6c), and hydrogen
bonding forces were present during the interaction. Therefore, TF1 was able to interact
with BSA in a binding manner. Hydrophobic interactions and hydrogen bonding play a
crucial role in the binding process of TF1 to BSA.
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In addition, further analysis by LigPlus + software revealed interactions between
amino acid residues such as Val-423, Pro-420, Arg-427, Lys-431, Ile-522, Asp-111, Glu-424
and Lys-114 around TF1 when bound to BSA (Figure 7a). The results indicated that both
hydrogen bonding and hydrophobic forces are involved in the stabilization of BSA-TF1
complexes. The mechanism by which β-Lg transports small hydrophobic molecules is to
use the hydrophobic areas of the β-Lg molecule to bind to the small hydrophobic molecules,
thus forming a complex to increase the solubility of the small hydrophobic molecules. It
has been demonstrated that hydrophobic small molecules bind to β-Lg at three different
locations: inside the β-barrel structure (inside the Calyx structure), on the surface of the
β-Lg molecule, and at the interface of the β-Lg dimer [62]. The binding energy of TF1 to
β-Lg was −8.4 kcal/mol, and its optimal binding model was shown in Figure 6b. Asn-
109 and Lys-69 were involved in the binding interaction of β-Lg with TF1 (Figure 6e),
and hydrogen bonding forces were present during the interaction. The TF1 molecule is
surrounded by amino acid residues: Met-107, Glu-108, Asn-90, Ser-116, Asn-109, Ile-71,
Asn-88, Leu-87, Ala-86, Leu-39, Pro-38, Lys-69 (Figure 7b). The optimal binding mode of
TF1 to α-La is shown in Figure 6c, with a binding energy of -10.4 kcal/mol. The formation
of the α-La-TF1 complex involved the amino acid residues Thr-33, Gln-39, Ser-34, Gln-
54, and Glu-49, with hydrophobic contacts and hydrogen bonding primarily occurring
between TF1 and α-La interactions (Figure 6f). Further analysis by LigPlus + software
showed the amino acid residues Ala-40, Phe-31, His-32, Ile-41, Gln-43, Glu-49, Thr-33,
Val-42, Gln-54, Val-42, Ala-40, Ser-34, Gly-35 and Asp-37 around TF1 upon binding to α-La
(Figure 7c). The results of the simulated docking model’s binding energy measurements
are all negative, which suggests that TF1′s reaction with BSA, β-Lg, and α-La happens
spontaneously. This result explained the differences in the secondary structures of the BSA-
TF1, β-Lg-TF1 and α-La-TF1 complexes. TF1 has different binding sites to BSA, β-Lg and
α-La, respectively. Hydrophobic contacts and hydrogen bonding were the main driving
forces in the formation of the complexes, further verified the results of the fluorescence
spectroscopy analysis [17,59].
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4. Conclusions

In this study, the main polyphenol TF1 in black tea was investigated for its interaction
mechanism with whey protein including BSA, β-Lg and α-La. The results demonstated
that TF1 and whey protein (BSA/β-Lg/α-La) can assemble spontaneously. According
to measurements of intrinsic fluorescence and UV-vis absorption spectra analysis, three
whey protein BSA/β-Lg/α-La interacted with TF1 and quenched the fluorescence intensity
through a static quenching. The secondary structure of whey protein including BSA, β-Lg
and α-La altered after contact with TF1, according to the CD spectroscopy investigation.
Studies using molecular docking and simulations further demonstrated that TF1 interacted
with whey proteins including BSA, β-Lg and α-La. TF1 has different binding sites to
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BSA, β-Lg and α-La, respectively. Hydrogen bonds and hydrophobic interactions have an
important influence in stabilizing the development of the whey protein-TF1 complex sys-
tems. The binding energies were −10.1 kcal mol−1, −8.4 kcal mol−1 and −10.4 kcal mol−1,
respectively. The research in this thesis is based on the exploration of protein-polyphenol
interactions. The study and understanding of the interaction between whey protein and
TF1 are important for improving protein function, increasing the bioavailability of TF1
and improving the processing and manufacture of foods containing whey protein and
TF1. It also provides new insights into the relationship between TF1 and whey protein
and is conducive to developing and utilizing TF1 as a natural and functional additive to
dairy products. This research has contributed to the creation of polyphenol-protein based
carriers, laying the groundwork for the development of foods in which polyphenols and
proteins co-exist, thus better exploiting the beneficial effects of polyphenols and protein
ingredients. Subsequently, on the basis of the known structural and other properties of
proteins and polyphenols, regularities are summarised and protein-polyphenol interactions
are accurately predicted, thus establishing new strategies for the molecular processing of
food products for efficient design of future foods. Additionally, future research should
further focus on the effects of diverse food systems and processing methods on TF1 and
whey protein interactions, as well as the physicochemical stability, functional characteristics
and bioavailability of the complexes in vitro or in vivo.
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