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In this study, the interaction and binding behavior of anesthetic tetracaine (TET) with bovine β-lactoglobulin
(LGB) isoform A and a mixture of isoforms A and B were investigated under varying environmental conditions
(pH, ionic strength, concentration, LGB-TET complex molar ratio). A wide range of analytical techniques
(dynamic light scattering (DLS), electrophoretic mobility, UV–Vis spectroscopy, circular dichroism (CD), quartz
crystal microbalance (QCM-D) were used to analyze the physicochemical properties of the complexes in bulk
solution and on the surface of gold. The experiments revealed that TET, which is amphiphilic, could bind with
LGB not only in the β-barrel but also onto the surface. The zeta potential of the LGB becomes more positively
charged upon interaction with TET due to electrostatic interaction of the amino group present in the TET struc-
ture. Changes in the zeta potential values are mostly visible above pH 6 for all tested systems. CD spectra show
that interaction with the ligand does not change the secondary structure of the protein. The physicochemical
properties of LGB-TET complex were examined in an adsorbed state on a gold surface using the QCM-Dmethod.
Additionally, molecular docking was used to evaluate the most likely binding site for TET with LGB.
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Keywords:
β-Lactoglobulin adsorption
Tetracaine
β-Lactoglobulin complex
Zeta potential
QCM-D
1. Introduction

Bovineβ-lactoglobulin (LGB) is one of themost interesting transport
proteins with significant importance in the pharmaceutical and food
industries. This protein is responsible for the uptake and transportation
of hydrophobic molecules such as retinol or fatty acids and their deriv-
atives [1–8]. The central structural element of theprotein is theβ-barrel,
a hydrophobic ligand-binding pocket [9]. The ligand binding mecha-
nism inside the β-barrel is pH dependent and referred to as the Tanford
transition [10]. The Tanford transition consists of the reversible change
of conformation from one of the loops surrounding the entrance to the
β-barrel. At pH N 7.1, the loop “opens” the entrance to the binding
site, whereas at pH b 7.1 the change in the loop conformation prevents
access to the β-barrel [11]. Crystallographic studies of the bovine
β-lactoglobulin complex with vitamin D3 confirmed the presence of a
second binding site on the surface of the protein [12]. Also, intrinsic
fluorescence quenching studies have shown that this protein can bind
several molecules simultaneously [13]. The research so far focuses
mainly on the study of effectiveness complexes formation and their
properties. The physicochemical properties were examined in the elec-
trolyte solution and adsorbed state on the model surface. The phenom-
enon of protein adsorption is a typical process that can support or
prevent complexes formation [14–19]. The protein during adsorption
adopts a specific orientation what causes that it can expose or block
).
the binding site. Previous stdies of LGB adsorption on the surface of
gold allowed the selection of optimal conditions for the study of bovine
β-lactoglobulin complexes with bioactive molecules [20,21]. Tetracaine
(TET) was selected for the study because it belongs to anesthetics used
in ophthalmology and dentistry [22,23]. This drug forms complexes
with bovine β-lactoglobulin, in which one binding site inside the
β-barrel was located using crystallographic methods [24]. Molecular
modeling and crystallographic studies indicate β-lactoglobulin has
binding sites inside the β-barrel and on the surface of the protein
[13,25–27].

In this study, several complementary experimental methods were
used to form a complete understanding of the protein-ligand complex
formation; these include: UV-vis spectroscopy, laser Doppler
velocimetry (LDV), circular dichroism (CD), quartz microbalance with
energy dissipation monitoring (QCM-D) In recent years, computation
methods such as density functional theory (DFT) ormolecular dynamics
(MD) have become increasingly popular for deriving, representing and
manipulating the structure and behavior of molecules [24,28–32].
Molecular modeling allows mimicking the structure and behavior of
molecules [33–35]. In the case of drug delivery, a computationalmethod
used to predict and visualise the predominate bindingmode of a ligand
with a protein with known three-dimensional structures is molecular
docking [36,37]. DFT method is useful for the optimizing the ed
structure of molecules andor estimatinged the interaction between
molecules and surfaces [38–41]. Molecular modeling and crystallo-
graphic studies indicate β-lactoglobulin has binding sites inside the
β-barrel and on the surface of the protein [13,25–27].
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Frommolecular docking, the interactions between TET and LGB have
been simulated providing a visualisation of the complex at an atomic
level, the potential binding site of TETwith LGB and predicted free ener-
gies for each predicted conformation. The molecular docking also helps
verify the results produced by the analytical methods used above.
2. Materials and methods

2.1. Materials

Tetracaine (amethocaine) is a benzoate ester with a molecular
weight equal to 264.396 g/mol. It has two amino groups and therefore,
it can exist as amonocation or a dication depending on the acidity of en-
vironmental conditions. Its acid dissociation constants are pK1 = 2.24
and pK2 = 8.39, respectively [42]. Tetracaine is a powerful anesthetic
because it causes loss of sensation by preventing the nerve impulses
from being transmitted.

Bovine β-lactoglobulin isoform A (LGB-A) (purity ≥90%), a mixture
of bovine β-lactoglobulin isoforms A and B (LGB-AB) (purity ≥90%)
and tetracaine hydrochloride (TET) used in the study were purchased
from Sigma-Aldrich. The protein and ligand solutions were prepared
in sodium chloride (NaCl) or phosphate buffer (PB).

The adsorption of LGB and the LGB-TET complexes was performed
using a quartz sensor covered by a gold layer. Before every measure-
ment, the sensor was cleaned in piranha solution for 5 min (H2SO4:
H2O2:H2O = 1:1:1), then the sensor was washed by water, and after
that, it was heated at 75 °C for 30 min. All experiments were carried
out at 25 °C. The concentration, pH and ionic strength of all solutions
were controlled. All other chemicals used were procured from Sigma-
Aldrich.
2.2. UV–vis measurements

UV–vis measurements were carried out using an Evolution 200
(Thermo Scientific) spectrometer. Measurements were performed for
different concentrations of protein and complexes in NaCl or phosphate
buffer solution at an ionic strength of I=0.01M at pH=7.5. Quartz cu-
vetteswith an optical path length of 1 cmwere used for all experiments.
Absorption spectra were recorded in the wavelength range
190–500 nm, at a 2 nmaperture, with a 1 nmdata collection gap, the in-
tegration time was 0.1 s, and the scanning speed was 600 nm/min.
2.3. Electrophoretic mobility measurements

The electrophoretic mobility of LGB-A, LGB-AB molecules and LGB-
A-TET and LGB-AB-TET complexes in NaCl solutions were determined
using Zetasizer Nano ZS (Malvern) apparatus. The concentrations of
proteins and complexes solutions were 1000 ppm at a controlled ionic
strength of I = 0.01 M in the pH range 2–10. Electrophoretic measure-
ments were performed for a molar ratio of protein to the ligand of 1:1
for both complexes. LGB-A-TET electrophoretic measurements were
also performed for the molar ratios: 1:2, 1:10, 1:25 and 1:50 of LGB-A
to TET, respectively. Applied voltages cause charged particles tomigrate
to the oppositely charged electrodes. Electrophoretic mobility (μe) can
be expressed by particles' velocity. The zeta potential of samples was
calculated, using Henry's eq. (1):

ξ ¼ 3ημe

2ε f kað Þ ð1Þ

where ζ is zeta potential, ε is the dielectric constant of water, η is the so-
lution viscosity, f(κa) is the function of the dimensionless parameter кa.
2.4. Quartz crystal microbalance with energy dissipation monitoring
(QCM-D)

The formation process of complexes and the effectivity of their
adsorption was monitored using quartz microbalance with the moni-
tored dissipation of energy (QSense E1) with a flowmodule. A constant
flow speed of 500 μl min−1 was used throughout the experiment. The
flow was controlled by a peristaltic pump (Ismatec). Sensors with gold
electrode surfaces were used for all experiments. The baseline was de-
termined by the flow of the NaCl solution at the specified ionic strength
and pH for 10 min. In the QCM-D method, the adsorbed mass (ΔΓ) for
rigid, uniform films is directly proportional to the decrease in the reso-
nant frequency of sensor's vibration (Δf = f–f0) according to Sauerbrey
model(2):

ΔΓ ¼ −C
Δ f
n

ð2Þ

where C is the crystal constant for quartz (equal to 17.7 ng cm−2), and n
is the overtone number.

2.5. Circular dichroism measurements

Circular Dichroism (CD) measurements were carried out using a
Jasco J-1500 spectrometer. Solvent baseline measurements were taken
using NaCl I= 10−2 M before the CD spectra of LGB and LGB-TET com-
plex at different pH valueswere acquired. The concentration of LGBwas
maintained at 100 ppm. Spectra were recorded over a range of
200–250 nm with a scan speed of 50 nm/min and a bandwidth of
1 nm using a quartz cuvette with a path length of 0.5 cm.

2.6. Molecular docking

In this research, the interactionbetweenTETandLGBwas simulated to
investigatewhether TET bindswith LGB and subsequently, determine the
predominant binding location of TET on LGB. The 3D chemical structures
of LGB in a pH=7.5 (IDs: 3NPO)was retrieved through the RCSB Protein
Data Bank. The 3D structure of TET was sourced from the Drug Bank. The
chemical structures of protein and ligand were analysed and fully opti-
mized using the molecular structure and beautify tool and docked to
each other through Scigress v12.12.0.0 software. The molecular docking
software uses a genetic algorithm coupled with a knowledge-based scor-
ing function – PMF04 – to simulate the interactions between TET and LGB
anywhere at the protein surface andwithin cavities and then rank the po-
tential poses based on their predicted free energies (free energiesmust be
negative for the potential conformation to exist). Initial blind docking
simulations with the protein side chains assumed rigid and the ligand as-
sumed flexible were carried out, the binding site was shown to be at the
entrance/partially within the LGB antiparallel β-barrel. After careful
consideration of the simulations produced by blind docking – the whole
protein was considered as the active site – and reference to literature, a
20×20×20 box around the MET107 amino acid was chosen as an appro-
priate active site to encompass the entrance and cavity of the antiparallel
β-barrel, reducing the search space. The remaining simulations were all
ranwith a grid spacing of 0.25 Å, flexible ligand and protein, convergence
RMSDofb1, unite atomonandambervanderWaals off. Theotherparam-
eters were all set based on the number of conformational searches and
thus the speed of the simulation – this was heavily dependent on compu-
tational power.

3. Results and discussion

3.1. Physicochemical characteristics β-lactoglobulin in bulk solution

According to literature data, the bovine β-lactoglobulin has a β-barrel
within its structure. The barrel is open or closed depending on



Fig. 2. a) UV–vis spectrum for LGB-TET complexes, CLGB = 5 μM (100 ppm), CTET = 5, 10,
15, 20, 25, 30, 35, 40, 45 and 50 μM(I=0.01MPB, pH–7.5, 25 °C, b) dependence 1/A on 1/
CTET.
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environmental conditions, and theopening and closingprocess is defined
as the Tanford transition [29,30]. The measurements were carried out at
pH = 5.5 when the EF loop closes the entrance to the β-barrel, and at
pH = 7.5 when there is open access to the binding site of bovine β-
lactoglobulin. Firstly, the UV–vis spectra for LGB, TET and LGB-TET com-
plexes in 0.01 M NaCl in pH = 5.5 and 7.5 were recorded (Fig. 1). UV–
vis absorption spectroscopy is a straightforward method which is used
to check whether there are structural changes for molecules in solution
dependent on environmental conditions. The concentration of LGB and
TET was 5 μM and the molar ratio of LGB:TET was 1:1. The maximum
for LGB is observed at 279 nm, which is characteristic for proteins
possessing tryptophan and tyrosine. For tetracaine, three peaks centered
at wavelength 195, 227 and 310 nmwere recorded, which is consistent
with work by M.A. Nouairi et al. [43]. The effect of the Tanford transition
is particularly visible at 279 nm, but higher absorption at pH= 5.5 and
changes in the shape of the spectrum in comparisonwithmeasurements
at pH=7.5 are present in thewhole featuredwavelength range. There is
also higher absorption observed for the tetracaine spectrum at pH= 5.5.
The result is associated with higher protonation of ligand molecules in
lower pH. What is more, strong dissimilarity in the shape of complex
spectra indicate the differences in interactions between bovine β-
lactoglobulin and tetracaine under various pH conditions.

The structure of the LGBmolecule based on the CD spectrumobtained
in the 0.01 M NaCl solution and pH range 3.0 to 9.0 is very similar and is
presented as follows: β-sheet, 40.4%; β-turns, 13.3%; α-helices, 13.7%;
and random coil, 32.6%. For comparison secondary structures of LGB
based on the crystallographic structure (PDB ID: 1BSY) present: β-sheet
40%; β-turns 14%; α-helices 19%; and random coil 27%. Additionally, CD
measurements showno significant structural changes after ligandbinding
to the LGB structure for both conditions, at pH 5.5 and 7.5 (Fig. 1b).

The efficiency of the LGB complexes formation with tetracaine was
monitored using UV–vis spectroscopy. The recorded spectra for LGB-
A-TET complexes in a molar ratio of 1:1–1:10 are shown in Fig. 2. UV–
vis spectrum maxima were observed in the 278 nm for LGB and
310 nm range for TET. The addition of different concentrations of TET
caused an increase in absorption and is associated with a red shift,
what indicates the formation of the LGB-A complexes with TET.

The binding constant KUV–vis was determined from the dependence
1/ΔA on 1/CTET (Fig. 1b). The dependence is linear; the constant KUV–vis

equals the ratio of the intersection point and the slope of the straight
line [30]:

KUV‐vis ¼
interecept

slope
ð3Þ
Fig. 1. a) UV–vis spectra of LGB-A (solid), TET (dotted) and LGB-A-TET 1:1 complex (dashed). Th
LGB-A and LGB-A-TET at pH 7.5 for I = 1 × 10−2M NaCl and c = 100 ppm.
The determined value of KUV–Vis is 0.22 × 104 M−1, is lower than the
constant values for antibiotics determined by Mehraban equal to 2.0
and 0.7 × 104 M−1 for ciprofloxacin and kanamycin [30]. The binding
constant in the case of antibiotics concern binding of the activemolecule
to the outside of the protein structure. In the case of tetracaine, we are
dealing with a molecule which can be incorporated into the hydropho-
bic internal structure or on the surface of the protein. The lower binding
constant for tetracaine is related to the hydrophobic interactions, which
are dominant in this case, being lower than the electrostatic interactions
which are responsible for the formation of complexes bound on the sur-
face of the protein.

The association rate constants determined from the isothermal calo-
rimetry of titration by J. I. Loch is equal 8.85∙102 for tetracaine and
2.48∙105 M−1 for lauric acid [3,24]. Lauric acid is a natural ligand of bo-
vine β-lactoglobulin, and similarly to tetracaine bound inside a barrel,
the size is comparable to TET. Association constants for selected ligands
determined by various methods are summarized in Table 1.

In general, association constants are higher when the ligand
binds inside the barrel than when they bind on the outside. Associa-
tion constants in the range 102–104 M−1 are very weak interactions
compared to the formation of LGB complexes with fatty acids, which
are natural ligands and therefore have the highest affinity. The
e results recorded at pH=5.5 are presented in purple, at pH= 7.5 in red, b) CD spectra of



Table 1
Comparison of association constants (Ka) of bovine β-lactoglobulin complexes formation
determined using various experimental methods.

Ligand Method Ka [M−1]

Tetracaine [24] ITC 8.85∙102

Pramocaine [24] ITC 3.00∙103

Lauric acid [44] ITC 2.48∙105

Oxaliplatin [45] ITC 1.55∙103

Oxali–palladium [45] ITC 3.30∙103

Doxorubicin [46] ITC 1.00∙104

N-(trifluoroacetyl) doxorubicin [46] ITC 2.50∙104

Norfloxacin [6] ITC 1.70∙103

Sodium dodecyl sulfate [47] ITC 8.38∙105

Dodecyltrimethylammonium chloride [47] ITC 0.57∙105

Chlorpromazine [7] Spectrofluorimetry 24.0∙103

Piperine [48] CD 8.00∙104

Fig. 4. The dependence of the zeta potential for LGB-A (blue) and LGB-A-TET complexes
from the solution pH for ionic strength I = 0.01 M. The LGB-A-TET complexes were
determined as 1:1 (green), 1:2 (red), 1:10 (purple), 1:15 (orange), 1:25 (light green),
1:50 (pink), the isoelectric point is marked with a dashed line.
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affinity for binding of positively charged ligands is lower than their
neutral counterparts due to the positively charged amino acid
groups at the entrance of the LGB beta barrel. In this case, the inte-
gration of TET into the barrel is sterically hindered.

3.2. Effective charge of a complex of β-lactoglobulin with tetracaine

Tetracainemolecules are amphiphilic and therefore, can be incorpo-
rated into both the hydrophobic pocket and the surface of the protein
through electrostatic interactions due to the amino group present in
the structure. The most useful method to precisely determine changes
in in-situ experiments on surface charge for solid/liquid interfaces is
electrophoretic mobility. This method can be used for optimization or
following the interaction for an extensive range of systems [49–51].
Electrophoretic mobility measurements allowed the determination of
the value of the zeta potential of both proteins and the formed com-
plexes. To identify the TET quantification on the surface of the protein,
the surface charge of theproteinwasmeasured after complex formation
with TET. The changes in the zeta potential of protein molecules and
complexes formed (molar ratio of protein to ligand equal to 1:1) were
calculated using the Henry Formula (1). The Hückel approximation:
f (κα) = 1, was used for the calculations.

The dependences of changes in zeta potential values for themeasured
systems from the pH solution at 0.01MNaCl are shown in Fig. 3. The zeta
potential for LGB-AB molecules varies from−34.2 to 26.1 mV, while for
the formed complex in the range from−21.4 to 14.2mV. The zeta poten-
tial of the LGB-AB-TET complexmolecules is 5mV lower in value than for
LGB-AB at pH 7.5. The isoelectric point determined (i.e.p.) is shifted to-
wards higher pH values and is equal to 5.1. For LGB-A, however, the zeta
Fig. 3. Zeta potential dependence for a) mixture of LGB-AB isoforms and b) isoform A and the
fitting to the experimental data. Zeta potential values for LGB and LGB A + B isoforms are mar
potential varies between −29.2 to 19.8 mV, and LGB-A-TET –26.3 to
12.1 mV. The difference in the zeta potential between LGB-A and LGB-A-
TET at pH = 7.5 is twice lower than for the LGB-AB and LGB-AB-TET
systems and amounts to 2.5 mV. The isoelectric point for LGB-A and
LGB-A-TET remains unchanged and is located at pH4.9. The zeta potential
value of the complexes is more positive than the zeta potential for a pro-
tein, which suggests that tetracaine molecules bind to the surface of the
protein. Fig. 4 shows the dependence of the zeta potential on the pH for
the complex LGB-A-TET in a different molar ratio.

The values of zeta potential for complexes in amolar ratio of 1:1, 1:2,
1:10 and 1:15 is similar. Changes in the zeta potential value are visible
for pH above 6 for all tested complexes. A significant excess of TET rela-
tive to the LGB-A (1:25 and 1:50) results in a significant decrease of the
zeta potential at pH N 9 to a value of −40 ± 5 mV, and it is associated
with the tendency of the protein to aggregation.

3.3. Self-assembling of β-lactoglobulin complexes on gold surface
determined by QCM-D

The properties of bovine β-lactoglobulin isoform A and a mixture of
isoforms A and B complexes with tetracaine was monitored using
ir complexes with tetracaine. The points on the graph represent experimental data, lines-
ked in blue, while complexes in green. The dashed lines indicate the isoelectric point.



Fig. 5. Complexes formation between β-lactoglobulin and tetracaine determined using the QCM-Dmethod. The result for complex LGB-AB-TET formation at pH= 5.5 is shown in violet,
while for LGB-AB-TET complex formation at pH=7.5 is displayed in red. On the graphs, the bovineβ-lactoglobulin structure is illustrated, showing the two Tanford transition states; open
and closed barrel. The EF loop which opens and closes the β-barrel is marked in green.
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Quartz Crystal Microbalance with Dissipation Monitoring. Measure-
ments of complexes formation depending on the pH of the solution
were performed at the concentration of protein and ligand equal to
5 ppm in a NaCl solution at ionic strength I = 0.01 M for pH = 5.5
and pH = 7.5. The influence of ionic strength (for I = 0.001 M and
I = 0.01 M) on the complex formation was also investigated. The pro-
tein adsorption was carried out for 90 min, after that the system was
rinsed by NaCl solution at the specified pH and ionic strength for
90min to observe whether the adsorption of protein to the gold surface
was irreversible.

The dependence ofmass adsorbed onto the sensor during the forma-
tion of LGB-AB-TET complexes under different pH conditions is pre-
sented in Fig. 5. There is an increase of mass adsorbed during the
introduction of TET solution to the system at pH= 7.5, which indicates
the binding of TET to the protein. Due to the low binding constant value
(KUV–vis=0.22×104M−1), rinsing causes the removal of TETmolecules
from the binding site of bovineβ-lactoglobulin.Whereas, during the ad-
dition of TET at pH = 5.5, the increase of adsorbed mass was not
observed, which indicates TET molecules do not bind to bovine
β-lactoglobulin in such conditions because the entrance to the
β-barrel is closed. This is in line with the Tanford transition phenome-
non, which is controlled by pH and includes a change of EF loop confor-
mation occurring at the pH = 7.1. The number of LGB-A molecules
adsorbed onto the gold surface, and the number of TET molecule
bonded to LGB-A was calculated using the following equation:

N ¼ ΓQCM � Nα

MW
ð4Þ

where:N is a number ofmolecules, ГQCM is adsorbedmass,Mw is molec-
ular mass, Na is Avogadro's number.

The number of TET molecules per one molecule of LGB-AB for an
ionic strength of I = 0.01 M is 13 (molecules TET) (Table 2). There is
Table 2
The values of adsorbed mass (Γ) and the number of adsorbed
molecules (N) of bovine β-lactoglobulin (a mixture of isoforms
A and B) and complexes of bovine β-lactoglobulin-TET (LGB-
AB-TET) at I = 0.01M NaCl and pH= 7.5 based on QCM results
in calculations.

ΓLGB−AB
QCM ng/cm2 89.8

ΓTETQCMng/cm2 19.5
NLGB−ABcm−2 2.94 × 1012

NTET cm−2 3.90 × 1013

NLGB−AB/NTET 13
only one binding site in the barrel, indicating that the ligand binds not
only inside the bovine β-lactoglobulin structure but also to the surface
of the protein. According to the zeta potential analysis, the formed com-
plex has a higher zeta potential by 20% in comparison to the zeta poten-
tial of β-lactoglobulin. This suggests that some of the TET molecules
bind to the surface of the protein, while other TETmolecules are located
inside the β-barrel of β-lactoglobulin.

The adsorption efficiency of the LGB-AB-TET and LGB-A-TET com-
plexes was measured for complexes formed in a protein to ligand
molar ratio of 1: 1 (c = 5 ppm) at pH = 7.5 (when the barrel is
open). The ionic strength of the solutions was 0.01 M. Adsorption of
the complexwas carried out for 90min, and then the systemwas rinsed
by NaCl solution for the next 90min. The dependence of adsorbedmass
of bovine β-lactoglobulin isoform A and a mixture of bovine β-
lactoglobulin isoform A and B and their complexes with tetracaine has
been presented in Fig. 6. For the complex formed from the mixture of
isoforms, the adsorbed mass is 74.8 ng cm−2, while for protein itself
the mass is 89.8 ng cm−2, which is about 15% difference in adsorbed
mass. In this case, results show the lower efficiency of adsorption for
the complex in relation to the protein itself. On the other hand, in the
case of the bovine β-lactoglobulin isoform A, the value of adsorbed
mass is almost identical for the formed protein-ligand complex of
LGB-A-TET and protein LGB-A, respectively 157.1 and 150.5 ng cm−2.
The difference in the adsorption efficiency of the formed protein-
ligand complexes in relation to the protein itself correlates with their
zeta potential values. In the case of the LGB-TET complexes in compari-
son to the protein itself, the difference in zeta potential is twice lower
for LGB-A isoform than for mixture of A and B isoforms. This results in
a difference in the effectiveness of the adsorption of the studied com-
plexes for different isoforms of LGB in protein-ligand complexes. The
degree of desorption is 23% and 14% for LGB-AB and LGB-A, respectively.
In the case of complexes, the desorption is lower, and its value is 7% for
LGB-AB-TET and 3% for LGB-A-TET system. The values of desorption in-
dicate that the higher irreversibility of adsorption occurs for LGB-TET
complexes compared to the protein itself.

3.4. Interaction of tetracaine with β-lactoglobulin by molecular docking

In this part of the report, the simulated data obtained shall be
analysed to determinewhether TET and LGB can form a stable complex,
the potential binding location, the important interactions involved in
the formation of a complex between TET and LGB and the accuracy of
the simulated results. The simulations that will be analysed are the in-
teraction of protonated and unprotonated TET with LGB (PDB ID
3NPO). The simulation of complex formation for both protonated and



Fig. 6. The comparison of the adsorbed mass (ΔΓ) of proteins and their complexes with tetracaine as a function of time. The results for proteins are presented in blue, while for protein-
ligand complexes are displayed in green a) LGB isoformA and its complex, b)mixture of isoforms A andB and their complexes formed at pH=7.5 and ionic strength conditions I=0.01M.
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non-protonated TET produced negative free energies of binding of
−220.92 kJ/mol and − 180.63 kJ/mol, respectively (Fig. 7).

Therefore, SCIGRESS has predicted complex formation between TET
and LGB would proceed, however, the free energies of binding have
been grossly overestimated when compared to the isothermal titration
calorimetry value of −16.7 ± 0.3 kJ/mol. Furthermore, SCIGRESS has
predicted the predominant binding mode of TET with LGB is within
the hydrophobic β -barrel cavity. Agreeing with the previous report by
Loch et al. [24]. Additionally, the docking results have further solidified
that the primary binding site for LGB is within the hydrophobic β-barrel
cavity, which has been intensely investigated and shown for other
Fig. 7. Docked: a) protonated, b) unprotonated TET
ligands. The end amine functional group is orientated towards the en-
trance of the cavity (i.e., lies within the surrounding solvent) because
of the polar nature of the amine and carbonyl functional groups
interacting with the surrounding polar solvent. The other amine func-
tional group, benzene ring, and straight chain alkane penetrate within
the hydrophobic cavity due to their non-polar nature. The orientation
of the TET within the hydrophobic cavity was as expected and agrees
with X-ray crystallography by Loch et al. [24]. The amino acid side
chains interacting with the protonated TET in the hydrophobic cavity
are ILE12, ILE56, ILE71, ILE84, LEU30, LEU46, LEU54, LEU58, LEU103,
ASN90, VAL41, VAL43, VAL92, VAL94, MET107, PHE105, and PRO30
(Drugbank: DB09085) with LGB (PDB: 3NPO).



Fig. 8. The top5 scored conformations of protonated TET/LGB complex, from left to right, superimposedon crystal structure (PDB: 4Y0P). Thewatermolecule is part of the crystal structure.
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(Fig. 10). The amino acid side chains interacting with the non-
protonated TET within the hydrophobic cavity are SER116, ASN88,
ASN90, ASN109, ILE56, ILE84, ILE88, VAL92, MET107, PHE105, LEU39,
and LEU58. The surrounding amino acid groups for both protonated
and non-protonated TET have some similarities. However, the proton-
ated TET penetrated further into the hydrophobic pocket interacting
with more amino acid side chains. The predicted complex formation
suggests the interactions involved for both protonated and non-
protonated TET and the surrounding amino acid groups are entirely
van der Waals forces with no hydrogen bonding taking place. The lack
of hydrogen bonding appears to disagree with previous research by
Loch et al. which will be discussed in the following section [24].

To verify the accuracy of the docking predictions, the top 5 scored
conformations for both protonated and non-protonated TET complexed
with LGB were superimposed using the software Chimera onto a 3D
crystal structure of the complex solved by X-ray crystallography, and
the RMSD for the TET molecules were calculated.

The RMSD for the top 5 scored conformations in Fig. 8 were 4.989,
4.961, 4.981 and 4.972, respectively. The best model for protonated
TET was the second-ranked conformation. Therefore, the higher scored
conformations are not necessarily better. Visually inspecting the
superimposed models on the crystal structures in Fig. 8, docking has
predicted the non-polar end of the TET accurately. However, the polar
end significantly deviates from the natural conformation with the car-
bon bond attached to the benzene ring rotating 180 degrees on its
axis. The most plausible explanation for this deviation was the water
molecules were not considered to play an essential role in the binding
of TET to LGB. On the contrary, water molecules appear to play a vital
role in the formation of a TET/LGB complex in its natural conformation,
as the TET andwater form a hydrogen bond, as shown by Loch et al. [24].
Fig. 9. The top 5 scored conformations of non-protonated TET/LGB complex, from left to right,
structure.
Furthermore, the report also shows the water molecule forms a hydro-
gen bond with the amino acid side chain LYS62 and TET form a hydro-
gen bond with the amino acid side chain PRO38, both of which
potentially play an essential role in the formation of a TET/LGB complex
in its natural formation. The study by Loch et al. suggests the most crit-
ical factor is, in fact, the hydration of the ligands during complex forma-
tionwith LGB and not orderedmolecules within the hydrophobic cavity
[24].

The RMSD for the top 5 scored conformations in Fig. 9 were 7.505,
7.489, 7.756, 7.488 and 7.489. The best model for non-protonated TET
was the fourth-ranked conformation. Visually inspecting the
superimposed models onto the crystal structure in Fig. 9; docking
completely deviates from the natural conformation of TET complexed
to LGB. Similarly, to the previous section, this can largely be explained
by the lack ofwater involved in the simulation of the complex formation
of TETwith LGB. Although, the deviation is significantlyworsewhen the
nitrogen is no longer protonated.

After comparing the simulated complex formation of TET with LGB
and the experimental complex formation of TET with LGB, the grossly
overestimated free energies of binding predicted during docking can
be explained by the lack of hydrationof TET. During, the complex forma-
tion of TET within the hydrophobic cavity of LGB, the water molecules
surrounding the TET will impede the binding to BLG.

4. Conclusion

The UV–vis, QCM-D, in situ electrophoretic mobility measurements
andmolecular docking simulations, have characterised themechanisms
involved in the interaction between LGB and tetracaine hydrochloride.
Immobilization of tetracaine on the surface of the LGBmolecule induces
superimposed on crystal structure (PDB: 4Y0P). The water molecule is part of the crystal



Fig. 10. The surrounding amino acid residues are: Lys-60, Lys-69, Val-15, Val-41, Val-43,
Val-92, Val-94, Leu-39, Leu-46, Leu-58, Leu-103, Leu-122, Ile-12, Ile-54, Ile-56, Ile-71, Ile-
84, Pro-38, Asn-90, Met-107 and Phe-105.
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changes in surface charge of the protein and can be acquired via electro-
phoretic mobility measurements. Changes in the zeta potential values
are mostly visible for pH N6. The zeta potential measurement gives
proof that bovine β-lactoglobulin binds tetracaine onto the LGB surface.
The change of zeta potential is two times higher for a complex of LGB-
AB-TET than for LGB-A-TET. The most effective formation can be ob-
tained for molar ratio 1:10, a higher amount of tetracaine molecules
does not cause more bonds. A quantitative interpretation of the forma-
tion of LGB-TET complexes was achieved using the QCM-D method.
From QCM-D measurement the molar ration LGB to TET is equal to
1:13 and is very close to the result obtained from zeta potential
measurement.

Presented results have important practical implications because
they demonstrate that that bovine β-lactoglobulin binds ligands both
into the β-barrel and onto its surface. The molecular docking of TET
with β-LG has suggested binding between the protein and ligand is pos-
sible with the most likely binding site with the hydrophobic cavity,
confirming the results produced by the analytical methods in this
study and agreeing with literature. However, the prediction of the free
binding energies are greatly overestimated, and the orientation of the
TET within the cavity was inaccurate most likely due to not considering
thehydration of TET in the simulations, an essential factor in bindingbe-
tween TET and LGB shown in the literature.
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